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As with all previous editions, the seventh edition 
of Exercise Physiology: Theory and Application to Fitness 

and Performane is intended for students interested in 
exercise physiology, clinical exercise physiology, 
kinesiology/exercise science, physical therapy, and 
physical education. In brief, the objective of this text 
is to provide the student with an up-to-date under-
standing of the physiology of exercise. Moreover, the 
book contains numerous clinical applications, includ-
ing exercise tests to evaluate cardiorespiratory fi tness 
and information on exercise training for improve-
ments in health-related physical fi tness and sports 
performance.
 This book is intended for a one-semester, upper-
level undergraduate or beginning graduate exercise 
physiology course. Clearly, the text contains more 
material than can be covered in a fi fteen-week semes-
ter. This is by design. The book was written to be com-
prehensive to afford instructors the freedom to select 
the material that they consider to be the most impor-
tant for the composition of their class.

NEW TO THIS EDITION

The seventh edition highlights the latest research in 
exercise physiology. Indeed, every chapter contains 
new and expanded discussions, new text boxes, new 
fi gures, updated references, and contemporary sug-
gested readings. In this new edition, students are 
exposed to new information on exercise, diet, and 
weight control; the latest research revealing that adi-
pose tissue is an endocrine organ; and up-to-date 
information on dietary supplements and athletic 
performance.

New Topics and Updated Content

The content of this new edition has been expanded 
and updated. The following list describes some of the 

changes that have made the seventh edition more 
complete and up-to-date:

■ A new historical box feature was added to 
each chapter. This feature, titled “A Look 
Back—Important People in Science,” 
highlights the research careers of more than 
twenty-seven scientists who have made major 
contributions to our understanding of exercise 
physiology.

■ New information on careers available to 
kinesiology and exercise science majors.

■ Expanded discussion of the role of biological 
control systems in maintaining homeostasis.

■ New fi gures and discussion on the control of 
bioenergetic pathways in skeletal muscle.

■ Latest information on lactate metabolism and 
the oxygen uptake kinetics.

■ Updated and new information on growth 
hormone and anabolic steroids.

■ New discussion of adipose tissue as an 
endocrine organ.

■ Contemporary discussion of the “work” 
associated with exercise, and a complete 
explanation of SI units of measure.

■ Expanded discussion of receptors in skeletal 
muscle.

■ New information on the age-related changes 
in skeletal muscle.

■ Updated information on the regulation of the 
cardiovascular and ventilatory responses to 
exercise.

■ Introduction of the concept of “strong ion 
balance” in the regulation of pH during exercise.

■ A new section discussing the heat index 
and its application to exercise in a hot 
environment.

Preface

  xiii



■ Updated sections on fatty acid transport and 
metabolism along with new information on 
the impact of exercise on the resistance to 
infection.

■ Latest information on the metabolic 
syndrome.

■ Expanded discussion of V
.
Q2 max and the 

plateau in oxygen uptake.

■ Major revision and updating of sections 
discussing the link between regular exercise 
and health.

■ Latest information on exercise during 
pregnancy.

■ New discussion on the glycemic index.

■ Updated information on body fat and risk of 
disease.

■ Contemporary discussion of diet, exercise, 
and weight control.

■ Revised discussions on limiting factors to 
exercise performance.

■ New segment on altitude training and 
exercise performance.

■ Expanded section on pediatric exercise 
physiology.

■ Review of new research on protein intake and 
athletic performance.

■ Updated discussion of fl uid replacement 
during exercise.

■ Expanded dialog on exercise in the heat.

■ Updated section on dietary supplements and 
athletic performance.

New Illustrations

Many illustrations have been updated, and numerous 
new illustrations have been added to complement 
the text discussions. Besides enhancing the book’s 
visual appeal, these illustrations make the content 
easier for students to understand and reinforce 
learning.

SUCCESSFUL FEATURES

Contents and Organization

All topics in exercise physiology addressed in this 
text are presented in a contemporary fashion and 
supported by up-to-date references. The text is divided 
into three sections: (1) Physiology of Exercise,
(2) Physiology of Health and Fitness, and (3) Physiol-
ogy of Performance.
 Section One (Physiology of Exercise) contains thir-
teen chapters that provide the necessary background 

for the beginning student of exercise physiology to 
understand the role of the major organ systems of the 
body in maintaining homeostasis during exercise. In 
fact, a major theme of this section is that almost all 
organ systems work to help maintain a relatively stable 
internal environment during exercise. Also included 
are chapters that present an overview of biological 
control systems; bioenergetics; exercise metabolism; 
endocrine function during exercise; techniques for 
measurement of work, power, and energy expenditure; 
neuromuscular function during exercise; cardiopulmo-
nary responses to exercise; acid-base regulation during 
exercise; temperature regulation; and the effects of 
endurance training on various organ systems.
 Sections Two and Three are designed to show 
how the information presented in Section One is 
applied to fi tness and performance. These two sec-
tions distinguish between exercise programs that are 
appropriate for attainment of health-related fi tness 
goals and those needed to realize world-class or indi-
vidual maximal performance goals.
 Section Two (Physiology of Health and Fitness) 
contains fi ve chapters dealing with health-related fi t-
ness: (1) factors that limit health and fi tness; (2) work 
tests used to evaluate cardiorespiratory fi tness; 
(3) training methods for fi tness; (4) exercise concerns 
for special populations; and (5) body composition 
and nutritional concerns for health.
 Section Three (Physiology of Performance) 
includes seven chapters dealing with the physiology 
of performance: (1) factors affecting performance; 
(2) work tests to evaluate performance; (3) train-
ing techniques for improvement of performance; 
(4) training concerns for special populations; (5) nutri-
tion, body composition, performance; (6) environ-
mental infl uences on performance; and (7) ergogenic 
aids. A unique aspect of Sections Two and Three is 
that they include two chapters on exercise training 
for special populations. These chapters feature dis-
cussions of exercise for women, asthmatics, diabet-
ics, and the elderly.

Writing Style and Presentation

The concepts in this text are presented in a simple 
and straightforward way. The writing style is key to 
making the content understandable to all students. 
Illustrations and examples are commonly used to 
clarify or further explain a concept. Key terms are 
shown in bold type, defi ned as they are presented, 
and organized in a glossary at the end of the book.

Pedagogical Aids

The following teaching aids have proved to be suc-
cessful in earlier editions and so have been included 
in this new edition.

xiv Preface



Objectives The list of objectives at the beginning of 
each chapter presents the key concepts that students 
need to understand. This tool helps students focus 
their attention so that they will be well prepared for 
participating in class discussions and for taking 
examinations.

Outlines Each chapter includes an outline of topics 
that shows how the chapter is organized. With major 
headings and their page numbers listed, students can 
fi nd key topics quickly as they prepare for class and 
review for examinations.

Key Terms The most important terms for learning 
are presented on the fi rst page of each chapter. These 
terms are shown in bold type in the text, where they 
are explained and discussed. This visual emphasis 
makes it easy for students to locate the key terms and 
reinforce their learning.

In Summary The short summaries presented at the 
end of each major discussion prompt students to 
review what they have just learned. This helps them 
retain key concepts and be well prepared for the 
upcoming discussions.

A Closer Look This feature offers an in-depth view 
of topics of special interest to students. By encourag-
ing students to think further about what they have 
just read, these boxes reinforce the text discussion 
and enhance student learning. Topics include anabolic 
steroids and performance, calculation of body tem-
perature increase during exercise, and low-intensity 
exercise as a way of burning fat.

Research Focus No matter what their career direc-
tion is, students in exercise physiology need to be 
informed about the latest research in the fi eld. The 
research boxes will keep them up-to-date on issues such 
as the repeated bout effect related to muscle soreness 
and the importance of nitric oxide as a vasodilator.

Clinical Applications How is knowledge in exercise 
physiology used in clinical settings? This feature 
shows students how their learning can be applied to 
health care, sports medicine, and physical therapy. 
For example, it demonstrates how beta blockers affect 
exercise heart rate and how exercise and weight con-
trol are related.

The Winning Edge These boxes focus on how ath-
letes fi nd the “extra edge” that can make the differ-
ence between victory and defeat. Is maximum oxygen 
uptake important in distance running performance? 
What is the best way to use sets in strength training? 
What are the implications of the female athlete 
triad?

Ask the Expert This feature offers students a 
question-and-answer look at what leading scien-
tists have to say about important issues in exercise 
physiology. What are the issues involved in tracking 
obesity- related risk? What special considerations 
are associated with children and exercise? How 
does exercise affect bone health?

A Look Back—Important People in Science 

These historical boxes introduce twenty-seven scien-
tists who have made major contributions to research 
in exercise and environmental physiology. The objec-
tive of these features is to inform students about the 
life and scientifi c contributions of important scien-
tists that have paved the way to our current under-
standing of the physiology of exercise.

Study Questions A set of study questions appears at 
the end of each chapter. This study tool helps students 
analyze the chapter content and prepare for exams.

Suggested Readings Students who want to learn 
more about topics presented in the text can refer to this 
chapter list for specifi c books and articles of interest.

Appendixes Exercise Physiology includes eight appen-
dixes that are valuable resources for the student, 
including the PARmed-X Physical Activity Readiness 
Medical Examination (Appendix C), Dietary Reference 
Intakes: Macronutrients (Appendix D), Dietary Refer-
ence Intakes: Vitamins and Minerals (Appendix E), and 
Dietary Reference Intakes: Estimated Energy Require-
ments (Appendix F).

Glossary The glossary that appears at the end of 
this book provides quick and easy access to defi ni-
tions for all the key terms.

SUPPLEMENTS

Instructor Resources
www.mhhe.com/powers7e

The Online Learning Center (www.mhhe.com/

powers7e) includes all the resources you need to 
help teach your course: It works in both Windows and 
Macintosh environments and includes the following 
teaching tools:

Instructor’s Manual This manual includes key con-
cepts, lecture outlines, suggested activities, and 
readings.

Test Bank The electronic Test Bank (Microsoft Word 
fi les), which includes the same questions presented in 
the Computerized Test Bank, is offered as an alternative 
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version. The Test Bank is available with the EZ Test com-
puterized testing software, which provides a powerful, 
easy-to-use way to create printed quizzes and exams. EZ 
Test runs on both Windows and Macintosh systems. For 
secure online testing, exams created in EZ Test can be 
exported to WebCT, Blackboard, PageOut, and EZ Test 
Online. EZ Test is packaged with a Quick Start Guide. 
After the program is installed, you have access to the 
complete User’s Manual, including Flash tutorials. Addi-
tional help is available at www.mhhe.com/eztest.

PowerPoint Slides A comprehensive set of Power-
Point lecture slides for your course completes this 
package of tools. The slides correspond to the content 
in each chapter of Exercise Physiology, making it easier 
for you to teach and ensuring that your students will 
be able to follow your lectures point by point. You can 
modify the presentation as much as you like to meet 
the needs of your course.

Image Library This collection contains all the illus-
trations presented in the text. Images can be selected 
for use in conjunction with lectures, classroom dis-
cussions, and PowerPoint slides.

Student Resources
www.mhhe.com/powers7e

The Online Learning Center to accompany Exercise 

Physiology also offers a number of special resources for 
students:

■ Practice quizzes

■ Glossary and fl ashcards

■ Animations

■ Learning objectives

■ Chapter outlines

■ Suggested readings

■ Links to professional organizations

■ Career information

Anatomy and Physiology Revealed 
CD-ROM Series

This amazing multimedia tool is designed to help stu-
dents learn and review human anatomy using cadaver 

specimens. Detailed cadaver photos blended together 
with a state-of-the-art layering technique provide a 
uniquely interactive dissection experience.
CD#1: Skeletal/MuscuIar Systems

(ISBN 978-0-07-312323-3)
CD #2: Nervous System

(ISBN 978-0-07-312321-9)
CD #3:  Cardiovascular, Respiratory, and Lymphatic 

Systems
(ISBN 978-0-07-321550-1)

CD #4:  Digestive, Endocrine, Urinary, and  
Reproductive Systems

(ISBN 978-0-07-321551-8)

NutriCalc Plus

This dietary analysis program features an easy-to-use 
interface that allows users to track their nutrient and 
food group intakes, energy expenditures, and weight 
control goals. NutriCalc Plus 3.0 is available on CD-
ROM (ISBN 978-0-07-332865-2) or as an online ver-
sion (ISBN 978-0-07-332864-5).

Primis Online
www.mhhe.com/primis/online

Primis Online is a database-driven publishing sys-
tem that allows you to create customized textbooks, 
lab manuals, or readers for your courses directly 
from the Primis website. The custom text can be 
delivered in print or electronic (eBook) form. A Pri-
mis eBook is a digital version of the customized text 
sold directly to students as a fi le downloadable to 
their computer or accessed online by password. 
Motor Learning and Control can be customized 
using Primis Online.

Course Management Systems
www.mhhe.com/solutions

The McGraw-Hill Instructor Advantage program offers 
access to a complete online teaching website called 
the Knowledge Gateway, toll-free phone support, and 
unlimited e-mail support directly from WebCT and 
Blackboard. Instructors who use 500 or more copies of 
a text can enroll in the Instructor Advantage Plus pro-
gram, which provides on-campus, hands-on training 
from a certifi ed platform specialist.
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6
Measurement of  Work, Power, 
and Energy Expenditure

■ Objectives

By studying this chapter, you should be able to do the following:

1. Define the terms work, power, energy, and net
efficiency.

2. Give a brief explanation of the procedure used 
to calculate work performed during (a) cycle 
ergometer exercise and (b) treadmill exercise.

3. Describe the concept behind the measurement of 
energy expenditure using (a) direct calorimetry 
and (b) indirect calorimetry.

4. Discuss the procedure used to estimate energy 
expenditure during horizontal treadmill walking 
and running.

5. Define the following terms: (a) kilogram-meter, 
(b) relative V̇O2, (c) MET, and (d) open-circuit 
spirometry.

6. Describe the procedure used to calculate net 
efficiency during steady-state exercise.
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■ Outline ■ Key Terms

cycle ergometer
direct calorimetry
ergometer
ergometry
indirect calorimetry
kilocalorie (kcal)
metabolic equivalent (MET)
net efficiency
open-circuit spirometry
percent grade
power
relative V̇O2

System International (SI) units
work
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Heat Storage in the Body 

During Exercise

Now that we have discussed both heat production and 
heat loss, let’s talk about heat storage in the body during 
exercise. As mentioned earlier, any heat that is produced 
by the working muscles during exercise and is not lost, 
must be stored in body tissues. Therefore, the amount 
of heat gain in the body during exercise is computed as 
the difference between heat production and heat loss:

Body heat gain during exercise    (heat 

produced  

heat loss)

 The amount of heat energy required to raise body 
temperature depends upon the size of the individual 
(i.e., body weight) and a characteristic of body tissue 
called specific heat. The term specific heat refers to the 
amount of heat energy required to raise 1 kilogram of 
body tissue by 1° C. The specific heat for the human body 
is 0.83 kilocalorie (kcal) per kilogram of body mass. 
Therefore, the amount of heat required to elevate the 
body temperature by 1° C can be computed as follows:

 Heat required to increase

body temperature by 1° C  (specifi c heat  

body mass)

For example, using the equation above, the amount of 
heat required to increase body temperature by 1° C 

in a 70-kg individual can be computed by multiplying 
the specific heat of the body (0.83 kcal/kg) by the 
in dividual’s body weight (70 kg). Therefore, the heat 
re quired to increase body temperature by 1° C would 
be 58.1 kcal (i.e., 0.83 kcal/kg ⫻ 70 kg ⫽ 58.1 kcal). See 
A Closer Look 12.2 for more examples of body heat 
gain calculations.

■ Muscular exercise can result in large amounts 
of heat production. Because the body is at most 
20% to 30% efficient, 70% to 80% of the energy 
expended during exercise is released as heat.

■ Body heat can be lost by evaporation, convec-
tion, conduction, and radiation. During exercise 
in a cool environment, evaporation is the pri-
mary avenue for heat loss.

■ The rate of evaporation from the skin is depen-
dent upon three factors: (1) temperature and 
relative humidity, (2) convective currents 
around the body, and (3) the amount of skin 
exposed to the environment.

■ Body heat storage is the difference between 
heat production and heat loss.

■ The amount of heat required to elevate body 
temperature by 1° C is termed the specific heat 
of the body

IN SUMMARY

A CLOSER LOOK 12.2

Calculation of Body Temperature Increase During Exercise

Knowledge of the specific heat of the 

human body, along with information 

regarding how much heat is produced 

and lost from the body during exercise, 

permits the calculation of how much 

body temperature will increase during 

an exercise session. To better under-

stand how to perform these calculations, 

let’s consider the following ex ample of 

an athlete performing an endurance 

training workout. For ex ample, a well-

trained distance runner performs a train-

ing session on an outdoor track. The 

weather on this day is relatively hot 

(30° C) and humid (60% relative humid-

ity). The runner weighs 60 kg and per-

forms a 40-minute workout at a V̇O2 of 

3.0 liters min⫺1 (i.e., energy expenditure 

of 15 kcal per minute). If this runner is 

20% efficient and can lose only 60% of 

the heat produced during exercise, how 

much will her or his body temperature 

increase during this exercise session? 

The total heat storage and body tem-

perature in crease during exercise can 

be calculated in the following steps:

1. Total energy expenditure

⫽ 40 min ⫻ 15 kcal/min

⫽ 600 kcal

2. Total heat produced

⫽ 600 kcal ⫻ 0.801

⫽ 480 kcal

3. Total heat stored during exercise

⫽ 480 kcal ⫻ 0.402

⫽ 192 kcal

4. Amount of heat storage required 

to increase body temperature by 

1° C

⫽ 0.83 kcal/kg ⫻ 60 kg3

⫽ 49.8 kcal

The increase in body temperature 

resulting from this exercise session can 

now be calculated as follows:

5.  Increase in body temperature 

(°C) during exercise   Total heat 

stored during exercise (specifi c 

heat   body mass)

⫽ 192 kcal/49.8  kcal/°C

⫽ 3.86° C

In the current example, this exercise 

bout would result in an increase in 

body temperature by 3.86⬚ C—that is, 

192 kcal/(0.83 kcal/kg ⫻ 60 kg). There-

fore, if the athlete began the training 

session with a body temperature of 

37⬚ C, the post-exercise body tempera-

ture would increase to 40.86⬚ C (i.e., 

37⬚ C ⫹ 3.86⬚ C).

1 If the efficiency is 20%, then 80%, or 0.80, of the to-

tal energy expenditure must be released as heat.
2 If the athlete can lose only 60% of the heat pro-

duced during exercise, the remaining 40%, or 0.40, of 

the heat produced must be stored as heat energy.
3 The amount of heat required to increase body 

temperature by 1° C ⫽ (specific heat ⫻ body mass).

Learning Objectives

The objectives at the beginning of each chapter help you 
focus on the key points for learning.Use this tool to pre-
pare for class discussions and exams.

Outline of Topic

How is each chapter organized? The outline shows you at 
a glance—page numbers will help you locate key topics 
quickly as you study.

Key Terms

The key terms are highlighted when they are introduced 
and de fined in the text. This visual emphasis makes the 
terms easy to locate and remember.

In Summary

Each major section is followed by a summary of its main 
ideas. Take a few minutes to review those key concepts 
before starting the next section.
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have shown that the pattern of substrate use (13) 
and the respiratory exchange ratio (34) are the same 
for the two phases of the menstrual cycle. Further, 
amenorrheic subjects (34) or those taking oral con-
traceptives (13) responded similarly to eumenor-
rheic control subjects. In contrast, evidence exists 
that estradiol decreases glycogen use and increases 
lipid use to result in an increase in performance (15, 
83). Other studies support this observation. Investi-
gators report lower rates of carbohydrate oxidation 
for exercise at 35% and 60% V̇O2 max (but not at 75% 
V̇O2 max) during the midluteal phase of the men-
strual cycle, compared to the midfollicular phase 
(58). Consistent with the role that estrogen might 

play in this process, women who were matched 
for maximal aerobic power and training with men 
had a lower rate of glycogen use during a moderate-
intensity, prolonged treadmill run test (138). This 
finding was supported in a study showing that 
women (44) respond differently than men (43) to 
training-induced changes in exercise metabolism. 
There is clearly a need for additional research to 
explain discrepancies across studies and to propose 
a mechanism of action (123, 139). In contrast to this 
discrepancy, there is general agreement that there 
are no menstrual cycle phase effects on V̇O2 max, and 
the lactate, plasma volume, heart rate, and ventila-
tion responses to exercise (155). Further, there does 

 ASK THE EXPERT 5.1

Reproductive Disorders in Female Athletes

Questions and  Answers with Dr. Anne B. Loucks

Dr. Loucks is Professor of 

Biological Sciences at Ohio 

University. She is a produc-

tive researcher in the area 

of reproductive disorders in 

female athletes, the author 

of numerous research arti-

cles and reviews on this 

topic, and is recognized internationally as an 

expert in the fi eld. Dr. Loucks was involved in the 

development and revision of the American Col-

lege of Sports Medicine’s position stand on the 

Female Athlete Triad. Dr. Loucks's many accom-

plishments in research and scholarship were 

recognized by the American College of Sports 

Medicine in 2008 when she received that orga-

nization's prestigious Citation Award.

QUESTION 1: Are reproductive disorders 

in female athletes caused by low 

body fatness?

ANSWER: No. Very few studies fi nd 

any difference in body composition 

between amenorrheic and eumenor-

rheic athletes, but well-controlled ani-

mal and human experiments have 

demonstrated that reproductive dis-

orders can be induced, prevented, 

and reversed by changing energy 

availability without any change in 

body composition. Therefore, most 

athletes probably acquire their repro-

ductive disorders in the form of 

hypothalamic amenorrhea, luteal defi -

ciency, or anovulation by not eating 

enough each day to compensate for 

the energy they expend in exercise 

training that day. This should never be 

assumed in any particular case, how-

ever, because amenorrhea is a symp-

tom of many diseases. Probably all 

causes of reproductive disorders occur 

in athletes, but in different propor-

tions than in the general population. A 

medical examination and biochemical 

measurements are needed to cor-

rectly diagnose any athlete’s repro-

ductive disorder so that she can 

receive appropriate care.

QUESTION 2: What has research taught 

us about why female athletes do not 

eat enough? 

ANSWER: Undereating is part of the 

obsessive acting out of clinical men-

tal disorders classifi ed as eating dis-

orders, but many athletes without 

eating disorders also undereat as 

part of a rational, temporary goal-

oriented plan for optimizing body 

size and composition to make weight 

or succeed in their chosen sports. 

Many receive poor nutritional coun-

seling and overdo it. Others without 

eating disorders undereat inadver-

tently because prolonged exercise 

suppresses appetite, most extremely 

in those on the high-carbohydrate 

diet recommended in endurance 

sports. Athletes in endurance sports 

need to eat by discipline instead of 

appetite. Young female athletes may 

also undereat for reasons unrelated 

to sport. Worldwide, regardless of 

BMI, about twice as many young 

women as men perceive themselves 

as overweight, so that 5–9 times as 

many young lean women as men are 

actively trying to lose weight.

QUESTION 3: What are the most impor-

tant issues remaining to be solved?

ANSWER: We think we know how much 

athletes need to eat to compensate 

for their increased level of physical 

activity and thereby to prevent or 

reverse hypothalamic reproductive 

disorders, but we know very little 

about how to get them to do so. There-

fore, we need applied research into 

practical procedures for monitoring 

and managing energy availability (i.e., 

dietary energy intake minus exercise 

energy expenditure). We need to learn 

more about how the energy availabil-

ity requirements of growing adoles-

cents differ from those of adults. We 

also need to learn why some women 

appear to be more susceptible than 

others to the disruption of reproduc-

tive function by low energy availabil-

ity. And fi nally, we need to learn more 

about the physiological mechanism 

mediating the infl uence of energy 

availability on reproductive function.
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cerebral cortex and is composed of tightly arranged 
neurons. Although the cortex is only about one-fourth 
of an inch thick, it contains over eight million neu-
rons. The cortex performs three very important motor 
behavior functions (11, 35): (1) the organization of 
complex movement, (2) the storage of learned expe-
riences, and (3) the reception of sensory information. 
We will limit our discussion to the role of the cortex 
in the organization of movement. The portion of the 
cerebral cortex that is most concerned with voluntary 
movement is the motor cortex. Although the motor 
cortex plays a significant role in motor control, it 
appears that input to the motor cortex from subcorti-
cal structures (i.e., cerebellum, etc.) is absolutely 
essential for coordinated movement to occur (15, 35). 
Thus, the motor cortex can be described as the final 
relay point upon which subcortical inputs are focused. 
After the motor cortex sums these inputs, the final 
movement plan is formulated and the motor com-
mands are sent to the spinal cord. This “movement 
plan” can be modified by both subcortical and spinal 
centers, which supervise the fine details of the 
movement.

Cerebellum

The cerebellum lies behind the pons and medulla 
and has a convoluted appearance (figure 7.17). 
Al though complete knowledge about cerebellar 
function is not currently available, much is known 
about the role of this structure in movement con-
trol. It is clear that the cerebellum plays an impor-
tant role in coordinating and monitoring complex 
movement. This work is accomplished via connec-
tions leading from the cerebellum to the motor 

 cortex, the brain stem, and the spinal cord. Evidence 
exists to suggest that the primary role of the cere-
bellum is to aid in the control of movement in 
response to feedback from proprioceptors (35). Fur-
ther, the cerebellum may initiate fast, ballistic move-
ments via its connection with the motor cortex (15). 
Damage to the cerebellum results in poor move-
ment control and muscular tremor that is most 
severe during rapid movement. Head injuries due to 
sport-related injuries can lead to damage and dys-
function in both the cerebrum and/or cerebellum. 
For an overview of sport-related head injuries, see 
Clinical Applications 7.2.

IN SUMMARY

■ The brain can be subdivided into three parts: 
(1) the brain stem, (2) the cerebrum, and (3) the 
cerebellum.

■ The motor cortex controls motor activity with 
the aid of input from subcortical areas.

MOTOR FUNCTIONS 
OF THE SPINAL CORD

One motor function of the spinal cord has already 
been discussed (withdrawal reflex). The precise role of 
spinal reflexes in the control of movement is still 
being debated. However, there is increasing evidence 
that normal motor function is influenced by spinal 
reflexes. In fact, some authors claim that reflexes play 
a major role in the control of voluntary movements. 
These investigators believe that the events that 

A CLOSER LOOK 7.1

Parkinson’s Disease and Motor Function

Much of our present information con-

cerning the regulation of motor control 

has come from those disorders involv-

ing various areas of the brain. When 

an area of the CNS malfunctions, the 

re sulting impairment of motor control 

gives neuroscientists a better under-

standing of the function of the affected 

area. The basal ganglia are a series of 

clusters of neurons located in both cere-

bral hemispheres. One of the impor-

tant functions of the basal ganglia (also 

called BASAL nuclei) is to aid in the 

 regulation of movement. Parkinson’s 

 disease is a disorder of the basal gan-

glia that results in a decrease in the 

 synthesis of a neurotransmitter called 

dopamine. Dopamine’s function in the 

basal ganglia appears to be one of 

inhibiting the amount of muscular activ-

ity as an aid in the control of various 

muscular activities. Patients with Par-

kinson’s disease have a reduction in the 

amount of discharge from the basal gan-

glia, which results in involuntary move-

ment or tremors. Further, although 

Parkinson’s patients can frequently carry 

out rapid movements normally, these 

individuals often have great difficulty 

in performing slow movements. This 

observation supports the concept that 

the basal ganglia are important in the 

conduct of slow voluntary movement. 

Parkinson’s disease is often treated by 

administering drugs that stimulate the 

production of dopamine.

 The cause of Parkinson’s disease 

isn’t known. It has been attributed to 

exposure to certain chemicals and to 

severe and frequent injury to the brain, 

such as occurred in heavyweight box-

ing champion Muhammad Ali (38).
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RESEARCH FOCUS 21.1

Protection Against Exercise-Induced Muscle Soreness:  The Repeated Bout Effect

Performing a bout of unfamiliar exer-

cise often results in muscle injury 

and delayed-onset muscle soreness 

(DOMS). This is particularly true when 

the bout of unfamiliar exercise involves 

eccentric actions. Interestingly, follow-

ing recovery from DOMS, a subsequent 

bout of the same exercise results in 

minimal symptoms of muscle injury 

and soreness; this is called the “re-

peated bout effect” (83). This protec-

tive effect of prior exercise has been 

recognized for more than forty years. 

Although many theories have been 

proposed to explain the repeated bout 

effect, the specifi c mechanism respon-

sible for this exercise-induced protec-

tion is unknown and continues to be 

debated. In general, three primary the-

ories have been proposed to explain 

the repeated bout effect: (1) neural 

theory, (2) connective tissue theory, 

and (3) cellular theory (83).

 The neural theory proposes that 

the exercise-induced muscle injury 

occurs in a relatively small number 

of active type II (fast) fi bers. In the 

subsequent exercise bout, a change 

occurs in the pattern of recruitment 

of muscle fi bers to increase motor 

unit activation to recruit a larger num-

ber of muscle fi bers. This results in 

the contractile stress being distrib-

uted over a larger number of fi bers. 

Hence, there is a reduction in stress 

within individual fi bers, and no mus-

cle injury occurs during subsequent 

exercise bouts.

 The connective tissue theory argues 

that muscle damage due to the initial 

exercise bout results in an increase in 

connective tissue to provide more pro-

tection to the muscle during the stress 

of exercise. This increased connective 

tissue is postulated to be responsible 

for the repeated bout effect.

 Finally, the cellular theory predicts 

that exercise-induced muscle damage 

results in the synthesis of new pro-

teins (e.g., stress proteins, cytoskele-

tal proteins, etc.) that improve the 

integrity of the muscle fi ber. The syn-

thesis of these “protective proteins” 

reduces the strain on the muscle fi ber 

and protects the muscle from exercise-

induced injury.

 Which of these theories best expla-

ins the repeated bout effect is unknown. 

It seems unlikely that one theory can 

explain all of the various observations 

associated with the repeated bout 

effect. Thus, it is pos sible that the re-

peated bout effect occurs through the 

interaction of  various neural, connec-

tive tissue, and cellular factors that 

respond to the specifi c type of exercise-

induced  muscle injury (83). This idea is 

summa rized in fi gure 21.5.

FIGURE 21.5 Proposed theories to explain the “re peated bout effect.” Briefly, an initial bout of exercise results in 

muscle injury. This muscular injury results in a physiological adaptation, which occurs via changes in the nervous system, 

muscle connective tissue, and/or cellular changes within muscle fibers. One or all of these adaptations serve to protect 

the muscle from injury during a subsequent bout of exercise. Figure redrawn from McHugh et al. (83).
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induced, via brown fat or by futile cycles, it must be 
made clear that, like the BMR, there are marked differ-
ences in how individuals respond to an increased 
dietary intake. Clearly, those who have a normally high 
BMR and are very responsive to a large caloric excess 
would have an easier time staying at normal weight 
than those who do not.

■ Thermogenesis (heat generation) is associated 
with the ingestion of meals (thermic effect of 
feeding), brown adipose tissue, and “futile 
cycles.”

■ The thermic effect of food represents a small 
part of total energy expenditure and is not pre-
dictive of obesity.

IN SUMMARY

Physical Activity and Exercise Physical activity 
constitutes the most variable part of the energy expen-
diture side of the energy balance equation, being 5% 
to 40% of the daily energy expenditure (41, 166). There 
are those who have sedentary jobs and who do little
physical activity during their leisure time. Others may 
have strenuous jobs, or expend 300 to 1,000 kcal 
during their leisure time every day or two. Just how 
important is physical activity in weight control? Epide-
miological evidence suggests an inverse association 
between physical activity and body weight, with body 
fat being more favorably distributed in those who 
are physically active (56). One study examined the 

relationship of body fatness to the different compo-
nents of energy expenditure. Figure 18.8 shows that 
body fatness was inversely related to “nonbasal” (pri-
marily that associated with physical activity) energy 
expenditure. In this sense, the level of physical activity 
is a permissive factor for obesity (175, 187). Consistent 
with this, recent studies showed an inverse relation-
ship between BMI and accumulated daily walking 
(measured by pedometer). Those accumulating more 
than 10,000 steps per day were more likely to be in the 
“normal” BMI range (97, 212). For those wondering if a 
diet calorie is the same as an exercise calorie, see 
Clinical Applications 18.5.

Figure 18.8 Relationship between body fatness and non-

basal energy expenditure is highly significant (P ⬍ 0.01); 

for females it is r ⫽ ⫺0.83, for males r ⫽ ⫺0.55.
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CLINICAL APPLICATIONS 18.5

A Calorie Is a Calorie

From a weight-loss perspective, a caloric 

defi cit that results from an increase in 

energy expenditure through physical 

activity is equivalent to that due to a 

decrease in caloric intake. However, as 

Ross et al. (179) point out, leading 

authorities (152) state that the addition 

of exercise makes only a modest contri-

bution to weight loss. How can this be 

the case, given the equivalency of the 

caloric defi cit induced by either diet or 

exercise? Ross et al. (179) show that in 

the majority of weight-loss studies in 

which a diet treatment was compared to 

an exercise treatment, the energy defi -

cit caused by exercise was only a frac-

tion of that caused by diet. In this 

situation, it is not surprising that weight 

loss due to diet was greater than that 

due to exercise; however, the weight 

loss due to exercise was as expected. 

The exercise-induced weight loss, 30% 

of that due to diet, was equivalent to the 

caloric defi cit associated with the exer-

cise (28% of that due to diet). Ross et al. 

(180) did a controlled experiment 

designed to achieve a 700 kcal/day 

energy defi cit due to either exercise 

alone or diet alone. Both groups lost 

16.5 lbs over twelve weeks—exactly 

what was expected from the 58,800 kcal 

defi cit (700 kcal/day times eighty-four 

days). However, the exercise group lost 

more total fat, thus  preserving muscle. 

 These results were supported in a 

more recent study that compared sub-

jects who underwent a six-month 25% 

caloric restriction with those who had a 

12.5% caloric restriction plus an exercise 

intervention equal to a 12.5% reduction 

in caloric intake (173). Both groups lost 

the same amount of weight, similar to 

what was mentioned earlier. There is lit-

tle question that a calorie of aerobic 

exercise is really equal to a calorie of 

diet restriction as far as change in body 

weight is concerned; however, the exer-

cise intervention yields results (e.g., 

increase in V̇O2 max) that cannot be 

realized by a diet-alone approach to 

weight loss (173).

www.mhhe.com/powers7e Chapter Twenty-Three Nutrition, Body Composition, and Performance 499

THE WINNING EDGE 23.2

Hyponatremia

A primary driving force shaping fluid 

replacement recommendations over 

the past 60 years was the potential for 

dehydration during athletic events due 

to inadequate consumption of fluids. 

Over the past decade, a different prob-

lem has surfaced—that associated with 

drinking too much fluid during a long-

term athletic event and diluting the 

body’s sodium level (3, 96, 97). A study 

of runners in the 2002 Boston Marathon 

found that 13% had hyponatremia 

(sodium concentration of ⱕ135 mM), 

and 0.6% had critical hyponatremia 

(sodium concentration of ⱕ120 mM). 

The latter is a potential deadly issue. 

Hyponatremia was associated with 

those who took more than four hours to 

complete the marathon and gained 

weight during the run due to the con-

sumption of large amounts of hypotonic 

fluids (2). In response to this, track-and-

field organizations attempted to edu-

cate participants to drink no more fluids 

than they lose, and to practice this strat-

egy during their practice runs. In the 

2005 Boston Marathon, the number of 

cases of hyponatremia was markedly 

reduced, with dehydration again being 

the typical fluid replacement issue. In 

that same year, the ACSM released rec-

ommendations resulting from their 

Roundtable Series on the topic: hydra-

tion and physical activity (20):

■ Work to minimize risk of both 

hyponatremia and dehydration.

Hyponatremia is a rare condi-

tion (⬍1/1,000 finishers) that 

affects primarily slow-paced ath-

letes in marathons (⬎4 hours) 

and triathlons (⬎9 to 13 hours). 

Athletes are encouraged to nei-

ther under- nor overhydrate as 

each has significant conse-

quences. Dehydration, espe-

cially during warm/hot weather 

conditions, occurs more 

 frequently and is also life threat-

ening. The message is to drink 

intelligently, not maximally.

■ Drink to match fluid loss and 

on a schedule. Athletes should 

determine their typical sweat 

rate during practice runs (weight 

lost per hour 1 fluid consumed 

per hour) and aim to replace 

what is lost. The fluid should be 

consumed over a set period of 

time, rather than rapidly in a 

“catch-up” fashion. If athletes 

are not sweating much and are 

not thirsty, fluid replacement 

should be modest.

■ Consume salty foods and bev-

erages. Foods and beverages 

with sodium help promote fluid 

retention and stimulate thirst. 

Those performing long-duration 

exercise should consume snacks 

and fluids containing sodium to 

help prevent hyponatremia.

 exercise duration exceeds one hour, drinks 
should contain Na⫹, Cl⫺, and carbohydrate.

■ Salt needs are easily met at mealtime, and salt 
tablets are not needed. In fact, most Americans 
take in more salt than is required (see chapter 18).

Minerals

Iron As mentioned in chapter 18, iron deficiency is 
the most common nutritional deficiency. The stages of 
iron deficiency are spelled out in table 23.1, as well as 
the tests used to detect deficiencies (62). An analysis 
of the literature suggests that both male and female 
athletes have higher rates of depleted iron stores and/
or iron deficiency anemia (12, 26, 62). Given that hemo-
globin is a necessary part of the oxygen-transport 
process, it is not surprising that in individuals with 
very low hemoglobin values (⬍11 g/d), endurance and 
work performance are decreased (54, 56). Interestingly, 
when the low-hemoglobin condition is corrected in 
iron-deficient animals by  transfusion, V̇O2 max is 
brought back to normal but not endurance time. This 
suggests that while hemoglobin levels may be high 
enough to achieve a normal V̇O2 max, iron deficiency 
affects the iron-containing cytochromes (electron 

transport chain) that are involved in oxidative phos-
phorylation, and endurance performance is adversely 
affected (41). In a similar study (40), iron supplemen-
tation brought the V̇O2 max back to normal values 
faster than that of mitochondrial activity (measured by 
pyruvate oxidase activity) and endurance performance 
(see figure 23.9).
 What causes iron deficiency in athletes? Inadequate 
intake of dietary iron, as in the general population, 
has been cited as a primary cause of iron deficiency in 
women athletes (25). In addition, exercise has been 
associated with increased hemoglobin loss in feces, 
sweat, and urine (64, 102, 115). When this is combined 
with evidence showing a greater hemolysis of red blood 
cells due to simple “pounding” of the feet on the pave-
ment during running, and a reduced level of haptoglo-
bin in the plasma, which is needed to take the 
hemoglobin to the liver, one can understand why more 
hemoglobin is lost in the urine and some athletes are at 
risk of iron deficiency anemia (38, 64). Consistent with 
this, Diehl et al. (45) have shown decreases in serum 
ferritin over the course of a field hockey season, and 
from one hockey season to the next, in female athletes. 
The average value at the end of the season on third-year 
players was 10.5 g ⭈ ᐉ⫺1 (below the 12 g ⭈ ᐉ⫺1 stan-
dard), indicating iron depletion (62). A recent study 

Clinical Applications

Learn how exercise physiology is used in the clinical set-
ting. How can enzyme activity in the blood be used to 
diagnose certain diseases? What does the glycemic index 
tell us?

The Winning Edge

What new information about the female athlete triad is 
available? How does hyponatremia affect performance? 
Check these boxes to see how sci en tific find ings can be 
used in sports.
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 Henderson-Hasselbalch equation states that the pH 
of a weak acid solution is determined by the ratio of 
the concentration of base (i.e., bicarbonate) in 
 solution to the concentration of acid (i.e., carbonic 
acid). The normal pH of arterial blood is 7.4, and 
the ratio of bicarbonate to carbonic acid is 20 to 1. 
Let’s consider an example using the Henderson-
 Hasselbalch equation to calculate arterial blood pH. 
Normally the concentration of blood bicarbonate is 
24 m Eq/l and the concentration of carbonic acid is 
1.2 m Eq/l. Therefore, the blood pH can be calculated 
as follows:

pH   pKa   log10 24/1.2

   6.1   log10 20

   6.1   1.3

pH   7.4

 Although the traditional view of acid-base chem-
istry has considered the levels of bicarbonate and 
hydrogen ions as two primary determinants of pH, 
new ideas were advanced in the early 1980s that 
exposed the complexity of regulating pH balance 
in the body. These new concepts were launched by 
Peter Stewart and are introduced in A Look Back—
Important People in Science.

IN SUMMARY

■  The body maintains acid-base homeostasis by 
buffer-control systems. A buffer resists pH 
change by removing hydrogen ions when the 
pH declines and by releasing hydrogen ions 
when the pH increases.

■ The principal intracellular buffers are proteins, 
phosphate groups, and bicarbonate. Primary 
extracellular buffers are bicarbonate, hemoglo-
bin, and blood proteins.

RESPIRATORY INFLUENCE 
ON ACID-BASE BALANCE

Recall that CO2 is considered a volatile acid because 
it can be readily changed from CO2 to carbonic acid. 
Also, recall that it is the partial pressure of CO2 in the 
blood that determines the concentration of carbonic 
acid. For example, according to Henry’s law, the con-
centration of a gas in solution is directly proportional 
to its partial pressure. That is, as the partial pressure 
increases, the concentration of the gas in solution 
increases and vice versa.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 Peter Stewart Challenged Acid-Base Research by Proposing the Concept 

of ˝Strong Ion Difference˝

Peter Stewart (1921–

1993) was born and raised 

in Winnipeg, Canada. His 

undergraduate educa-

tion was at the Univer-

sity of Winnipeg, and he 

later earned a master of 

science degree in phys-

ics and mathematics from the University 

of Minnesota. He remained at the Uni-

versity of Minnesota to earn his Ph.D. in 

biophysics in 1951. Dr. Stewart began 

his academic career at the University of 

Illinois and later served on the faculty 

of both Emory University and Brown 

University.

 In the 1970s, Peter Stewart devel-

oped a strong interest in acid-base 

regulation and started to mathemati-

cally analyze the variables involved in 

controlling the pH of body fl uids. In 

1981, he challenged the traditional 

concepts of acid-base control by pub-

lishing his book titled How to Understand 

Acid-Base  Balance—A Quantitative Acid-

Base Primer for Biology and Medicine. This 

book quickly stirred debate within 

researchers in acid-base balance. A 

brief synopsis of this controversy fol-

lows. Historically, it has been believed 

that the balance between the levels of 

hydrogen ions and bicarbonate ions 

determines the pH of body fl uids. 

Dr. Stewart challenged this concept 

and argued that hydrogen ions and 

bicarbonate ions are not the indepen-

dent variables that control acid-base. 

Instead, he suggested that these vari-

ables are dependent variables that 

are regulated by other factors includ-

ing the strong ion difference*, carbon 

dioxide levels, and the amount of 

weak and nonvolatile acids in body 

fl uids. So, does this mean that calcu-

lating pH using the Henderson-

Hasselbalch equa tion is of no value? 

The short answer to this question is 

no. However, Dr. Stewart’s work dem-

onstrates that the factors that regulate 

acid-base  balance in the body are 

far more complex than originally be-

lieved.

 Although many physiologists have 

accepted the science supporting Dr. 

Stewart’s proposal of how acid-base 

balance is maintained, criticism of his 

concept of strong ion difference re-

mains. A key criticism of the strong ion 

balance concept of acid-base control is 

the complexity of the chemistry and 

mathematics behind this model. More-

over, in practice, it is often diffi cult to 

measure all the variables required to 

calculate pH using Dr. Stewart's strong 

ion difference method. Therefore, in 

the foreseeable future, the traditional 

approach to acid-base balance seems 

certain to prevail.

*In Dr. Stewart's terminology, the strong ion 

 difference is defi ned as the disparity between 

the number of strong cations (e.g., sodium, 

potassium, calcium, etc.) and strong anions 

(e.g., chloride, lactate, etc.) in body fl uids.

You may visit acidbase.org for Stewart's original 

text. A new edition of Stewart's Textbook of 

Clinical Acid Base Medicine will be published 

in the near future by acidbase.org.

A Look Back—Important People in Science

These boxes introduce scientists who have made major 
contributions to research in exercise and environmental 
physiology. Follow the paths of their careers and under-
stand how the fi eld of exercise physiology is where it is 
today.
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STUDY QUESTIONS

 1.  What is the difference between type 1 and type 2 
diabetes?

 2.  If a type 1 diabetic does not take an adequate amount of 
insulin, what happens to the blood glucose concentra-
tion during prolonged exercise? Why?

 3.  If exercise is helpful in controlling blood glucose, how 
could it complicate the life of a type 1 diabetic?

 4.  Provide general recommendations regarding changes in 
insulin and diet for diabetics who engage in exercise.

 5.  How is exercise-induced asthma triggered, and how do 
medications reduce the chance of an attack?

 6.  Why are exercise and diet recommended as nonphar-
macological treatments for those with borderline 
hypertension?

 7.  What is COPD, and where does exercise fit in as a part 
of a rehabilitation program?

 8.  What are angina pectoris, CABGS, and angioplasty?
 9.  What additional measurements are made during a GXT 

of a cardiac patient, as compared to an apparently 
healthy individual?

10.  How do elderly people respond to exercise training 
compared to younger subjects?

11.  What are the concerns about exercise during pregnancy, 
and what are the guidelines recommended for a preg-
nant woman who wishes to begin an exercise program?
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given that regular physical activity during pregnancy 
is associated with a reduced risk of both gestational 
diabetes and preeclampsia, growing problems in an 
overweight and obese society (42). A recent review 
emphasized the need for larger and better studies 
to obtain a more complete picture of the exercise-
pregnancy issue (87).

■ A pregnant woman should consult with her phy-
sician before starting an exercise program.

■ Endurance exercise can be done during 
 pregnancy without complication to mother or 
fetus.

IN SUMMARY

Study Questions

Check how well you understand the chapter content with 
these questions. Use them to prepare for exams.

Suggested Readings

Want to know more about a topic in this book? Look here 
for a list of readings available for further exploration.
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■  Outline 

1

■  Objectives 

By studying this chapter, you should be able to do the following:

1.   Name the three Nobel Prize winners whose 

research work involved muscle or muscular 

exercise.  

2.   Describe the role of the Harvard Fatigue 

Laboratory in the history of exercise physiology 

in the United States.  

3.   Describe factors infl uencing physical fi tness in 

the United States over the past century.  

 Physiology of Exercise in the 
United States—Its Past, Its Future 
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     D oes one have to have a “genetic gift” of speed to be 

a world-class runner, or is it all due to training? 

What happens to your heart rate when you take a fi tness 

test that increases in intensity each minute? What 

changes occur in your muscles as a result of an endur-

ance training program that allows you to run at faster 

speeds over longer distances? The answers to these and 

other questions are provided throughout this text. How-

ever, we go beyond simple statements of fact to show 

how information about the physiology of exercise is 

applied to the prevention of and rehabilitation from 

coronary heart disease, the performances of elite ath-

letes, and the ability of a person to work in adverse envi-

ronments such as high altitudes. The acceptance of 

terms such as  sports physiology, sports nutrition , and  sports 

medicine  is evidence of the growth of interest in the appli-

cation of physiology of exercise to real-world problems. 

Careers in athletic training, personal-fi tness training, 

cardiac rehabilitation, and strength and conditioning, 

as well as the traditional fi elds of physical therapy 

and medicine, are of interest to students studying 

exercise physiology. Some who are new to the fi eld 

believe that these career opportunities are recent 

developments, but that is not the case.   

  In this chapter we provide a brief history of exer-

cise physiology to help you understand where we have 

been and where we are going. In addition, throughout 

the text a variety of scientists and clinicians are high-

lighted in a historical context as subject matter is being 

presented (i.e., muscle, cardiovascular responses, alti-

tude). We hope that by linking a person to a major 

accomplishment within the context of a chapter, his-

tory will come alive and be of more interest to you.  

 EUROPEAN HERITAGE  

 A good starting place to discuss the history of exercise 

physiology in the United States is in Europe. Three sci-

entists, A. V. Hill of Britain, August Krogh of Denmark, 

and Otto Meyerhof of Germany, received Nobel Prizes 

for research on muscle or muscular exercise (11). Hill 

and Meyerhof shared the Nobel Prize in Physiology or 

Medicine in 1922. Hill was recognized for his precise 

measurements of heat production during muscle con-

traction and recovery, and Meyerhof for his discovery 

of the relationship between the consumption of oxy-

gen and the measurement of lactic acid in muscle. Hill 

was trained as a mathematician before becoming 

interested in physiology. In addition to his work cited 

for the Nobel Prize, his studies on humans led to the 

development of a framework around which we under-

stand the physiological factors related to distance run-

ning performance (5) (see Chapter 19). 

  Although Krogh received his Nobel Prize for his 

research on the function of the capillary circulation, he 

is also known for designing a considerable amount of 

instrumentation used in exercise physiology research. 

A precise gas analyzer to measure CO 2  within 0.001%, 

an accurate mechanically braked cycle ergometer, and 

a precision balance to weigh exercising human sub-

jects within a few grams (14) are but three examples of 

Krogh’s resourcefulness. The August Krogh Institute in 

Denmark contains some of the most prominent exer-

cise physiology laboratories in the world. Marie Krogh, 

his wife, was a noted scientist in her own right and was 

recognized for her innovative work on measuring the 

diffusing capacity of the lung. We recommend the bi-

o graphy of the Kroghs written by their daughter, Bodil 

Schmit-Nielsen (see Suggested Readings), for those 

interested in the history of the physiology of exercise. 

  Several other European scientists must be men-

tioned, not only because of their contributions to the 

physiology of exercise, but because their names are 

commonly used in a discussion of exercise physiol-

ogy. J. S. Haldane did some of the original work on the 

role of CO 2  in the control of breathing. Haldane also 

developed the respiratory gas analyzer that bears his 

name (14). C. G. Douglas did pioneering work with 

Haldane in the role of O 2  and lactic acid in the control 

of breathing during exercise, including some work 

conducted at various altitudes. The canvas-and-

 rubber gas collection bag used for many years in 

 exercise physiology laboratories around the world 

carries Douglas’s name. A contemporary of Douglas, 

Christian Bohr of Denmark, did the classic work on 

how O 2  binds to hemoglobin. The “shift” in the oxygen-

hemoglobin dissociation curve due to the addition of 

CO 2  bears his name (see Chapter 10). It was in Bohr’s 

lab that Krogh got his start on a career studying respi-

ration and exercise in humans (14).        

■   Three physiologists, A. V. Hill, August Krogh, 

and Otto Meyerhof, received the Nobel Prize for 

work related to muscle or muscular exercise.  

 IN SUMMARY 

 HARVARD FATIGUE 
LABORATORY  

 A focal point in the history of exercise physiology in 

the United States is the Harvard Fatigue Laboratory. 

Professor L. J. Henderson organized the laboratory 

within the Business School to conduct physiological 

research on industrial hazards. Dr. David Bruce Dill 

was the research director from the time the laboratory 

opened in 1927 until it closed in 1947 (17).  Table 1.1  

shows that the laboratory conducted research in 

numerous areas, in the laboratory and in the fi eld, 

and the results of those early studies have been sup-

ported by recent investigations. Dill’s classic text,  Life, 

Heat, and Altitude  (13), is recommended reading for any 
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student of exercise and environmental physiology. 

Much of the careful and precise work of the laboratory 

was conducted using the now-classic Haldane ana-

lyzer for respiratory gas analysis and the van Slyke 

apparatus for blood-gas analysis. The advent of 

computer-controlled equipment in the 1980s has 

made data collection easier, but has not improved on 

the accuracy of measurement (see  fi gure 1.1 ).              

 Metabolism 

   Maximal oxygen uptake  

   Oxygen debt  

   Carbohydrate and fat metabolism during

  long-term work   

Environmental physiology 

   Altitude  

   Dry and moist heat  

   Cold   

Clinical physiology 

   Gout  

   Schizophrenia  

   Diabetes   

Aging 

   Basal metabolic rate  

   Maximal oxygen uptake  

   Maximal heart rate   

Blood 

   Acid-base balance  

   O 2  saturation: role of PO 2 , PCO 2 , and carbon

  monoxide   

 Nutrition 

   Nutritional assessment techniques  

   Vitamins  

   Foods   

Physical fi tness 

   Harvard Step Test      

TABLE 1.1  Active Research Areas in the 

Harvard Fatigue Laboratory 

   The Harvard Fatigue Laboratory attracted doc-

toral students as well as scientists from other coun-

tries. Many of the alumni from the laboratory are 

recognized in their own right for excellence in research 

in the physiology of exercise. Two doctoral students, 

Steven Horvath and Sid Robinson, went on to distin-

guished careers at the Institute of Environmental 

Stress in Santa Barbara and Indiana University, respec-

tively. Foreign “Fellows” included E. Asmussen, E. H. 

Christensen, M. Nielsen, and the Nobel Prize winner 

August Krogh from Denmark. These scientists brought 

new ideas and technology to the lab, participated in 

laboratory and fi eld studies with other staff members, 

and published some of the most important work in 

the physiology of exercise between 1930 and 1980. 

Rudolpho Margaria, from Italy, went on to extend 

his classic work on oxygen debt and described the 

energetics of locomotion. Peter F. Scholander, from 

Norway, gave us his chemical gas analyzer that is a 

primary method of calibrating tank gas used to stan-

dardize electronic gas analyzers (17). 

  In summary, under the leadership of Dr. D. B. Dill, 

the Harvard Fatigue Laboratory became a model for 

research investigations into exercise and environ-

mental physiology, especially as it relates to humans. 

When the laboratory closed and the staff dispersed, 

the ideas, techniques, and approaches to scientifi c 

inquiry were distributed throughout the world, and 

with them, Dill’s infl uence in the area of environ-

mental and exercise physiology. Dr. Dill continued his 

research outside Boulder City, Nevada, into the 1980s. 

He died at the age of 93 in 1986. 

  Progress toward understanding any issue in exer-

cise physiology transcends time, national origin, and 

scientifi c training. Solutions to diffi cult questions 

require the interaction of scientists from diverse dis-

ciplines and professions such as physiology, bio-

chemistry, molecular biology, and medicine. We 

would like to recommend a recently published text, 

 Exercise  Physiology—People and Ideas  (see the Suggested 

Figure 1.1  Comparison of old and new technology used to measure oxygen consumption and carbon dioxide production 

during exercise. ( Left:  The Carnegie Institute of Washington, D.C.;  Right:  COSMED.) 
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WW I and WW II when large numbers of draftees failed 

the induction exams due to mental and physical 

defects (16, p. 407). These concerns infl uenced the 

type of physical education programs in the schools 

during these years, making them resemble premilitary 

training programs (37, p. 484). 

  The present interest in physical activity and health 

was stimulated in the early 1950s by two major fi nd-

ings: (1) autopsies of young soldiers killed during the 

Korean War showed that signifi cant coronary artery 

disease had already developed, and (2) Hans Kraus 

showed that American children performed poorly on a 

minimal muscular fi tness test compared to European 

children (37, p. 516). Due to the latter fi nding, Presi-

dent Eisenhower initiated a conference in 1955 that 

resulted in the formation of the President’s Council 

on Youth Fitness. The American Association for Health, 

Physical Education, and Recreation (AAHPER) sup-

ported these activities and in 1957 developed the 

AAHPER Youth Fitness Test with national norms to 

be used in physical education programs throughout 

the country. Before he was inaugurated, President 

Kennedy expressed his concerns about the nation’s 

fi tness in an article published in  Sports Illustrated , called 

“The Soft American” (21): 

  For the physical vigor of our citizens is one of 

America’s most precious resources. If we waste 

and neglect this resource, if we allow it to dwin-

dle and grow soft, then we will destroy much of 

our ability to meet the great and vital challenges 

which confront our people. We will be unable to 

realize our full potential as a nation.  

  During Kennedy’s term the council’s name was 

changed to the “President’s Council on Physical 

Fitness” to highlight the concern for fi tness. The 

name was changed again in the Nixon administra-

tion to the current “President’s Council on Physical 

Fitness and Sports,” which supports fi tness not only 

in schools but in business, industry, and for the gen-

eral public (see  www.fi tness.gov ). Items in the 

Youth Fitness Test were changed over the years, and 

in 1980 the American Alliance for Health, Physical 

Education, Recreation, and Dance (AAHPERD) pub-

lished a separate  Health-Related Physical Fitness Test 

Manual  (1) to distinguish between “performance 

testing” (e.g., 50-yard dash) and “fi tness testing” 

(e.g., skinfold thickness). This health-related test 

battery is consistent with the direction of lifetime 

fi tness programs, being concerned with obesity, car-

diorespiratory fi tness, and low-back function. For 

those readers interested in the history of fi tness 

testing in schools, we recommend Park’s monograph 

in the Suggested Readings. 

  Paralleling this interest in the physical fi tness of 

youth was the rising concern about the death rate from 

coronary heart disease in the middle-aged American 

■   The Harvard Fatigue Laboratory was a focal 

point in the development of exercise physiology 

in the United States. Dr. D. B. Dill directed the 

laboratory from its opening in 1927 until its 

closing in 1947. The body of research in exercise 

and environmental physiology produced by that 

laboratory forms the basis of much of what we 

know today.  

 IN SUMMARY 

Readings) to further your understanding of important 

historical connections. In this book, internationally 

known scientists provide a historical treatment of a 

number of important issues in exercise physiology 

with an emphasis on the cross-continent fl ow of 

energy and ideas. We highlight several scientists and 

clinicians with our Ask the Expert boxes throughout 

the text, both to introduce them to you and for them 

to share their current ideas. In addition, a new box, A 

Look Back— Important People in Science, is used to 

recognize well-known scientists who have infl uenced 

our understanding of exercise physiology. It is in this 

context that you will get to know those who have gone 

before and those who are currently leading the 

charge.   

      PHYSICAL FITNESS  

 Physical fi tness is a popular topic today, and its 

popularity has been a major factor in motivating 

college students to pursue careers in physical edu-

cation, physiology of exercise, health education, 

nutrition, physical therapy, and medicine. In 1980, 

the Public Health Service listed “physical fi tness and 

exercise” as one of fi fteen areas of concern related 

to improving the country’s overall health (29). While 

this might appear to be an unprecedented event, 

similar interests and concerns about physical fi t-

ness existed in this country over one hundred years 

ago. Between the Civil War and the First World War 

(WW I), physical education was primarily concerned 

with the development and maintenance of fi tness, 

and many of the leaders in physical education were 

trained in medicine (12, p. 5). For example, Dr. Dudley 

Sargent, hired by Harvard University in 1879, set up 

a physical training program with individual exercise 

prescriptions to improve a person’s structure and 

function to achieve “that prime physical condition 

called fi tness—fi tness for work, fi tness for play, fi t-

ness for anything a man may be called upon to do” 

(32, p. 297). 

  Sargent was clearly ahead of his time in promot-

ing health-related fi tness. Later, war became a primary 

force driving this country’s interest in physical fi tness. 

Concerns about health and fi tness were raised during 
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male population. Epidemiological studies of the health 

status of the population underscored the fact that 

degenerative diseases related to poor health habits 

(e.g., high-fat diet, smoking, inactivity) were responsible 

for more deaths than the classic infectious and conta-

gious diseases. In 1966, a major symposium highlighted 

the need for more research in the area of physical activ-

ity and health (30). In the 1970s, there was an increase in 

the use of exercise tests to diagnose heart disease and 

to aid in the prescription of exercise programs to improve 

cardiovascular health. Large corporations developed 

“executive” fi tness programs to improve the health sta-

tus of that high-risk group. While most Americans are 

now familiar with such programs, and some students of 

exercise physiology seek careers in “Corporate Fitness,” 

such programs are not new. The photos in  fi gures 1.2  

and 1.3, taken from the 1923 edition of McKenzie’s  Exer-

cise in Education and Medicine  (24), show a group of busi-

nessmen in costume doing dance exercises ( fi gure 1.2 ), 

and fi tness facilities on the roof of a large inner-city 

department store ( fi gure 1.3 ). In short, the idea that reg-

ular physical activity is an important part of a healthy 

lifestyle was “rediscovered.” If any questions remained 

about the importance of physical activity to health, the 

publication of the Surgeon General’s report put them to 

rest (see A Closer Look 1.1).             

A CLOSER LOOK 1.1

 By the early to mid 1980s, it had become 

clear that physical inactivity was a major 

public health concern (29). In 1992, the 

American Heart Association made phys-

ical inactivity a major risk factor for car-

diovascular diseases, just like smoking, 

high blood pressure, and high serum 

cholesterol (3). In 1995, the Centers for 

Disease Control and Prevention (CDC) 

and the American College of Sports 

Medicine published a public health 

physical activity recommendation that 

“Every U.S. adult should accumulate 

30 minutes or more of moderate-

intensity physical activity on most, pref-

erably all, days of the week” (27). A year 

later, the  Surgeon General’s Report on Physi-

cal Activity and Health  was published (35). 

This report highlighted the fact that 

physical inactivity was killing U.S. 

adults, and the problem was a big 

one—60% of U.S. adults did not engage 

in the recommended amount of physi-

cal activity, and 25% were not active at 

all. This report was based on the large 

body of evidence available from epide-

miological studies, small-group training 

studies, and clinical investigations 

show ing the positive effects of an active 

lifestyle. For example, physical activity 

was shown to: 

■   lower the risk of dying prema-

turely and from heart disease  

■   reduce the risk of developing 

 diabetes and high blood pressure  

■   help maintain weight and 

healthy bones, muscles, and 

joints  

■   help lower blood pressure in 

those with high blood pressure  

■   promote psychological 

well-being   

Since the publication of the  Surgeon 

General’s Report , the obesity epidemic 

has focused special attention on the 

amount of physical activity needed to 

achieve and maintain a healthy weight. 

The  Dietary Guidelines for Americans 2005  

(36) provides guidance for both caloric 

intake and physical activity related to 

this issue. We present more on this in 

later chapters. 

Figure 1.2  A group of businessmen in a dancing class 

under the direction of Oliver E. Hebbert. 

Figure 1.3  Roof of the former John Wanamaker store, Phila-

delphia, showing running track, basketball, and  tennis courts. 
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      PHYSICAL EDUCATION TO 
EXERCISE SCIENCE  

 Undergraduate academic preparation in physical edu-

cation has changed over the past four decades to 

refl ect the explosion in the knowledge base related to 

the physiology of exercise, biomechanics, and exercise 

prescription. This occurred at a time of a reduced need 

for school-based physical education teachers and an 

increased need for exercise professionals in the pre-

ventive and clinical settings. These factors, as well as 

others, led some college and university departments 

to change their names from Physical Education to 

Exercise Science. This trend is likely to continue as 

programs move further away from traditional roots in 

education and become integrated within colleges of 

Arts and Sciences or Allied Health Professions (34). 

There has been an increase in the number of programs 

requiring undergraduates to take one year of calculus, 

chemistry, and physics, and courses in organic chem-

istry, biochemistry, anatomy, physiology, and nutrition. 

In many colleges and universities, there is now little 

difference between the fi rst two years of requirements 

in a pre-physical therapy or pre-medical track and 

the track associated with fi tness professions. The 

differences among these tracks lie in the “application” 

courses that follow. Biomechanics, physiology of 

exercise, fi tness assessment, exercise prescription, 

exercise leadership, and so on belong to the physical 

education/exercise science track. However, it must 

again be pointed out that this new trend is but another 

example of a rediscovery of old roots rather than a rev-

olutionary change. Kroll describes two four-year pro-

fessional physical education programs in the 1890s, 

one at Stanford and the other at Harvard, that were the 

forerunners of today’s programs (22, pp. 51–64). They 

included the detailed scientifi c work and application 

courses with clear prerequisites cited. Finally, consid-

erable time was allotted for laboratory work. No doubt, 

Lagrange’s 1890 text,  Physiology of Bodily Exercise  (23), 

served as an important reference source for these stu-

dents. The expectations and goals of those programs 

were almost identical to those specifi ed for current 

exercise physiology undergraduate tracks. In fact, one 

of the aims of the Harvard program was to allow a 

 student to pursue the study of medicine after complet-

ing two years of study (22, p. 61).      

 GRADUATE STUDY AND 
RESEARCH IN THE 
PHYSIOLOGY OF EXERCISE  

 While the Harvard Fatigue Laboratory was closing in 

1947, the country was on the verge of a tremendous 

expansion in the number of universities offering grad-

uate study and research opportunities in exercise 

physiology. A 1950 survey showed that only 16 col-

leges or universities had research laboratories in 

departments of physical education (18). By 1966, 151 

institutions had research facilities, 58 of them in 

exercise physiology (37, p. 526). This expansion was 

due to the availability of more scientists trained 

in the research methodology of exercise physiology, 

the increased number of students attending college 

due to the GI Bill and student loans, and the increase 

in federal dollars to improve the research capabilities 

of universities (10, 34). 

  “The scholar’s work will be multiplied many fold 

through the contribution of his students.” This quote, 

taken from Montoye and Washburn (25), expresses a 

view that has helped attract researchers and scholars 

to universities. Evidence to support this quote was 

presented in the form of genealogical charts of con-

tributors to the  Research Quarterly  (26). These charts 

showed the tremendous infl uence a few people had 

through their students in the expansion of research 

in physical education. Probably the best example of 

this is Thomas K. Cureton, Jr., of the University of Illi-

nois, a central fi gure in the training of productive 

researchers in exercise physiology and fi tness (see A 

Look Back—Important People in Science) .

    An example of a major university program that 

can trace its lineage to the Harvard Fatigue Labora-

tory is found at Pennsylvania State University. Dr. 

Ancel Keys, a staff member at the Harvard Fatigue 

Laboratory, brought Henry Longstreet Taylor back to 

the Laboratory for Physiological Hygiene at the Uni-

versity of Minnesota, where he received his Ph.D. in 

1941 (9). Taylor subsequently advised the research 

work of Elsworth R. Buskirk, who designed and 

■   Fitness has been an issue in this country from 

the latter part of the nineteenth century until 

the present. War or the threat of war exerted a 

strong infl uence on fi tness programs in the 

public schools.  

■   Recent interest in fi tness is related to the 

 growing concern over the high death rates from 

disease processes that are attributable to 

 preventable factors, such as poor diet, lack of 

exercise, and smoking. The government and 

professional organizations have responded to 

this need by educating the public about these 

problems.  

■   Schools use health-related fi tness tests such as 

the skinfold estimation of body fatness, rather 

than the more traditional performance tests, to 

evaluate a child’s physical fi tness.  

 IN SUMMARY 
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directed the Laboratory for Human Performance 

Research (Noll Laboratory) at Pennsylvania State 

University. Noll Laboratory continues in the tradi-

tion of the Harvard Fatigue Laboratory with a com-

prehensive research program of laboratory and fi eld 

research into basic exercise, environmental, and 

industrial research questions (8). However, it is clear 

that excellent research in exercise and environmen-

tal physiology is conducted in laboratories other 

than those that have a tie to the Harvard Fatigue 

Lab. Laboratories are found in physical education 

departments, physiology departments in medical 

schools, clinical medicine programs at hospitals, 

and in independent facilities such as the Cooper 

Institute for Aerobics Research. The proliferation and 

specialization of research involving exercise is dis-

cussed in the next section. 

   Table 1.2 , from Tipton’s look at the fi fty years follow-

ing the closing of the Harvard Fatigue Lab, shows the 

subject matter areas that were studied in considerable 

detail between 1954 and 1994 (34). A great number of 

these topics fi t into the broad area of systemic physiol-

ogy or were truly applied physiology issues. In the 

future, Tipton believes that many of the most important 

questions in the physiology of exercise will be answered 

by those with special training in molecular biology. 

Baldwin (4) supported that position and provided a 

summary of important questions dealing with exercise 

and chronic disease whose answers are linked to func-

tional genomics and proteomics, important new tools 

for the molecular biologist. However, he also noted the 

need for increased research to address physical activity 

and chronic diseases at the lifestyle and behavioral lev-

els. This “integrated” approach, crossing disciplines and 

 A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE 

 Thomas K. Cureton, Jr., Ph.D. 

 Dr. Thomas K. Cureton, 

Jr., was born in Florida in 

1901. He studied elec-

trical engineering for 

two years at Georgia 

Tech and completed his 

undergraduate degree 

in that area at Yale Uni-

versity in 1925. During his childhood and 

throughout his college career he was very 

interested in sports, becoming a cham-

pion runner and swimmer along the way. 

This stimulated his interest in exercise 

and training, and he completed elective 

coursework in anatomy, physiology, and 

biology at Yale as a part of his undergrad-

uate degree. After graduation, and while 

working full time, he completed course 

work for a B.S. in physical education in 

1929 at Springfi eld College, one of the 

best-known schools for training in that 

area. He was appointed as an instructor 

in mathematics and chemistry at that col-

lege and eventually became director of 

its Biophysics, Anthropometry, and Kine-

siology Laboratory. Over the course of 

the next 10 years, he completed his M.S. 

(Springfi eld College) and Ph.D. (Colum-

bia University) degrees (6). 

  The focus of Dr. Cureton’s research 

was on physical fi tness. In 1941 he 

was hired by the University of Illinois, 

and three years later he opened the 

Physical Fitness Research Laboratory, 

one of the few laboratories in the 

world dedicated to studying the 

impact of exercise on fi tness and 

health. The laboratory developed and 

validated fi tness tests, established 

norms for those tests, developed 

methods to prescribe exercise to 

improve fi tness, and provided oppor-

tunities for graduate students to do 

research projects (6, 22, pp. 177–83). 

  Dr. Cureton was an incredibly pro-

ductive writer and speaker, not just for 

science-related publications and con-

ferences, but also for public consump-

tion, especially through the YMCA. He 

was a strong voice for using physical 

activity to help patients recover from 

various medical problems. The fact 

that this was a time when physicians 

were recommending bed rest, it is no 

surprise that he had an uphill battle. 

However, Dr. Cureton made his point 

by showing, through his research, the 

importance of having patients become 

physically active in order to return to 

a productive life. In addition, he was 

an early advocate of preventing prob-

lems in the fi rst place; his “Run for 

Your Life” program at the University of 

Illinois was put in place long before 

jogging became a popular activity. He 

became a well-known public fi gure 

appearing on TV, was interviewed by 

numerous papers, and became a focus 

of a special Time-Life book,  The 

Healthy Life: How Diet and Exercise Affect 

Your Heart and Vigor  (6). If you were to 

read that book today, within the con-

text of our current epidemics of obe-

sity and physical inactivity, you would 

realize how far ahead Dr. Cureton was 

in the promotion of physical activity 

and fi tness. 

  As mentioned earlier, one of the 

primary purposes of Dr. Cureton’s 

Physical Fitness Research Laboratory 

was to provide opportunities for 

graduate students to become trained 

in doing research on physical fi tness. 

The proceedings from a symposium 

honoring Dr. Cureton in 1969 listed 

sixty-eight Ph.D. students who com-

pleted their work under his direction 

(15). Although Dr. Cureton’s scholarly 

record includes hundreds of research 

articles and dozens of books dealing 

with physical fi tness, the publica-

tions of his students in the areas of 

epidemiology, fi tness, cardiac reha-

bilitation, and exercise physiology 

represent the “multiplying effect” 

that students have on a scholar’s pro-

ductivity. For those who would like to 

read more about Dr. Cureton, see 

Berryman’s article (6). 
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technologies, should be refl ected in the academic pro-

grams educating the next generation of exercise science 

students. We recommend the chapters by Tipton (34) 

and Buskirk and Tipton (10) for those interested in a 

detailed look at the development of exercise physiology 

in the United States. 

physical activity and health into one professional soci-

ety resulted in the founding of the American College of 

Sports Medicine (ACSM) in 1954 (see Berryman’s his-

tory of the ACSM in the Suggested Readings). The ACSM 

now has more than 20,000 members with twelve regional 

chapters throughout the country, each holding its own 

annual meeting to present research, sponsor sympo-

siums, and promote sports medicine. 

  The growth of research journals has paralleled 

the increased number of professional societies. Dur-

ing the time of the Harvard Fatigue Laboratory, much 

of the research was published in the following jour-

nals:  Journal of Biological Chemistry, American Journal of 

Physiology, Arbeitsphysiologie (European Journal of Occupa-

tional and Applied Physiology), Journal of Clinical Investiga-

tion, Journal of Aviation Medicine, Journal of Nutrition , and 

 Journal of Physiology . In 1948, the American Physiologi-

cal Society published the  Journal of Applied Physiology  

to bring together the research work in exercise and 

environmental physiology. In 1969, the American 

College of Sports Medicine published the research 

journal  Medicine and Science in Sports  to support the 

growing productivity of its members. More recently, 

the  International Journal of Sports Medicine, Sports Medi-

cine, Journal of Cardiopulmonary Rehabilitation , and  Journal 

of Strength and Conditioning Research  have been intro-

duced to report and review research. The latter two 

journals are linked to the American Association of 

Cardiovascular and Pulmonary Rehabilitation and 

the National Strength and Conditioning Association, 

respectively.   Finally, there are journals specifi c to 

children ( Pediatric Exercise Physiology ), older individu-

als ( Journal of Aging and Physical Activity ), and for spe-

cial populations ( Adapted Physical Activity Quarterly ). 

  One of the clear consequences of this increase in 

research activity is the degree to which scientists must 

TABLE 1.2  Signifi cant Exercise Physiology Subject Matter Areas That Were Investigated 

Between 1954 and 1994 

  A. Basic Exercise Physiology  

   Exercise Specifi city  

   Exercise Prescription  

   Central and Peripheral Responses and Adaptations  

   Responses of Diseased Populations  

   Action of  Transmitters  

   Regulation of Receptors  

   Cardiovascular and Metabolic Feed Forward

  and Feedback Mechanisms  

   Substrate Utilization Profi les  

   Matching Mechanisms for Oxygen Delivery 

  and Demand  

   Mechanisms of Signal Transduction  

   Intracellular Lactate Mechanisms    

   Plasticity of Muscle Fibers  

   Motor Functions of the Spinal Cord  

   Hormonal Responses  

   The Hypoxemia of Severe Exercise  

   Cellular and Molecular Adaptive Responses  

 B.  Applied Exercise Physiology  

   Performance of Elite Athletes  

   Performance and Heat Stress  

   Exercise at Altitude  

   Nutritional Aspects of Exercise  

   Fluid Balance During Exercise  

   Performance and Ergogenic Aids  

   Training for Physical Fitness   

 From: C. M. Tipton, Contemporary exercise physiology: Fifty years after the closure of Harvard Fatigue Laboratory. In  Exercise and Sport Sciences 

Reviews , vol. 26, pp. 315–39, 1998. Edited by J. O. Holloszy. Baltimore:  Williams & Wilkins. 

■   The increase in research in exercise physiology 

was a catalyst that propelled the transformation 

of physical education departments into exercise 

science departments. The number of exercise 

physiology laboratories increased dramatically 

between the 1950s and 1970s, with many deal-

ing with problems requiring specialized training 

in human physiology. That emphasis has been 

replaced with a focus on molecular biology as 

an essential ingredient to solving basic science 

issues related to physical activity and health.  

 IN SUMMARY 

      PROFESSIONAL SOCIETIES 
AND RESEARCH JOURNALS  

 The expansion of interest in exercise physiology and its 

application to fi tness and rehabilitation resulted in an 

increase in the number of professional societies in 

which scientists and clinicians could present their work. 

Prior to 1950, the two major societies concerned with 

physiology of exercise and its application were the 

American Physiological Society (APS) and the American 

Association of Health, Physical Education, and Recre-

ation (AAHPER). The need to bring together physicians, 

physical educators, and physiologists interested in 
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specialize in order to compete for research grants and 

to manage the research literature. Laboratories may 

focus on neuromuscular physiology, cardiac rehabili-

tation, or the infl uence of exercise on bone structure. 

Graduate students need to specialize earlier in their 

careers as researchers, and undergraduates must in-

vestigate graduate programs very carefully to make 

sure they meet their career goals (20). 

  This specialization in research has generated 

comments about the need to emphasize “basic” 

research examining the mechanisms underlying a 

physiological issue rather than “applied” research, 

which might describe responses of persons to exer-

cise, environmental, or nutritional factors. It would 

appear that both types of research are needed and, to 

some extent, such a separation is arbitrary. For exam-

ple, one scientist might study the interaction of ex-

ercise intensity and diet on muscle hypertrophy, 

another may characterize the changes in muscle cell 

size and contractile protein, a third might study 

changes in the energetics of muscle contraction rela-

tive to cytoplasmic enzyme activities, and a fourth 

might study the gene expression needed to synthe-

size that contractile protein. Where does “applied” 

research begin and “basic” research end? In the intro-

duction to his text  Human Circulation  (31), Loring Row-

ell provided a quote from T. H. Huxley that bears on 

this issue: 

  I often wish that this phrase “applied science,” 

had never been invented. For it suggests that 

there is a sort of scientifi c knowledge of direct 

practical use, which can be studied apart from 

another sort of scientifi c knowledge, which is of 

no practical utility, and which is termed “pure sci-

ence.” But there is no more complete fallacy than 

this. What people call applied science is nothing 

but the application of pure science to particular 

classes of problems. It consists of deductions 

from those principles, established by reasoning 

and observation, which constitute pure science. 

No one can safely make these deductions until 

he has a fi rm grasp of the principles; and he can 

obtain that grasp only by personal experience of 

the operations of observation and of reasoning 

on which they are found (19).  

  Solutions to chronic disease problems related to 

physical inactivity (e.g., type 2 diabetes, obesity) will 

come from a range of scientifi c disciplines—from epi-

demiologists on the one hand (35) to cell biologists 

on the other (7). We hope that all forms of inquiry are 

supported by fellow scientists such that present theo-

ries related to exercise physiology are continually 

questioned and modifi ed. Lastly, we completely agree 

with the sentiments expressed in a statement ascribed 

to Arthur B. Otis: “Physiology is a good way to make a 

living and still have fun” (33). 

■   The growth and development of exercise physi-

ology laboratories in the 1950s and 1960s 

increased the opportunities for graduate study 

and research.  

■   Graduates from these laboratories contributed 

to the increase in research productivity and the 

number of research journals and professional 

societies.  

 IN SUMMARY 

      TRANSLATION OF 
EXERCISE PHYSIOLOGY 
TO THE CONSUMER  

 The practical implications of the “fi tness boom” 

include an increase in the number of “health spas” 

offering fi tness or weight-control programs and an 

explosion in the number of diet and exercise books 

selling easy ways to shed pounds and inches. It is 

clear that there has been and continues to be a need 

to provide correct information to the consumer 

about the “facts” related to exercise and weight con-

trol, and to provide some guidelines about the quali-

ties to look for in an instructor associated with health 

and fi tness programs. Most readers are familiar with 

the videotapes, DVDs, and books based on the fi t-

ness programs of movie stars, and they are also 

aware that some of what is offered may not be very 

sound. Fortunately, a number of well-known scien-

tists and scholars in the area of exercise physiology 

and fi tness are now writing “popular” books related 

to fi tness issues. 

  Concern over the qualifi cations of fi tness instruc-

tors has been addressed by professional societies 

that offer “certifi cation programs” for those interested 

in a career in fi tness programming. The American Col-

lege of Sports Medicine (ACSM) provided leadership 

in this area by initiating certifi cation programs in 1975 

for those involved in cardiac rehabilitation programs. 

Current certifi cations include ACSM Certifi ed Per-

sonal Trainer, ACSM Health/Fitness Instructor, ACSM 

Exercise Specialist, and ACSM Registered Clinical 

Exercise Physiologist (2). In like manner, increased 

recognition of the importance of muscular strength in 

health and fi tness led to the development of the 

Strength and Conditioning Specialist certifi cation by 

the National Strength and Conditioning Association. 

The certifi cations are recognized by those involved in 

fi tness programs as imparting a high standard of pro-

fessional achievement. See A Closer Look 1.2 for 

information on careers for undergraduate exercise 

science majors. 

  Colleges and universities responded to this 

need for qualifi ed personnel to direct exercise and 
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weight-control programs. Many exercise science de-

partments offer undergraduate and graduate courses 

to train students for a career in fi tness and cardiac 

rehabilitation programs, or for advanced graduate 

study leading to a career in research and teaching at 

the university level. The growth in these programs 

occurred at the same time that there was a glut in the 

job market for physical education positions in the 

public schools. The colleges and universities had 

 simply overproduced physical education teachers at a 

time when teaching positions were decreasing. One 

can only hope that as more and more colleges and 

universities develop these undergraduate fi tness 

tracks, the quality of the graduate will be maintained 

and the market will not be saturated. On the other 

hand, the increase in the number of well-educated 

people who can provide quality programming for the 

apparently healthy individual might be properly timed 

to address the physical inactivity and obesity problem 

in school children.  

■   To meet the needs of the consumer for correct 

information and programs about physical activ-

ity and health, university and college exercise 

science departments have developed new areas 

of study in exercise physiology and fi tness.  

■   Organizations such as the American College of 

Sports Medicine and the National Strength and 

Conditioning Association have developed certi-

fi cation programs to establish a standard of 

knowledge and skill to be achieved by those 

who lead health-related exercise programs.  

 IN SUMMARY 

           STUDY QUESTIONS 

1.    Identify two of the most prolifi c scientists in your 
 personal area of interest in exercise physiology and 
briefl y describe what they have done. Use a research 
database at the library to fi nd your references.  

2.   Pick a topic of interest in exercise physiology and describe 
how a molecular biologist might approach it compared 
to a scientist interested in doing studies with humans.  

3.   Societal factors can have a major impact on career goals. 
Briefl y describe the factors currently infl uencing one of 

the following professions: physical educator, physician, 
physical therapist, athletic trainer, and fi tness profes-
sional. These might include academic programs, certifi -
cation and licensure, demographics of the population, 
and changes in health care in the country.  

4.   Identify the primary professional organization with which 
you will associate. Find out if the organization has a 
membership category for students, and what you would 
receive if you chose to join.     

A CLOSER LOOK 1.2

 Careers for Undergraduate Exercise Science Majors 

 Over the past 30 years there has been 

a sustained growth in career opportu-

nities for those with academic training 

in exercise science. Currently, students 

pursue careers in personal-fi tness 

training in private, commercial, work-

site and hospital settings; strength 

and conditioning in commercial, reha-

bilitative, and sport-related environ-

ments; cardiac rehabilitation; athletic 

training; massage therapy; in addition 

to those in the traditional allied health 

professions (e.g., physical therapy) 

and medicine (e.g., physician assis-

tant, physician). For those interested 

in careers in fi tness and cardiac reha-

bilitation, course work is not enough—

one must develop the requisite skills 

needed to perform the job. That means 

that students should be completing 

practicum and internship experiences 

under the direction of a professional 

who can pass along what cannot be 

taught in a classroom or laboratory. 

Students should make contact with 

their advisor early in the program to 

maximize what can be gained from 

these experiences. Interested stu-

dents should read the article by Pierce 

and Nagle on the internship experi-

ence (28). The internship experience 

may not be enough. Those interested 

in cardiac rehabilitation and athletic 

training usually pursue graduate study 

(though there are exceptions) to real-

ize their goals. If that is the case for 

you, apply early because there are 

limited spaces in most graduate pro-

grams. Finally, passing an appropriate 

certifi cation exam is a part of the pro-

cess to being welcomed into the com-

munity of professionals. This is simple 

within athletic training because there 

is only one offi cial exam (offered by 

the National Athletic Training Associa-

tion’s Board of Certifi cation). In the 

fi tness area, it is much more compli-

cated given the number of certifi cation 

exams available. If a certifi cation exam 

requires a one-day workshop with 

little or no formal course work and 

results in a high pass rate, the certifi ca-

tion is worthless from a professional's 

point of view. It is important to pass 

the most rigorous and respected certi-

fi cation exams that have, at a mini-

mum, a formal education requirement 

in an appropriate fi eld. Check out the 

American College of Sports Medicine 

( www.acsm.org ) and the National 

Strength and Conditioning Association 

websites for additional information 

( www.nsca-lift.org ). 
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Control of the Internal 
Environment

■ Key Terms

   biological control system  
control center
  effector  
  gain  
  heat shock proteins  
  homeostasis  
  negative feedback  
  sensor  
  steady state  
  stress proteins   

     Homeostasis: Dynamic 

Constancy 14  

  Control Systems of the Body 16  

  Nature of the Control 

Systems 16

   Negative Feedback 17  

 Positive Feedback  17

  Gain of a Control System 17     

  Examples of Homeostatic 

Control 18

 Regulation of Body 

Temperature   18

  Regulation of Blood 

Glucose 18  

  Stress Proteins Assist in the 

Regulation of Cellular 

Homeostasis 19     

  Exercise: A Test of Homeostatic 

Control 20     

■ Outline

1.    Defi ne the terms  homeostasis  and  steady state.   

2.   Diagram and discuss a biological control system.  

3.   Give an example of a biological control system.  

4.   Explain the term  negative feedback.   

5.   Defi ne what is meant by the gain of a control 

system.   

■ Objectives

By studying this chapter, you should be able to do the following:
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  If you had a body temperature of 104° F (40° C) while 

sitting at rest, you would know that something is 

wrong. As children we learned that normal body tem-

perature is 98.6° F (37° C) and that values above or 

below normal signify a problem. How does the body 

manage to maintain core temperature within a narrow 

range? Further, how is it that during exercise, when 

the body is producing great amounts of heat, we gen-

erally do not experience overheating problems?  

   Over 100 years ago, the French physiologist 

Claude Bernard observed that the “milieu interior” 

(internal environment) of the body remained remark-

ably constant despite a changing external environ-

ment (see A Look Back—Important People in 

Science). The fact that the body manages to maintain 

a relatively constant internal environment in spite 

of various stressors such as exercise, heat, cold, or 

fasting is not an accident but the result of many com-

plex control systems. Control mechanisms that are 

responsible for maintaining a stable internal envi-

ronment constitute a major chapter in exercise physi-

ology, and it is helpful to examine their function in 

light of simple control theory. Therefore, the purpose 

of this chapter is to introduce the concept of “control 

systems” and to discuss how the body maintains 

a rather constant internal environment during peri-

ods of stress. However, before you begin to read this 

chapter, take time to review Research Focus 2.1. This 

box provides an overview of how to interpret graphs 

and gain useful information from these important 

tools of science. 

  HOMEOSTASIS: DYNAMIC 
CONSTANCY 

  The term    homeostasis    is defi ned as the maintenance 

of a constant internal environment. A similar term, 

   steady state   , is often used to denote a steady and 

unchanging level of some physiological variable (e.g., 

heart rate). Although the terms homeostasis and 

steady state are similar, they differ in the following 

way. The term homeostasis is commonly used to 

denote a constant and normal internal environment 

(1, 12, 18). In contrast, a steady state does not mean 

that a physiological variable is normal but that the 

physiological variable in question is unchanging. 

  An example that is useful in distinguishing between 

these two terms is the case of body temperature during 

exercise.  Figure 2.2  illustrates the changes in body core 

temperature during sixty minutes of constant-load sub-

maximal exercise in a thermoneutral environment (i.e., 

low humidity and low temperature). Note that core tem-

perature reaches a new and steady level within forty 

minutes after commencement of exercise. This plateau 

of core temperature represents a steady state, since 

temperature is constant; however, this constant tem-

perature is above the normal resting body temperature 

 A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE 

 Claude Bernard—A Founding Father of Physiology 

   Claude Bernard  (1813–

1878) was a French 

physician and physiol-

ogist who is consid ered 

one of the founding 

“fathers of physiology.” 

Indeed, Dr. Bernard's 

research and writings greatly improved 

our understanding of physiology during 

the nineteenth century, and he is cred-

ited with recognizing the importance of 

a constant internal environment. A brief 

overview of Dr. Bernard's life and contri-

butions to physiology follows: 

  Claude Bernard was born in the 

French village of Saint-Julien and 

received his early education at the 

local Jesuit school. He attended Lyon 

College briefl y but left college to 

devote his efforts toward becoming 

a successful writer. At the age of 21, 

Mr. Bernard went to Paris to formally 

launch his writing career. However, fol-

lowing discussions with literature crit-

ics, Mr. Bernard abandoned writing and 

decided to study medicine as a career. 

As a medical intern at a Paris hospital, 

Dr. Bernard began to work with a senior 

French physician/physiologist, Fran-

cois Magendie, who was involved in 

research and teaching medical stu-

dents. Dr. Bernard quickly became 

Magendie's deputy professor and later 

succeeded him as a professor. 

  During his research and medical 

career, Claude Bernard made many 

important contributions to physiology 

and medicine. One of his fi rst important 

studies was aimed at understanding 

the role of the pancreas in digestion. He 

also discovered that the liver was capa-

ble of synthesizing glucose from prod-

ucts (e.g., lactate, etc.) removed from 

the blood. Additionally, Dr. Bernard 

discovered the vasomotor system, and 

this important discovery led to our 

understanding that the nervous system 

can act to both dilate and constrict 

blood vessels. Finally, although Dr. Ber-

nard proposed the idea that maintain-

ing a stable internal environment is a 

requirement for the body to remain 

healthy, he is not responsible for the 

concept of homeostasis. Indeed, the 

maintenance of a relatively stable inter-

nal environment was termed “homeo-

stasis” by Walter Cannon in 1932. The 

word homeostasis comes from the 

Greek words  homoios  (meaning the same) 

and  stasis  (meaning to stay or stand). For 

more details on the work of Walter Can-

non, see A Look Back—Important Peo-

ple in Science, in chapter 5.  
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and thus does not represent a true homeostatic condi-

tion. Therefore, the term  homeostasis  is generally reserved 

for describing normal resting conditions, and the term 

 steady state  is often applied to exercise wherein the physi-

ological variable in question (i.e., body temperature) is 

unchanging but may not equal the “homeostatic” rest-

ing value.    

   Although the concept of homeostasis means that 

the internal environment is unchanging, this does 

not mean that the internal environment remains 

absolutely constant. In fact, most physiological vari-

ables vary around some “set” value, and thus homeo-

stasis represents a rather dynamic constancy. An 

example of this dynamic constancy is the arterial 

blood pressure.  Figure 2.3  shows the mean (average) 

RESEARCH FOCUS 2.1

 How to Understand Graphs:  A Picture Is Worth 1,000 Words 

 Throughout this book, we use line 

graphs to illustrate important concepts 

in exercise physiology. Although these 

same concepts can be explained in 

words, graphs are useful visual tools 

that can illustrate complicated rela-

tionships in a way that is easy to under-

stand. Let's briefl y review the basic 

concepts behind the construction of a 

line graph. 

  A line graph is used to illustrate 

relationships between two variables; 

that is, how one thing is affected by 

another. You may recall from one of 

your math courses that a  variable  is 

the generic term for any characteristic 

that changes. For example, in exercise 

physiology, heart rate is a variable that 

changes as a function of exercise inten-

sity.  Figure 2.1  is a line graph illustrat-

ing the relationship between heart rate 

and exercise intensity. In this illustra-

tion, exercise intensity (independent 

variable) is placed on the x-axis (hori-

zontal) and heart rate (dependent vari-

able) is located on the y-axis (vertical). 

Heart rate is considered the depen-

dent variable because it changes as a 

function of exercise intensity. Because 

exercise intensity is independent of 

heart rate, it is the independent vari-

able. Note in  fi gure 2.1  that heart rate 

increases as a linear (straight-line) 

function of the exercise intensity. This 

type of line graph makes it easy to see 

what happens to heart rate when exer-

cise intensity is changed. 
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Figure 2.2  Changes in body core temperature during sixty 

minutes of submaximal exercise in a thermoneutral envi-

ronment. Note that body temperature reaches a plateau 

(steady state) by approximately forty minutes of exercise. 
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arterial blood pressure during eight minutes of rest. 

Note the oscillatory change in arterial pressure, but 

the mean (average) arterial pressure remains around 

93 mm Hg. The reason such an oscillation occurs in 

physiological variables is related to the “feedback” 

nature of biological control systems (9, 10, 17). This 

is discussed later in the chapter in the Negative Feed-

back section. 

system such as a thermostat-regulated heating and 

cooling system in a home. Suppose the thermostat is 

set at 20° C. Any change in room temperature away 

from the 20° C “set point” results in the appropriate 

response by either the furnace or the air conditioner to 

return the room temperature to 20° C. If the room tem-

perature rises above the set point, the thermostat sig-

nals the air conditioner to start, which returns the 

room temperature to 20° C. In contrast, a decrease in 

temperature below the set point results in the thermo-

stat signaling the heating system to begin operation 

( fi gure 2.4 ). In both cases the response by the heating 

and cooling system was to correct the condition, low 

or high temperature, that initially turned it on. 

    Similar to the example of a mechanical control 

system, a    biological control system    is a series of 

interconnected components that maintain a chemical 

or physical parameter of the body near a constant 

value (12, 29). Biological control systems are composed 

of three elements: (1) a sensor (or receptor); (2) a con-

trol center (i.e., center to integrate response); and (3) 

effectors (i.e., organs that produce the desired effect) 

( fi gure 2.5 ). The signal to begin the operation of a con-

trol system is the stimulus that represents a change in 

■     Homeostasis  is defi ned as the maintenance of a 

constant or unchanging “normal” internal 

environment during unstressed conditions.  

■   The term  steady state  is also defi ned as a con-

stant internal environment, but this does not 

necessarily mean that the internal environment 

is at rest and normal. When the body is in a 

steady state, a balance has been achieved 

between the demands placed on the body and 

the body's response to those demands.   

 IN SUMMARY 

      CONTROL SYSTEMS 
OF THE BODY 

  The body has literally hundreds of different control sys-

tems, and the overall goal of most is to regulate some 

physiological variable at or near a constant value 

(8, 12, 28). The most intricate of these control systems 

reside inside the cell itself. These cellular control sys-

tems regulate cell activities such as protein breakdown 

and synthesis, energy production, and maintenance of 

the appropriate amounts of stored nutrients (9, 24). 

Almost all organ systems of the body work to help main-

tain homeostasis (5, 10, 17, 19, 23, 25, 26). For example, 

the lungs (pulmonary system) and heart (circulatory 

system) work together to replenish oxygen and to 

remove carbon dioxide from the extracellular fl uid. The 

fact that the cardiopulmonary system is usually able to 

maintain normal levels of oxygen and carbon dioxide 

even during periods of strenuous exercise is not an acci-

dent but the end result of a good control system. 

  Although much is known about how specifi c con-

trol systems of the body operate, the details of how 

many control systems work to maintain homeostasis 

remain a mystery. This remains an active area of 

research in exercise physiology.   

  NATURE OF THE 
CONTROL SYSTEMS 

  To develop a better understanding of how the body 

maintains a stable internal environment, let's begin 

with the analogy of a simple, nonbiological control 

Figure 2.4  A thermostat-controlled heating/cooling sys-

tem is an example of a nonbiological (mechanical) control 

system that uses negative feedback to regulate room 

temperature. An increase in room temperature above the 

set point (i.e., 20° C) directs the furnace to turn off and 

therefore reduce the temperature in the room (top). In 

contrast, a decrease in room temperature below the set 

point results in turning on the furnace to release warm air 

into the room (bottom). 
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the internal environment (i.e., too much or too little of 

a regulated variable). The stimulus excites a    sensor    

that is a receptor in the body capable of detecting 

change in the variable in question. The excited sensor 

then sends a message to the control center. The    con-

trol center    integrates the strength of the incoming 

signal from the sensor and sends an appropriate mes-

sage to the    effectors    to bring about the appropriate 

response to correct the disturbance (i.e., desired 

effect). The return of the internal environment to nor-

mal results in a decrease in the original stimulus that 

triggered the control system into action. This type of 

feedback loop is termed  negative feedback  and is the pri-

mary method responsible for maintaining homeosta-

sis in the body (2, 9) ( fi gure 2.5 ). 

      Negative Feedback 

 Most control systems of the body operate via    negative 

feedback    (2, 9). An example of negative feedback 

can be seen in the respiratory system's regulation of 

the CO 2  concentration in extracellular fl uid. In this 

case, an increase in extracellular CO 2  above normal 

levels triggers a receptor, which sends information to 

the respiratory control center (integrating center) to 

increase breathing. The effectors in this example are 

the respiratory muscles. This increase in breathing will 

reduce extracellular CO 2  concentrations back to nor-

mal, thus reestablishing homeostasis. The reason that 

this type of feedback is termed negative is that the 

response of the control system is negative (opposite) 

to the stimulus.  

  Positive Feedback 

 Although negative feedback is the primary type of 

feedback used to maintain homeostasis in the body, 

positive feedback control loops also exist. Positive 

feedback control mechanisms act to increase the orig-

inal stimulus. This type of feedback is termed  positive  

because the response is in the same direction as the 

stimulus. 

  A classic example of a positive feedback mecha-

nism involves the enhancement of labor contractions 

when a woman gives birth. For example, when the head 

of the baby moves into the birth canal, the increased 

pressure on the cervix (narrow end of the uterus) stimu-

lates sensory receptors. These excited sensors then 

send a neural message to the brain (i.e., control center), 

which responds by triggering the release of the hormone 

oxytocin from the pituitary gland. Oxytocin then travels 

via the blood to the uterus and promotes increased 

contractions. As labor continues, the cervix becomes 

more stimulated and uterine contractions become even 

stronger until birth occurs. At this point, the stimulus 

(i.e., the pressure) for oxytocin release stops and thus 

shuts off the positive feedback mechanism.  

  Gain of a Control System 

 The precision with which a control system maintains 

homeostasis is called the  gain  of the system.    Gain    can 

be thought of as the “capability” of the control system. 

This means that a control system with a large gain is 

more capable of correcting a disturbance in homeo-

stasis than a control system with a low gain. As you 

might predict, the most important control systems of 

the body have large gains. For example, control sys-

tems that regulate body temperature, breathing (i.e., 

pulmonary system), and delivery of blood (i.e., cardio-

vascular system) all have large gains. The fact that 

these systems have large gains is not surprising, given 

that these control systems all deal with life-and-death 

issues.  

Figure 2.5  This schematic illustrates the components 

of a biological control system. The process begins with 

change in the internal environment (i.e., stimulus), which 

excites a sensor to send information about the change to 

a control center. The control center makes an assessment 

of the amount of response that is needed to correct the 

problem and sends the appropriate message to the 

appropriate organs to bring about the desired effect. This 

effect is responsible for correcting the disturbance, and 

thus the stimulus is removed. 
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■    A biological control system is composed of a 

receptor, an integrating center, and an effector.  

■   Most control systems act by way of negative 

feedback.  

■   The degree to which a control system maintains 

homeostasis is termed the  gain of the system.  A 

control system with a large gain is more capa-

ble of maintaining homeostasis than a system 

with a low gain.   

 IN SUMMARY 
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      EXAMPLES OF 
HOMEOSTATIC CONTROL 

  To better understand biological control systems, con-

sider a few examples of homeostatic control. 

  Regulation of Body Temperature 

 An excellent example of a homeostatic control sys-

tem that uses negative feedback is the regulation of 

body temperature. The sensors in this system are 

thermal receptors located in several body locations. 

The control center for temperature regulation is 

located in the brain, and when body temperature 

increases above normal, temperature sensors send a 

neural message to the control center that tempera-

ture is above normal (top portion of  fi gure 2.6 ). The 

control center responds to this stimulus by directing 

a response to promote heat loss (i.e., skin blood 

vessels dilate and sweating occurs). When body 

temperature returns to normal, the control center is 

inactivated. 

Figure 2.7  Illustration of the regulation of blood glucose 

concentration. Changes in blood glucose concentration 

from the normal range regulate insulin secretion. Insulin, 

in turn, acts to regulate blood glucose levels (completing 

the negative feedback loop) and to maintain homeostasis. 

In this system the pancreas is both the sensor and the 

effector organ. It senses the change in blood glucose from 

normal and releases insulin appropriately. 
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—

Figure 2.6   Illustration of the negative feedback that is 

used to regulate body temperature. See text for details of 

how this system operates.  
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    When body temperature falls below normal, 

temperature sensors send these data to the control 

center in the brain, which responds by preventing 

the loss of body heat (e.g., blood vessels in the skin 

 constrict); this action serves to conserve heat (bot-

tom portion of  fi gure 2.6 ). Again, when body tem-

perature returns to normal, the control center 

becomes inactive. Complete details about how the 

body regulates temperature during exercise are pre-

sented in chapter 12.  

  Regulation of Blood Glucose 

 Homeostasis is also a function of the endocrine sys-

tem (see chapter 5). The body contains eight major 

endocrine glands, which synthesize and secrete blood-

borne chemical substances called hormones. Hor-

mones are transported via the circulatory system 

throughout the body as an aid to regulate circulatory 

and metabolic functions (2, 11). An example of the 

endocrine system’s role in the maintenance of 

homeostasis is the control of blood glucose levels. 

Indeed, in health, the blood glucose concentration is 

carefully regulated by the endocrine system. For 

example, the hormone insulin regulates cellular 

uptake and the metabolism of glucose and is there-

fore important in the regulation of the blood glu-

cose concentration. After a large carbohydrate meal, 

the blood glucose level increases above normal 

( fi gure 2.7 ). The rise in blood glucose signals the 

pancreas to release insulin, which then lowers blood 
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glucose by increasing cellular uptake. Failure of the 

blood glucose control system results in disease (dia-

betes) and is discussed in Clinical Applications 2.1. 

     Stress Proteins Assist in the 

Regulation of Cellular Homeostasis 

 A disturbance in cellular homeostasis occurs when a 

cell is faced with a “stress” that surpasses its ability to 

defend against this particular type of disturbance. A 

classic illustration of how cells use control systems to 

combat stress (i.e., disturbances in homeostasis) is 

termed the “cellular stress response.” The cellular 

stress response is a biological control system in cells 

that battles homeostatic disturbances by manufactur-

ing proteins designed to defend against stress. A brief 

overview of the cellular stress response control sys-

tem and how it protects cells against homeostatic dis-

turbances follows. 

      At the cellular level, proteins are important in 

maintaining homeostasis. For example, proteins 

play critical roles in normal cell function by serving 

as intracellular transporters or as enzymes that cat-

alyze chemical reactions. Damage to cellular pro-

teins by stress (e.g., high temperature) can result in 

a disturbance in homeostasis. To combat this type 

of disruption in homeostasis, cells respond by rap-

idly manufacturing protective proteins called    stress 

proteins    (16). After synthesis, these stress proteins 

go to work to protect the cell by repairing damaged 

proteins and restoring homeostasis.  Figure 2.8  pro-

vides an overview of how this control system regu-

lates protein homeostasis in cells. The process 

starts with a stressor that results in protein dam-

age. Stresses associated with exercise that are 

known to produce cellular protein damage include 

high temperatures, reduced cellular oxygen, low 

pH, and the production of free radicals. Damaged 

CLINICAL APPLICATIONS 2.1

 Failure of a Biological Control System Results in Disease 

Failure of any component of a bio-

logical control system results in a dis-

turbance in homeostasis. A classic 

illustration of the failure of a biological 

control system is the disease diabetes. 

Although there are two forms of diabe-

tes (type 1 and type 2), both types 

are characterized by abnormally high 

blood glucose levels (called hypergly-

cemia). In type 1 diabetes, the beta 

cells in the pancreas (beta cells pro-

duce insulin) become damaged. Hence, 

insulin is no longer produced and 

released into the blood to promote the 

transport of glucose into tissues. There-

fore, damage to the pancreatic beta 

cells represents a failure of the “effec-

tor” component of this control system. If 

insulin cannot be released in response 

to an increase in blood glucose follow-

ing a high-carbohydrate meal, glucose 

cannot be transported into body cells 

and the end result is hyperglycemia 

and diabetes.

Figure 2.8  Illustration 

of the cellular stress 

response. (1) Cellular 

stressors (e.g., high tem-

perature) can damage nor-

mal protein and produce 

(2) damaged protein. 

These damaged proteins 

signal the (3) synthesis of 

stress proteins. (4) These 

stress proteins can then 

repair the damaged pro-

tein to restore homeosta-

sis in the cell. 

(3) Synthesis

 of stress

 proteins

(1) Stress

 (e.g., high

 heat)
Normal

protein

(5) Release 

 of stress

 proteins

(4) Repair of 

 damaged

 protein

(2) Damaged

  Protein
Cell



20 Section One Physiology of Exercise

proteins become signals for the cell to produce 

stress proteins. After synthesis, these stress pro-

teins work to repair damaged proteins and restore 

homeostasis. More details about stress proteins 

and their function in cells are provided in Research 

Focus 2.2. 

     EXERCISE: A TEST OF 
HOMEOSTATIC CONTROL 

  Muscular exercise can be considered a dramatic test 

of the body's homeostatic control systems, because 

exercise has the potential to disrupt many homeo-

static variables. For example, during heavy exercise, 

skeletal muscle produces large amounts of lactic acid, 

which causes an increase in intracellular and extracel-

lular acidity (6, 20–22, 27, 30, 31). This increase in 

acidity represents a serious challenge to the body's 

acid-base control system (4, 7) (see Chapter 11). Addi-

tionally, heavy exercise results in large increases in 

muscle O 2  requirements, and large amounts of CO 2  

are produced. These changes must be countered by 

increases in breathing (pulmonary ventilation) and 

blood fl ow to increase O 2  delivery to the exercising 

muscle and remove metabolically produced CO 2 . Fur-

ther, during heavy exercise the working muscles pro-

duce large amounts of heat that must be removed to 

prevent overheating. The body's control systems must 

respond rapidly to prevent drastic alterations in the 

internal environment. 

  In a strict sense, the body rarely maintains true 

homeostasis while performing intense exercise or 

during prolonged exercise in a hot or humid environ-

ment. Heavy exercise or prolonged work results in 

disturbances in the internal environment that are 

generally too great for even the highest gain control 

systems to overcome, and thus a steady state is not 

possible. Severe disturbances in homeostasis result 

in fatigue and, ultimately, cessation of exercise (13, 

15, 20, 21). Understanding how various body control 

systems minimize exercise-induced disturbances in 

homeostasis is extremely important to the exercise 

physiology student and is thus a major theme of this 

textbook. Specifi c details about individual control 

systems (e.g., circulatory, respiratory) that affect the 

internal environment during exercise are discussed 

in Chapters 4 through 12. Further, improved exercise 

performance following exercise training is largely 

due to training adaptations that result in a better 

maintenance of homeostasis (21); this is discussed 

in Chapter 13. 

RESEARCH FOCUS 2.2

     Stress Proteins Help Maintain Cellular Homeostasis 

  Recent evidence demonstrates that 

when a cell is exposed to a stress that 

disturbs homeostasis, the cell responds 

by synthesizing “stress proteins.” These 

stress proteins are designed to reduce 

cellular injury caused by the stress 

and restore homeostasis. The term 

 stress protein  refers to two families of pro-

teins that are manufactured in cells in 

response to stress (e.g., high tempera-

ture). The larger and more thoroughly 

investigated of these families has been 

named    heat shock proteins   . 

  An Italian scientist discovered heat 

shock proteins after exposing fl ies to a 

hot environment. Several hours after 

this heat exposure, the fl ies responded 

by producing several new proteins. 

Hence, these molecules became known 

as heat shock proteins. However, heat is 

only one type of stress that disturbs cel-

lular homeostasis and results in the syn-

thesis of heat shock proteins. Indeed, 

many other stresses can promote the 

synthesis of heat shock proteins. Impor-

tant stresses that can damage proteins 

and promote the synthesis of heat shock 

proteins include low cellular energy 

levels, abnormal pH, alterations in cell 

calcium, and protein damage by free 

radicals (3, 14, 16). Because exercise 

can produce all of these stresses, it is 

not surprising that exercise scientists 

have become interested in the cellular 

response to stress and heat shock pro-

teins. See reference 16 for a review of 

this topic.  

■    Exercise represents a challenge to the body's 

control systems to maintain homeostasis. In 

general, the body's many control systems are 

capable of maintaining a steady state during 

most types of submaximal exercise in a cool 

environment. However, intense exercise or pro-

longed work in a hostile environment (i.e., high 

temperature/humidity) may exceed the ability 

of a control system to maintain a steady state, 

and severe disturbances in homeostasis may 

occur.   

 IN SUMMARY 
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        STUDY QUESTIONS 

1.    Defi ne the term  homeostasis.  How does it differ from the 
term  steady state ?  

2.   Cite an example of a biological homeostatic control 
system.  

3.   Draw a simple diagram that demonstrates the relation-
ships between the components of a biological control 
system.  

4.   Briefl y explain the role of the receptor, the integrating 
center, and the effector organ in a biological control 
system.  

5.   Explain the term  negative feedback.  Give a biological exam-
ple of negative feedback.  

6.   Discuss the concept of gain associated with a biological 
control system.  
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3
Bioenergetics

 1.  Discuss the function of the cell membrane, 

nucleus, and mitochondria.

 2.  Define the following terms: (1) endergonic 
reactions, (2) exergonic reactions, (3) coupled 
reactions, and (4) bioenergetics.

 3.  Describe the role of enzymes as catalysts in 

cellular chemical reactions.

 4.  List and discuss the nutrients that are used as 

fuels during exercise.

 5. Identify the high-energy phosphates.

 6.  Discuss the biochemical pathways involved in 

anaerobic ATP production.

 7. Discuss the aerobic production of ATP.

 8.  Describe the general scheme used to regulate 

metabolic pathways involved in bioenergetics.

 9.  Discuss the interaction between aerobic and 

anaerobic ATP production during exercise.

10.  Identify the enzymes that are considered rate 

limiting in glycolysis and the Krebs cycle.

■ Objectives

By studying this chapter, you should be able to do the following:
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Control of Glycolysis 45
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Transport Chain 46
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Thousands of chemical reactions occur throughout 

the body during each minute of the day. Collec-

tively, these reactions are called metabolism. Metab-

olism includes chemical pathways that result in the 

synthesis of molecules (anabolic reactions) as well as 

the breakdown of molecules (catabolic reactions).

 Since energy is required by all cells, it is not sur-

prising that cells possess chemical pathways that are 

capable of converting foodstuffs (i.e., fats, proteins, 

carbohydrates) into a biologically usable form of en-

ergy. This metabolic process is termed  bioenergetics. 

In order for you to run, jump, or swim, skeletal muscle 

cells must be able to continuously extract energy from 

food nutrients. In fact, the inability to transform 

energy contained in foodstuffs into usable biological 

energy would limit performance in endurance activi-

ties. The explanation for this is simple. To continue to 

contract, muscle cells must have a continuous source 

of energy. When energy is not readily available, mus-

cular contraction is not possible, and thus work must 

stop. Therefore, given the importance of cellular 

energy production during exercise, it is critical that 

the student of exercise physiology develop a thorough 

understanding of bioenergetics. It is the purpose of 

this chapter to introduce both general and specific 

concepts associated with bioenergetics.

CELL STRUCTURE

Cells were discovered in the seventeenth century by 

the English scientist Robert Hooke. Advancements 

in the microscope over the past 300 years have led 

to improvements in our understanding of cell struc-

ture and function. To understand bioenergetics, it is 

important to have some appreciation of cell struc-

ture and function. Four elements (an element is a 

basic chemical substance) compose over 95% of the 

human body. These include oxygen (65%), carbon 

(18%), hydrogen (10%), and nitrogen (3%) (21, 52). 

Additional elements found in rather small amounts 

in the body include sodium, iron, zinc, potassium, 

magnesium, chloride, and calcium. These various 

elements are linked by chemical bonds to form mol-

ecules or compounds. Compounds that contain car-

bon are called organic compounds, whereas those 

that do not contain carbon are termed  inorganic. 

For example, water (H2O) lacks carbon and is thus 

inorganic. In contrast, proteins, fats, and carbohy-

drates contain carbon and are organic compounds.

 As the basic functional unit of the body, the cell is 

a highly organized factory capable of synthesizing the 

large number of compounds necessary for normal cel-

lular function. Figure 3.1 illustrates the structure of a 

Figure 3.1 A typi-

cal cell and its 

major organelles.
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typical cell. Note that not all cells are alike, nor do 

they all perform the same functions. The hypothetical 

cell pictured in figure 3.1 simply illustrates parts of 

cells that are contained in most cell types found in the 

body. In general, cell structure can be divided into 

three major parts:

1. Cell membrane The cell membrane (also called 

the plasma membrane) is a semipermeable 

barrier that separates the cell from the extracel-

lular environment. The two most important 

functions of the cell membrane are to enclose 

the components of the cell and to regulate the 

passage of various types of substances in and out 

of the cell (21, 29).

2. Nucleus The nucleus is a large, round body 

within the cell that contains the cellular genetic 

components (genes). Genes are composed of 

double strands of deoxyribonucleic acids (DNA), 

which serve as the basis for the genetic code. 

In short, genes regulate protein synthesis, 

which determines cell composition and 

controls cellular activity. The field of molecular 

biology is concerned with understanding the 

composition and regulation of genes and is 

introduced in A Closer Look 3.1.

3. Cytoplasm (called sarcoplasm in muscle cells) 

This is the fluid portion of the cell between the 

nucleus and the cell membrane. Contained within 

the cytoplasm are various organelles (minute 

structures) that are concerned with specific 

cellular functions. One such organelle, the 

mitochondrion, is often called the powerhouse 

of the cell and is involved in the oxidative 

conversion of foodstuffs into usable cellular 

energy. Also contained in the cytoplasm are the 

enzymes that regulate the breakdown of glucose 

(i.e., glycolysis).

■ Metabolism is defi ned as the total of all cellular 

reactions that occur in the body; this includes 

both the synthesis of molecules and the break-

down of molecules.

■ Cell structure includes the following three 

 major parts: (1) cell membrane, (2) nucleus, and 

(3) cytoplasm (called sarcoplasm in  muscle).

■ The cell membrane provides a protective barrier 

between the interior of the cell and the extra-

cellular fl uid.

■ Genes (located within the nucleus) regulate 

protein synthesis within the cell.

■ The cytoplasm is the fl uid portion of the cell 

and contains numerous organelles.

IN SUMMARY

BIOLOGICAL ENERGY 
TRANSFORMATION

All energy on earth comes from the sun. Plants use light 

energy from the sun to drive chemical reactions to form 

carbohydrates, fats, and proteins. Animals (including 

humans) then eat plants and other animals to obtain 

the energy required to maintain cellular activities.

 Energy exists in several forms (e.g., electrical, 

mechanical, chemical, etc.) and all forms of energy are 

interchangeable (43, 45). For example, muscle fibers 

convert chemical energy obtained from carbohydrates, 

fats, or proteins into mechanical energy to perform 

movement. The bioenergetic process of converting 

chemical energy to mechanical energy requires a 

series of tightly controlled chemical reactions. Before 

discussing the specific reactions involved, we provide 

an overview of cellular chemical reactions.

Cellular Chemical Reactions

Energy transfer in the body occurs via the releasing 

of energy trapped within chemical bonds of various 

molecules. Chemical bonds that contain relatively 

large amounts of potential energy are often referred 

to as “high-energy bonds.” As mentioned previously, 

bioenergetics is concerned with the transfer of energy 

from foodstuffs into a biologically usable form. This 

energy transfer in the cell occurs as a result of 

a series of chemical reactions. Many of these reac-

tions require that energy be added to the reactants 

(endergonic reactions) before the reaction will 

“proceed.” However, since energy is added to the 

reaction, the products contain more free energy than 

the original reactants.

 Reactions that give off energy as a result of the 

chemical process are known as exergonic reactions. 

Note that the words endergonic and endothermic can be 

used interchangeably. The same applies for the 

words exergonic and exothermic. Figure 3.3 illustrates 

that the amount of total energy released via exer-

gonic reactions is the same whether the energy is 

released in one single reaction (combustion) or 

many small, controlled steps that usually occur in 

cells (cellular oxidation).

Coupled Reactions Many of the chemical reac-

tions that occur within the cell are called coupled 

 reactions. Coupled reactions are reactions that 

are linked, with the liberation of free energy in 

one reaction being used to “drive” a second reaction. 

Figure 3.4 illustrates this point. In this example, 

energy released by an exergonic reaction is used to 

drive an energy- requiring reaction (endergonic reac-

tion) in the cell. This is like two meshed gears in 
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A CLOSER LOOK 3.1

Molecular Biology and Exercise Science

Molecular biology is one of the most 

rapidly growing scientific disciplines 

and is defined as the study of molecu-

lar structures and events underlying 

biological processes. Molecular biol-

ogy is concerned with understanding 

the relationship between genes and 

the cellular characteristics that they 

determine.

 Human cells contain approximately 

20,000–25,000 genes, and each gene is 

responsible for the synthesis of a spe-

cific cellular protein. Cellular signals 

regulate protein synthesis by “turn-

ing on” or “turning off” specific genes. 

Therefore, understanding those factors 

that act as signals to promote or inhibit 

protein synthesis is of importance to 

exercise physiologists (7).

 Figure 3.2 illustrates the process of 

protein synthesis in a cell. The process 

begins with a “signal” to “turn on” a 

gene. This signal starts the process of 

transcription. Transcription results in 

the formation of a message (called 

messenger RNA, or mRNA). This mes-

sage (i.e., mRNA) leaves the nucleus 

and travels through the cytoplasm to a 

ribosome, which is the site of protein 

synthesis. Here, the mRNA is trans-

lated into a specific protein. Individual 

proteins differ in both structure and 

function; this is important because the 

types of proteins found in the cell 

determine cellular characteristics.

 The technical revolution in the field 

of molecular biology offers another 

opportunity to make use of scientific 

information for the improvement of 

human performance. For example, 

ex ercise training results in modifica-

tions in the amounts and types of pro-

teins synthesized in the exercised 

muscles (see Chapter 13 for details). 

Indeed, it is well known that regular 

strength training results in an increase 

in muscle size due to an increase in 

contractile proteins. The techniques of 

molecular biology provide the exercise 

scientist with the “tools” to understand 

how exercise controls gene function. 

Ultimately, understanding how exer-

cise promotes the synthesis of specific 

proteins in muscles will allow the exer-

cise scientist to design the most effec-

tive training program to achieve the 

desired training effects.

FIGURE 3.2 Steps leading 

to protein synthesis: (1) DNA 

contains the information 

necessary to synthesize pro-

teins; (2) transcription of 

DNA results in the formation 

of a message (called mRNA), 

which is a “blueprint” of 

the information needed to 

synthesize a protein; 

(3) mRNA leaves the nucleus 

and moves to the ribosome 

(site of protein synthesis); 

(4) amino acids (building 

blocks of proteins) are car-

ried to the ribosome by 

transfer RNAs (tRNA); 

(5) the final step in protein 

synthesis is translation. In 

translation, the information 

contained within the mRNA 

is translated and amino 

acids are linked in a chain, 

resulting in the formation of 

a specific protein.
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which the turning of one (energy-releasing, exergonic 

gear) causes the movement of the second (ender-

gonic gear). In other words, energy-liberating reac-

tions are “coupled” to energy-requiring reactions. 

Oxidation-reduction reactions are an important type 

of coupled reaction and are discussed in the next 

section.

Oxidation-Reduction Reactions

The process of removing an electron from an atom 

or molecule is called oxidation. The addition of an 

electron to an atom or molecule is referred to as 

reduction. Oxidation and reduction are always cou-

pled reactions because a molecule cannot be oxidized 

unless it donates electrons to another atom (or mole-

cule). The atom or molecules that donates the elec-

trons is known as the reducing agent, whereas the one 

that accepts the electrons is called an oxidizing agent. 

Note that an atom (or molecule) can act as both an 

oxidizing agent and a reducing agent. For example, 

when molecules play both roles, they can gain elec-

trons in one reaction and then pass these electrons to 

another molecule to produce an oxidation-reduction 

reaction. Hence, coupled oxidation-reduction reac-

tions are analogous to a bucket brigade, with elec-

trons being passed along in the buckets.

 Note that the term oxidation does not mean that 

oxygen participates in the reaction. This term is 

derived from the fact that oxygen tends to accept elec-

trons and therefore acts as an oxidizing agent. This 

 important property of oxygen is used by cells to pro-

duce a usable form of energy and is discussed in detail 

in the section “Electron Transport Chain.”

Figure 3.3 The breakdown of glucose into carbon dioxide and water via cellular oxidation results in a release of energy. 

Reactions that result in a release of free energy are termed exergonic.
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Figure 3.4 Model showing the coupling of exergonic and 

endergonic reactions. Note that the energy given off by 

the exergonic reaction (drive shaft) powers the ender-

gonic reactions (smaller gear).
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 It is important to remember that oxidation-

 reduction reactions in cells often involve the transfer 

of hydrogen atoms rather than free electrons. This is 

true because a hydrogen atom contains one electron 

(and one proton in the nucleus). Therefore, an atom or 

molecule that loses a hydrogen atom also loses an 

electron and therefore is oxidized; the molecule that 

gains the hydrogen (and electron) is reduced. In many 

biological oxidation-reduction reactions, pairs of elec-

trons are passed along between molecules as free 

electrons or as pairs of hydrogen atoms.

 Two molecules play important roles in the transfer 

of hydrogens (and electrons): nicotinamide adenine 

dinucleotide and flavin adenine dinucleotide. Nicotin-

amide adenine dinucleotide is derived from the vitamin 

niacin (vitamin B3), whereas flavin adenine dinucleotide 

comes from the vitamin riboflavin (B2). The oxidized 

form of nicotinamide adenine dinucleotide is written as 

NAD, whereas the reduced form is written as NADH. 

Similarly, the oxidized form of flavin adenine dinucleo-

tide is written as FAD and the reduced form is abbrevi-

ated as FADH. An illustration of how NADH is formed 

from the reduction of NAD during a coupled oxidation-

reduction reaction is shown in figure 3.5. Details of how 

NAD and FAD function as “carrier molecules” during 

bioenergetic reactions are discussed later in this chap-

ter in the section “Electron Transport Chain.”

Enzymes

The speed of cellular chemical reactions is regulated 

by catalysts called enzymes. Enzymes are proteins 

that play a major role in the regulation of metabolic 

pathways in the cell. Enzymes do not cause a reaction 

to occur, but simply regulate the rate or speed at which 

the reaction takes place. Further, the enzyme does not 

change the nature of the reaction nor its final result.

 Chemical reactions occur when the reactants have 

sufficient energy to proceed. The energy required to 

 initiate chemical reactions is called the energy of 

activation (9, 52). Enzymes work as catalysts by lower-

ing the energy of activation. The end result is to 

increase the rate at which these reactions take place. 

Figure 3.6 illustrates this concept. Note that the 

energy of activation is greater in the noncatalyzed 

reaction on the left when compared to the enzyme-

catalyzed reaction pictured on the right. By reducing 

the energy of activation, enzymes increase the speed 

of chemical reactions and therefore increase the rate 

of product formation.

 The ability of enzymes to lower the energy of activa-

tion results from unique structural characteristics. In 

general, enzymes are large protein molecules with 

a three-dimensional shape. Each type of enzyme 

has characteristic ridges and grooves. The pockets that 

are formed from the ridges or grooves located on 

the enzyme are called active sites. These active sites are 

important, since it is the unique shape of the active site 

that causes a specific enzyme to adhere to a particular 

reactant molecule (called a substrate). The concept of 

how enzymes fit with a particular substrate molecule is 

analogous to the idea of a lock and key (figure 3.7). The 

shape of the enzyme’s active site is specific for the shape 

of a particular substrate, which allows the two mole-

cules (enzyme ⫹ substrate) to form a complex known as 

the enzyme-substrate complex. After the formation of 

the enzyme-substrate complex, the energy of activation 

needed for the reaction to occur is lowered, and the 

reaction is more easily brought to completion. This is 

followed by the dissociation of the enzyme and the 

product. The ability of an enzyme to work as a catalyst is 

not constant and can be modified by several  factors; it 

will be discussed shortly.

 Note that cellular enzymes can often play a key 

role in diagnosing specific illnesses. For example, 

when tissues become damaged as a result of diseases, 

dead cells within these tissues can release enzymes 

into the blood. Many of these enzymes are not 

Figure 3.5 This figure illustrates an oxidation-reduction 

reaction involving NAD and NADH. Note in the left por-

tion of this figure that NAD is reduced to NADH ⫹ H⫹ 

by accepting two hydrogens from a hydrogen donor (i.e., 

X-H2). In the right side of this figure, notice that NADH ⫹ 

H⫹ can then donate these hydrogens to another molecule 

(i.e., Y) to regenerate NAD. In this (coupled) oxidation-

reduction reaction, NAD is the oxidizing agent and NADH 

is the reducing agent.

Figure 3.6 Enzymes catalyze reactions by lowering the 

energy of activation. That is, the energy required to start 

the reaction is reduced. Note the difference in the energy 

of activation in the catalyzed reaction versus the noncat-

alyzed reaction.
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Classifi cation of Enzymes In the early days of 

biochemistry, enzymes were named by the scientist 

who discovered the enzyme. Often these names did 

not provide a clue to the function of the enzyme. 

Therefore, to reduce confusion, the International 

Union of Biochemistry developed a systematic nam-

ing system that classifies and names the enzyme 

according to the type of chemical reaction it cata-

lyzes. In this scheme, enzymes are provided a sys-

tematic name and a numerical identification. In 

addition, a shorter version of the systematic name, 

called the recommended name, was provided for 

everyday use. Many of these recommended names 

for enzymes end with the suffix “ase” and reflect both 

the job category of the enzyme and the reaction it 

catalyzes. The “recommended” names for enzymes 

are used throughout this text. Using the Interna-

tional Union of Biochemistry classification, there are 

six classes of enzymes (41):

1. Oxidoreductases All the enzymes in this class 

catalyze oxidation-reduction reactions. 

Subclasses in this group of enzymes include 

dehydrogenases, oxidases, oxygenases, 

reductases, peroxidases, and hydroxylases.

2. Transferases Transferases are enzymes that 

catalyze the transfer of elements from one 

molecule to another. Subclasses of this group 

include kinases, transcarboxylases, and 

transaminases.

3. Hydrolases These enzymes catalyze reactions in 

which the cleavage of bonds is accomplished by 

adding water. Subclasses of hydrolases include 

esterases, phosphatases, and peptidases.

4. Lyases Lyases catalyze reactions in which groups 

of elements (e.g., H2O, CO2, and NH3) are 

removed to form a double bond or are added to 

an existing double bond. Synthases, deaminases, 

and decarboxylases are examples of lyases.

CLINICAL APPLICATIONS 3.1

Diagnostic Value of Measuring Enzyme Activity in the Blood

When tissues become diseased, dead 

cells often break open and release their 

enzymes into the blood. Since many of 

these intracellular enzymes are not nor-

mally found in blood, the presence of a 

specific enzyme in blood provides impor-

tant diagnostic information regarding the 

source of the medical problem. In prac-

tice, the diagnostic test proceeds as fol-

lows. A doctor obtains a blood sample 

from the patient and forwards the sample 

to a clinical laboratory for analysis. The 

laboratory then determines the activity of 

a specific enzyme in a test tube by addi-

tion of the blood sample and appropriate 

substrates for the enzyme. The results of 

this test can often assist in making a diag-

nosis. For example, the finding that the 

blood sample contains high levels of the 

enzyme  lactate dehydrogenase would 

suggest that the patient experienced a 

myocardial infarction (i.e., heart attack). 

Similarly, elevated blood levels of the 

enzyme creatine kinase would also 

in dicate cardiac injury and would provide 

additional evidence that the patient suf-

fered a heart attack. See table 3.1 for 

additional examples of the diagnostic 

usage for specific enzymes found in 

blood.

Figure 3.7 The lock-and-key model of enzyme action: 

(a) The substrate (i.e., sucrose) approaches a pocket on 

the enzyme called the active site. (b) The substrate fi ts 

into the active site in the enzyme, forming an enzyme-

substrate complex. (c) The enzyme then breaks the bond 

between the two sugars in sucrose and releases glucose 

and fructose (i.e., reaction products). The enzyme 

remains unchanged and is free to be used again.

Sucrase (enzyme)

(a) Enzyme and 
substrate

Sucrose (substrate)

Enzyme-substrate 
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normally found in blood and therefore provide a clini-

cal “clue” to diagnose the source of the illness. Details 

about the use of blood enzyme levels in the diagnosis 

of diseases are contained in Clinical Applications 3.1.
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TABLE 3.2    Selected Examples of Specifi c Enzymes Representing Each of the Six Major 

Classes of Enzymes

Enzyme Class

Example of Enzyme

Within This Class Reaction Catalyzed

Oxidoreductases Lactate dehydrogenase Lactate ⫹ NAD ↔ Pyruvate ⫹ NADH ⫹ H

Transferases Hexokinase Glucose ⫹ ATP → Glucose 6-phosphate ⫹ ADP

Hydrolases Lipase Triglyceride ⫹ 3 H2O → Glycerol ⫹ 3 Fatty acids

Lyases Carbonic anhydrase Carbon dioxide ⫹ H2O → Carbonic acid

Isomerases Phosphoglycerate mutase 3-Phosphoglycerate → 2-Phosphoglycerate

Ligases Pyruvate carboxylase Pyruvate ⫹ HCO3 ⫹ ATP → Oxaloacetate ⫹ ADP

Figure 3.8 The effect of body temperature on enzyme 

activity. Notice that an optimal range of temperatures 

exists for enzyme activity. An increase or decrease in 

temperature away from the optimal temperature range 

results in diminished enzyme activity.
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TABLE 3.1   Examples of the Diagnostic Value of Enzymes Found in Blood

Enzyme Diseases Associated with High Blood Levels of Enzyme

Lactate dehydrogenase (cardiac-specific isoform) Myocardial infarction

Creatine kinase Myocardial infarction, muscular dystrophy

Alkaline phosphatase Carcinoma of bone, Paget’s disease, obstructive jaundice

Amylase Pancreatitis, perforated peptic ulcer

Aldolase Muscular dystrophy

5. Isomerases This is a heterogeneous class of 

enzymes that catalyze reactions that result in the 

rearrangement of the structure of molecules. 

Subclasses of this group of enzymes include 

mutases, isomerases, and epimerases.

6. Ligases Ligases catalyze bond formation 

between two substrate molecules. ATP provides 

energy for these reactions. The names of many 

ligases include synthetase or carboxylase.

Specific examples of each enzyme class as they relate 

to bioenergetics are contained in table 3.2.

Factors That Alter Enzyme Activity The activity 

of an enzyme, as measured by the rate at which its 

substrates are converted into products, is influenced 

by several factors. Two of the more important factors 

include temperature and pH (pH is a measure of acid-

ity or alkalinity) of the solution.

 Individual enzymes have an optimum temperature 

at which they are most active. In general, a small rise in 

body temperature above normal (i.e., 37° C) increases 

the activity of most enzymes. This is useful during exer-

cise, since muscular work results in an increase in body 

temperature. The resulting elevation in enzyme activity 

would enhance bioenergetics (ATP production) by 

speeding up the rate of reactions involved in the pro-

duction of biologically useful energy. This point is illus-

trated in figure 3.8. Notice that enzyme activity is less 

than maximum at normal body temperature (37° C). 

Also, note that an exercise-induced increase in body 

temperature (e.g., 40° C) results in a  temperature-

induced increase in enzyme activity.

 The pH of body fluids also has a large effect on 

enzyme activity. The relationship between pH and 

enzyme activity is similar to the temperature/enzyme 

activity relationship; that is, individual enzymes have a 

pH optimum. If the pH is altered from the optimum, the 

enzyme activity is reduced (figure 3.9). This has impor-

tant implications during exercise. For example, during 

intense exercise, skeletal muscles can produce large 

amounts of lactic acid. Lactic acid is a relatively strong 
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Carbohydrates

Carbohydrates are composed of atoms of carbon, hydro-

gen, and oxygen. Stored carbohydrates provide the body 

with a rapidly available form of energy, with 1 gram of 

carbohydrate yielding approximately 4 kcal of energy 

(42). As mentioned earlier, plants synthesize carbohy-

drates from the interaction of CO2, water, and solar 

energy in a process called photosynthesis. Carbohy-

drates exist in three forms (39, 52): (1) monosaccharides, 

(2) disaccharides, and (3) polysaccharides. Monosaccha-

rides are simple sugars such as glucose and fructose. 

Glucose is familiar to most of us and is often referred to 

as “blood sugar.” It can be found in foods or can be 

formed in the digestive tract as a result of cleavage of 

more complex carbohydrates. Fructose is contained in 

fruits or honey and is considered to be the sweetest of 

the simple carbohydrates (39, 42).

 Disaccharides are formed by combining two mono-

saccharides. For example, table sugar is called sucrose 

and is composed of glucose and fructose. Maltose, also a 

disaccharide, is composed of two glucose molecules. 

Sucrose is considered to be the most common dietary 

disaccharide in the United States and constitutes 

ap proximately 25% of the total caloric intake of most 

Americans (39). It occurs naturally in many carbohydrates, 

such as cane sugar, beets, honey, and maple syrup.

 Polysaccharides are complex carbohydrates that 

contain three or more monosaccharides. Polysaccha-

rides may be rather small molecules (i.e., three mono-

saccharides) or relatively large molecules containing 

hundreds of monosaccharides. In general, polysaccha-

rides are classified as either plant or animal polysac-

charides. The two most common forms of plant 

polysaccharides are cellulose and starch. Humans lack 

the digestive enzymes necessary to digest cellulose, 

and thus cellulose is discarded as waste in the fecal 

material. On the other hand, starch, found in corn, 

grains, beans, potatoes, and peas, is easily digested by 

humans and is an important source of carbohydrate in 

the American diet (39). After ingestion, starch is broken 

down to form monosaccharides and may be used as 

energy immediately by cells or stored in another form 

within cells for future energy needs.

 Glycogen is the term used for the polysaccharide 

stored in animal tissue. It is synthesized within cells 

by linking glucose molecules using the action of the 

enzyme glycogen synthase. Glycogen molecules are 

generally large and may consist of hundreds to thou-

sands of glucose molecules. Cells store glycogen as 

a means of supplying carbohydrates as an energy 

source. For example, during exercise, individual mus-

cle cells break down glycogen into glucose (this pro-

cess is called glycogenolysis) and use the glucose as 

a source of energy for contraction. On the other hand, 

glycogenolysis also occurs in the liver, with the free 

glucose being released into the bloodstream and 

transported to tissues throughout the body.

acid and quickly dissociates to release hydrogen ions and 

form lactate (see A Closer Look 3.2). Accumulation of 

large quantities of hydrogen ions results in a decrease in 

the pH of body fluids below the optimum pH of impor-

tant bioenergetic enzymes. The end result is a decreased 

ability to provide the energy (i.e., ATP) required for mus-

cular contraction. In fact, extreme acidity is an impor-

tant limiting factor in various types of intense exercise. 

This will be discussed again in chapter 19.

■ All energy on earth comes from the sun. Plants 

use this solar energy to perform chemical reac-

tions to form carbohydrates, fats, and proteins. 

Animals consume plants and other animals to 

maintain the energy required to maintain 

cellular activities.

■ Enzymes that serve as catalysts for these reac-

tions regulate the speed of chemical reactions.

■ Enzymes are classified into six categories based 

upon the type of reaction that the enzyme 

performs.

■ Two important factors that regulate enzyme 

activity are temperature and pH. Individual 

enzymes have an optimum temperature and 

pH at which they are most active.

IN SUMMARY

FUELS FOR EXERCISE

The body uses carbohydrate, fat, and protein nutrients 

consumed daily to provide the necessary energy to 

maintain cellular activities both at rest and during 

exercise. During exercise, the primary nutrients used 

for energy are fats and carbohydrates, with protein 

contributing a small amount of the total energy used 

(9, 18, 22, 23, 35, 46, 64).

Figure 3.9 The effect of pH on enzyme activity. Note 

that every enzyme has a narrow range of optimal pH. An 

increase or decrease of pH away from this optimum range 

results in a decrease in enzyme activity.
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 Important to exercise metabolism is that glycogen is 

stored in both muscle fibers and the liver. However, total 

glycogen stores in the body are relatively small and can 

be depleted within a few hours as a result of prolonged 

exercise. Therefore, glycogen synthesis is an ongoing 

process within cells. Diets low in carbohydrates tend to 

hamper glycogen synthesis, whereas high-carbohydrate 

diets enhance glycogen synthesis (see chapter 23).

Fats

Although fats contain the same chemical elements as 

carbohydrates, the ratio of carbon to oxygen in fats is 

much greater than that found in carbohydrates. Stored 

body fat is an ideal fuel for prolonged exercise, since 

fat molecules contain large quantities of energy per 

unit of weight. One gram of fat contains about 9 kcal of 

energy, which is over twice the energy content of either 

carbohydrates or protein (42, 56, 58). Fats are insolu-

ble in water and can be found in both plants and ani-

mals. In general, fats can be classified into four general 

groups: (1) fatty acids, (2) triglycerides, (3) phospho-

lipids, and (4) steroids. Fatty acids consist of long 

chains of carbon atoms linked to a carboxyl group at 

one end (a carboxyl group contains a carbon, oxygen, 

and hydrogen group). Importantly, fatty acids are the 

primary type of fat used by muscle cells for energy.

 Fatty acids are stored in the body as triglycerides. 

Triglycerides are composed of three molecules of fatty 

acids and one molecule of glycerol (not a fat but a type 

of alcohol). Although the largest storage site for triglyc-

erides is fat cells, these molecules are also stored in 

many cell types, including skeletal muscle. In times of 

need, they can be broken down into their component 

parts with fatty acids being used as energy substrates by 

muscle and other tissues. The process of breaking down 

triglycerides into fatty acids and glycerol is termed li-

po lysis and is regulated by a family of enzymes called 

lipases. The glycerol released by lipolysis is not a direct 

energy source for muscle, but can be used by the liver to 

synthesize glucose. Therefore, the entire triglyceride 

molecule is a useful source of energy for the body.

 Phospholipids are not used as an energy source 

by skeletal muscle during exercise (44, 63). Phospho-

lipids are lipids combined with phosphoric acid and 

are synthesized in virtually every cell in the body. The 

biological roles of phospholipids vary from providing 

the structural integrity of cell membranes to provid-

ing an insulating sheath around nerve fibers (56, 58).

 The final classification of fats is the steroids. 

Again, these fats are not used as energy sources during 

exercise, but will be mentioned briefly to provide a 

clearer understanding of the nature of biological fats. 

The most common steroid is cholesterol (39, 42). Cho-

lesterol is a component of all cell membranes. It can 

be synthesized in every cell in the body and, of course, 

can be consumed in foods. In addition to its role in 

membrane structure, cholesterol is needed for the 

synthesis of the sex hormones estrogen, progesterone, 

and testosterone (19, 54). Although cholesterol has 

many “useful” biological functions, high blood choles-

terol levels have been implicated in the development 

of coronary artery disease (63) (see chapter 18).

Proteins

Proteins are composed of many tiny subunits called 

amino acids. At least twenty types of amino acids are 

needed by the body to form various tissues, enzymes, 

blood proteins, and so on. Nine amino acids, called 

essential amino acids, cannot be synthesized by the 

body and therefore must be consumed in foods. 

Proteins are formed by linking amino acids by chemical 

bonds called peptide bonds. As a potential fuel source, 

proteins contain approximately 4 kcal per gram (42). 

For proteins to be used as substrates for the formation 

of high-energy compounds, they must be broken down 

into their constituent amino acids. Proteins may con-

tribute energy for exercise in two ways. First, the amino 

acid alanine can be converted in the liver to glucose, 

which can then be used to synthesize glycogen. Liver 

glycogen can be degraded into glucose and transported 

to working skeletal muscle via the circulation. Second, 

many amino acids (e.g., isoleucine, alanine, leucine, 

valine) can be converted into metabolic intermediates 

(i.e., compounds that may directly participate in bioen-

ergetics) in muscle cells and directly contribute as fuel 

in the bioenergetic pathways (20, 36, 39, 41, 56).

■ The body uses carbohydrate, fat, and protein 

nutrients consumed daily to provide the neces-

sary energy to maintain cellular activities both 

at rest and during exercise. During exercise, the 

primary nutrients used for energy are fats and 

carbohydrates, with protein contributing a rela-

tively small amount of the total energy used.

■ Glucose is stored in animal cells as a polysac-

charide called glycogen.

■ Fatty acids are the primary form of fat used as 

an energy source in cells. Fatty acids are stored 

as triglycerides in muscle and fat cells.

IN SUMMARY

HIGH-ENERGY PHOSPHATES

The immediate source of energy for muscular contrac-

tion is the high-energy phosphate compound adeno-

sine triphosphate (ATP) (59). Although ATP is not the 

only energy-carrying molecule in the cell, it is the 

most important one, and without sufficient amounts 

of ATP most cells die quickly.

 The structure of ATP consists of three main parts: 

(1) an adenine portion, (2) a ribose portion, and 
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and Pi. Accordingly, this bond is called a high-energy 

bond. When the enzyme ATPase breaks this bond, 

energy is released, and this energy can be used to do 

work (e.g., muscular contraction):

ATP  ADP ⫹ Pi ⫹ Energy
ATPase

 ATP is often called the universal energy donor. It 

couples the energy released from the breakdown of 

foodstuffs into a usable form of energy required by all 

cells. For example, figure 3.11 presents a model 

depicting ATP as the universal energy donor in the 

cell. The cell uses exergonic reactions (breakdown of 

foodstuffs) to form ATP via endergonic reactions. This 

newly formed ATP can then be used to drive the 

energy-requiring processes in the cell. Therefore, 

energy-liberating reactions are linked to energy-

requiring reactions like two meshed gears.

BIOENERGETICS

Muscle cells store limited amounts of ATP. Therefore, 

because muscular exercise requires a constant supply 

of ATP to provide the energy needed for contraction, 

metabolic pathways must exist in the cell with the 

capability to produce ATP rapidly. Indeed, muscle 

cells can produce ATP by any one or a combination of 

three metabolic pathways: (1) formation of ATP by 

phosphocreatine (PC) breakdown, (2) formation of 

ATP via the degradation of glucose or glycogen (called 

(3) three linked phosphates (figure 3.10). The forma-

tion of ATP occurs by combining adenosine diphos-

phate (ADP) and inorganic phosphate (Pi) and 

requires a rather large amount of energy. Some of this 

energy is stored in the chemical bond joining ADP 

Figure 3.10 The structural formation of adenosine 

triphosphate (ATP).
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glycolysis), and (3) oxidative formation of ATP. Forma-

tion of ATP via the PC pathway and glycolysis does not 

involve the use of O2; these pathways are called 

anaerobic (without O2) pathways. Oxidative forma-

tion of ATP by the use of O2 is termed aerobic metab-

olism. A detailed discussion of the operation of the 

three metabolic pathways involved in the formation of 

ATP during exercise follows.

Anaerobic ATP Production

The simplest and, consequently, the most rapid 

method of producing ATP involves the donation of a 

phosphate group and its bond energy from PC to ADP 

to form ATP (6, 12, 16, 26, 65):

PC ⫹ ADP  ATP ⫹ C
Creatine kinase

 The reaction is catalyzed by the enzyme creatine 

kinase. As rapidly as ATP is broken down to ADP ⫹ Pi at 

the onset of exercise, ATP is reformed via the PC reac-

tion. However, muscle cells store only small amounts 

of PC, and thus the total amount of ATP that can be 

formed via this reaction is limited. The combination of 

stored ATP and PC is called the ATP-PC  system or the 

“phosphagen system.” It provides energy for muscular 

contraction at the onset of exercise and during short-

term, high-intensity exercise (i.e., lasting less than five 

seconds). PC reformation requires ATP and occurs only 

during recovery from exercise (11, 17).

 The importance of the ATP-PC system in athletics 

can be appreciated by considering short-term, intense 

exercise such as sprinting 50 meters, high jumping, per-

forming a rapid weight-lifting move, or a football player 

racing 10 yards downfield. All of these activities require 

only a few seconds to complete and thus need a rapid 

supply of ATP. The ATP-PC system provides a simple 

one-enzyme reaction to produce ATP for these types of 

activities. The fact that depletion of PC is likely to limit 

short-term, high-intensity exercise has led to the sugges-

tion that ingesting large amounts of creatine can improve 

exercise performance (see The Winning Edge 3.1).

 A second metabolic pathway capable of pro-

ducing ATP rapidly without the involvement of O2 is 

termed glycolysis. Glycolysis involves the breakdown 

of glucose or glycogen to form two molecules of 

THE WINNING EDGE 3.1

Exercise Physiology Applied to Sports

Does Creatine Supplementation 

Improve Exercise Performance?

The depletion of phosphocreatine 

(PC) may limit exercise performance 

during short-term, high-intensity exer-

cise (e.g., 100- to 200-meter dash) 

because the depletion of PC results in 

a reduction in the rate of ATP produc-

tion by the ATP-PC system. Studies 

have shown that ingestion of large 

amounts of  creatine monohydrate 

(20 grams/day) over a five-day period 

results in increased stores of muscle 

PC (5, 14, 24, 32, 38, 66). This creatine 

supplementation has been shown 

to improve performance in labora-

tory settings during short-duration 

(⬍30 seconds), high-intensity station-

ary cycling exercise (24, 32, 38, 66). 

However, results on the influence of 

creatine supplementation on perfor-

mance during short-duration running 

and swimming are not consistent (5, 24, 

32, 38, 66). This may be due to the fact 

that creatine supplementation results 

in a weight gain due to water retention. 

Therefore, this increase in body weight 

may impair performance in weight-

 bearing activities such as running.

 Studies suggest that creatine sup-

plementation in conjunction with resis-

tance exercise training results in an 

enhanced physiologic adaptation to 

weight training (5, 49, 66). Specifically, 

these studies indicate that creatine 

supplementation combined with resis-

tance training promotes an increase in 

both dynamic muscular strength and 

fat-free mass. None theless, whether cre-

atine sup plementation improves iso-

kinetic or isometric muscular strength 

remains controversial (5).

 Does oral creatine supplementa-

tion result in adverse physiological 

side effects and pose health risks? 

 Unfortunately, a definitive answer to this 

question is not available. Although anec-

dotal reports indicate that creatine sup-

plementation can be associated with 

negative side effects such as nausea, 

neurological dysfunction, minor gastro-

intestinal distress, and muscle cramping, 

these reports are not scientifically docu-

mented (5, 24, 33, 66). At present, due to 

limited data, a firm conclusion about 

the long-term health risks of creatine 

supplementation cannot be reached. 

 However, current evidence suggests that 

creatine supplementation for up to eight 

weeks does not appear to produce major 

health risks, but the safety of more pro-

longed creatine supplementation has 

not been established.

 An important issue related to the 

use of creatine and other dietary sup-

plements is the possibility of contami-

nation within the product; that is, the 

supplement product may contain other 

chemical compounds in addition to cre-

atine (37). Indeed, this is an important 

safety issue in the “over-the- counter 

supplement” industry as a large study 

has reported a high level of variability 

in the purity of over-the-counter prod-

ucts (37). For additional information on 

the safety of nutritional supplements, 

please see Maughan et al. (2004) in the 

Sugges ted Readings. For more informa-

tion on creatine and exercise perfor-

mance, see Bemben and Lamont (2005) 

in the Suggested Readings.



34 Section One Physiology of Exercise

 pyruvic acid or lactic acid (figure 3.13). Simply stated, 

glycolysis is an anaerobic pathway used to transfer 

bond energy from glucose to rejoin Pi to ADP. This 

process involves a series of enzymatically catalyzed, 

coupled reactions. Glycolysis occurs in the sarco-

plasm of the muscle cell and produces a net gain of 

two molecules of ATP and two molecules of pyruvic 

or lactic acid per glucose molecule (see A Closer 

Look 3.2).

 Let’s consider glycolysis in more detail. First, the 

reactions between glucose and pyruvate can be con-

sidered as two distinct phases: (1) an energy invest-

ment phase, and (2) an energy generation phase 

(figure 3.13). The first five reactions make up the 

“energy investment phase” where stored ATP must be 

used to form sugar phosphates. Although the end 

result of glycolysis is energy producing (exergonic), 

glycolysis must be “primed” by the addition of ATP 

at two points at the beginning of the pathway (fig -

ures 3.14 and 3.15). The purpose of the ATP priming 

is to add phosphate groups (called phosphorylation) 

to glucose and to fructose 6-phosphate. Note that if 

glycolysis begins with glycogen as the substrate, the 

addition of only one ATP is required. That is, glyco-

gen does not require phosphorylation by ATP, but is 

phosphorylated by inorganic phosphate instead 

(figure 3.14). The last five reactions of glycolysis rep-

resent the “energy generation phase” of glycolysis. 

Fig ure 3.15 points out that two molecules of ATP are 

produced at each of two separate reactions near the 

end of the glycolytic pathway; thus, the net gain of 

glycolysis is two ATP if glucose is the substrate and 

three ATP if glycogen is the substrate.

A CLOSER LOOK 3.2

Lactic Acid or Lactate?

Exercise physiologists often use the 

terms “lactic acid” and “lactate” inter-

changeably. This is often confusing to 

students who ask, “Are lactic acid and 

lactate the same molecule?” The 

answer is that lactic acid and lactate 

are related but are technically differ-

ent molecules. Here’s the explana-

tion. During high-intensity exercise, 

skeletal muscle can produce large 

amounts of lactic acid (see chapters 3 

and 4). Once produced in the body, 

lactic acid rapidly ionizes by releas-

ing a hydrogen ion; the remaining 

ionized molecule is called lactate 

(figure 3.12). You may recall from 

another science course that when 

acids dissociate and release hydro-

gen ions the remaining molecule is 

called the conjugate base of the acid. 

It follows that lactate is the conjugate 

base of lactic acid.

 To summarize, exercising skeletal 

muscles can produce lactic acid; how-

ever, lactic acid is unstable and is rap-

idly converted to its conjugate base, 

lactate. Therefore, in simple terms, 

lactic acid is the parent molecule and 

lactate is the offspring. Remembering 

the relationship between lactic acid 

and lactate will reduce confusion when 

you read about these molecules in 

future chapters within this text.

FIGURE 3.12 The ionization of lactic acid forms the conjugate base 

called lactate. At normal body pH, lactic acid will rapidly dissociate to 

form lactate. Therefore, although skeletal muscle produces lactic acid, 

lactic acid rarely exists in the body because this acid is converted to 

its conjugate base, lactate.
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Figure 3.13 Illustration of the two phases of glycolysis 

and the products of glycolysis. From Biochemistry by 
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Figure 3.14 Illustration of the interaction between blood 

glucose and muscle glycogen for the provision of glucose 

for glycolysis. Regardless of the source of glucose for gly-

colysis, glucose must be phosphorylated to form glucose 

6-phosphate as the first step in glycolysis. Note, however, 

that phosphorylation of glucose obtained from the blood 

requires 1 ATP, whereas the phosphorylation of glucose 

obtained from glycogen is achieved by using inorganic 

phosphate (Pi) located in the cell.

Glycogen

Blood glucose

Pi Pi

Glucose 6-phosphate

Pyruvate Lactate

GlycolysisATP ADP

Figure 3.15 Summary of the anaerobic metabolism of glucose. Note that the end result of the anaerobic breakdown of 

one molecule of glucose is the production of two molecules of ATP and pyruvate.
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 Hydrogens are frequently removed from nutri-

ent substrates in bioenergetic pathways and are 

 transported by “carrier molecules.” Two biologically im-

portant carrier molecules are nicotinamide adenine 

dinucleotide (NAD) and fl avin adenine dinucleotide 

(FAD). Both NAD and FAD transport hydrogens and 

their associated electrons to be used for later genera-

tion of ATP in the mitochondrion via aerobic pro cesses. 

For the chemical reactions in glycolysis to proceed, 

two hydrogens must be re moved from glyceraldehyde 

3-phosphate, which then combines with inorganic 

phosphate (Pi) to form 1,3-diphosphoglycerate. The 

hydrogen acceptor in this reaction is NAD (figure 3.15). 

Here, NAD accepts one of the hydrogens, while the 

remaining hydrogen is free in solution. Upon accepting 

the hydrogen, NAD is converted to its reduced form, 

NADH. Adequate amounts of NAD must be available to 

accept the hydrogen atoms that must be removed from 

glyceraldehyde 3-phosphate if glycolysis is to continue 

(1, 11, 31). How is NAD reformed from NADH? There 

are two ways that the cell restores NAD from NADH. 

First, if sufficient oxygen (O2) is available, the hydro-

gens from NADH can be “shuttled” into the mitochon-

dria of the cell and can contribute to the aerobic 

production of ATP (see A Closer Look 3.3). Second, if O2 

is not available to accept the hydrogens in the mito-

chondria, pyruvic acid can accept the hydrogens to 

form lactic acid (figure 3.16). The enzyme that cata-

lyzes this reaction is lactate dehydrogenase (LDH), with 

the end result being the formation of lactic acid and the 

reformation of NAD. Therefore, the reason for lactic 

acid formation is the “recycling” of NAD (i.e., NADH 

converted to NAD) so that glycolysis can continue.

 Again, glycolysis is the breakdown of glucose into 

pyruvic acid or lactic acid with the net production of 

two or three ATP, depending on whether the pathway 

began with glucose or glycogen, respectively. Figure 3.15 

summarizes glycolysis in a simple flowchart. Glucose is 

a six-carbon molecule, and pyruvic acid and lactic acid 

are three-carbon molecules. This explains the produc-

tion of two molecules of pyruvic acid or lactic acid from 

one molecule of glucose. Because O2 is not directly 

involved in glycolysis, the pathway is considered anaer-

obic. However, in the presence of O2 in the mitochon-

dria, pyruvate can participate in the aerobic production 

of ATP. Thus, in addition to being an anaerobic pathway 

capable of producing ATP without O2, glycolysis can be 

considered the first step in the aerobic degradation of 

carbohydrates. This will be discussed in detail in the 

next section, Aerobic ATP Production.

■ The immediate source of energy for muscular con-

traction is the high-energy phosphate ATP. ATP is 

degraded via the enzyme ATPase as follows:

ATP  ADP ⫹ Pi ⫹ Energy
ATPase

■ Formation of ATP without the use of O2 is 

termed anaerobic metabolism. In contrast, the 

production of ATP using O2 as the fi nal electron 

acceptor is referred to as aerobic metabolism.

■ Exercising skeletal muscles produce lactic acid. 

However, once produced in the body, lactic acid 

is rapidly converted to its conjugate base, lactate.

■ Muscle cells can produce ATP by any one or 

a combination of three metabolic pathways: 

(1) ATP-PC system, (2) glycolysis, and (3) oxida-

tive formation of ATP.

■ The ATP-PC system and glycolysis are two 

anaerobic metabolic pathways that are capable 

of producing ATP without O2.

IN SUMMARY

A CLOSER LOOK 3.3

NADH Is “Shuttled” into Mitochondria

NADH generated during glycolysis 

must be converted back to NAD if gly-

colysis is to continue. As discussed in 

the text, the conversion of NADH to 

NAD can occur by pyruvic acid accept-

ing the hydrogens (forming lactic acid) 

or “shuttling” the hydrogens from 

NADH across the mitochondrial mem-

brane. The “shuttling” of hydrogens 

across the mitochondrial membrane 

requires a specifi c transport system. 

Figure 4.9 (see Chapter 4) illustrates 

this process. This transport system is 

located within the mitochondrial mem-

brane and transfers NADH-released 

hydrogens from the cytosol into the 

mitochondria where they can enter the 

electron transport chain.

Figure 3.16 The addition of two hydrogen atoms to pyru-

vic acid forms lactic acid and NAD, which can be used 

again in glycolysis. The reaction is catalyzed by the 

enzyme lactate dehydrogenase (LDH).
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Aerobic ATP Production

Aerobic production of ATP occurs inside the mito-

chondria and involves the interaction of two cooper-

ating metabolic pathways: (1) the Krebs cycle and (2) 

the electron transport chain. The primary function of 

the Krebs cycle (also called the citric acid cycle) is to 

complete the oxidation (hydrogen removal) of carbo-

hydrates, fats, or proteins using NAD and FAD as 

hydrogen (energy) carriers. The importance of hydro-

gen removal is that hydrogens (by virtue of the elec-

trons that they possess) contain the potential energy 

in the food molecules. This energy can be used in the 

electron transport chain to combine ADP ⫹ Pi to 

reform ATP. Oxygen does not participate in the reac-

tions of the Krebs cycle but is the final hydrogen 

acceptor at the end of the electron transport chain 

(i.e., water is formed, H2 ⫹ O → H2O). The process of 

aerobic production of ATP is termed oxidative phos-

phorylation. It is convenient to think of aerobic ATP 

production as a three-stage process (figure 3.17). 

Stage 1 is the generation of a key two-carbon mole-

cule, acetyl-CoA. Stage 2 is the oxidation of acetyl-

CoA in the Krebs cycle. Stage 3 is the process of 

oxidative phosphorylation (i.e., ATP formation) in the 

electron transport chain (i.e., respiratory chain). A 

detailed look at the Krebs cycle and electron transport 

chain follows.

Krebs Cycle The Krebs cycle is named after the 

biochemist Hans Krebs, whose pioneering research 

has increased our understanding of this rather com-

plex pathway (see A Look Back—Important People in 

Science). Entry into the Krebs cycle requires prepara-

tion of a two-carbon molecule, acetyl-CoA. Acetyl-

CoA can be formed from the breakdown of either 

carbohydrates, fats, or proteins (figure 3.17). For the 

moment, let’s focus on the formation of acetyl-CoA 

from pyruvate (pyruvate can be formed from both car-

bohydrates and proteins). Figure 3.18 depicts the 

cyclic nature of the reactions involved in the Krebs 

cycle. Note that pyruvate (three-carbon molecule) is 

broken down to form acetyl-CoA (two-carbon mole-

cule) and the remaining carbon is given off as CO2. 

Next, acetyl-CoA combines with oxaloacetate (four-

carbon molecule) to form citrate (six carbons). What 

follows is a series of reactions to regenerate oxaloac-

etate and two molecules of CO2, and the pathway 

begins all over again.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Hans Krebs and the Discovery of the “Krebs Cycle”

Hans Krebs (1900–

1981) received the 

Nobel Prize for Physi-

ology or Medicine in 

1953 for his research 

on a series of impor-

tant chemical reactions 

in cells that became known as the 

“Krebs cycle.” Krebs was born in 

 Germany and earned his MD degree 

from the University of Hamburg in 1925. 

After graduation from medical school, 

he moved to Berlin to study chemistry 

and became actively involved in bio-

chemical research. The son of a Jewish 

physician, Hans Krebs was forced to 

leave Nazi Germany in 1933 for Eng-

land. Upon arrival in England, Dr. Krebs 

continued his research at Cambridge 

University and later at the University of 

Sheffi eld and Oxford University.

 During his distinguished research 

career, Hans Krebs made many impor-

tant contributions to physiology and 

biochemistry. One of his fi rst signifi cant 

areas of research was how protein is 

metabolized in cells. An important out-

come of this early work was the fi nding 

that the liver produces a nitrogenous 

waste product of protein metabolism 

called urea. Further work by Dr. Krebs 

and his colleague Kurt Henseleit 

(another German biochemist) led to 

the discovery of the series of reactions 

that produce urea (later known as the 

urea cycle).

 Although Dr. Krebs’s research on 

protein metabolism was important, 

he is best known for his discovery of 

the cellular reactions involving the 

substances formed from the break-

down of carbohydrates, fats, and pro-

teins in the body. Specifi cally, in 1937, 

Dr. Krebs discovered the existence of a 

cycle of chemical reactions that com-

bines the end product of carbohydrate 

 breakdown (this product was later 

named acetyl-CoA) with oxaloacetic 

acid to form citric acid. Dr. Krebs’s work 

showed that this cycle regenerates 

oxaloacetic acid through a series of 

intermediate compounds while liber-

ating carbon dioxide and electrons. 

This cycle has been known by three 

different names, including the citric 

acid cycle and the tricarboxylic acid 

cycle. However, many biochemists 

(and this textbook) refer to this cycle 

as the Krebs cycle in recognition of 

Hans Krebs’s contribution to this 

important discovery. The discovery of 

the Krebs cycle and how chemical 

foodstuffs are converted into usable 

energy was of vital importance to our 

basic understanding of cellular energy 

metabolism and paved the way for 

exercise physiologists to further inves-

tigate skeletal muscle bioenergetics 

during exercise.
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 For every molecule of glucose entering glycoly-

sis, two molecules of pyruvate are formed, and in 

the presence of O2, they are converted to two mole-

cules of acetyl-CoA. This means that each molecule 

of glucose results in two turns of the Krebs cycle. 

With this in mind, let’s examine the Krebs cycle in 

more detail. The primary function of the Krebs cycle 

is to remove hydrogens and the energy associated 

with those hydrogens from various substrates 

involved in the cycle. Figure 3.18 illustrates that 

during each turn of the Krebs cycle, three molecules 

of NADH and one molecule of FADH are formed. For 

Figure 3.17 The three stages of oxidative phosphorylation. From Mathews and van Holde, Biochemistry, Diane Bowen, Ed. 

Copyright© 1990 Benjamin/Cummings Publishing Company, Menlo Park, CA. Reprinted by permission.
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every pair of electrons passed through the electron 

transport chain from NADH to oxygen, enough 

energy is available to form 2.5 molecules of ATP 

(56, 63). For every FADH molecule that is formed, 

enough energy is available to produce 1.5 molecules 

of ATP. Thus, in terms of ATP production, FADH is 

not as energy rich as NADH.

 In addition to the production of NADH and 

FADH, the Krebs cycle results in direct formation of 

an energy-rich compound, guanosine triphosphate 

(GTP) (56) (figure 3.18). GTP is a high-energy com-

pound that can transfer its terminal phosphate group 

to ADP to form ATP. The direct formation of GTP in the 

Krebs cycle is called substrate-level phosphorylation, 

and it accounts for only a small amount of the total 

energy conversion in the Krebs cycle, since most of the 

Krebs cycle energy yield (i.e., NADH and FADH) is 

taken to the electron transport chain to form ATP.

 Up to this point we have focused on the role that 

carbohydrates play in producing acetyl-CoA to enter 

the Krebs cycle. How do fats and proteins undergo 

aerobic metabolism? The answer can be found in 

figure 3.19. Note that fats (triglycerides) are broken 

down to form fatty acids and glycerol. These fatty acids 

can then undergo a series of reactions to form acetyl-

CoA (called beta oxidation; see A Closer Look 3.4 for 

details) and thus enter the Krebs cycle (56, 58). 

Although glycerol can be converted into an intermedi-

ate of glycolysis in the liver, this does not occur to a 

great extent in human skeletal muscle. Therefore, 

glycerol is not an important direct muscle fuel source 

during exercise (22, 27).

 As mentioned previously, protein is not con-

sidered a major fuel source during exercise, as it 

contributes only 2% to 15% of the fuel during 

exercise (18, 22, 35). Proteins can enter bioener-

getic pathways in a variety of places. However, the 

first step is the breakdown of the protein into its 

amino acid subunits. What happens next depends 

on which amino acid is involved. For example, 

some amino acids can be converted to glucose or 

pyruvic acid, some to acetyl-CoA, and still others 

to Krebs-cycle intermediates. The role of proteins 

in bioenergetics is summarized in figure 3.19.

Figure 3.18 Compounds, enzymes, and reactions involved in the Krebs cycle. Note the formation of three molecules of 

NADH and one molecule of FADH per turn of the cycle.
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 In summary, the Krebs cycle completes the oxi-

dation of carbohydrates, fats, or proteins, produces 

CO2, and supplies electrons to be passed through 

the electron transport chain to provide the energy 

for the aerobic production of ATP. Enzymes catalyz-

ing Krebs-cycle reactions are located inside the 

mitochondria.

Electron Transport Chain The aerobic produc-

tion of ATP (called oxidative phosphorylation) occurs 

in the mitochondria. The pathway responsible for 

this process is called the electron transport chain 

(also called the respiratory chain or cytochrome 

chain). Aerobic production of ATP is possible due to 

a mechanism that uses the potential energy avail-

able in reduced hydrogen carriers such as NADH and 

FADH to rephosphorylate ADP to ATP. The reduced 

hydrogen carriers do not directly react with oxygen. 

Instead, electrons removed from the hydrogen atoms 

are passed down a series of electron carriers known 

as cytochromes. During this passage of electrons 

down the cytochrome chain, enough energy is 

released to rephosphorylate ADP to form ATP at 

three sites (53) (figure 3.20). Interestingly, as elec-

trons pass down the electron transport chain, highly 

reactive molecules called free radicals are formed. 

Large quantities of free radicals may be harmful to 

the muscle and  contribute to muscle fatigue (4) (see 

Research Focus 3.1).

 The hydrogen carriers that bring the electrons to 

the electron transport chain come from a variety of 

sources. Recall that two NADH are formed per glucose 

molecule that is degraded via glycolysis (figure 3.15). 

These NADH are outside the mitochondria, and their 

hydrogens must be transported across the mitochon-

drial membrane by special “shuttle” mechanisms. 

However, the bulk of the electrons that enter the elec-

tron transport chain come from those NADH and 

FADH molecules formed as a result of Krebs-cycle 

oxidation.

 Figure 3.20 outlines the pathway for electrons 

entering the electron transport chain. Pairs of elec-

trons from NADH or FADH are passed down a series of 

compounds that undergo oxidation and reduction, 

with enough energy being released to synthesize ATP 

at three places along the way. Notice that FADH enters 

the cytochrome pathway at a point just below the entry 

level for NADH (figure 3.20). This is important, because 

the level of FADH entry bypasses one of the sites of 

ATP formation, and thus each molecule of FADH that 

enters the electron transport chain has enough energy 

to form only 1.5 ATP. In contrast, NADH entry into the 

electron transport chain results in the formation of 

2.5 ATP (details will be mentioned later). At the end of 

the electron transport chain, oxygen accepts the elec-

trons that are passed along and combines with hydro-

gen to form water. If O2 is not available to accept those 

electrons, oxidative phosphorylation is not possible, 

Figure 3.19 The relationships among the metabolism of proteins, carbohydrates, and fats. The overall interaction 

between the metabolic breakdown of these three foodstuffs is often referred to as the metabolic pool.

Amino acids

Urea

Glucose

Phosphoglyceraldehyde

Pyruvic acid

Acetyl CoA

Glycerol

Fatty acids

Triacylglycerol
(triglyceride)

Ketone
bodies

C5

C6

C4

Glycogen

Protein

Lactic acid

Krebs
cycle



www.mhhe.com/powers7e Chapter Three Bioenergetics 41

RESEARCH FOCUS 3.1

Free Radicals Are Formed During Aerobic Metabolism

Although the passage of electrons down 

the electron transport chain performs 

an essential role in the process of 

aerobic ATP production, this pathway 

also forms a product that may nega-

tively infl uence muscle during exercise. 

Research has shown that the activation 

of the electron transport chain results 

in the formation of free radicals (48, 63). 

Free radicals are molecules that have 

an unpaired electron in their outer 

orbital which makes them highly reac-

tive. That is, free radicals bind quickly 

to other molecules, and this combina-

tion results in damage to the molecule 

combining with the radical. For exam-

ple, free radical formation in muscle 

during exercise might contribute to 

muscle fatigue and a reduction in the 

activity of several Krebs-cycle enzymes 

(2, 4, 34, 48, 51).

 What determines how many free 

radicals are formed during exercise? 

The number of free radicals produced 

during exercise is directly linked 

to the rate of aerobic metabolism. 

Therefore, radicals are formed at 

high rates during high-intensity or 

prolonged ex ercise. More will be said 

about free radicals and fatigue in 

chapter 19, and the potential roles of 

antioxidants in improving exercise 

performance will be addressed in 

chapter 25. For additional informa-

tion, see Powers et al. (2004) in the 

Suggested Readings.

Figure 3.20 A schematic representation of the chemiosmotic theory. The top of the fi gure illustrates a mitochondrion. The 

bottom of the fi gure illustrates the matrix and the compartment between the inner and outer mitochondrial membranes 

showing how the electron transport system functions as H⫹ pumps. This results in a steep H⫹ gradient between the inter-

membrane space and the matrix. The diffusion of H⫹ through ATP synthase results in the production of ATP.
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and ATP formation in the cell must occur via anaerobic 

metabolism.

 How does this ATP formation occur? The mecha-

nism to explain the aerobic formation of ATP is known as 

the chemiosmotic hypothesis. As electrons are trans-

ferred along the cytochrome chain, the energy released is 

used to “pump” hydrogens (protons; H⫹) released from 

NADH and FADH from the inside of the mitochondria 

across the inner mitochondrial membrane (figure 3.20). 

This results in an accumulation of H⫹ within the space 

between the inner and outer mitochondrial membranes. 

The accumulation of H⫹ is a source of potential energy 

that can be captured and used to recombine Pi with ADP 

to form ATP (28). For example, this collection of H⫹ is 

similar to the potential energy of water at the top of a 

dam; when the water accumulates and runs over the top 

of the dam, falling water becomes kinetic energy, which 

can be used to do work (28).

 Three pumps move H⫹ (i.e., protons) from mito-

chondrial matrix to the intermembrane space (fig -

ure 3.20). The first pump (using NADH) moves four H⫹ 

into the intermembrane space for every two electrons 

that move along the electron transport chain. The second 

pump also transports four H⫹ into the intermembrane 

A CLOSER LOOK 3.4

Beta Oxidation Is the Process of Converting Fatty Acids to Acetyl-CoA

Fats are stored in the body in the form 

of triglycerides within fat cells or in 

the muscle fi ber itself. Release of fat 

from these storage depots occurs by 

the breakdown of triglycerides, which 

re sults in the liberation of fatty acids 

(see chapter 4). However, for fatty acids 

to be used as a fuel during aerobic 

metabolism, they must fi rst be con-

verted to acetyl-CoA. Beta oxidation is 

the process of oxidizing fatty acids to 

form acetyl-CoA. This occurs in the 

mitochondria and involves a series of 

enzymatically catalyzed steps, starting 

with an “activated fatty acid” and end-

ing with the production of acetyl-CoA. 

A simple illustration of this process 

is presented in fi gure 3.21. This pro-

cess begins with the “activation” of the 

fatty acid; the activated fatty acid is 

then transported into the mitochon-

dria, where the process of beta oxida-

tion begins. In short, beta oxidation is 

a sequence of four reactions that 

“chops” fatty acids into two carbon 

fragments forming acetyl-CoA. Once 

formed, acetyl-CoA then becomes a 

fuel source for the Krebs cycle and 

leads to the production of ATP via the 

electron transport chain.

Free fatty acid

Fatty acyl-CoA

Beta oxidation
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Activated fatty acid
(fatty acyl-CoA)
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FIGURE 3.21 Illustration of beta 

oxidation. Beta oxidation occurs in 

the mitochondria and is the process 

of converting fatty acids into acetyl-

CoA. The process begins after an acti-

vated fatty acid (i.e., fatty acyl-CoA) 

is transported into the mitochondria. 

This fatty acyl-CoA is broken into two 

carbon fragments, forming acetyl-

CoA. This acetyl-CoA then enters the 

Krebs cycle and provides an energy 

source for the production of ATP 

within the electron transport chain.
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space while the third pump moves only two H⫹ into the 

intermembrane space. As a result, there is a higher con-

centration of H⫹ within the intermembrane space com-

pared to that in the matrix; this gradient creates a strong 

drive for these H⫹ to diffuse back into the matrix. How-

ever, because the inner mitochondrial membrane is not 

permeable to H⫹, these ions can cross the membrane 

only through specialized H⫹ channels (called respiratory 

assemblies). This idea is illustrated in figure 3.20. Notice 

that as H⫹ cross the inner mitochondrial membrane 

through these channels, ATP is formed from the addition 

of phosphate to ADP (called phosphorylation). This occurs 

because the movement of H⫹ across the inner mitochon-

drial membrane activates the enzyme ATP synthase, 

which is responsible for catalyzing the reaction:

ADP ⫹ Pi → ATP

 So, why is oxygen essential for the aerobic produc-

tion of ATP? Remember that the purpose of the elec-

tron transport chain is to move electrons down a series 

of cytochromes to provide energy to drive ATP produc-

tion in the mitochondria. This process, illustrated in 

figure 3.20, requires that each element in the electron 

transport chain undergo a series of oxidation-reduction 

reactions. If the last cytochrome (i.e., cytochrome a3) 

remains in a reduced state, it would be unable to accept 

more electrons, and the electron transport chain would 

stop. However, when oxygen is present, the last cyto-

chrome in the chain can be oxidized by oxygen. That is, 

oxygen, derived from the air we breathe, allows elec-

tron transport to continue by functioning as the final 

electron acceptor of the electron transport chain. This 

oxidizes cytochrome a3 and allows electron transport 

and oxidative phosphorylation to continue. At the last 

step in the electron transport chain, oxygen accepts 

two electrons that were passed along the electron 

transport chain from either NADH or FADH. This 

reduced oxygen molecule now binds with two protons 

(H⫹) to form water (fi gure 3.20).

 As mentioned earlier, NADH and FADH differ in 

the amount of ATP that can be formed from each of 

these molecules. Each NADH formed in the mitochon-

dria donates two electrons to the electron transport 

system at the first proton pump (figure 3.20). These 

electrons are then passed to the second and third pro-

ton pumps until these electrons are finally passed 

along to oxygen. The first and second electron pumps 

transport four protons each, whereas the third electron 

pump transports two protons, for a total of ten. Because 

four protons are required to produce and transport one 

ATP from the mitochondria to the cytoplasm, the total 

ATP production from one NADH molecule is 2.5 ATP 

(10 protons/4 protons per ATP ⫽ 2.5 ATP). Note that 

ATP molecules do not exist in halves and that the deci-

mal fraction of ATP simply indicates an average num-

ber of ATP molecules that are produced per NADH.

 Compared to NADH, each FADH molecule pro-

duces less ATP because the electrons from FADH are 

donated later in the electron transport chain than 

those by NADH (figure 3.21). Therefore, the electrons 

from FADH activate only the second and third proton 

pumps. Because the first proton pump is bypassed, 

the electrons from FADH result in the pumping of six 

protons (four by the second pump and two by the 

third pump). Since four protons are required to pro-

duce and transport one ATP from the mitochondria to 

the cytoplasm, the total ATP production from one FAD 

molecule is 1.5 ATP (6 protons/4 protons per ATP ⫽ 

1.5 ATP). See A Closer Look 3.5 for more details on the 

quantity of ATP produced in cells.

A CLOSER LOOK 3.5

A New Look at the ATP Balance Sheet

Historically, it was believed that aerobic 

metabolism of one molecule of glucose 

resulted in the production of thirty-eight 

ATP. However, more recent studies indi-

cate that this number overestimates the 

total ATP production and that only thirty-

two molecules of ATP actually reach the 

cytoplasm (3, 19, 28). The explanation for 

this conclusion is that new evidence 

indicates that the energy provided by 

NADH and FADH is required not only for 

ATP production but also to transport ATP 

across the mitochondrial membrane. 

This added energy cost of ATP metabo-

lism reduces the estimates of the total 

ATP yield from glucose. Specifi c details 

of this process follow.

 For many years it was believed that 

for every three H⫹ produced, one mol-

ecule of ATP was produced and could 

be used for cellular energy. While it is 

true that approximately three H⫹ must 

pass through the H⫹ channels (i.e., 

respiratory assemblies) to produce one 

ATP, it is now known that another H⫹ is 

required to move the ATP molecule 

across the mitochondrial membrane 

into the cytoplasm. The ATP and H⫹ are 

transported into the cytoplasm in 

exchange for ADP and Pi, which are 

transported into the mitochondria in 

order to reform ATP. Therefore, while 

the theoretical yield of ATP from glu-

cose is thirty-eight molecules, the 

actual ATP yield, allowing for the energy 

cost of transport, is only thirty-two mol-

ecules of ATP per glucose. For details 

of how these numbers are obtained, 

see the Aerobic ATP Tally section.



44 Section One Physiology of Exercise

■ Oxidative phosphorylation or aerobic ATP pro-

duction occurs in the mitochondria as a result 

of a complex interaction between the Krebs 

cycle and the electron transport chain. The pri-

mary role of the Krebs cycle is to complete the 

oxidation of substrates and form NADH and 

FADH to enter the electron transport chain. The 

end result of the electron transport chain is the 

formation of ATP and water. Water is formed by 

oxygen-accepting electrons; hence, the reason 

we breathe oxygen is to use it as the fi nal 

acceptor of electrons in aerobic metabolism.

IN SUMMARY

AEROBIC ATP TALLY

It is now possible to compute the overall ATP produc-

tion as a result of the aerobic breakdown of glucose or 

glycogen. Let’s begin by counting the total energy yield 

of glycolysis. Recall that the net ATP production of gly-

colysis was two ATP per glucose molecule. Further, when 

O2 is present in the mitochondria, two NADH produced 

by glycolysis can then be shuttled into the mitochon-

dria with the energy used to synthesize an additional 

five ATP (table 3.3). Thus, glycolysis can produce two 

ATP directly via substrate-level phosphorylation and an 

additional five ATP by the energy contained in the two 

molecules of NADH.

 How many ATP are produced as a result of the 

oxidation-reduction activities of the Krebs cycle? 

Table 3.3 shows that two NADH are formed when pyru-

vic acid is converted to acetyl-CoA, which results in the 

formation of 5 ATP. Note that two GTP (similar to ATP) 

are produced via substrate-level phosphorylation. A 

total of six NADH and two FADH are produced in the 

Krebs cycle from one glucose molecule. Hence, the six 

NADH formed via the Krebs cycle results in the pro-

duction of a total of 15 ATP (6 NADH ⫻ 2.5 ATP per 

NADH ⫽ 15 ATP), with three ATP being produced from 

the two FADH. Therefore, the total ATP yield for the 

aerobic degradation of glucose is thirty-two ATP. The 

aerobic ATP yield for glycogen breakdown is thirty-

three ATP, because the net glycolytic production of ATP 

by glycogen is one ATP more than that of glucose.

EFFICIENCY OF OXIDATIVE 
PHOSPHORYLATION

How efficient is oxidative phosphorylation as a sys-

tem of converting energy from foodstuffs into biologi-

cally usable energy? This can be calculated by 

computing the ratio of the energy contained in the 

ATP molecules produced via aerobic respiration 

divided by the total potential energy contained in the 

glucose molecule. For example, a mole (a mole is 

1 gram molecular weight) of ATP, when broken down, 

has an energy yield of 7.3 kcal. The potential energy 

released from the oxidation of a mole of glucose is 

686 kcal. Thus, an efficiency figure for aerobic respira-

tion can be computed as follows (30):

Effi ciency of respiration ⫽ 

  
32 moles ATP/mole glucose ⫻ 7.3 kcal/mole ATP

    __________________________________________   
686 kcal/mole glucose

  

⫻ 100 ⫽ 34%

Therefore, the efficiency of aerobic respiration is 

ap proximately 34%, with the remaining 66% of the free 

energy of glucose oxidation being released as heat.

■ The aerobic metabolism of one molecule of 

glucose results in the production of 32 ATP 

molecules, whereas the aerobic ATP yield for 

glycogen breakdown is 33 ATP.

■ The overall effi ciency of aerobic respiration is 

approximately 34%, with the remaining 66% of 

the energy being released as heat.

IN SUMMARY

TABLE 3.3   Aerobic ATP Tally from the Breakdown of One Molecule of Glucose

Metabolic Process

High-Energy

Products

ATP from Oxidative

Phosphorylation ATP Subtotal

Glycolysis 2 ATP

2 NADH*

—

5

 2 (total if anaerobic)

 7 (if aerobic)

Pyruvic acid to acetyl-CoA 2 NADH 5 12

Krebs cycle 2 GTP

6 NADH

2 FADH**

—

15

3

14

29

32    

Grand total: 32 ATP

*2.5 ATP per NADH

**1.5 ATP per FADH
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CONTROL OF 
BIOENERGETICS

The biochemical pathways that result in the produc-

tion of ATP are regulated by very precise control sys-

tems. Each of these pathways contains a number of 

reactions that are catalyzed by specific enzymes. In 

general, if ample substrate is available, an increase in 

the number of enzymes present results in an increased 

rate of chemical reactions. Therefore, the regulation 

of one or more enzymes in a biochemical pathway 

would provide a means of controlling the rate of that 

particular pathway. Indeed, metabolism is regulated 

by the control of enzymatic activity. Most metabolic 

pathways have one enzyme that is considered “rate 

limiting.” This rate-limiting enzyme determines the 

speed of the particular metabolic pathway involved.

 How does a rate-limiting enzyme control the 

speed of reactions? First, as a rule, rate-limiting 

en zymes are found early in a metabolic pathway. This 

position is important because products of the path-

way might accumulate if the rate-limiting enzyme 

were located near the end of a pathway. Second, the 

activity of rate-limiting enzymes is regulated by mod-

ulators. Modulators are substances that increase or 

decrease enzyme activity. Enzymes that are regulated 

by modulators are called allosteric enzymes. In the 

control of energy metabolism, ATP is the classic exam-

ple of an inhibitor, whereas ADP and Pi are examples 

of substances that stimulate enzymatic activity (8). 

The fact that large amounts of cellular ATP would 

inhibit the metabolic production of ATP is logical 

because large amounts of ATP would indicate that 

ATP usage in the cell is low. An example of this type of 

negative feedback is illustrated in figure 3.22. In con-

trast, an in crease in cell levels of ADP and Pi (low ATP) 

would indicate that ATP utilization is high. Therefore, 

it makes sense that ADP and Pi stimulate the produc-

tion of ATP to meet the increased energy need.

Control of ATP-PC System

Phosphocreatine breakdown is regulated by creatine 

kinase activity. Creatine kinase is activated when 

sarcoplasmic concentrations of ADP increase and is 

inhibited by high levels of ATP. At the onset of exer-

cise, ATP is split into ADP ⫹ Pi to provide energy for 

muscular contraction. This immediate increase in 

ADP concentrations stimulates creatine kinase to 

trigger the breakdown of PC to resynthesize ATP. If 

ex ercise is continued, glycolysis and finally aerobic 

metabolism begin to produce adequate ATP to meet 

the muscles’ energy needs. The increase in ATP con-

centration, coupled with a reduction in ADP concen-

tration, inhibits creatine kinase activity (table 3.4). 

Regulation of the ATP-PC system is an example of a 

“negative feedback” control system, which was intro-

duced in chapter 2.

Control of Glycolysis

Although several factors control glycolysis, the most 

important rate-limiting enzyme in glycolysis is 

phosphofructokinase (PFK) (47). Note that PFK is 

located near the beginning of glycolysis (figure 3.15). 

Table 3.4 lists known regulators of PFK. When exercise 

TABLE 3.4  Factors Known to Affect the Activity of Rate-Limiting Enzymes of Metabolic Pathways 

Involved in Bioenergetics

Pathway Rate-Limiting Enzyme Stimulators Inhibitors

ATP-PC system Creatine kinase ADP ATP

Glycolysis Phosphofructokinase AMP, ADP, Pi, pH↑ ATP, CP, citrate, pH↓

Krebs cycle Isocitrate dehydrogenase ADP, Ca⫹⫹, NAD ATP, NADH

Electron transport chain Cytochrome oxidase ADP, Pi ATP

Figure 3.22 An example of a “rate-limiting” enzyme in 

a simple metabolic pathway. Here, a buildup of the 

product serves to inhibit the rate-limiting enzyme, 

which in turn slows down the reactions involved in the 

pathway.
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begins, ADP ⫹ Pi levels rise and enhance PFK activ-

ity, which serves to increase the rate of glycolysis. In 

contrast, at rest, when cellular ATP levels are high, 

PFK activity is inhibited and glycolytic activity is 

slowed. Further, high cellular levels of hydrogen ions 

or citrate (produced via Krebs cycle) also inhibit PFK 

activity (55). Similar to the control of the ATP-PC 

system, regulation of PFK activity operates via nega-

tive feedback.

 Another important regulatory enzyme in carbo-

hydrate metabolism is phosphorylase, which is 

responsible for degrading glycogen to glucose. 

Although this enzyme is not technically considered 

a glycolytic enzyme, the reaction catalyzed by phos-

phorylase plays an important role in providing 

the glycolytic pathway with the necessary glucose 

at the origin of the pathway. With each muscle 

contraction, calcium (Ca⫹⫹) is released from the 

sarcoplasmic reticulum in muscle. This rise in sar-

coplasmic Ca⫹⫹ concentration indirectly activates 

phosphorylase, which immediately begins to break 

down glycogen to glucose for entry into glycolysis. 

Additionally, phosphorylase ac tivity may be stimu-

lated by high levels of the hormone epinephrine. 

Epinephrine is released at a faster rate during heavy 

exercise and results in the formation of the com-

pound cyclic AMP (see chapter 5). It is cyclic AMP, 

not epinephrine, that directly activates phosphory-

lase. Thus, the influence of epinephrine on phos-

phorylase is indirect.

Control of Krebs Cycle and Electron 
Transport Chain

The Krebs cycle, like glycolysis, is subject to enzy-

matic regulation. Although several Krebs cycle 

enzymes are regulated, the rate-limiting enzyme is 

isocitrate dehydrogenase. Isocitrate dehydroge-

nase, like PFK, is inhibited by ATP and stimulated 

by increasing levels of ADP ⫹ Pi (56, 58). Further, 

growing evidence suggests that increased levels 

of calcium (Ca⫹⫹) in the mitochondria also stimu-

lates isocitrate dehydrogenase activity (40). This 

is a logical signal to turn on energy metabolism 

in muscle cells, since an increase in free calcium in 

muscle is the signal to begin muscular contraction 

(see chapter 8).

 The electron transport chain is also regulated by 

the amount of ATP and ADP ⫹ Pi present (6, 56). When 

exercise begins, ATP levels decline, ADP ⫹ Pi levels 

increase, and cytochrome oxidase is stimulated to 

begin aerobic production of ATP. When exercise stops, 

cellular levels of ATP increase and ADP ⫹ Pi concen-

trations decline, and thus the electron transport activ-

ity is reduced when normal levels of ATP, ADP, and Pi 

are reached.

■ Metabolism is regulated by enzymatic activity. 

An enzyme that regulates a metabolic pathway 

is termed the “rate-limiting” enzyme.

■ The rate-limiting enzyme for glycolysis is phos-

phofructokinase, and the rate-limiting enzymes 

for the Krebs cycle and electron transport chain 

are isocitrate dehydrogenase and cytochrome 

oxidase, respectively.

■ In general, cellular levels of ATP and ADP ⫹ Pi 

regulate the rate of metabolic pathways 

involved in the production of ATP. High levels 

of ATP inhibit further ATP production, whereas 

low levels of ATP and high levels of ADP ⫹ Pi 

stimulate ATP production. Evidence also exists 

that calcium may stimulate aerobic energy 

metabolism.

IN SUMMARY

INTERACTION BETWEEN 
AEROBIC/ANAEROBIC ATP 
PRODUCTION

It is important to emphasize the interaction of anaer-

obic and aerobic metabolic pathways in the produc-

tion of ATP during exercise. Although it is common to 

hear someone speak of aerobic versus anaerobic 

exercise, in reality the energy to perform most types 

of exercise comes from a combination of anaerobic 

and aerobic sources (9, 26, 39, 44). This point is illus-

trated in The Winning Edge 3.2. Notice that the con-

tribution of anaerobic ATP production is greater in 

short-term, high-intensity activities, whereas aerobic 

metabolism predominates in longer activities. For 

example, approximately 90% of the energy required 

to perform a 100-meter dash would come from anaer-

obic sources, with most of the energy coming via the 

ATP-PC system. Similarly, energy to run 400 meters 

(i.e., 55 seconds) would be largely anaerobic (70–

75%). However, ATP and PC stores are limited, and 

thus glycolysis must supply much of the ATP during 

this type of event (57).

 On the other end of the energy spectrum, events 

like the marathon (i.e., 26.2-mile race) rely on aerobic 

production of ATP for the bulk of the needed energy. 

Where does the energy come from in events of mod-

erate length (i.e., two to thirty minutes)? The Winning 

Edge 3.2 provides an estimation of the percentage 

anaerobic/aerobic yield in events over a wide range of 

durations. Although these estimates are based on 

laboratory measurements of running or exercising on 

a cycle ergometer, they can be related to other ath-

letic events that require intense effort by comparing 
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STUDY QUESTIONS

 1.  List and briefly discuss the function of the three major 
components of cell structure.

 2. Briefly explain the concept of coupled reactions.
 3.  Define the following terms: (1) bioenergetics, (2) ender-

gonic reactions, and (3) exergonic reactions.

 4.  Discuss the role of enzymes as catalysts. What is meant 
by the expression “energy of activation”?

 5.  Where does glycolysis, the Krebs cycle, and oxidative 
phosphorylation take place in the cell?

 6.  Define the terms glycogen, glycogenolysis, and glycolysis.

THE WINNING EDGE 3.2

Exercise Physiology Applied to Sports

Contributions of Anaerobic/

Aerobic Energy Production 

During Various Sporting Events

Because sports differ widely in both 

the intensity and the duration of 

physical effort, it is not surprising 

that the source of energy produc-

tion differs widely between sporting 

events. Figure 3.23 provides an 

illustration of the anaerobic versus 

aerobic energy production during 

selected sports. Knowledge of the 

interaction between the anaerobic 

and aerobic energy production in 

exercise is useful to coaches and 

trainers in planning conditioning 

programs for athletes. See chap-

ter 21 for more details.

FIGURE 3.23 Contribution of 

anaerobic and aerobically pro-

duced ATP for use during sports.
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the length of time spent in the activity (see The 

Winning Edge 3.2).

 In review, the shorter the duration of all-out 

activity, the greater the contribution of anaerobic 

energy production; conversely, the longer the dura-

tion, the greater the contribution of aerobic energy 

production. A more detailed discussion of the meta-

bolic responses to various types of exercise is pre-

sented in chapter 4.

■ Energy to perform exercise comes from an 

interaction of anaerobic and aerobic pathways.

■ In general, the shorter the activity (high inten-

sity), the greater the contribution of anaerobic 

energy production. In contrast, long-term activi-

ties (low to moderate intensity) utilize ATP 

produced from aerobic sources.

IN SUMMARY
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 7.  What are high-energy phosphates? Explain the state-
ment that “ATP is the universal energy donor.”

 8.  Define the terms aerobic and anaerobic.
 9.  Briefly discuss the function of glycolysis in bioenergetics. 

What role does NAD play in glycolysis?
10.  Discuss the operation of the Krebs cycle and the 

electron transport chain in the aerobic production of 
ATP. What is the function of NAD and FAD in these 
pathways?

11.  What is the efficiency of the aerobic degradation of 
glucose?

12. What is the role of oxygen in aerobic metabolism?

13.  What are the rate-limiting enzymes for the following 
metabolic pathways? ATP-PC system? Glycolysis? Krebs 
cycle? Electron transport chain?

14.  Briefly discuss the interaction of anaerobic versus aer-
obic ATP production during exercise.

15.  Discuss the chemiosmotic theory of ATP production.
16.  List and define the six classes of enzymes identified by 

the International Union of Biochemistry.
17.  Briefly discuss the impact of changes in both tempera-

ture and pH on enzyme activity.
18.  Discuss the relationship between lactic acid and lactate.
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Exercise Metabolism

1. Discuss the relationship between exercise 
intensity/duration and the bioenergetic 
pathways that are most responsible for the 
production of ATP during various types of 
exercise.

2. Define the term oxygen deficit.

3. Define the term lactate threshold.

4. Discuss several possible explanations for the 
sudden rise in blood-lactate concentration 
during incremental exercise.

5. List the factors that regulate fuel selection 
during different types of exercise.

6. Explain why fat metabolism is dependent on 
carbohydrate metabolism.

7. Define the term oxygen debt.

8. Give the physiological explanation for the 
observation that the O2 debt is greater 
following intense exercise when compared to 
the O2 debt following light exercise.

■ Objectives

By studying this chapter, you should be able to do the following:
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Exercise poses a serious challenge to the bioener-
getic pathways in the working muscle. For exam-

ple, during heavy exercise the body’s total energy 
expenditure may increase fifteen to twenty-five times 
above expenditure at rest. Most of this increase in 
energy production is used to provide ATP for contract-
ing skeletal muscles, which may increase their energy 
utilization 200 times over utilization at rest (1). There-
fore, it is apparent that skeletal muscles have a great 
capacity to produce and use large quantities of ATP 
during exercise. This chapter describes: (1) the meta-
bolic responses at the beginning of exercise and dur-
ing recovery from exercise; (2) the metabolic responses 
to high-intensity, incremental, and prolonged exer-
cise; (3) the selection of fuels used to produce ATP; 
and (4) how exercise metabolism is regulated.
 We begin with an overview of the energy require-
ments of the body at rest, followed by a discussion of 
which bioenergetic pathways are activated at the 
on set of exercise.

ENERGY REQUIREMENTS 
AT REST

Recall that homeostasis is defined as a steady and 
unchanging internal environment (see chapter 2). 
During resting conditions, the healthy human body is 
in homeostasis and therefore the body’s energy 
requirement is also constant. At rest, almost 100% of 
the energy (i.e., ATP) required to sustain bodily func-
tions is produced by aerobic metabolism. It follows 
that resting blood lactate levels are also steady and 
low (e.g.,  1.0 millimole per liter).
 Since the measurement of oxygen (O2) consump-
tion (oxygen consumed by the body) is an index of aer-
obic ATP production, measurement of O2 consumption 
during rest provides an estimate of the body’s “base-
line” energy requirement. At rest, the total energy 
requirement of an individual is relatively low. For 
example, a 70-kilogram young adult would consume 
approximately 0.25 liter of oxygen each minute; this 
translates to a relative O2 consumption of 3.5 ml of 
O2 per kilogram (body weight) per minute. As men-
tioned earlier, muscular exercise can greatly increase 
the body’s need for energy. Let’s begin our discussion 
of exercise metabolism by considering which bioener-
getic pathways are active during the transition from 
rest to exercise.

REST-TO-EXERCISE 
TRANSITIONS

Suppose you step onto a treadmill belt that is moving 
at 3 mph. Within one step, your muscles must increase 
their rate of ATP production from that required for 

standing to that required for running at 3 mph. If they 
do not, you will fall off the back of the treadmill. What 
metabolic changes must occur in skeletal muscle at 
the beginning of exercise to provide the necessary 
energy to continue movement? Similar to measure-
ment of O2 consumption during rest, measurement of 
O2 consumption during exercise can provide informa-
tion about aerobic metabolism during exercise. For 
example, in the transition from rest to light or moder-
ate exercise, O2 consumption increases rapidly and 
reaches a steady state within one to four minutes (11, 
21, 81) (figure 4.1). The fact that O2 consumption does 
not increase instantaneously to a steady-state value 
suggests that anaerobic energy sources contribute to 
the overall production of ATP at the beginning of exer-
cise. Indeed, there is much evidence to suggest that at 
the onset of exercise the ATP-PC system is the first 
active bioenergetic pathway, followed by glycolysis 
and, finally, aerobic energy production (3, 14, 36, 
65, 88). However, after a steady state is reached, the 
body’s ATP requirement is met via aerobic metabo-
lism. The major point to be emphasized concerning 
the bioenergetics of rest-to-work transitions is that 
several energy systems are involved. In other words, 
the energy needed for exercise is not provided by sim-
ply turning on a single bioenergetic pathway, but 
rather by a mixture of several metabolic systems oper-
ating with considerable overlap.
 The term oxygen deficit applies to the lag in 
oxygen uptake at the beginning of exercise. Specifi-
cally, the oxygen deficit is defined as the difference 
between oxygen uptake in the first few minutes of 
exercise and an equal time period after steady state 
has been obtained (77, 86). This is represented 
as the shaded area in the left-hand portion of fig-
ure 4.1. Note in figure 4.2 that the time to reach 
steady state is shorter in trained subjects than in 
untrained subjects (59, 81). This difference in the 
time course of oxygen uptake at the onset of exer-
cise between trained and untrained subjects results 

Figure 4.1 The time course of oxygen uptake (V̇ O2) in the 

transition from rest to submaximal exercise.
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in the trained subjects having a lower oxygen deficit 
when compared to the untrained. What is the expla-
nation for this difference? It seems likely that 
the trained subjects have a better-developed aero-
bic bioenergetic capacity, resulting from either 
cardiovascular or muscular adaptations induced 
by endurance training (31, 59, 81, 86). (See Ask the 
Expert 4.1 for more information on this topic.) Prac-
tically speaking, this means that aerobic ATP pro-
duction is active earlier at the beginning of exercise 
and results in less production of lactic acid in the 
trained individual when compared to the untrained 
individual. Chapter 13 provides a detailed analysis 
of this adaptation to training.

■ In the transition from rest to light or moderate 
exercise, oxygen uptake increases rapidly, 
 generally reaching a steady state within one to 
four minutes.

■ The term oxygen defi cit applies to the lag in 
oxygen uptake at the beginning of exercise.

■ The failure of oxygen uptake to increase 
instantly at the beginning of exercise suggests 
that anaerobic pathways contribute to the over-
all production of ATP early in exercise. After a 
steady state is reached, the body’s ATP require-
ment is met via aerobic metabolism.

IN SUMMARY

 ASK THE EXPERT 4.1

Oxygen Uptake Kinetics at the Onset of Constant Work-Rate Exercise:

Questions and Answers with Dr. Bruce Gladden

Bruce Gladden, Ph.D., a 

professor in the Department 

of Kinesiology at Auburn 

University is an internation-

ally known expert in muscle 

metabolism during exercise. 

Dr. Gladden’s research has 

addressed important ques-

tions relative to those factors that regulate oxy-

gen consumption in skeletal muscle during 

exercise. Examples of Dr. Gladden’s work can 

be found in prestigious international physiology 

 journals. In this feature, Dr. Gladden answers 

questions about the time course of oxygen con-

sumption at the onset of submaximal exercise.

QUESTION: What is so important about 

the response of oxygen consump-

tion at the onset of submaximal, 

constant work-rate exercise?

ANSWER: First, it is critical to realize that 

O2 consumption is a direct indi cator 

of the energy supplied by oxi dative

phosphorylation (i.e., the oxidative or 

aerobic energy system). The fact that 

there is a “lag” or delay before oxygen 

consumption rises to a steady-state 

level tells us that  aerobic metabolism 

(i.e., oxidative phosphorylation in the 

mitochondria) is not instantaneously 

activated at the onset of exercise. The 

importance of this response is that it 

can provide information about the 

control or regulation of oxidative 

phosphorylation. Further, this de layed 

response tells us that the ana erobic 

energy systems must also be activated 

to supply the needed energy at the 

beginning of exercise; i.e., there is an 

oxygen defi cit.

QUESTION: Why does oxidative phos-

phorylation not achieve full activa-

tion instantaneously at the onset of 

exercise?

ANSWER: Historically, two alternative hy-

potheses have been offered. First, it 

has been suggested that there is an 

inadequate oxygen supply to the 

contracting muscles at exercise onset. 

What this means is that in at least 

some mitochondria, at least some of 

the time, there may not be molecules 

of oxygen available to accept elec-

trons at the end of the electron trans-

port chains. Clearly, if this is correct, 

the oxidative phosphorylation rate 

and therefore the whole body oxygen 

consumption would be restricted. 

The second hypothesis holds that 

there is a delay because the stimuli 

for oxidative phosphorylation require 

some time to reach their final levels 

and to have their full effects for a 

given exercise intensity. As discussed 

in chapter 3, the electron transport 

chain is stimulated by ADP and Pi 

(e.g., table 3.4). At the onset of exer-

cise, the concentrations of ADP and Pi 

are barely above resting levels. The 

concentrations of ADP and Pi will 

continue to rise as PC is broken down, 

gradually providing additional stimu-

lation to “turn on” oxidative phos-

phorylation until this aerobic pathway 

is providing essentially 100% of the 

energy requirement of the exercise. 

The key point is that these regulators 

of oxidative phosphorylation rate do 

not instantaneously rise from resting

concentrations to the steady-state 

concentration levels. This has some-

times been referred to as the “inertia 

of metabolism.”

QUESTION: Which of the two hypotheses 

is correct?

ANSWER: This is a diffi cult question 

because the two hypotheses are 

not mutually exclusive. My research 

with numerous colleagues (e.g., 

Drs. Bruno Grassi, Mike Hogan, Harry 

Rossiter) provides support for the 

second hypothesis (i.e., “slowness” in 

the stimuli required to fully activate 

oxidative phosphorylation). Never-

theless, oxygen supply limitation can 

also play a role, a role that likely 

be comes more important at higher 

exercise intensities. None of the pos-

sible regulators or controllers of oxi-

dative phosphorylation should be 

considered separately. All of them 

interact with each other to provide 

the overall stimulus to oxidative 

phosphorylation under any given 

exercise condition.
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RECOVERY FROM EXERCISE: 
METABOLIC RESPONSES

Metabolism remains elevated for several minutes 

immediately following exercise. The magnitude and 

duration of this elevated metabolism are influenced 

by the intensity of the exercise (5, 48, 86). This point 

is illustrated in figure 4.3. Note that oxygen uptake 

is greater and remains elevated for a longer time 

period following high-intensity exercise when com-

pared to exercise of light-to-moderate intensity 

(48, 49). The reason(s) for this observation will be 

discussed shortly.

 Historically, the term oxygen debt has been 

applied to mean the excess oxygen uptake above rest 

following exercise. The prominent British physiologist 

A. V. Hill (60) first used the term O2 debt and reasoned 

that the excess oxygen consumed (above rest) follow-

ing exercise was repayment for the O2 deficit incurred 

at the onset of exercise (see A Look Back—Important 

People in Science). Evidence collected in the 1920s 

and 1930s by Hill and other researchers in Europe and 

the United States suggested that the oxygen debt 

could be divided into two portions: the rapid portion 

immediately following exercise (i.e., approximately 

two to three minutes post-exercise) and the slow por-

tion, which persisted for greater than thirty minutes 

after exercise. The rapid portion is represented by the 

steep decline in oxygen uptake following exercise, 

and the slow portion is represented by the slow decline 

in O2 across time following exercise (figure 4.3). The 

rationale for the two divisions of the O2 debt was based 

on the belief that the rapid portion of the O2 debt 

represented the oxygen that was required to resynthe-

size stored ATP and PC and replace tissue stores of O2 

(⬃20% of the O2 debt), while the slow portion of the 

debt was due to the oxidative conversion of lactic acid 

to glucose in the liver (⬃80% of the O2 debt).

 Contradicting previous beliefs, recent evidence 

has shown that only about 20% of the oxygen debt is 

used to convert the lactic acid produced during  exercise 

to glucose (the process of glucose synthesis from 

noncarbohydrate sources is called gluconeogenesis) 

(13, 15). Therefore, the notion that the “slow” portion 

of the O2 debt is due entirely to oxidative conversion 

of lactic acid to glucose does not appear to be accu-

rate. Several investigators have argued that the term 

oxygen debt be eliminated from the literature, because 

the elevated oxygen consumption following exercise 

does not appear to be entirely due to the “borrowing” 

of oxygen from the body’s oxygen stores (13, 15, 

18, 40). In recent years, several replacement terms 

have been suggested. One such term is EPOC, which 

stands for “excess post-exercise oxygen consumption” 

(18, 40).

 If the EPOC is not exclusively used to convert lac-

tic acid to glucose, why does oxygen consumption 

remain elevated post-exercise? Several possibilities 

exist. First, at least part of the O2 consumed imme-

diately following exercise is used to restore PC in 

muscle and O2 stores in blood and tissues (11, 40). 

Figure 4.2 Differences in the time course of oxygen uptake 

(V̇ O2) during the transition from rest to submaximal exer-

cise between trained and untrained subjects. Note that 

the time to reach steady state is slower in untrained sub-

jects. See text for details.
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Figure 4.3 Oxygen deficit and debt during light/moderate 
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A CLOSER LOOK 4.1

Removal of Lactic Acid Following Exercise

What happens to the lactic acid that is 

formed during exercise? Classical theory 

proposed that the majority of the post-

exercise lactic acid was converted into 

glucose in the liver and resulted in an 

elevated post-exercise oxygen uptake 

(i.e., O2 debt). However, recent evidence 

suggests that this is not the case and 

that lactic acid is mainly oxidized after 

exercise (13,15). That is, lactic acid is 

converted to pyruvic acid and used as a 

substrate by the heart and skeletal mus-

cle. It is estimated that approximately 

70% of the lactic acid produced during 

exercise is oxi dized, while 20% is con-

verted to glucose and the remaining 

10% is converted to amino acids.

 Figure 4.4 demonstrates the time 

course of lactic acid removal from 

the blood following strenuous exer-

cise. Note that lactic acid removal is 

more rapid if continuous light exercise 

is performed as compared to a resting 

recovery. The explanation for these 

findings is linked to the fact that light 

exercise enhances oxidation of lactic 

acid by the working muscle (30, 43, 58). 

It is estimated that the optimum inten-

sity of recovery exercise to promote 

blood lactic acid removal is around 30% 

to 40% of V̇ O2 max (30). Higher exercise 

intensities would likely result in an 

increased muscle production of lactic 

acid and therefore hinder removal.

 Due to the increase in muscle oxida-

tive capacity observed with en dur-

ance training, some authors have 

speculated that trained subjects might 

have a greater capacity to remove lactic 

acid during recovery from intense exer-

cise (6, 8). Unfortunately, human studies 

examining the effects of training on the 

rate of blood lactate decline (following 

heavy exercise) have yielded conflict ing 

results. However, two well-designed 

investigations have reported no differ-

ences in blood lactic acid disappear-

ance between trained and untrained 

subjects during resting recovery from a 

maximal exercise bout (6, 37).
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FIGURE 4.4 Blood lac-

tate removal following 

strenuous exercise. Note 

that lactic acid can be 

removed more rapidly 

from the blood during 

recovery if the subject 

engages in continuous 

light exercise.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 A.V. Hill  Was a Pioneer in Exercise Physiology

Archibald Vivian (A.V.) 

Hill (1886–1977) rece -

ived the Nobel Prize for 

Physiology or Medi cine 

in 1922 for his research 

on heat production in 

skeletal muscle. This 

work precisely described the magnitude 

of heat production in isolated skeletal 

muscle during both contraction and 

relaxation. Mr. Hill was born in  Bristol, 

England, and his family had little money 

to support his education. Nonetheless, 

Hill was both motivated and resourceful 

as he earned scholarships to  support 

his studies in mathematics and natural 

sciences (chemistry, physics, and physi-

ology) at Trinity College, Cambridge. 

After graduation, Mr. Hill was encouraged 

to focus on physiology by one of his 

teachers, Dr. Walter Fletcher. Hill initi-

ated his physiology research career at 

Cambridge in 1909 and began to investi-

gate the nature of muscular contraction 

using frog muscle as a model. Mr. Hill 

later held faculty positions at Manches-

ter University (1920–1923) and at Univer-

sity College, London (1923–1951).

 In addition to his Nobel Prize winning 

research on heat production in skeletal 

muscle, A.V. Hill made many other 

contributions to our understanding of 

 exercise physiology. For example, he 

was the fi rst physiologist to demonstrate 

that contracting skeletal muscle can pro-

duce energy anaerobically. This work 

was important because the  general view 

at the time was that all energy for muscu-

lar performance was derived from aero-

bic metabolism. A.V. Hill also introduced 

the concept of the oxygen debt (i.e., oxy-

gen consumption following exercise), 

and he was the fi rst scientist to clearly 

describe the concept of maximal oxygen 

consumption in exercising humans. 

Other important scientifi c contributions 

of Hill include his discovery of heat pro-

duction in nerves and the force-velocity 

equation in skeletal muscle.

 For more information on A.V. Hill 

and his scientifi c contributions to exer-

cise physiology, see Bassett, D. Journal 

of Applied Physiology (2002) in the Sug-

gested Readings.
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Figure 4.5 A summary of factors that might contribute to 

excess post-exercise oxygen consumption (EPOC). See 

text for details.
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Post-Exercise Oxygen Consumption
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Restoration of both PC and oxygen stores in muscle 
is completed within two to three minutes of recovery 
(55). This is consistent with the classic view of the 
rapid portion of the oxygen debt. Further, heart rate 
and breathing remain elevated above resting levels 
for  several minutes following exercise; therefore, 
both of these activities require additional O2 above 
resting levels. Other factors that may result in the 
EPOC are an elevated body temperature and specific 
circulating hormones. Increases in body temperature 
result in an increased metabolic rate (called the Q10 
effect) (16, 53, 84). Further, it has been argued that 
high levels of epinephrine or norepinephrine result in 
increased oxygen consumption after exercise (41). 
However, both of these hormones are rapidly removed 
from the blood following exercise and therefore may 
not exist long enough to have a significant impact on 
the EPOC.
 Earlier it was mentioned that the EPOC was 
greater following high-intensity exercise when com-
pared to the EPOC following light-to-moderate work. 
This difference in EPOC is due to differences in the 
amount of body heat gained, the total PC depleted, 
and the blood levels of epinephrine and norepineph-
rine (48). First, assuming similar ambient conditions 
(i.e., temperature/relative humidity) and equal exer-
cise time, high-intensity exercise will result in greater 
body heat gain than that gained by light exercise. 
Secondly, depletion of PC is dependent on exercise 
intensity. Since high-intensity exercise would utilize 
more PC, additional oxygen would be required during 
recovery for resynthesis. Finally, intense exercise 

results in greater blood concentrations of lactic acid, 
epinephrine, and norepinephrine when compared to 
light work. All of these factors may contribute to the 
EPOC being greater following intense exercise than 
following light exercise. Figure 4.5 contains a  summary 
of factors thought to contribute to the “excess post-
exercise oxygen consumption.” Further, see A Closer 
Look 4.1 for more details on removal of lactic acid 
following exercise.

■ The oxygen debt (also called excess post-
 exercise oxygen consumption [EPOC]) is the O2 
consumption above rest following exercise.

■ Several factors contribute to the EPOC. First, 
some of the O2 consumed early in the recovery 
period is used to resynthesize stored PC in the 
muscle and replace O2 stores in both muscle 
and blood. Other factors that contribute to 
the “slow” portion of the EPOC include an ele-
vated body temperature, O2 required to convert 
lactic acid to glucose (gluconeogenesis), and 
elevated blood levels of epinephrine and 
norepinephrine.

IN SUMMARY

METABOLIC RESPONSES TO 
EXERCISE: INFLUENCE OF 
DURATION AND INTENSITY

The point was made in chapter 3 that short-term, 
high-intensity exercise lasting less than ten seconds 
utilizes primarily anaerobic metabolic pathways to 
produce ATP. In contrast, an event like the marathon 
makes primary use of aerobic ATP production to 
 provide the needed ATP for work. However, events 
lasting longer than ten to twenty seconds and less 
than ten minutes generally produce the needed ATP 
for muscular contraction via a combination of both 
anaerobic and aerobic pathways. In fact, most sports 
use a combination of anaerobic and aerobic pathways 
to produce the ATP needed for muscular contraction. 
The next three sections consider which bioenergetic 
pathways are involved in energy production in specific 
types of exercise.

Short-Term, Intense Exercise

The energy to perform short-term exercise of high 
intensity comes primarily from anaerobic metabolic 
pathways. Whether the ATP production is dominated 
by the ATP-PC system or glycolysis depends primar-
ily on the length of the activity (1, 3, 65, 69). For 
example, the energy to run a 50-meter dash or to 
complete a single play in a football game comes 
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principally from the ATP-PC system. In contrast, the 

energy to complete the 400-meter dash (i.e., fifty-five 

seconds) comes from a combination of the ATP-PC 

system,  glycolysis, and aerobic metabolism, with 

glycolysis producing most of the ATP. In general, the 

ATP-PC system can supply almost all the needed ATP 

for work for events lasting one to five seconds; 

intense exercise lasting longer than five seconds 

begins to utilize the ATP-producing capability of gly-

colysis. It should be emphasized that the transition 

from the ATP-PC system to an increased dependence 

upon glycolysis during exercise is not an abrupt 

change but rather a gradual shift from one pathway 

to another.

 Events lasting longer than forty-five seconds 

use a combination of all three energy systems (i.e., 

ATP-PC, glycolysis, and aerobic systems). This point 

was emphasized in figure 3.23 in chapter 3. In general, 

intense exercise lasting approximately sixty seconds 

utilizes 70%/30% (anaerobic/aerobic) energy produc-

tion, while events lasting two minutes utilize anaero-

bic and aerobic bioenergetic pathways almost equally 

to supply the needed ATP (see figure 3.23).

■ During high-intensity, short-term exercise 

(i.e., two to twenty seconds), the muscle’s ATP 

production is dominated by the ATP-PC system.

■ Intense exercise lasting more than twenty sec-

onds relies more on anaerobic glycolysis to 

produce much of the needed ATP.

■ Finally, high-intensity events lasting longer than 

forty-fi ve seconds use a combination of the 

ATP-PC system, glycolysis, and the aerobic sys-

tem to produce the needed ATP for muscular 

contraction.

IN SUMMARY

Prolonged Exercise

The energy to perform long-term exercise (i.e., more 

than ten minutes) comes primarily from aerobic metab-

olism. A steady-state oxygen uptake can generally be 

maintained during submaximal exercise of moderate 

duration. However, two exceptions to this rule exist. 

First, prolonged exercise in a hot/humid environment 

results in a “drift” upward of oxygen uptake; therefore, a 

steady state is not maintained in this type of exercise 

(84) (see fi gure 4.6). Second, continuous exercise at a 

high relative work rate (i.e., ⬎75% V̇ O2 max) results in a 

slow rise in oxygen uptake across time (53) (figure 4.6). 

In each of these two types of exercise, the drift upward 

in V̇ O2 is due principally to the effects of increasing 

body temperature and, to a lesser degree, to rising 

blood levels of the hormones epinephrine and 

no repinephrine (16, 40, 41, 53, 68). Both of these 

variables tend to increase the metabolic rate, resulting 

in increased oxygen uptake across time.

■ The energy to perform prolonged exercise (i.e., 

more than ten minutes) comes primarily from 

aerobic metabolism.

■ A steady-state oxygen uptake can generally be 

maintained during prolonged, low-intensity 

exercise. However, exercise in a hot/humid envi-

ronment or exercise at a high relative work rate 

results in an upward “drift” in oxygen consump-

tion over time; therefore, a steady state is not 

obtained in these types of exercise.

IN SUMMARY

Incremental Exercise

The maximal capacity to transport and utilize oxygen 

during exercise (maximal oxygen uptake, or V̇ O2 max) 

is considered by many exercise scientists to be the 

most valid measurement of cardiovascular fitness. 

Indeed, incremental exercise tests (also called 

graded exercise tests) are often employed by physi-

cians to examine patients for possible heart disease 

and by exercise scientists to determine a subject’s 

Figure 4.6 Comparison of oxygen uptake (V̇ O2) across 

time during prolonged exercise in a hot and humid 

 environment (a) and during prolonged exercise at a high 

 relative work rate (⬎75% V̇ O2 max) (b). Note that in both 

conditions there is a steady “drift” upward in V̇ O2. See 

text for details.
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cardiovascular fitness. These tests are usually con-
ducted on a treadmill or a cycle ergometer. However, 
an arm crank ergometer can be employed for testing 
paraplegics or athletes whose sport involves arm work 
(e.g., swimmers, rowers, etc.). The test generally 
begins with the subject performing a brief warm-up, 
followed by an increase in the work rate every one to 
three minutes until the subject cannot maintain the 
desired power output. This increase in work rate can 
be achieved on the treadmill by increasing either the 
speed of the treadmill or the incline. On the cycle or 
arm ergometer, the increase in power output is 
obtained by increasing the resistance against the 
flywheel.
 Figure 4.7 illustrates the change in oxygen uptake 
during a typical incremental exercise test on a cycle 
ergometer. Oxygen uptake increases as a linear func-
tion of the work rate until V̇O2 max is reached. When 
V̇O2 max is reached, an increase in power output does 
not result in an increase in oxygen uptake; thus, 
V̇O2 max represents a “physiological ceiling” for the 
ability of the oxygen transport system to deliver O2 
to contracting muscles. The physiological factors 
that influence V̇ O2 max include the following: (1) the 
maximum ability of the cardiorespiratory system to 
deliver oxygen to the contracting muscle; and (2) the 
muscle’s ability to take up the oxygen and produce 
ATP aerobically. Both genetics and exercise training 
are known to influence V̇ O2 max; this will be dis-
cussed in chapter 13.

Lactate Threshold It is generally believed that 
most of the ATP production used to provide energy 
for muscular contraction during the early stages of 
an incremental exercise test comes from aerobic 
sources (74, 83, 92). However, as the exercise intensity 
increases, blood levels of lactic acid begin to rise in 

an exponential fashion (figure 4.8). This appears in 
untrained subjects around 50% to 60% of V̇ O2 max, 
whereas it occurs at higher work rates in trained sub-
jects (i.e., 65%–80% V̇ O2 max) (46). Although there is 
disagreement on the point, many investigators believe 
that this sudden rise in lactic acid during incremental 
exercise represents a point of increasing reliance on 
anaerobic metabolism (i.e., glycolysis) (27, 100–104). 
A common term used to describe the point of a sys-
tematic rise in blood lactic acid during exercise is the 
anaerobic threshold (12, 29, 35, 61, 67, 82, 102, 103, 
108). However, arguments over terminology exist, and 
this lactic acid inflection point has also been called 
the lactate threshold (28, 30, 97).
 Another commonly used term that is related to 
the lactate inflection point is the “onset of blood lac-
tate accumulation” (abbreviated as OBLA). This term 
(OBLA) differs from the lactate threshold in one 
important way. Rather than defining the blood 
lactate inflection point, the OBLA is defined as the 
exercise intensity (or oxygen consumption) at which 
blood lactate levels reach 4 millimoles per liter 
(18, 56, 97). To avoid confusion, we will refer to the 
sudden rise in blood lactate levels during incremen-
tal exercise as the lactate threshold.
 The basic argument against the term “anaerobic 
threshold” centers around the question of whether 
the rise in blood lactic acid during incremental exer-
cise is due to a lack of oxygen (hypoxia) in the work-
ing muscle or occurs for other reasons. Historically, 
rising blood lactic acid levels have been considered 
an indication of increased anaerobic metabolism 
within the contracting muscle because of low levels 
of O2 in the individual muscle cells (102, 103). How-
ever, whether the end product of glycolysis is pyruvic 
or lactic acid depends on a variety of factors. First, if 
the rate of glycolysis is rapid, then NADH production 

Figure 4.7 Changes in oxygen uptake (V̇ O2) during an 

incremental exercise test. The observed plateau in V̇ O2 

represents V̇ O2 max.
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Figure 4.8 Changes in blood lactic acid concentrations 

during incremental exercise. The sudden rise in lactate is 

known as the lactate threshold.
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may exceed the transport capacity of the shuttle 
mechanisms that move hydrogens from the sarco-
plasm into the mitochondria (93, 95, 107). Indeed, 
blood levels of epinephrine and norepinephrine 
begin to rise at 50% to 65% of V̇ O2 max during incre-
mental exercise and have been shown to stimulate 
the glycolytic rate; this increase in glycolysis increases 
the rate of NADH production (95). Failure of the shut-
tle system to keep up with the rate of NADH produc-
tion by glycolysis would result in pyruvic acid 
accepting some “unshuttled” hydrogens, and the for-
mation of lactic acid could occur independent of 
whether the muscle cell had sufficient oxygen for aer-
obic ATP production (figure 4.9).
 A second explanation for the formation of lactic 
acid in exercising muscle is related to the enzyme that 
catalyzes the conversion of pyruvate to lactic acid. The 
enzyme responsible for this reaction is lactate dehy-
drogenase (LDH), and it exists in several forms (differ-
ent forms of the same enzyme are called isozymes). 
Recall that the reaction is as follows:

CH3 LDH CH3

   
C   O   NADH   H  ↔ H   C   OH   NAD

   
COO— COO—

Pyruvate Lactate

This reaction is reversible in that lactic acid can be 
converted back to pyruvic acid under the appropriate 
conditions. Human skeletal muscle can be classified 
into three fiber types (see chapter 8). One of these is 
a “slow” fiber (sometimes called slow-twitch), whereas 
the remaining two are called “fast” fibers (sometimes 
called fast-twitch). As the names imply, fast fibers are 
recruited during intense, rapid exercise, while slow 
fibers are used primarily during low-intensity activity. 
The LDH isozyme found in fast fibers has a greater 
affinity for attaching to pyruvic acid, promoting the 
formation of lactic acid (62, 92). In contrast, slow 

fibers contain an LDH form that promotes the conver-
sion of lactic acid to pyruvic acid. Therefore, lactic 
acid formation might occur in fast fibers during exer-
cise simply because of the type of LDH present. Thus, 
lactic acid production would again be independent of 
oxygen availability in the muscle cell. Early in an 
incremental exercise test it is likely that slow fibers 
are the first called into action. However, as the exer-
cise intensity increases, the amount of muscular force 
produced must be increased. This increased muscular 
force is supplied by recruiting more and more fast 
fibers. Therefore, the involvement of more fast fibers 
may result in increased lactic acid production and 
thus may be responsible for the lactate threshold.
 A final explanation for the lactate threshold may 
be related to the rate of removal of lactic acid from the 
blood during incremental exercise. When a researcher 
removes a blood sample from an exercising subject, 
the concentration of lactic acid in that sample is the 
difference between the amount of lactic acid entry 
into the blood and the rate of lactic acid removal from 
the blood. At any given time during exercise, some 
muscles are producing lactic acid and releasing it into 
the blood, and some tissues (e.g., liver, skeletal mus-
cles, heart, etc.) are removing lactic acid. Therefore, 
the concentration of lactic acid in the blood at any 
given time can be expressed mathematically in the 
following way:

Blood lactic acid 
concentration

 
 

 

Lactic acid 
entry into 
the blood  

 

 

Blood lactic 
acid removal

Thus, a rise in the blood lactic acid concentration can 
occur due to either an increase in lactic acid produc-
tion or a decrease in lactic acid removal. Recent evi-
dence suggests that the rise in blood lactic acid levels 
in animals during incremental exercise may be the 
result of both an increase in lactic acid production 
and a decrease in the rate of lactic acid removal 
(14, 34). See chapter 13 for a discussion of how endur-
ance training affects lactic acid production. Also, see 
The Winning Edge 4.1.
 To summarize, controversy exists over both the 
terminology and the mechanism to explain the sud-
den rise in blood lactic acid concentrations during 
incremental exercise. It is possible that any one or a 
combination of the explanations (including lack of O2) 
might explain the lactate threshold. Figure 4.10 con-
tains a summary of possible mechanisms to explain 
the lactate threshold. The search for definitive evi-
dence to explain the mechanism(s) altering the blood 
lactate concentration during incremental exercise will 
continue for years to come.

Practical Use of the Lactate Threshold Regard-
less of the physiological mechanism to explain the 
lactate threshold, the point of exponential rise in 

Figure 4.9 Failure of the mitochondrial “hydrogen 

shuttle” system to keep pace with the rate of glycolytic 

production of NADH   H  results in the conversion of 

pyruvic acid to lactic acid.
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THE WINNING EDGE 4.1

Exercise Physiology Applied to Sports

Does Lactic Acid Cause 

Muscle Soreness?

A belief among some athletes and 

coaches is that lactic acid production 

during exercise is a primary cause 

of delayed-onset muscle soreness 

(i.e., soreness occurring twenty-four 

to forty-eight hours after exercise). 

Nonetheless, physiological evidence 

indicates that lactic acid is not a pri-

mary cause of this type of muscle 

soreness. Several lines of “physio -

lo gical reasoning” can be used to 

support this position. First, although 

lactic acid production occurs in active 

skeletal muscle during high-intensity 

exercise, lactic acid removal from the 

muscle and blood is rapid  following 

an exercise session. In fact, blood lev-

els of lactic acid return to resting lev-

els within sixty minutes after exercise 

(see A Closer Look 4.1). Therefore, it 

seems unlikely that lactic acid pro-

duction during a single exercise bout 

would result in muscle soreness one 

or two days later. 

 A second argument against lactic 

acid causing delayed-onset muscle 

soreness is that if lactic acid produc-

tion caused muscle soreness, power 

athletes would experience soreness 

after each workout. Clearly, this is not 

the case. Indeed, well-conditioned 

power athletes (e.g., track sprinters) 

rarely experience muscle soreness 

af ter a routine training session. 

 If lactic acid is not the cause of 

delayed-onset muscle soreness, what 

is the cause? Growing evidence indi-

cates that this type of muscle soreness 

originates from microscopic injury to 

muscle fi bers. This kind of injury results 

in a slow cascade of biochemical events 

leading to infl ammation and edema 

within the injured muscles. Because 

these events are slow to develop, the 

resulting pain generally doesn’t appear 

until twenty-four to forty-eight hours 

after exercise. Details of the events 

leading to delayed-onset muscle sore-

ness are discussed in chapter 21.

lactic acid during graded exercise has important 
implications for predicting sports performance and 
perhaps in planning training programs for endurance 
athletes. For example, several studies have demon-
strated that the lactate threshold used in combina-
tion with other physiological measurements (e.g., 
V̇ O2 max), is a useful predictor of success in distance 
running (38, 75). Further, the lactate threshold might 
serve as a guideline for coaches and athletes in plan-
ning the level of exercise intensity needed to optimize 
training results. This will be discussed in more detail 
in chapters 16 and 21.

■ Oxygen uptake increases in a linear fashion 
during incremental exercise until V̇ O2 max is 
reached.

■ The point at which blood lactic acid rises sys-
tematically during graded exercise is termed the 
lactate threshold or anaerobic threshold.

■ Controversy exists over the mechanism to 
explain the sudden rise in blood lactic acid con-
centrations during incremental exercise. It is 
possible that any one or a combination of the 
following factors might provide an explanation 
for the lactate threshold: (1) low muscle oxygen, 
(2) accelerated glycolysis, (3) recruitment of fast 
fi bers, and (4) a reduced rate of lactate removal.

■ The lactate threshold has practical uses such as 
in performance prediction and as a marker of 
training intensity.

IN SUMMARY

ESTIMATION OF FUEL 
UTILIZATION DURING 
EXERCISE

A noninvasive technique that is commonly used to 
estimate the percent contribution of carbohydrate or 
fat to energy metabolism during exercise is the ratio 
of carbon dioxide output (V̇ CO2) to the volume of oxy-
gen consumed (V̇ O2) (39, 106). This V̇ CO2/ V̇ O2 ratio is 

Figure 4.10 Possible mechanisms to explain the lactate 

threshold during incremental exercise. See text for 

details.
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called the respiratory exchange ratio (R). During 
steady-state conditions, the V̇ CO2/ V̇ O2 ratio is often 
termed the respiratory quotient (RQ). For simplicity, 
we will refer to the V̇ CO2/ V̇ O2 ratio as the respiratory 
exchange ratio (R). How can the R be used to estimate 
whether fat or carbohydrate is being used as a fuel? 
The answer is related to the fact that fat and carbohy-
drate differ in the amount of O2 used and CO2 pro-
duced during oxidation. When using R as a predictor 
of fuel utilization during exercise, the role that protein 
contributes to ATP production during exercise is 
ignored. This is reasonable because protein generally 
plays a small role as a substrate during physical activ-
ity. Therefore, the R during exercise is often termed a 
“nonprotein R.”
 Let’s consider the R for fat first. When fat is oxi-
dized, O2 combines with carbon to form CO2 and joins 
with hydrogen to form water. The chemical relation-
ship is as follows:

Fat (palmitic acid) C16H32O2

Oxidation: C16H32O2   23 O2 → 16 CO2   16 H2O
Therefore, the R    V̇CO2   V̇ O2   16 CO2   23 O2

  0.70

For R to be used as an estimate of substrate utilization 
during exercise, the subject must have reached a 
steady state. This is important because only during 
steady-state exercise are the V̇CO2 and V̇ O2 reflective 
of O2 uptake and CO2 production in the tissues. For 
example, if a person is hyperventilating (i.e., breathing 
too much for a particular metabolic rate), excessive 
CO2 loss could bias the ratio of V̇CO2 to V̇ O2 and invali-
date the use of R to estimate which fuel is being 
consumed.
 Carbohydrate oxidation also results in a predict-
able ratio of the volume of oxygen consumed to the 
amount of CO2 produced. The oxidation of carbohy-
drate results in a R of 1.0:

Glucose   C6H12O6

Oxidation: C6H12O6   6 O2 → 6 CO2   6 H2O
R   V̇CO2   V̇CO2   6 CO2   6 O2   1

Fat oxidation requires more O2 than carbohydrate oxi-
dation does, because carbohydrate contains more O2 
than fat does (97).
 It is unlikely that either fat or carbohydrate 
would be the only substrate used during most types 
of submaximal exercise. Therefore, the exercise R 
would likely be somewhere between 1.0 and 0.70. 
Table 4.1 lists a range of R values and the percent-
age of fat or carbohydrate metabolism they repre-
sent. Note that a nonprotein R of 0.85 represents a 
condition wherein fat and carbohydrate contribute 
equally as energy substrates. Further, notice that 
the higher the R, the greater the role of carbohydrate 
as an energy source, and the lower the R, the greater 
the contribution of fat.

■ The respiratory exchange ratio (R) is the ratio of 
carbon dioxide produced to the oxygen con-
sumed (V̇ CO2/ V̇ O2).

■ For R to be used as an estimate of  substrate 
utilization during exercise, the subject must 
have reached a steady state. This is important 
because only during steady-state exercise are 
the V̇ CO2 and V̇ O2 refl ective of metabolic 
exchange of gases in tissues.

IN SUMMARY

FACTORS GOVERNING 
FUEL SELECTION

Proteins contribute less than 2% of the substrate used 
during exercise of less than one hour’s duration. How-
ever, the role of proteins as a fuel source may increase 
slightly during prolonged exercise (i.e., three to five 
hours’ duration). During this type of exercise, the total 
contribution of protein to the fuel supply may reach 
5% to 10% during the final minutes of work (10, 18, 64, 
71, 72, 87, 105). Therefore, proteins play only a minor 
role as a substrate during exercise, with fat and carbo-
hydrate serving as the major sources of energy during 
activity in the healthy individual consuming a bal-
anced diet. Whether fat or carbohydrate is the primary 
substrate during work is determined by several fac-
tors, including diet and the intensity and duration of 
exercise. For example, high-fat and low-carbohydrate 
diets promote a high rate of fat metabolism. In regard 
to exercise intensity, low-intensity exercise relies 
primarily on fat as fuel, whereas carbohydrate is the 
primary energy source during high-intensity exercise. 
Fuel selection is also influenced by the duration of 
exercise. During low-intensity, prolonged exercise, 
there is a progressive increase in the amount of fat 
oxidized by the working muscles. In the next two sec-
tions we discuss the influence of exercise intensity 
and duration on fuel selection in detail.

TABLE 4.1 Percentage of Fat and 

Carbohydrate Metabolized as 

Determined by a Nonprotein 

Respiratory Exchange Ratio (R)

R % Fat % Carbohydrate

0.70 100   0

0.75  83  17

0.80  67  33

0.85  50  50

0.90  33  67

0.95  17  83

1.00   0 100
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Exercise Intensity and Fuel Selection

Again, fats are a primary fuel source for muscle during 
low-intensity exercise (i.e.,  30% V̇ O2 max), whereas 
carbohydrate is the dominant substrate during high-
intensity exercise (i.e.,  70% V̇ O2 max) (19, 24, 79, 
91). The influence of exercise intensity on muscle fuel 
selection is illustrated in figure 4.11. Note that as 
the exercise intensity increases, there is a progressive 
increase in carbohydrate metabolism and a de-
 crease in fat metabolism. Also, notice that as the exer-
cise intensity increases, there is an exercise intensity 
at which the energy derived from carbohydrate exceeds 
that of fat; this work rate has been labeled the “cross-
over” point (19). That is, as the exercise intensity 
increases above the crossover point, there is a pro-
gressive shift from fat to carbohydrate metabolism.
 What causes this shift from fat to carbohydrate 
metabolism as the exercise intensity increases? Two 
primary factors are involved: (1) recruitment of fast 
fibers and (2) increasing blood levels of epinephrine. 
As the exercise intensity increases, more and more 
fast muscle fibers are recruited (44). These fibers have 
an abundance of glycolytic enzymes but few mito-
chondrial and lipolytic enzymes (enzymes responsible 
for fat breakdown). In short, this means that fast fibers 
are better equipped to metabolize carbohydrates 
than fats. Therefore, the increased recruitment of fast 

fibers results in greater carbohydrate metabolism and 
less fat metabolism (19).
 A second factor that regulates carbohydrate 
metabolism during exercise is epinephrine. As exer-
cise intensity increases, there is a progressive rise in 
blood levels of epinephrine (see chapter 5). High levels 
of epinephrine increase muscle glycogen breakdown, 
carbohydrate metabolism (i.e., glycolysis increases), 
and lactate production (19) (see A Closer Look 4.2). 
This increased production of lactate  inhibits fat 

A CLOSER LOOK 4.2

Regulation of Glycogen Breakdown During Exercise

Much of the carbohydrate broken down 

via glycolysis during moderate- to 

high-intensity exercise comes from 

intramuscular glycogen stores. Glyco-

gen storage in muscle is dependent on 

the availability of glucose and the 

activity of the enzyme glycogen syn-

thetase. Elevated blood levels of 

insulin and glucose along with high 

glycogen synthetase activity promote 

glycogen storage in muscle.

 The breakdown of glycogen (gly co-

gen olysis) into individual glucose 

molecules is dependent on the en-

zyme phosphorylase (94). In nonwork-

ing muscle, phosphorylase is gener-

ally found in an inactive form and thus 

must be “activated” before glycogen 

breakdown can occur. This activation of 

phosphorylase is regulated by two 

mechanisms (figure 4.12). First, the 

mechanism that best explains the 

activation of phosphorylase at the 

beginning of exercise and during low-

intensity exercise is linked to the pro-

tein molecule “calmodulin.” Calmodulin 

is found in many tissues including 

muscle and is activated at the onset of 

exercise by the release of calcium from 

the sarcoplasmic reticulum (see chap-

ter 8). Active calmodulin then activates 

phosphorylase, which promotes glyco-

genolysis (see chapter 5 for details of 

calmodulin activity).

 The second system that can activate 

phosphorylase during exercise is con-

trolled by the hormone epi nephrine. 

Epinephrine binds to a receptor on the 

cell membrane, which results in the 

formation of “cyclic AMP,” which then 

activates phosphorylase (chap ter 5 con-

tains additional information on cyclic 

AMP). This mechanism is operative dur-

ing high-intensity or prolonged exer-

cise, but is too slow to explain the 

immediate glycogenolysis at the onset 

of muscular contraction.

 In summary, the breakdown of mus-

cle glycogen into glucose during exer-

cise is regulated by the activity of the 

enzyme phosphorylase. Activation of 

phosphorylase at the beginning of 

ex ercise is regulated by the calcium/ 

calmodulin system whereas the epi-

nephrine/cyclic AMP system plays an 

im portant role during prolonged or 

high-intensity exercise. Also, note that 

a small number of people are born 

without the enzyme phosphorylase. 

This genetic disorder impairs the 

person’s ability to use glycogen as an 

energy source during exercise and is 

discussed in Clinical Applications 4.1.

Figure 4.11 Illustration of the “crossover” concept. Note 

that as the exercise intensity increases, there is a pro-

gressive increase in the contribution of carbohydrate as a 

fuel source.
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CLINICAL APPLICATIONS 4.1

McArdle’s Syndrome: A Genetic Error in Muscle Glycogen Metabolism

McArdle’s syndrome is a genetic dis-

ease in which the person is born with a 

gene mutation and cannot synthesize 

the enzyme phosphorylase. This meta-

bolic disorder prevents the individual 

from breaking down muscle glycogen 

as a fuel source during exercise. This 

inability to use glycogen during exer-

cise also prevents the muscle from 

producing lactate, as indicated by the 

observation that blood lactate levels 

do not increase in McArdle’s patients 

during high-intensity exercise.

 An unfortunate side effect of this 

genetic disorder is that McArdle’s 

patients often complain of exercise into-

lerance and muscle pain during exer-

tion. This clinical observation provides 

a practical illustration of the importance 

of muscle glycogen as an energy source 

during exercise. Further, the study of 

McArdle’s patients during exercise has 

provided new insight into several impor-

tant issues related to skeletal muscle 

metabolism and respiratory control dur-

ing exercise.

Figure 4.12 The breakdown of muscle glycogen during 

exercise is regulated by two separate mechanisms: 

(1) epinephrine-cyclic AMP (cAMP) pathway, and 

(2) calcium-calmodulin pathway. Both pathways acti-

vate the enzyme phosphorylase, which degrades gly-

cogen into glucose for entry into glycolysis. See text in 

A Closer Look 4.2 for details.

Exercise

Glycolysis

c Epinephrine c Intracellular calcium

Phosphorylase (active)

Glycogen degradation

c cAMP c Calmodulin activation

metabolism by reducing the availability of fat as a 
substrate (99). The lack of fat as a substrate for work-
ing muscles under these conditions dictates that 
 carbohydrate will be the primary fuel (see A Closer 
Look 4.3).

Exercise Duration and Fuel Selection

During prolonged, low-intensity exercise (i.e., greater 
than thirty minutes), there is a gradual shift from car-
bohydrate metabolism toward an increasing reliance 

on fat as a substrate (4, 45, 63, 70, 79, 85). Figure 4.13 
demonstrates this point.
 What factors control the rate of fat metabolism dur-
ing prolonged exercise? Fat metabolism is regulated 
by those variables that control the rate of fat breakdown 
(a process called lipolysis). Triglycerides are broken 
down into free fatty acids (FFAs) and glycerol by 
enzymes called lipases. These lipases are generally 
inactive until stimulated by the hormones epinephrine, 
norepinephrine, and glucagon (63). For example, during 
low-intensity, prolonged exercise, blood levels of epi-
nephrine rise, which increases lipase activity and thus 
promotes lipolysis. This increase in lipolysis results in 
an increase in blood and muscle levels of FFA and pro-
motes fat metabolism. In general, lipolysis is a slow pro-
cess, and an increase in fat metabolism occurs only after 
several minutes of exercise. This point is illustrated in fig-
ure 4.13 by the slow increase in fat metabolism across 
time during prolonged submaximal exercise.
 The mobilization of FFA into the blood is inhibited 
by the hormone insulin and high blood levels of lactic 

Figure 4.13 Shift from carbohydrate metabolism toward 

fat metabolism during prolonged exercise.
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A CLOSER LOOK 4.3

Exercise and Fat Metabolism: Is Low-Intensity Exercise Best for Burning Fat?

What intensity of exercise is optimal 

for burning fat? It is often assumed 

that the intensity of exercise must be 

kept very low to burn fat as a fuel. It is 

true that at low exercise intensities a 

high percentage of the total energy 

expenditure during  exer cise is derived 

from fat. It follows that as the exercise 

intensity increases, the percentage of 

fat used as fuel decreases (figure 4.11). 

However, a key point to consider is 

that the total rate of fat oxidation dur-

ing exercise is typically greatest at 

higher exercise intensities that are 

below the lactate threshold. An appre-

ciation of this point can be gained from 

fi gures 4.11 and 4.14. For example, 

during exercise at 20% of V̇ O2 max, it is 

estimated that about 60% of the total 

energy expended would come from fat 

(fi gure 4.11). By comparison, during 

exercise at 50% of V̇ O2 max, about 40% 

of the total energy expended would 

be obtained from fat (fi gure 4.11). 

Nonetheless, because the total rate of 

energy expenditure is 2.5 times greater 

at 50% V̇ O2 max compared to 20% V̇ O2 

max, the absolute amount of fat metab-

olized is 33% higher during exercise at 

50% V̇ O2 max (fi gure 4.14). Therefore, 

expressing energy derived from fat as 

a per centage without consideration of 

the total energy expenditure is often 

 misleading.

FIGURE 4.14 Illustration of the rate of fat metabolism during exercise at vary-

ing intensities in an untrained subject.* Note that when comparing exercise at 

20, 50, 80, and 100% of V̇ O2 max, the greatest absolute amount of fat was metab-

olized at 50% of V̇ O max. Therefore, when designing an exercise program to 

reduce body fat stores, it is important to consider both the total rate of energy 

expenditure and the percentage of energy that is derived from fat metabolism. 

It is important to appreciate that this illustration is not intended to represent 

the “ideal” exercise intensity for all subjects to optimize fat metabolism. It is 

simply intended to make the point that there is an optimal exercise intensity 

to use fat as a fuel source and that this intensity depends upon both the per-

centage of energy derived from fat and the total rate of energy expenditure.

*The data presented in this example are based upon measurements obtained from an untrained male 

subject (body weight   89 kilograms; V̇ O2 max   4.0 liters/min; lactate threshold   60% of V̇ O2 max).
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fatigue (51). Why do low muscle glycogen levels pro-
duce fatigue? Recent evidence suggests the following 
answer. Depletion of available carbohydrate reduces 
the rate of glycolysis, and therefore the concentration 
of pyruvic acid in the muscle is also reduced (51). This 
lowers the rate of aerobic production of ATP by reduc-
ing the number of Krebs-cycle compounds (intermedi-
ates). In human muscle with adequate glycogen stores, 
submaximal exercise (i.e., 70% V̇ O2 max) results in a 
ninefold increase (above resting values) in the number 
of Krebs-cycle intermediates (90). This elevated pool 
of Krebs-cycle intermediates is required for the Krebs 
cycle to “speed up” in an effort to meet the high ATP 
demands during exercise. Pyruvic acid (produced via 
glycolysis) is important in providing this increase in 
Krebs-cycle intermediates. For example, pyruvic acid 
is a precursor of several Krebs-cycle intermediates 
(e.g., oxaloacetate, malate). When the rate of glycoly-
sis is reduced due to the unavailability of substrate, 

acid. Insulin inhibits lipolysis by direct inhibition of 
lipase activity. Normally, blood insulin levels decline 
during prolonged exercise (see chapter 5). However, if 
a high-carbohydrate meal or drink is consumed thirty to 
sixty minutes prior to exercise, blood glucose levels 
rise and more insulin is released from the pancreas. 
This elevation in blood insulin results in diminished 
lipolysis and a reduction in fat metabolism.

Interaction of Fat/Carbohydrate 
Metabolism

During short-term exercise it is unlikely that muscle 
stores of glycogen or blood glucose levels would be 
depleted. However, during prolonged exercise (e.g., 
greater than two hours) muscle and liver stores of 
glycogen can reach very low levels (18, 23, 44, 51, 
57, 90). This is important because depletion of muscle 
and blood carbohydrate stores results in muscular 
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pyruvic acid levels in the sarcoplasm decline, and the 
levels of Krebs-cycle intermediates decrease as well. 
This decline in Krebs-cycle intermediates slows the 
rate of Krebs-cycle activity, with the end result being a 
reduction in the rate of aerobic ATP production. This 
reduced rate of muscle ATP production limits muscu-
lar performance and may result in fatigue.
 It is important to appreciate that a reduction in 
Krebs-cycle intermediates (due to glycogen deple-
tion) results in a diminished rate of ATP production 
from fat metabolism, since fat can be metabolized 
only via Krebs-cycle oxidation. Hence, when carbohy-
drate stores are depleted in the body, the rate at which 
fat is metabolized is also reduced (90). Therefore, “fats 
burn in the flame of carbohydrates” (95). The role that 
depletion of body carbohydrate stores may play in 
limiting performance during prolonged exercise is 
introduced in The Winning Edge 4.2 and is further dis-
cussed in both chapters 19 and 23.

Body Fuel Sources

In this section we outline the storage sites in the body 
for carbohydrates, fats, and proteins. Further, we define 
the role that each of these fuel storage sites plays in 
providing energy during exercise. Finally, we discuss 
the use of lactate as a fuel source during work.

Sources of Carbohydrate During Exercise Carbo-
hydrate is stored as glycogen in both the muscle and 
the liver (see table 4.2). Muscle glycogen stores provide 
a direct source of carbohydrate for muscle energy 
metabolism, whereas liver glycogen stores serve as a 
means of replacing blood glucose. For example, when 
blood glucose levels decline during prolonged exer-
cise, liver glycogenolysis is stimulated and glucose is 
released into the blood. This glucose can then be trans-
ported to the contracting muscle and used as fuel.

 Carbohydrate used as a substrate during exer-
cise comes from both glycogen stores in muscle and 
from blood glucose (22, 26, 44, 66, 94). The relative 
contribution of muscle glycogen and blood glucose 
to energy metabolism during exercise varies as a 
function of the exercise intensity and duration. Blood 
glucose plays the greater role during low-intensity 
exercise, whereas muscle glycogen is the primary 
source of carbohydrate during high-intensity exer-
cise (see figure 4.15). As mentioned earlier, the 
increased glycogen usage during high-intensity exer-
cise can be explained by the increased rate of glyco-
genolysis that occurs due to recruitment of fast-twitch 
fibers and elevated blood epinephrine levels.
 During the first hour of submaximal prolonged 
exercise, much of the carbohydrate metabolized by 
muscle comes from muscle glycogen. However, as 
muscle glycogen levels decline across time, blood 
glucose becomes an increasingly important source of 
fuel (see figure 4.16).

Sources of Fat During Exercise When an individ-
ual consumes more energy (i.e., food) than he or she 
expends, this additional energy is stored in the form 
of fat. A gain of 3,500 kcal of energy results in the stor-
age of 1 pound of fat. Most fat is stored in the form 
of triglycerides in adipocytes (fat cells), but some 
is stored in muscle cells as well (see table 4.2). As 
mentioned earlier, the major factor that determines 
the role of fat as a substrate during exercise is its 
availability to the muscle cell (95B). To be metabo-
lized, triglycerides must be degraded to FFA (three 
molecules) and glycerol (one molecule). When triglyc-
erides are split, FFA can be converted into acetyl-CoA 
and enter the Krebs cycle.
 Which fat stores are used as a fuel source varies as 
a function of the exercise intensity and duration. For 

THE WINNING EDGE 4.2

Exercise Physiology Applied to Sports

Carbohydrate Feeding via 

Sports Drinks Improves 

Endurance Performance

The depletion of muscle and blood 

carbohydrate stores can contribute to 

muscular fatigue during prolonged ex -

ercise. Therefore, can the ingestion of 

carbohydrates during prolonged exer-

cise improve endurance performance? 

The clear answer to this question is 

yes! Studies investigating the effects of 

car bohydrate feeding through “sports 

drinks” have convincingly shown that 

carbohydrate feedings during submaxi-

mal (i.e.,  70% V̇ O2 max), long- duration 

(e.g.,  90 minutes) exercise can im -

prove endurance performance (25, 76). 

How much carbohydrate is required 

to im prove performance? In general, 

car bohydrate feedings of 30 to 60 grams 

per hour are required to enhance 

performance. 

 Can carbohydrate feedings also 

improve exercise performance during 

shorter-duration exercise (i.e., thirty to 

sixty minutes)? A defi nitive answer to 

this question is not currently available. 

However, research from the University 

of Texas indicates that carbohydrate 

ingestion improved exercise perfor-

mance by 6.5% during sixty minutes of 

exercise at 80% V̇ O2 max (9). Based on 

these promising results, additional stud-

ies investigating the effects of carbohy-

drate feedings on performance during 

high-intensity exercise are warranted.
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TABLE 4.2  Principal Storage Sites of Carbohydrate and Fat in the Body of a Healthy, Nonobese 

(20% Body Fat), 70-kg Male Subject

Note that dietary intake of carbohydrate infl uences the amount of glycogen stored in both the liver and muscle. Mass 

units for storage are grams (g) and kilograms (kg). Energy units are kilocalories (kcal) and kilojoules (kJ). Data are from 

references 29, 30, and 62.

 CARBOHYDRATE (CHO)

Storage Site Mixed Diet High-CHO Diet Low-CHO Diet

Liver glycogen 60 g 90 g  30 g

 (240 kcal  (360 kcal  (120 kcal 

  or 1,005 kJ)  or 1,507 kJ)  or 502 kJ)

Glucose in blood and extracellular fl uid 10 g 10 g 10 g

 (40 kcal  (40 kcal  (40 kcal 

  or 167 kJ)  or 167 kJ)  or 167 kJ)

Muscle glycogen 350 g 600 g 300 g

 (1,400 kcal  (2,400 kcal  (1,200 kcal 

  or 5,860 kJ)  or 10,046 kJ)  or 5,023 kJ)

 FAT

Storage Site Mixed Diet

Adipocytes 14 kg

 (107,800 kcal 

  or 451,251 kJ)

Muscle 0.5 kg

 (3,850 kcal 

  or 16,116 kJ)

example, plasma FFAs (i.e., FFA from adipocytes) are 
the primary source of fat during low-intensity exercise. 
At higher work rates, metabolism of muscle triglycer-
ides increases (see figure 4.15). At exercise intensities 
between 65% and 85% V̇ O2 max, the contribution of fat 
as a muscle fuel source is approximately equal between 
plasma FFA and muscle triglycerides (24, 54, 89).

Figure 4.15 Influence of exercise intensity on muscle 

fuel source. Data are from highly trained endurance 

athletes.
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Figure 4.16 Percentage of energy derived from the four 

major sources of fuel during submaximal exercise (i.e., 

65%–75% V̇ O2 max). Data are from trained endurance 

athletes.
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 The contribution of plasma FFA and muscle tri-
glycerides to exercise metabolism during prolonged 
exercise is summarized in figure 4.16. Note that at the 
beginning of exercise, the contribution of plasma FFA 
and muscle triglycerides is equal. However, as the 
duration of exercise increases, there is a progressive 
rise in the role of plasma FFA as a fuel source.

Sources of Protein During Exercise To be used as 
a fuel source, proteins must first be degraded into 
amino acids. Amino acids can be supplied to muscle 
from the blood or from the amino acid pool in the fiber 
itself. Again, the role that protein plays as a substrate 
during exercise is small and is principally dependent 
on the availability of branch-chained amino acids and 
the amino acid alanine (7, 50). Skele tal muscle can 
directly metabolize branched-chain amino acids (e.g., 
valine, leucine, isoleucine) to produce ATP (47, 64). 

Further, in the liver, alanine can be converted to glu-
cose and returned via the blood to skeletal muscle to 
be utilized as a substrate.
 Any factor that increases the amino acid pool 
(amount of available amino acids) in the liver or in 
skeletal muscle can theoretically enhance protein 
metabolism (64, 73). One such factor is prolonged 
exercise (i.e., more than two hours). Numerous inves-
tigators have demonstrated that enzymes capable of 
degrading muscle proteins (proteases) are activated 
during long-term exercise (2, 32, 33, 80). The mecha-
nism responsible for activation of these proteases dur-
ing prolonged exercise appears to be exercise-induced 
increases in calcium levels within muscle fibers during 
exercise (2, 78). Indeed, several families of proteases 
are activated by increases in cellular levels of calcium 
(2, 78). Regardless of the mechanism responsible 
for protease activation during exercise, the practical 

A CLOSER LOOK 4.4

The Cori Cycle: Lactate as a Fuel Source

During exercise some of the lactic acid 

that is produced by skeletal muscles is 

transported to the liver via the blood 

(52, 98). Upon entry into the liver, lactate 

can be converted to glucose via gluco-

neogenesis. This “new” glucose can be 

released into the blood and transported 

back to skeletal muscles to be used as 

an energy source during exercise. The 

cycle of lactate-to- glucose between the 

muscle and liver is called the Cori cycle 

and is illustrated in fi gure 4.17.

FIGURE 4.17 The Cori cycle. 
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lactate formed in muscle can 

then be transported via the 

blood to the liver and converted 

to glucose by gluconeogenesis.

Bloodstream

Glucose

Glucose

Pyruvate

Lactate

Glucose-6-

phosphate

Pyruvate

Lactate

Lactate

Glucose



www.mhhe.com/powers7e Chapter Four Exercise Metabolism 67

aspect of this finding is that during the course of pro-
longed exercise, proteases become activated and 
amino acids are liberated from their parent proteins. 
This rise in the amino acid pool results in an increase 
in the use of amino acids as fuel during exercise (79).

Lactate as a Fuel Source During Exercise For 
many years, lactate was considered to be a waste 
product of glycolysis with limited metabolic use. How-
ever, new evidence has shown that lactate is not nec-
essarily a waste product but can play a beneficial role 
during exercise by serving as both a substrate for the 
liver to synthesize glucose (see A Closer Look 4.4) and 
as a direct fuel source for skeletal muscle and the 
heart (14, 15, 54). That is, in slow skeletal muscle 
fibers and the heart, lactate removed from the blood 
can be converted to pyruvate, which can then be trans-
formed to acetyl-CoA. This acetyl-CoA can then enter 
the Krebs cycle and contribute to oxidative metabo-
lism. The concept that lactate can be produced in one 
tissue and then transported to another to be used as 

an energy source has been termed the “lactate shut-
tle” (12–15, 17). See Ask the Expert 4.2 for more details 
on the lactate shuttle.

■ The regulation of fuel selection during exercise 
is under complex control and is dependent 
upon several factors, including diet and the 
intensity and duration of exercise.

■ In general, carbohydrates are used as the major 
fuel source during high-intensity  exercise.

■ During prolonged exercise, there is a gradual 
shift from carbohydrate metabolism toward fat 
metabolism.

■ Proteins contribute less than 2% of the fuel used 
during exercise of less than one hour’s duration. 
During prolonged exercise (i.e., three to fi ve 
hours’ duration), the total  contribution of 
protein to the fuel supply may reach 5% to 10% 
during the fi nal minutes of prolonged work.

IN SUMMARY

 ASK THE EXPERT 4.2

The Lactate Shuttle:  An Important Concept in Muscle Metabolism During Exercise: 

Questions and Answers with Dr. George Brooks

Dr. George Brooks is a 

professor in the Depart-

ment of Integrative Physiol-

ogy at the University of 

California-Berkeley. Profes-

sor Brooks is an internation-

ally recognized exercise 

physiologist, and he has 

published more than 200 scientifi c papers on a 

variety of topics related to exercise metabolism. 

Dr. Brooks fi rst coined the term “lactate shuttle” 

in 1985, and his laboratory performed much of 

the original research that defi nes the role that 

lactate plays as a fuel source during exercise. 

Here, Dr. Brooks answers questions related to 

the production and fate of lactate produced in 

skeletal muscle during exercise.

QUESTION: The concept of the lactate 

shuttle originated from your work 

over 20 years ago and your research 

group has continued to provide new 

information about this important 

topic. Given that the concept of the 

lactate shuttle continues to evolve, 

what is your contemporary defi nition 

of the “lactate shuttle”?

ANSWER: In the broadest sense, the

lactate shuttle is defi ned as the 

formation of lactate in one cell 

compartment and use in another 

compartment. That is, the compart-

ments may be in the cell that pro-

duced the lactate or in an adjacent 

cell or far removed cells in the body. 

Originally we believed that the main 

functions of the lactate shuttle were 

to provide oxidizable fuel and a glu-

coneogenic precursor. Now, we also 

recognize that lactate is a signaling 

molecule and may serve other func-

tions in the body.

QUESTION: Which body tissues receive 

the most benefi t from circulating lac-

tate during prolonged exercise?

ANSWER: This is a diffi cult question to 

answer. Nonetheless, most lactate 

formed during exercise is used as a 

fuel in slow (Type I) skeletal muscle 

fi bers and heart. Further, liver uptake 

of lactate from the blood is impor-

tant because the use of lactate to 

form glucose (i.e., gluconeogenesis) 

in the liver is a basic and important 

physiological process, for without it 

hypoglycemia could occur in pro-

longed exercise.

QUESTION: In addition to your original 

concept of the cell-to-cell lactate 

shuttle, your group has recently dis-

covered the existence of an “intra-

cellular lactate shuttle.” Can you 

please provide a brief description of 

the intracellular lactate shuttle?

ANSWER: The original Cell-Cell lactate 

shuttle was based on the concept of 

fi ber type heterogeneity. The origi-

nal idea was that recruitment of fast 

(Type II) fi bers would result in lac-

tate production, thus providing fuel 

for adjacent slow (Type I) muscle 

fi bers and the heart. However, it 

became apparent that the lactate 

shuttle operated all the time, even 

at rest when Type II muscle fi bers 

were not actively contracting. So, we 

recognized the presence of another 

component of the lactate shuttle, an 

intracellular component. In the most 

simple terms, the intracellular lac-

tate shuttle refers to the concept 

that lactate can be produced within 

the cytoplasm of a muscle fi ber and 

then taken up by mitochondria in 

the same fi ber for use as a fuel 

source.
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STUDY QUESTIONS

 1.  Identify the predominant energy systems used to pro-
duce ATP during the following types of exercise:

 a.  short-term, intense exercise (i.e., less than ten sec-
onds’ duration)

 b. 400-meter dash
 c. 20-kilometer race (i.e., 12.4 miles)

 2.  Graph the change in oxygen uptake during the transi-
tion from rest to steady-state, submaximal exercise. 
Label the oxygen deficit. Where does the ATP come 
from during the transition period from rest to steady 
state?

 3.  Graph the change in oxygen uptake and blood lactate 
concentration during incremental exercise. Label the 
point on the graph that might be considered the lac-
tate threshold or lactate inflection point.

 4.  Discuss several possible reasons why blood lactate 
begins to rise rapidly during incremental exercise.

 5.  Briefly explain how the respiratory exchange ratio is 
used to estimate which substrate is being utilized dur-
ing exercise. What is meant by the term nonprotein R?

 6.  List two factors that play a role in the regulation of car-
bohydrate metabolism during exercise.

 7.  List those variables that regulate fat metabolism during 
exercise.

 8.  Define the following terms: (a) triglyceride, (b) lipolysis, 
and (c) lipases.

 9.  Graph the change in oxygen uptake during recovery 
from exercise. Label the oxygen debt.

10.  How does modern theory of EPOC differ from the clas-
sical oxygen debt theory proposed by A. V. Hill?

11.  Discuss the influence of exercise intensity on muscle 
fuel selection.

12.  How does the duration of exercise influence muscle fuel 
selection?
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5
Hormonal Responses to Exercise

 1.  Describe the concept of hormone-receptor 

interaction.

 2.  Identify the four factors influencing the 

concentration of a hormone in the blood.

 3.  Describe the mechanism by which steroid 

hormones act on cells.

 4.  Describe the “second messenger” hypothesis 

of hormone action.

 5.  Describe the role of the hypothalamus-

releasing factors in the control of hormone 

secretion from the anterior pituitary gland.

 6.  Describe the relationship of the hypothalamus 

to the secretion of hormones from the 

posterior pituitary gland.

 7.  Identify the site of release, stimulus for 

release, and the predominant action of 

the following hormones: epinephrine, 

norepinephrine, glucagon, insulin, cortisol, 

aldosterone, thyroxine, growth hormone, 

estrogen, and testosterone.

 8.  Discuss the use of testosterone (an anabolic 

steroid) and growth hormone on muscle 

growth and their potential side effects.

 9.  Contrast the role of plasma catecholamines 

with intracellular factors in the mobilization of 

muscle glycogen during exercise.

10.  Briefl y discuss the following four mechanisms 

by which blood glucose homeostasis is 

maintained: mobilizing glucose from liver 

glycogen stores; mobilizing plasma free fatty 

acids from adipose tissue; synthesizing 

glucose from amino acids and glycerol in the 

liver; and blocking glucose entry into cells.

11.  Graphically describe the changes in the 

following hormones during graded and 

prolonged exercise, and discuss how those 

changes influence the four mechanisms used 

to maintain the blood glucose concentration: 

insulin, glucagon, cortisol, growth hormone, 

epinephrine, and norepinephrine.

12.  Describe the effect of changing hormone and 

substrate levels in the blood on the mobilization 

of free fatty acids from adipose tissue.
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A s presented in chapter 4, the fuels for muscular

 exercise include muscle glycogen and fat, plasma 

glucose and free fatty acids, and to a lesser extent, 

amino acids. These fuels must be provided at an 

optimal rate for activities as diverse as the 400-

meter run and the 26-mile, 385-yard marathon, or 

performance will suffer. What controls the mixture 

of fuel used by the muscles? What stimulates the 

adipose tissue to release more FFA? How is the liver 

made aware of the need to replace the glucose that 

is being removed from the blood by exercising mus-

cles? If glucose is not replaced, a hypoglycemic (low 

blood glucose) condition will occur. Hypoglycemia 

is a topic of crucial importance in discussing exer-

cise as a challenge to homeostasis. Blood glucose 

is the primary fuel for the central nervous system 

(CNS), and without optimal CNS function during 

exercise, the chance of fatigue and the risk of seri-

ous injury increase. Although blood glucose was 

used as an example, it should be noted that sodium, 

calcium, potassium, and water concentrations, as 

well as blood pressure and pH, are also maintained 

within narrow limits during exercise. It should be no 

surprise then that there are a variety of automatic 

control systems maintaining these variables within 

these limits. Chapter 2 presented an overview of 

automatic control systems that maintain homeo-

stasis. This chapter expands on that by providing 

information on neuroendocrinology, a branch of 

physiology dedicated to the systematic study of 

control systems. The first part of the chapter pre-

sents a brief introduction to each hormone, indi-

cates the factors controlling its secretion, and 

discusses its role in homeostasis. Following that, 

we discuss how hormones control the delivery of 

carbohydrates and fats during exercise.

NEUROENDOCRINOLOGY

The two major homeostatic systems involved in the con-

trol and regulation of various functions (cardiovascular, 

renal, metabolic, etc.) are the nervous and endocrine 

systems. Both are structured to sense information, orga-

nize an appropriate response, and then deliver the mes-

sage to the proper organ or tissue. Often the two systems 

work together to maintain homeostasis, and the term 

neuroendocrine response is reflective of that interdepen-

dence. The two systems differ in the way the message is 

delivered: The en docrine system releases hormones into 

the blood to circulate to tissues, whereas nerves use 

neurotransmitters to relay messages from one nerve to 

the other, or from a nerve to a tissue.

 Endocrine glands release hormones (chemical 

messengers) directly into the blood, which carries the 

hormone to a tissue to exert an effect. It is the binding 

of the hormone to a specific protein receptor that 

allows the hormone to exert its effect. In that way the 

hormone can circulate to all tissues while affecting 

only a few—those with the specific receptor.

 Hormones can be divided into several classes 

based on chemical makeup: amino acid derivatives, 

peptides/protein, and steroids. The chemical structure 

influences the way in which the hormone is transported 

in the blood and the manner in which it exerts its effect 

on the tissue. For example, while steroid hormones’ 

lipid-like structure requires that they be transported 

bound to plasma protein (to “dissolve” in the plasma), 
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that same lipid-like structure allows them to diffuse 

through cell membranes to exert their effects. This is 

discussed in detail in a later section, “Stimulation of 

DNA in the Nucleus.” Hormones exist in very small 

quantities in the blood and are measured in microgram 

(10⫺6 g), nanogram (10⫺9 g), and picogram (10⫺12 g) 

amounts. It wasn’t until the 1950s that analytical tech-

niques were improved to the point of allowing one to 

measure these low plasma concentrations (93).

Blood Hormone Concentration

The effect a hormone exerts on a tissue is directly 

related to the concentration of the hormone in the 

plasma and the number of active receptors to which it 

can bind. The hormone concentration in the plasma is 

dependent upon the following factors:

■ the rate of secretion of the hormone from the 

endocrine gland,

■ the rate of metabolism or excretion of the 

hormone,

■ the quantity of transport protein (for some 

hormones), and

■ changes in the plasma volume.

Control of Hormone Secretion The rate at which 

a hormone is secreted from an endocrine gland is 

dependent on the magnitude of the input and whether 

it is stimulatory or inhibitory in nature. The input in 

every case is a chemical one, be it an ion (e.g., Ca⫹⫹) 

or a substrate (e.g., glucose) in the plasma, a neu-

rotransmitter such as acetylcholine or norepineph-

rine, or another hormone. Most endocrine glands are 

under the direct influence of more than one type of 

input, which may either reinforce or interfere with 

each other’s effect. An example of this interaction is 

found in the control of insulin release from the pan-

creas. Figure 5.1 shows that the pancreas, which pro-

duces insulin, responds to changes in plasma glucose 

and amino acids, norepinephrine released from sym-

pathetic neurons as well as circulating epinephrine, 

parasympathetic neurons, which release acetyl-

choline, and a variety of hormones. Elevations of 

plasma glucose and amino acids increase insulin 

secretion (⫹), whereas an increase in sympathetic 

nervous system activity (epinephrine and norepi-

nephrine) decreases (⫺) insulin secretion. It is this 

magnitude of inhibitory versus excitatory input that 

determines whether there will be an increase or a 

decrease in the secretion of insulin.

Metabolism and Excretion of Hormones The 

concentration of a hormone in the plasma is also 

influenced by the rate at which it is metabolized (inac-

tivated) and/or excreted. Inactivation can take place at 

or near the receptor, or in the liver, the major site for 

hormone metabolism. In addition, the kidneys can 

metabolize a variety of hormones, or excrete them in 

their free (active) form. In fact, the rate of excretion of 

a hormone in the urine has been used as an indicator 

of its rate of secretion during exercise (12, 38, 69, 70). 

Since blood flow to the kidneys and liver decreases 

during exercise, the rate at which hormones are inac-

tivated or excreted decreases. This results in an eleva-

tion of the plasma level of the hormone over and 

above that due to higher rates of secretion.

Transport Protein The concentration of some hor-

mones is influenced by the quantity of transport pro-

tein in the plasma. Steroid hormones and thyroxine are 

transported bound to plasma proteins. For a hormone 

to exert its effect on a cell, it must be “free” to interact 

with the receptor and not “bound” to the transport pro-

tein. The amount of free hormone is dependent on the 

quantity of transport protein and the capacity and 

affinity of the protein to bind the hormone molecules. 

Capacity refers to the maximal quantity of hormone 

that can be bound to the transport protein, and affinity 

refers to the tendency of the transport protein to bind 

to the hormone. An increase in the quantity, capacity, 

or affinity of transport protein would reduce the amount 

of free hormone and its effect on tissue (48, 81). For 

example, high levels of estrogen during pregnancy 

increase the quantity of thyroxine’s transport protein, 

causing a reduction in free thyroxine. The thyroid gland 

produces more thyroxine to counteract this effect.

Plasma Volume Changes in plasma volume will 

change the hormone concentration independent of 

changes in the rate of secretion or inactivation of the 

hormone. During exercise, plasma volume decreases 

due to the movement of water out of the cardiovascu-

lar system. This causes a small increase in the concen-

tration of hormones in the plasma. By measuring 

changes in plasma volume, it is possible to “correct” the 

concentration of the hormone to obtain a more accu-

rate assessment of endocrine gland activity (81). 

Figure 5.1 The secretion of a hormone can be modified by 

a number of factors, some exerting a positive influence and 

others, a negative influence. From A. J. Vander et al., Human 

Physiology: The Mechanisms of Body Function, 4th ed. Copyright © 

1985 McGraw-Hill, Inc., New York. Reprinted by permission.
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■ Endocrine glands release hormones directly into 

the blood to alter the activity of tissues possess-

ing receptors to which the hormone can bind.

■ The free plasma hormone concentration deter-

mines the magnitude of the effect at the tissue 

level. 

■ The free hormone concentration can be 

changed by altering the rate of secretion or 

inactivation of the hormone, the quantity of 

transport protein, and the plasma volume.

IN SUMMARY

Hormone-Receptor Interaction

Hormones are carried by the circulation to all tissues, 

but they affect only certain tissues. Tissues responsive 

to specific hormones have specific protein receptors 

capable of binding those hormones. These protein 

receptors should not be viewed as static fixtures asso-

ciated with cells, but like any cellular structures, they 

are subject to change. The number of receptors varies 

from 500 to 100,000 per cell, depending on the recep-

tor. Receptor number may decrease when exposed 

to a chronically elevated level of a hormone (down-

regulation), resulting in a diminished response for the 

same hormone concentration. The opposite case, 

chronic exposure to a low concentration of a hormone, 

may lead to an increase in receptor number (up-

 regulation), with the tissue becoming very responsive 

to the available hormone. Since there is a finite num-

ber of receptors on or in a cell, a situation can arise in 

which the concentration of a hormone is so high that 

all receptors are bound to the hormone; this is called 

 saturation. Any additional increase in the plasma hor-

mone concentration will have no additional effect 

(41). Further, since the receptors are specific to a hor-

mone, any chemical similar in “shape” will compete 

for the limited receptor sites. A major way in which 

endocrine function is studied is to use chemicals 

(drugs) to block receptors and observe the conse-

quences. For example, patients with heart disease 

may receive a drug that blocks the receptors to which 

epinephrine (adrenaline) binds; this prevents the 

heart rate from getting too high during exercise. After 

the hormone binds to a receptor, cellular activity is 

altered by a variety of mechanisms.

Mechanisms of Hormone Action Mechanisms by 

which hormones modify cellular activity include:

■ alteration of membrane transport mechanisms,

■ altering activity of DNA in the nucleus to 

initiate or suppress the synthesis of a specific 

protein, and

■ activation of special proteins in the cells by 

“second messengers.”

Membrane Transport After binding to a receptor 

on a membrane, the major effect of some hormones is 

to activate carrier molecules in or near the membrane 

to increase the movement of substrates or ions from 

outside to inside the cell. For example, insulin binds 

to receptors on the surface of the cell and mobilizes 

glucose transporters located in the membrane of the 

cell. The transporters link up with glucose on the out-

side of the cell membrane where the concentration of 

glucose is high, and the glucose transporter diffuses 

to the inside of the membrane to release glucose for 

use in the cell (77). If an individual does not have ade-

quate insulin, as exists in uncontrolled diabetes, glu-

cose accumulates in the plasma because the glucose 

transporters in the membrane are not activated.

Altering Activity of DNA in the Nucleus Due to 

their lipid-like nature, steroid hormones diffuse easily 

through cell membranes, where they become bound 

to a protein receptor in the cytoplasm of the cell. 

Figure 5.2 shows that the steroid-receptor complex 

enters the nucleus and binds to a specific protein 

linked to DNA, which contains the instruction codes 

for protein synthesis. This activates (or, in a few cases, 

suppresses) genes that lead to the synthesis of a 

specific messenger RNA (mRNA) that carries the 

codes from the nucleus to the cytoplasm where the 

specific protein is synthesized. While thyroid hor-

mones are not steroid hormones, they act in a similar 

manner. These processes—the activation of DNA and 

the synthesis of specific protein—take time to turn on 

(making the hormones involved “slow-acting” hor-

mones), but their effects are longer lasting than those 

generated by “second messengers” (55).

Second Messengers Many hormones, because of 

their size or highly charged structure, cannot easily 

cross cell membranes. These hormones exert their 

effects by binding to a receptor on the membrane sur-

face and activating a G protein located in the mem-

brane of the cell. The G protein is the link between 

the hormone-receptor interaction on the surface of 

the membrane and the subsequent events inside the 

cell. The G protein may open an ion channel to allow 

Ca⫹⫹ to enter the cell, or it may activate an enzyme 

in the membrane. If the G protein activates adenylate 

cyclase, then cyclic AMP (cyclic 3⬘,5⬘-adenosine mono-

phosphate) is formed from ATP (see figure 5.3). In turn, 

the cyclic AMP concentration increases in the cell and 

activates proteins, which directly alter cellular activity. 

For example, this mechanism is used to break down 

glycogen to glucose (by activating phosphorylase) and 

break down triglyceride molecules to free fatty acids (by 

activating hormone sensitive lipase [HSL]). The cyclic 

AMP is inactivated by phosphodiesterase, an enzyme 

that converts cyclic AMP to 5⬘AMP. Factors that inter-

fere with phosphodiesterase activity, such as caffeine, 
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Figure 5.2 The mechanism by which steroid hormones act on target cells. The steroid hormone, represented by the trian-

gle with the letter H, binds to a cytoplasmic receptor to be transported to the nucleus, where it stimulates DNA to bring 

about a change in cellular activity.
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would increase the effect of the hormone by allowing 

cyclic AMP to exert its effect for a longer period of time. 

For example, caffeine may exert this effect on adipose 

tissue, causing free fatty acids to be mobilized at a 

faster rate (see chapter 25).

 If the G protein activates a Ca⫹⫹ ion channel, 

then Ca⫹⫹ enters the cell and binds to and activates 

a protein called calmodulin. The activated calmod-

ulin influences cellular activity in much the same 

way as cyclic AMP does (see figure 5.4). Lastly, a 

G protein may activate a membrane-bound enzyme 

phospholipase C. When this occurs, a phospho-

lipid in the membrane, phosphatidylinositol, is 

hydrolyzed into two intracellular molecules, inosi-

tol triphosphate, which causes Ca⫹⫹ release from 

intracellular stores, and diacylglycerol. The diacyl-

glycerol activates protein kinase C that, in turn, 

activates proteins in the cell (see figure 5.4). Cyclic 

AMP, Ca⫹⫹, inositol triphosphate, and diacylglyc-

erol are viewed as second messengers in the events 

following the hormone’s binding to a receptor on 

the cell membrane. These second messengers 

should not be viewed as being independent of one 

another, because changes in one can affect the 

action of the others (146).

Tyrosine Kinase In contrast to the above, insulin 

does not use these second messenger mechanisms 

to bring about its effects on the cell. Insulin binds to 

a tyrosine kinase receptor's alpha (␣) subunits, 

which reside outside the cell (see fi gure 5.5). This 

binding causes the beta (␤) subunits (located inside 

the cell) to phosphorylate themselves. The activated 

tyrosine kinase receptor phosphorylates signaling 

proteins that lead to the movement of glucose trans-

porters (GLUT4) to the membrane so glucose can 

enter the cell and also activate glycogen synthase 

to form glycogen from those glucoses molecules. 

Growth hormone also works through tyrosine kinase, 

but in this case growth hormone fi rst binds to the 

extracellular portion of its own unique receptor. 

This, in turn, recruits cytoplasmic tyrosine kinases 

to phosphorylate tyrosine residues on the intracel-

lular portion of the growth hormone receptor. This 

activation leads to changes in gene expression or 

metabolic changes in the cell (114).

■ The hormone-receptor interaction triggers 

events at the cell, and changing the concentra-

tion of the hormone, the number of receptors 

on the cell, or the affi nity of the receptor for 

the hormone will all infl uence the magnitude of 

the effect. 

■ Hormones bring about their effects by modify-

ing membrane transport, activating/suppressing 

genes to alter protein synthesis, and activating 

second messengers (cyclic AMP, Ca⫹⫹, inositol 

triphosphate, and diacylglycerol).

IN SUMMARY

Figure 5.4 Calcium and 

phospholipase C second 

messenger mechanisms by 

which hormones act on 

target cells.
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HORMONES: REGULATION 
AND ACTION

This section presents the major endocrine glands, 

their hormones and how they are regulated, the 

effects the hormones have on tissues, and how some 

of the hormones respond to exercise. This informa-

tion is essential in order to discuss the role of the 

neuroendocrine system in the mobilization of fuel for 

exercise.

Hypothalamus and the Pituitary Gland

The pituitary gland is located at the base of the brain, 

attached to the hypothalamus. The gland has two lobes, 

the anterior lobe (adenohypophysis), which is a true 

endocrine gland, and the posterior lobe (neurohypoph-

ysis), which is neural tissue extending from the hypo-

thalamus. Both lobes are under the direct control of the 

hypothalamus. In the case of the anterior pituitary, 

hormone release is controlled principally by chemicals 

(releasing hormones or factors) that originate in neu-

rons located in the hypothalamus. These releasing hor-

mones stimulate or inhibit the release of specific 

hormones from the anterior pituitary. The posterior 

pituitary gland receives its hormones from special neu-

rons originating in the hypothalamus. The hormones 

move down the axon to blood vessels in the posterior 

hypothalamus where they are discharged into the gen-

eral circulation (82).

Anterior Pituitary Gland The anterior pituitary 

hormones include adrenocorticotrophic hor mone 

(ACTH), follicle-stimulating hormone (FSH), lutein-

izing hormone (LH), melanocyte-stimulating hor-

mone (MSH), thyroid-stimulating hormone (TSH), 

growth hormone (GH), and prolactin. While prolac-

tin directly stimulates the breast to produce milk, the 

majority of the hormones secreted from the anterior 

pituitary control the release of other hormones. TSH 

controls the rate of thyroid hormone formation and 

secretion from the thyroid gland; ACTH stimulates the 

production and secretion of cortisol in the adrenal 

cortex; LH stimulates the production of testosterone 

in the testes and estrogen in the ovary; and GH stimu-

lates the release of somatomedins, or as they are 

commonly called today, insulin-like growth factors 

(IGFs), from the liver and other tissues. However, IGFs 

can be produced by a variety of other means. In fact, it 

is the IGF-1 produced in muscle due to muscle con-

traction that is associated with muscle hypertrophy 

(59, 89). However, as we will see, growth hormone 

exerts important effects on protein, fat, and carbohy-

drate metabolism (82).

Growth Hormone Growth hormone (GH) is se -

creted from the anterior pituitary gland and exerts 

profound effects on the growth of all tissues through 

the action of IGFs. Growth hormone secretion is 

controlled by releasing hormones secreted from the 

hypothalamus. Growth hormone-releasing hormone 

(GHRH) stimulates GH release from the anterior 

pituitary, whereas another factor, hypothalamic 

somatostatin, inhibits it. The GH and IGF levels in 

blood exert a negative feedback effect on the contin-

ued secretion of GH. As shown in figure 5.6, addi-

tional input to the hypothalamus that can influence 

the secretion of GH includes exercise, stress (broadly 

Figure 5.5 Insulin receptor. Insulin binds to the tyrosine kinase receptor’s alpha (␣) subunits, which reside outside the 

cell. This binding causes the beta (␤) subunits (located inside the cell) to phosphorylate themselves and activate signal-

ing proteins.
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defined), a low plasma-glucose concentration, and 

sleep (145).

 GH and IGFs stimulate tissue uptake of amino 

acids, the synthesis of new protein, and long bone 

growth. In addition, GH spares plasma glucose by:

■ opposing the action of insulin to reduce the 

use of plasma glucose,

■ increasing the synthesis of new glucose in the 

liver (gluconeogenesis), and

■ increasing the mobilization of fatty acids from 

adipose tissue.

Given these characteristics, it should be no surprise 

that GH increases with exercise to help maintain 

the plasma glucose concentration (this will be cov-

ered in detail in a later section, “Permissive and 

Slow-Acting Hormones”). Growth hormone, because 

of its role in protein synthesis, is being used by 

some athletes to enhance muscle mass and by the 

elderly to slow down the aging process. However, 

there are problems with this approach (see A Closer 

Look 5.1).

■ The hypothalamus controls the activity of both 

the anterior pituitary and posterior pituitary 

glands. 
■ GH is released from the anterior pituitary gland 

and is essential for normal growth.
■ GH increases during exercise to mobilize fatty 

acids from adipose tissue and to aid in the 

maintenance of blood glucose.

IN SUMMARY

Posterior Pituitary Gland The posterior pituitary 

gland releases two hormones, oxytocin and antidi-

uretic hormone (ADH), which is also called vasopressin. 

Oxytocin is a powerful stimulator of smooth muscle, 

especially at the time of childbirth, and is also involved 

in the milk “let down” response needed for the release 

of milk from the breast.

Antidiuretic Hormone Antidiuretic hormone (ADH) 

does what its name implies: It reduces water loss from 

the body. ADH favors the reabsorption of water from 

the kidney tubules back into the capillaries to maintain 

body fluid. There are two major stimuli that result in an 

increased secretion of ADH:

■ high plasma osmolality (a low water con-

centration) that can be caused by excessive 

sweating without water replacement, and

■ a low plasma volume, which can be due either 

to the loss of blood or to inadequate fluid 

replacement.

There are osmoreceptors in the hypothalamus that 

sense the water concentration in the interstitial fluid. 

When the plasma has a high concentration of parti-

cles (low water concentration), the osmoreceptors 

shrink, and a neural reflex to the hypothalamus stim-

ulates ADH release, which causes a reduction in 

water loss at the kidney. If the osmolality of the 

plasma is normal, but the volume of plasma is low, 

stretch receptors in the left atrium initiate a reflex 

leading to ADH release to attempt to maintain body 

fluid. During exercise, plasma volume decreases and 

osmolality increases, and for exercise intensities in 

excess of 60% of V̇O2 max, ADH secretion is increased 

as shown in figure 5.7 (25). This favors the conserva-

tion of water to maintain plasma volume (148).

Thyroid Gland

The thyroid gland is stimulated by TSH to synthesize 

two iodine-containing hormones: triiodothyronine 

(T3) and thyroxine (T4). T3 contains three iodine atoms 

and T4 contains four. TSH is also the primary stimulus 

for the release of T3 and T4 into the circulation, where 

they are bound to plasma proteins. Remember, it is 

the “free” hormone concentration (that which is not 

Figure 5.6 Summary of the positive and negative 

input to the hypothalamus, influencing growth 

hormone secretion. From A. J. Vander et al., Human 

Physiology: The Mechanisms of Body Function, 4th ed. Copy-

right © 1985 McGraw-Hill, Inc., New York. Reprinted by 

permission.
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A CLOSER LOOK 5.1

Growth Hormone and Performance

An excess of growth hormone (GH) dur-

ing childhood is tied to gigantism, 

whereas an inadequate secretion causes 

dwarfi sm. The latter condition requires 

the administration of GH (along with 

other growth-promoting hormones) dur-

ing the growing years if the child is to 

regain his or her normal position on the 

growth chart. GH was originally obtained 

by extracting it from the pituitary 

glands of cadavers—an expensive and 

time-consuming proposition. Due to the 

success of genetic engineering, recom-

binant human GH (rhGH) is now avail-

able in large quantities.

 If an excess of GH occurs during 

adulthood, a condition called acro-

megaly occurs. The additional GH 

during adulthood does not affect 

growth in height, since the epiphyseal 

growth plates at the ends of the long 

bones have closed. Unfortunately, the 

excess GH causes permanent defor-

mities, as seen in a thickening of the 

bones in the face, hands, and feet. 

Until recently, the usual cause of acro-

megaly was a tumor in the anterior 

pituitary gland that resulted in excess 

secretion of GH. This is no longer 

the case. In an unfortunate drive to 

take advantage of the muscle-growth-

stimulating effects of GH, athletes are 

injecting the now readily available 

human GH, along with other hormones 

(see A Closer Look 5.3). Evidence 

exists showing that GH increases pro-

tein synthesis in muscle; however, it is 

connective tissue protein (collagen) 

that is increased more than contrac-

tile protein. Consistent with these 

observations is the fact that strength 

gains do not parallel gains in muscle 

size (99). Similar observations have 

been made in studies involving GH-

deficient adults who were injected 

with GH during a resistance-training 

program (137, 157). As with all hor-

mones that have multiple effects, the 

user can’t have one effect without the 

other. Chronic use of GH may lead to 

diabetes, hyperlipidemia, arthritis, 

cardiomegaly, carpal tunnel compres-

sion, muscle disease, and shortened 

life span (49, 99, 154, 157, 161). 

 A recent systematic review of the 

research on the safety and effi cacy of 

GH on healthy older adults (mean age, 

69 years) found many more adverse 

effects than benefi ts and recom-

mended that GH not be used as an 

anti-aging therapy (95).

 Concern over the use of GH is so 

great that some people are recommend-

ing that it be reclassified as a “controlled 

substance” to reduce its availability (27, 

140). One of the central problems in 

controlling the abuse of GH is the diffi -

culty of distinguishing rhGH from what is 

produced naturally. New immunoassay 

techniques are making such detection 

and differentiation possible, but the 

effect of exercise on natural GH, coupled 

with its short half-life, complicates the 

problem of detection (127). However, 

Rennie (118) makes an interesting coun-

terpoint to this concern about detection: 

Since there is no evidence that GH is a 

muscle-building hormone, does all the 

attention promote its abuse? This would 

be a good paper for the class to read 

to debate the merits of this view.

bound to plasma proteins) that is important in bring-

ing about an effect on tissue. T4 is released from the 

thyroid gland in much larger amounts compared to T3. 

However, after release, most of the T4 is converted to 

T3, the more potent of the thyroid hormones.

Thyroid Hormones Thyroid hormones are central 

in establishing the overall metabolic rate (i.e., a 

hypothyroid [low T3] individual would be character-

ized as being lethargic and hypokinetic). It is this 

effect of the hormone that has been linked to weight-

control problems, but only a small percentage of 

obese individuals are hypothyroid. T3 and T4 act as 

permissive hormones in that they permit other hor-

mones to exert their full effect. There is a relatively 

long latent period between the time T3 and T4 are ele-

vated and the time when their effects are observed. 

The latent period is six to twelve hours for T3 and two 

to three days for T4. However, once initiated, their 

effects are long lasting (55). The control of T3 and T4 

secretion is another example of the negative feed-

back mechanism introduced in chapter 2. As the 

plasma concentrations of T3 and T4 increase, they 

inhibit the release of TSH-releasing hormone from 

the hypothalamus as well as TSH itself. This self-

regulating system ensures the necessary level of T3 

and T4 for the maintenance of a normal metabolic 

rate. During exercise the “free” hormone concentra-

tion increases due to changes in the binding charac-

teristic of the transport protein, and the hormones 

Figure 5.7 Percent change in the plasma antidiuretic 

hormone (ADH) concentration with increasing exercise 

intensity.
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are taken up at a faster rate by tissues. To counter the 

higher rate of removal of T3 and T4, TSH secretion 

increases and causes an increased secretion of these 

hormones from the thyroid gland (142). Evidence 

suggests that resistance training has little effect on 

the pituitary (TSH)-thyroid (T3, T4) function (2).

■ Thyroid hormones T3 and T4 are important for 

maintaining the metabolic rate and allowing 

other hormones to bring about their full 

effect.

IN SUMMARY

Calcitonin The thyroid gland also secretes 

calcitonin, which is involved in a minor way in the 

regulation of plasma calcium (Ca⫹⫹), a crucial ion 

for normal muscle and nerve function. The secretion 

of this hormone is controlled by another negative 

feedback mechanism. As the plasma Ca⫹⫹ concen-

tration in creases, calcitonin release is increased. 

Calcitonin blocks the release of Ca⫹⫹ from bone and 

stimulates Ca⫹⫹ excretion at the kidneys to lower 

the plasma Ca⫹⫹ concentration. As the Ca⫹⫹ con-

centration is decreased, the rate of calcitonin secre-

tion is reduced.

Parathyroid Gland

Parathyroid hormone is the primary hormone in volved 

in plasma Ca⫹⫹ regulation. The parathyroid gland 

releases parathyroid hormone in response to a low 

plasma Ca⫹⫹ concentration. The hormone stimulates 

bone to release Ca⫹⫹ into the plasma and simultane-

ously increases the renal absorption of Ca⫹⫹; both 

raise the plasma Ca⫹⫹ level. Parathyroid hormone 

also stimulates the kidney to convert a form of vita-

min D (vitamin D3) into a hormone that increases the 

absorption of Ca⫹⫹ from the gastrointestinal tract. 

Exercise increases the concentration of parathyroid 

hormone in the plasma (96, 97).

Adrenal Gland

The adrenal gland is really two different glands, the 

adrenal medulla, which secretes the catecholamines, 

epinephrine (E), and norepinephrine (NE), and the 

adrenal cortex, which secretes steroid hormones.

Adrenal Medulla The adrenal medulla is part of the 

sympathetic nervous system. Eighty percent of the 

gland’s hormonal secretion is epinephrine, which affects 

receptors in the cardiovascular and respiratory systems, 

gastrointestinal (GI) tract, liver, other en docrine glands, 

muscle, and adipose tissue. E and NE are involved in 

the maintenance of blood pressure and the plasma glu-

cose concentration. Their role in the cardiovascular 

system is discussed in chapter 9, and their involvement 

in the mobilization of substrate for exercise is discussed 

later in this chapter in “Fast-Acting Hormones.” E and 

NE also respond to strong emotional stimuli, and they 

form the basis for Cannon’s “fight or flight” hypothesis 

of how the body responds to challenges from the envi-

ronment (17). Cannon’s view was that the activation of 

the sympathetic nervous system prepared you either to 

confront a danger or to flee from it. Statements by 

sportscasters such as “The adrenalin must really be 

pumping now” are a rough translation of this hypothe-

sis. See A Look Back—Important People in Science for 

more on Dr. Walter B. Cannon.

 E and NE bind to adrenergic (from adrenaline, the 

European name for epinephrine) receptors on target 

tissues. The receptors are divided into two major 

classes: alpha (␣) and beta (␤), with subgroups (␣1 and 

␣2; ␤1 and ␤2). E and NE bring about their effects via the 

second messenger mechanisms mentioned earlier. The 

response generated in the target tissue, both size and 

direction (inhibitory or excitatory), is dependent on the 

receptor type and whether E or NE is involved. This is 

an example of how important the receptors are in deter-

mining the cell’s response to a hormone. Table 5.1 sum-

marizes the effects of E and NE relative to the type of 

adrenergic receptor involved (132). The different recep-

tors cause changes in the cell’s activity by increasing or 

decreasing the cyclic AMP or Ca⫹⫹ concentrations. 

From this table it can be seen that if a cell experienced 

a loss of ␤1 receptors and a gain in ␣2 receptors, the 

same epinephrine concentration would bring about 

very different effects in the cell.

■ The adrenal medulla secretes the catechol-

amines epinephrine (E) and norepinephrine 

(NE). E is the adrenal medulla’s primary secre-

tion (80%), and NE is primarily secreted from 

the adrenergic neurons of the sympathetic 

nervous system.

■ Epinephrine and norepinephrine bind to ␣- and 

␤-adrenergic receptors and bring about changes 

in cellular activity (e.g., increased heart rate, 

mobilization of fatty acids from adipose tissue) 

via second messengers.

IN SUMMARY

Adrenal Cortex The adrenal cortex secretes a vari-

ety of steroid hormones having rather distinct physio-

logical functions. The hormones can be grouped into 

three categories:

■ mineralocorticoids (aldosterone), involved in 

the maintenance of the Na⫹ and K⫹ concen-

trations in plasma,

■ glucocorticoids (cortisol), involved in plasma 

glucose regulation, and
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■ sex steroids (androgens and estrogens), 

which support prepubescent growth, with 

androgens being associated with post-

pubescent sex drive in women.

The chemical precursor common to all of these ste-

roid hormones is cholesterol, and while the final 

active hormones possess minor structural differences, 

their physiological functions differ greatly.

Aldosterone Aldosterone (mineralocorticoid) is an 

important regulator of Na⫹ reabsorption and K⫹ secre-

tion at the kidney. Aldosterone is directly involved in 

TABLE 5.1  Physiological Responses to Epinephrine and Norepinephrine: 

Role of Adrenergic Receptor Type

Receptor Effect of Membrane-Bound Intracellular Effects on 

Type E/NE Enzyme Mediator Various Tissues

␤1 E ⫽ NE Adenylate cyclase ↑cyclic AMP ↑Heart rate

    ↑Glycogenolysis

    ↑Lipolysis

␤2 E ⬎ ⬎ ⬎ NE Adenylate cyclase ↑ cyclic AMP ↑Bronchodilation

    ↑Vasodilation

␣1 E ⱖ NE Phospholipase C ↑Ca⫹⫹ ↑Phosphodiesterase

    ↑Vasoconstriction

␣2 E ⱖ NE Adenylate cyclase ↓ cyclic AMP Opposes action of ␤1 and 

     ␤2 receptors

Adapted from J. Tepperman and H. M. Tepperman. 1987. Metabolic and Endocrine Physiology, 5th ed. Chicago:  Year Book Medical Publishers.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE 

Walter B. Cannon (1871–1945) and the Fight or Flight Response

Walter B. Cannon was 

born and raised in Wis-

consin and attended 

Harvard College from 

1892 to 1896. He then 

entered Harvard Uni-

versity to study medi-

cine. During his fi rst year he worked in 

Dr. Henry Bowditch's lab and began 

to use the new technique of X-rays 

to study gastrointestinal  motility. He 

completed his medical degree in 1900 

and stayed on as an instructor in the 

Department of Physiology, of which 

Bowditch was chairman. Bowditch was 

a well-known physiologist who was one 

of the fi ve founders of the American 

Physiological Society. Two years later, 

Dr. Cannon was promoted to assistant 

professor, and in 1906 he succeeded 

Dr. Bowditch as chairman of the depart-

ment—a post he held until his retire-

ment in 1942.

 Dr. Cannon's research included work 

on gastrointestinal motility and the 

physiology of the emotions. He devel-

oped the concept of the emergency 

function of the sympathetic nervous 

system—the “fi ght or fl ight” response—

the importance of epinephrine and 

norepinephrine in mobilizing the re-

sources to the body to stay and fi ght, 

or to take fl ight in times of extreme 

stress. In addition to these important 

contributions, he also was responsible 

for the development of the concept of 

homeostasis—the idea that a dynamic 

constancy exists in the internal envi-

ronment that is maintained by complex 

regulatory systems, of which the neuro-

endocrine system, described in this 

chapter, is a major part. Homeostasis 

is one of the most fundamental theo-

ries in biology, and a theme that we use 

through this textbook.

 Dr. Cannon provided outstanding 

leadership, not only to the physiology 

department at Harvard, but to the 

broader fi eld of physiology. He was the 

sixth president of the American Physio-

logical Society (1914–16), and he spoke 

out strongly on a number of social and 

political issues, including fi ghting anti-

vivisectionists, as did his mentor, 

Dr. Bowditch, before him. He published 

several important textbooks, including 

Bodily Changes in Pain, Fear, and Rage 

(1915), The Wisdom of the Body (1932), 

and The Way of an Investigator (1945), the 

latter being an autobiography that 

describes his personal experiences as 

a scientist. It provides keen insights for 

those interested in pursuing the life of 

a scientist. Dr. Cannon is regarded as 

the greatest American physiologist of 

the fi rst half of the twentieth century.

 For those interested in more detail 

about this man's life, see Walter B. 

Cannon, The Life and Times of a Young Scien-

tist (1987) and Walter B. Cannon, Science 

and Society (2000), both published by 

Harvard University Press.

 American Physiological Society 

(http:www.the-aps.org/about/pres/

introwbc.htm)
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Na⫹/H2O balance and, consequently, plasma volume 

and blood pressure (see chapter 9). There are two lev-

els of control over aldosterone secretion. The release of 

aldosterone from the adrenal cortex is controlled 

directly by the plasma K⫹ concentration. An increase in 

K⫹ concentration increases aldosterone secretion, 

which stimulates the kidney’s active transport mecha-

nism to secrete K⫹ ions. This control system uses the 

negative feedback loop we have already seen. Aldoste-

rone secretion is also controlled by another more com-

plicated mechanism. A decrease in plasma volume, a 

fall in blood pressure at the kidney, or an increase in 

sympathetic nerve activity to the kidney stimulates 

special cells in the kidney to secrete an enzyme called 

renin. Renin enters the plasma and converts renin 

substrate (angiotensinogen) to angiotensin I, which is, 

in turn, converted to angiotensin II by angiotensin-

converting enzyme (ACE) in the lungs. Angiotensin II is 

a powerful vasoconstrictor, and individuals with hyper-

tension may be prescribed an ACE inhibitor to lower 

blood pressure. Angiotensin II stimulates aldosterone 

release, which increases Na⫹ reabsorption. The stimuli 

for aldosterone and ADH secretion are also the signals 

that stimulate thirst, a necessary ingredient to restore 

body fluid volume. During light exercise there is little 

or no change in plasma renin activity or aldosterone 

(100). However, when a heat load is imposed during 

light exercise, both renin and aldosterone secretion 

are increased (42). When exercise intensity approaches 

50% V̇O2 max (figure 5.8), renin, angiotensin, and 

aldosterone increase in parallel, showing the linkage 

within this homeostatic system (100, 142). Further, liver 

production of renin substrate increases to maintain the 

plasma concentration (104).

Cortisol The primary glucocorticoid secreted by the 

adrenal cortex is cortisol. By a variety of mechanisms, 

cortisol contributes to the maintenance of plasma 

glucose during long-term fasting and exercise. These 

mechanisms:

■ promote the breakdown of tissue protein (by 

inhibiting protein synthesis) to form amino 

acids, which are then used by the liver to form 

new glucose (gluconeogenesis),

■ stimulate the mobilization of free fatty acids 

from adipose tissue,

■ stimulate liver enzymes involved in the 

metabolic pathway leading to glucose 

synthesis, and

■ block the entry of glucose into tissues, forcing 

those tissues to use more fatty acids as fuel 

(55, 145).

 A summary of cortisol’s actions and its regula-

tion is presented in figure 5.9. Cortisol secretion is

controlled in the same manner as thyroxine. The 

hypothalamus secretes corticotrophic-releasing hor-

mone (CRH), which causes the anterior pituitary gland 

to secrete more ACTH into the general circulation. 

ACTH binds to receptors on the adrenal cortex and 

increases cortisol secretion. As the cortisol level 

Figure 5.8 Parallel increases in renin activity, angiotensin II, 

and aldosterone with increasing intensities of exercise. Data 

are expressed as the percent change from resting values.
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Figure 5.9 Control of cortisol secretion, showing the 

balance of positive and negative input to the hypothala-

mus, and cortisol’s influence on metabolism.
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increases, CRH and ACTH are inhibited in another 

negative feedback system. However, the hypothala-

mus, like any brain center, receives neural input from 

other areas of the brain. This input can influence 

the secretion of hypothalamic-releasing hormones 

beyond the level seen in a negative feedback system. 

Over seventy years ago, Hans Selye observed that a 

wide variety of stressful events such as burns, bone 

breaks, and heavy exercise led to predictable increases 

in ACTH and cortisol; he called this response the Gen-

eral Adaptation Syndrome (GAS). A key point in this 

response was the release of ACTH and cortisol to aid 

in the adaptation. His GAS had three stages: (a) the 

alarm reaction, involving cortisol secretion, (b) the stage 

of resistance, where repairs are made, and (c) the stage of 

exhaustion, in which repairs are not adequate, and sick-

ness or death results (130). The usefulness of the GAS 

is seen in times of “stress” caused by tissue damage. 

Cortisol stimulates the breakdown of tissue protein to 

form amino acids, which can then be used at the site 

of the tissue damage for repair. While it is clear that 

muscle tissue is a primary source of amino acids, the 

functional overload of muscle with resistance or 

endurance training can prevent the muscle atrophy 

the glucocorticoids can cause (4, 63, 64). Throughout 

this section we summarize the role of hormones 

secreted from various endocrine glands. A Closer 

Look 5.2 provides a new addition to this list that will 

have profound implications in our understanding of 

obesity and its disease-related consequences.

■ The adrenal cortex secretes aldosterone (miner-

alocorticoid), cortisol (glucocorticoid), and 

estrogens and androgens (sex steroids).

■ Aldosterone regulates Na⫹ and K⫹ balance. 

Aldosterone secretion increases with strenuous 

exercise, driven by the renin-angiotensin 

system.

■ Cortisol responds to a variety of stressors, 

including exercise, to ensure that fuel (glucose 

and free fatty acids) is available, and to make 

amino acids available for tissue repair.

IN SUMMARY

A CLOSER LOOK 5.2

Adipose Tissue Is an Endocrine Organ

Adipose tissue is the primary storage 

site for fat, primarily triglycerides. 

When caloric intake exceeds expendi-

ture, fat stores increase. Conversely, 

when caloric intake cannot meet energy 

demands, adipose tissue releases free 

fatty acids into the circulation to pro-

vide energy for the cells. Over the last 

15 years this picture of adipose tissue 

as a passive energy supply depot 

changed markedly as it became clear 

that adipose tissue secretes a variety 

of very important hormones and other 

factors that have a direct effect on 

metabolism and energy balance.

 In the mid-1990s the hormone leptin 

was discovered. This hormone, secreted 

by adipose cells (adipocytes), infl u-

ences appetite through a direct effect 

on the “feeding centers” in the hypo-

thalamus. Two lines of evidence support 

this position. Mice that lack the gene to 

make leptin cannot regulate their appe-

tite; they overeat and become obese. 

Consistent with that, when leptin is 

injected into these mice, they reduce 

food intake, increase energy expendi-

ture, and lose weight. In addition, leptin 

acts on peripheral tissues to enhance 

insulin sensitivity (allowing insulin to 

act) and promotes the oxidation of free 

fatty acids in muscle. Adiponectin is 

another hormone secreted by adipo-

cytes. This hormone also increases 

insulin sensitivity and increases fatty 

acid oxidation in muscle (40, 52, 149).

 As fat mass increases, leptin secre-

tion also increases, but strangely, food 

intake is not restrained. Another mole-

cule that blocks leptin’s signal from 

reaching the hypothalamus is also pro-

duced, leading to what is known as lep-

tin resistance. In contrast, adiponectin 

secretion decreases with an increase in 

fat mass, leading to a reduced sensitivity 

of tissues to insulin (insulin resistance) 

and the development of type 2 diabetes 

(a condition in which there is plenty of 

insulin, but the tissues are unresponsive 

to it). In addition, as fat mass increases, 

cells in adipose tissue produce a variety 

of proinfl ammatory proteins (tumor 

necrosis factor alpha [TNF-␣], interleu-

kin 6 [IL-6], etc.), and obesity is now 

recognized as being in a state of a low-

grade infl ammation. Adiponectin has 

the ability to suppress an infl ammation, 

but because it is reduced in obesity, it 

cannot carry out that role; these pro-

infl ammatory proteins can lead to both 

insulin resistance and atherosclerosis 

(see chapter 17) (40, 52, 149).

 Given the importance of adiponec-

tin in insulin sensitivity, one might 

expect that exercise, which is known 

to improve insulin sensitivity (see 

chapter 17), would increase its concen-

tration. Interestingly, neither an acute 

bout of exercise nor exercise training 

has any effect on the adiponectin con-

centration in blood. In contrast, the 

adiponectin level increases when there 

is decease in fat mass, whether it is 

brought about by an exercise, diet, or 

combined intervention. This suggests 

that the positive effects of exercise 

and weight loss on insulin sensitivity 

are independent and occur by differ-

ent pathways. The same appears to 

be true for leptin and the pro-

infl ammatory proteins. They are more 

responsive to changes in body weight 

than any exercise intervention (9).

 Clearly, adipose tissue is not a simple 

passive depot for energy storage, but is 

directly involved in appetite, energy 

expenditure, and the development of 

infl ammation-related diseases, includ-

ing cardiovascular disease and type 2 

diabetes.
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Pancreas

The pancreas is both an exocrine and an endocrine 

gland. The exocrine secretions include digestive 

enzymes and bicarbonate, which are secreted into 

ducts leading to the small intestine. The hormones, 

released from groups of cells in the endocrine portion 

of the pancreas called the islets of Langerhans, include 

insulin, glucagon, and somatostatin.

Insulin Insulin is secreted from beta (␤) cells of the 

islets of Langerhans. Insulin is the most important 

hormone during the absorptive state, when nutrients 

are entering the blood from the small intestine. Insu-

lin stimulates tissues to take up nutrient molecules 

such as glucose and amino acids and store them as 

glycogen, proteins, and fats. Insulin’s best-known role 

is in the facilitated diffusion of glucose across cell 

membranes. A lack of insulin causes an accumulation 

of glucose in the plasma, since the tissues cannot 

take it up. The plasma glucose concentration can 

become so high that reabsorption mechanisms in the 

kidney are overwhelmed and glucose is lost to the 

urine, taking large volumes of water with it. This con-

dition is called diabetes mellitus.

 As mentioned earlier in this chapter, insulin 

secretion is influenced by a variety of factors: plasma 

glucose concentration, plasma amino acid concentra-

tion, sympathetic and parasympathetic nerve stimu-

lation, and various hormones. The rate of secretion of 

insulin is dependent on the level of excitatory and 

inhibitory input to the beta cells of the pancreas 

(see figure 5.1). The blood glucose concentration is a 

major source of input that is part of a simple negative 

feedback loop; as the plasma glucose concentration 

increases (following a meal), the beta cells directly 

monitor this increase and secrete additional insulin 

to enhance tissue uptake of glucose. This increased 

uptake lowers the plasma glucose concentration, and 

insulin secretion is reduced (55, 93).

Glucagon Glucagon, secreted from the alpha (␣) 

cells in the islets of Langerhans, exerts an effect oppo-

site that of insulin. Glucagon secretion increases in 

response to a low plasma glucose concentration, 

which is monitored by the alpha cells. Glucagon stim-

ulates both the mobilization of glucose from liver 

stores (glycogenolysis) and free fatty acids from adi-

pose tissue (to spare blood glucose as a fuel). Lastly, 

along with cortisol, glucagon stimulates gluconeo-

genesis in the liver. Glucagon secretion is also 

influenced by factors other than the glucose concen-

tration, notably the sympathetic nervous system 

(141). A complete description of the role of insulin 

and glucagon in the maintenance of blood glucose 

during exercise is presented later in this chapter in 

“Fast-Acting Hormones.”

■ Insulin is secreted by the ␤ cells of the islets of 

Langerhans in the pancreas and promotes the 

storage of glucose, amino acids, and fats.

■ Glucagon is secreted by the ␣ cells of the islets of 

Langerhans in the pancreas and promotes the 

mobilization of glucose and fatty acids.

IN SUMMARY

Somatostatin Pancreatic somatostatin is secreted 

by the delta cells of the islets of Langerhans. Pancre-

atic somatostatin secretion is increased during the 

absorptive state, and it modifies the activity of the GI 

tract to control the rate of entry of nutrient molecules 

into the circulation. It may also be involved in the reg-

ulation of insulin secretion (141).

Testes and Ovaries

Testosterone and estrogen are the primary sex ste-

roids secreted by the testis and ovary, respectively. 

These hormones are not only important in establish-

ing and maintaining reproductive function, they deter-

mine the secondary sex characteristics associated 

with masculinity and femininity.

Testosterone Testosterone is secreted by the 

interstitial cells of the testes and is controlled by 

interstitial cell stimulating hormone (ICSH—also 

known as LH), which is produced in the anterior 

pituitary. LH is, in turn, controlled by a releasing 

hormone secreted by the hypothalamus. Sperm pro-

duction from the seminiferous tubules of the testes 

requires follicle-stimulating hormone (FSH) from 

the anterior pituitary and testosterone. Figure 5.10 

Figure 5.10 Control of testosterone secretion and sperm 

production by hypothalamus and anterior pituitary.
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shows testosterone secretion to be controlled by a 

negative feedback loop involving the anterior pitu-

itary gland and the hypothalamus. Sperm production 

is controlled, in part, by another negative feedback 

loop involving the hormone inhibin (93, 145).

 Testosterone is both an anabolic (tissue build-

ing) and androgenic (promoter of masculine char-

acteristics) steroid because it stimulates protein 

synthesis and is responsible for the characteristic 

changes in boys at adolescence that lead to the high 

muscle-mass to fat-mass ratio. The plasma testos-

terone concentration is increased 10% to 37% during 

prolonged submaximal work (147), during exercise 

taken to maximum levels (29), and during endur-

ance or strength training workouts (79). Some feel 

that these small changes are due to a reduction in 

plasma volume, or to a decrease in the rate of inac-

tivation and removal of testosterone (142). However, 

A CLOSER LOOK 5.3

Anabolic Steroids and Performance

Testosterone, as both an anabolic and 

an androgenic steroid, causes size 

changes as well as male secondary sex-

ual characteristics, respectively. Due 

to these combined effects, scientists 

developed steroids to maximize the 

anabolic effects and minimize the 

an drogenic effects. However, these 

effects can never be completely sepa-

rated. These synthetic steroids were  

originally developed to promote tis-

sue growth in patients who had experi-

enced atrophy as a result of prolonged 

bed rest. Before long the thought 

occurred that these anabolic steroids 

might be helpful in developing muscle 

mass and strength in athletes.

 Numerous studies were conducted 

to determine whether or not these 

steroids would bring about the de-

sired changes, but a consensus was 

not achieved (5, 153, 154). The varia-

tion in results in published studies 

was related to the different tests used 

to measure body composition and 

strength, the study participants (nov-

ice or experienced), the length of the 

study, and training methods (158). In 

most of these studies the scientists 

used the recommended therapeutic dos-

age, as required by committees approv-

ing research with human subjects. 

Unfortunately, the “results” of many 

personal studies conducted in various 

gyms and weight-training facilities 

throughout the world disagreed with 

these scientific results. Why the dis-

agreement in results between the con-

trolled scientific studies and these 

latter “studies”? In the weight room it 

was not uncommon for a person look-

ing for greater “strength through chem-

istry” to take 10 to 100 times the 

recommended therapeutic dosage! In 

effect, it was difficult to compare the 

results of the controlled scientific stud-

ies with those done in the gym. When 

such a comparison was done using 

supraphysiologic doses of testoster-

one, the investigators reported greater 

increases in fat-free mass, muscle 

mass, and strength for the groups 

receiving testosterone compared to 

the groups receiving a placebo (11). In 

addition, such changes follow a dose-

response relationship (10).

 By the mid-1980s, the steroid prob-

lem had reached a level that prompted 

both professional and college sport 

teams to institute testing of athletes 

to control drug use. Olympic and Pan-

American athletes were also tested 

to disqualify those who used the ste-

roid. The problem escalated when 

athletes started to take pure testos-

terone rather than the anabolic ste-

roid. Part of the reason for the switch 

was to reduce the chance of detection 

when drug testing was conducted, and 

part was related to the availability of 

testosterone.

 Like the GH example presented in 

A Closer Look 5.1, the use of testoster-

one or synthetic anabolic steroids 

can bring about undesirable effects. 

Fe males taking anabolic steroids ex-

perience an increase in male sec-

ondary sex characteristics (including 

deepening of voice and beard growth), 

clitoral enlargement, and a disruption 

in menstrual function (159). Adverse 

reactions to chronic anabolic steroid 

use in males include (a) a decrease 

in testicular function, including a 

reduction in sperm production, (b) 

gynaecomastia—breast development, 

(c) liver dysfunction, and (d) mood or 

behavioral changes (3, 7, 91, 159). 

Given that the use of anabolic steroids 

has a detrimental effect on ventricular 

wall mass (32, 143), blood lipids (3, 90, 

107, 159), and glucose tolerance (3, 

159), the risk of heart disease is also 

increased. These changes can be 

invoked by short-term use, but they 

revert to normal values upon discon-

tinuance of the drug (3, 159). Although 

special attention has been directed at 

the habitual long-term user, there are 

questions about the validity of extrap-

olating from short-term studies to 

long-term consequences (158).

 Finally, the use of androstenedione, 

a precursor of testosterone, has been 

promoted as a natural alternative to 

anabolic steroid use. Interestingly, the 

only sex steroid hormone to increase 

was estrogen. Plasma testosterone did 

not increase, and strength and muscle 

adaptations to resistance training were 

not different compared to a control 

(84). Recent studies using an online 

survey of those who use anabolic ste-

roids provides some insights into the 

problem: the majority of users were 

noncompetitive body builders and 

nonathletes, used more than one ana-

bolic steroid, and took them in mega-

dose amounts, compared to what was 

recommended (108, 111). Although the 

press highlights abuse by “winners” of 

the Tour de France (Floyd Landis) or 

Olympic Gold (Marion Jones), it is clear 

that the problem is much broader than 

realized by the general public. For 

more information on a list of prohib-

ited substances, go to the World Anti-

Doping Agency's website: (www.wada-

ama.org/en/).
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others have concluded on the basis of a parallel 

increase in the LH concentration that the increase 

in plasma testosterone is due to an increased 

rate of production (29). While the testosterone 

response to exercise is small, and the concentration 

returns to resting values two hours after exercise 

(79), there is evidence that the resting plasma con-

centration is lower in both endurance-trained and 

resistance-trained males (6, 57). In one study, high-

mileage (108 km ⭈ wk⫺1) runners had lower levels of 

testosterone, sperm count, and sperm motility com-

pared to moderate-mileage (54 km ⭈ wk⫺1) runners 

(33). However, values were still in the normal range. 

Most readers probably recognize testosterone or 

one of its synthetic analogs as one of the most 

abused drugs in the drive to increase muscle mass 

and performance. Such use is not without its prob-

lems (see A Closer Look 5.3).

Estrogen and Progesterone Estrogen is a group 

of hormones that exerts similar physiological effects. 

These hormones include estradiol, estrone, and 

estriol. Estrogen stimulates breast development, 

female fat deposition, and other secondary sex char-

acteristics (see figure 5.11). During the early part of 

the menstrual cycle called the follicular phase, LH 

stimulates the production of androgens in the folli-

cle, which are subsequently converted to estrogens 

under the influence of FSH. Following ovulation, 

the luteal phase of the menstrual cycle begins, and 

both estrogens and progesterone are produced by 

the corpus luteum, a secretory structure occupying 

the space where the ovum was located (145). How 

does exercise affect these hormones, and vice versa? 

In one study (80), the plasma levels of LH, FSH, estra-

diol, and progesterone were measured at rest and at 

three different work rates during both the follicular 

and luteal phases of the menstrual cycle. The pat-

terns of response of these hormones during graded 

exercise were very similar in the two phases of the 

menstrual cycle (80). Figure 5.12 shows only small 

changes in progesterone and estradiol with increas-

ing intensities of work. Given that LH and FSH 

changed little or not at all during the luteal phase, 

the small increases in progesterone and estradiol 

were believed to be due to changes in plasma volume 

and to a decreased rate of removal rather than an 

increased rate of secretion (14, 142).

 The effect of the phase of the menstrual cycle on 

exercise metabolism is not clear cut. Some studies 

Figure 5.11 Role of estrogen in the development of 

female secondary sex characteristics and maturation of 

the ovum.
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Figure 5.12 Percent change (from resting values) in the 

plasma FSH, LH, progesterone, and estradiol concentra-

tions during graded exercise in the follicular and luteal 

phases of the menstrual cycle.
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have shown that the pattern of substrate use (13) 

and the respiratory exchange ratio (34) are the same 

for the two phases of the menstrual cycle. Further, 

amenorrheic subjects (34) or those taking oral con-

traceptives (13) responded similarly to eumenor-

rheic control subjects. In contrast, evidence exists 

that estradiol decreases glycogen use and increases 

lipid use to result in an increase in performance (15, 

83). Other studies support this observation. Investi-

gators report lower rates of carbohydrate oxidation 

for exercise at 35% and 60% V̇O2 max (but not at 75% 

V̇O2 max) during the midluteal phase of the men-

strual cycle, compared to the midfollicular phase 

(58). Consistent with the role that estrogen might 

play in this process, women who were matched 

for maximal aerobic power and training with men 

had a lower rate of glycogen use during a moderate-

intensity, prolonged treadmill run test (138). This 

finding was supported in a study showing that 

women (44) respond differently than men (43) to 

training-induced changes in exercise metabolism. 

There is clearly a need for additional research to 

explain discrepancies across studies and to propose 

a mechanism of action (123, 139). In contrast to this 

discrepancy, there is general agreement that there 

are no menstrual cycle phase effects on V̇O2 max, and 

the lactate, plasma volume, heart rate, and ventila-

tion responses to exercise (155). Further, there does 

 ASK THE EXPERT 5.1

Reproductive Disorders in Female Athletes

Questions and  Answers with Dr. Anne B. Loucks

Dr. Loucks is Professor of 

Biological Sciences at Ohio 

University. She is a produc-

tive researcher in the area 

of reproductive disorders in 

female athletes, the author 

of numerous research arti-

cles and reviews on this 

topic, and is recognized internationally as an 

expert in the fi eld. Dr. Loucks was involved in the 

development and revision of the American Col-

lege of Sports Medicine’s position stand on the 

Female Athlete Triad. Dr. Loucks's many accom-

plishments in research and scholarship were 

recognized by the American College of Sports 

Medicine in 2008 when she received that orga-

nization's prestigious Citation Award.

QUESTION: Are reproductive disorders 

in female athletes caused by low 

body fatness?

ANSWER: No. Very few studies fi nd 

any difference in body composition 

between amenorrheic and eumenor-

rheic athletes, but well-controlled ani-

mal and human experiments have 

demonstrated that reproductive dis-

orders can be induced, prevented, 

and reversed by changing energy 

availability without any change in 

body composition. Therefore, most 

athletes probably acquire their repro-

ductive disorders in the form of 

hypothalamic amenorrhea, luteal defi -

ciency, or anovulation by not eating 

enough each day to compensate for 

the energy they expend in exercise 

training that day. This should never be 

assumed in any particular case, how-

ever, because amenorrhea is a symp-

tom of many diseases. Probably all 

causes of reproductive disorders occur 

in athletes, but in different propor-

tions than in the general population. A 

medical examination and biochemical 

measurements are needed to cor-

rectly diagnose any athlete’s repro-

ductive disorder so that she can 

receive appropriate care.

QUESTION: What has research taught us 

about why female athletes do not 

eat enough? 

ANSWER: Undereating is part of the 

obsessive acting out of clinical men-

tal disorders classifi ed as eating dis-

orders, but many athletes without 

eating disorders also undereat as 

part of a rational, temporary goal-

oriented plan for optimizing body 

size and composition to make weight 

or succeed in their chosen sports. 

Many receive poor nutritional coun-

seling and overdo it. Others without 

eating disorders undereat inadver-

tently because prolonged exercise 

suppresses appetite, most extremely 

in those on the high-carbohydrate 

diet recommended in endurance 

sports. Athletes in endurance sports 

need to eat by discipline instead of 

appetite. Young female athletes may 

also undereat for reasons unrelated 

to sport. Worldwide, regardless of 

BMI, about twice as many young 

women as men perceive themselves 

as overweight, so that 5–9 times as 

many young lean women as men are 

actively trying to lose weight.

QUESTION: What are the most important 

issues remaining to be solved?

ANSWER: We think we know how much 

athletes need to eat to compensate 

for their increased level of physical 

activity and thereby to prevent or 

reverse hypothalamic reproductive 

disorders, but we know very little 

about how to get them to do so. There-

fore, we need applied research into 

practical procedures for monitoring 

and managing energy availability (i.e., 

dietary energy intake minus exercise 

energy expenditure). We need to learn 

more about how the energy availabil-

ity requirements of growing adoles-

cents differ from those of adults. We 

also need to learn why some women 

appear to be more susceptible than 

others to the disruption of reproduc-

tive function by low energy availabil-

ity. And fi nally, we need to learn more 

about the physiological mechanism 

mediating the infl uence of energy 

availability on reproductive function.
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not appear to be an increased risk of heat illness 

during the luteal phase of the menstrual cycle, even 

though body temperature is higher (101). 

 Because female athletes have a 4- to 6-fold 

greater risk of anterior cruciate injury compared to 

male athletes, there is interest as to whether the 

phase of the menstrual cycle might infl uence the risk. 

A review by Zazulak et al. (162) suggests that greater 

knee laxity occurs at 10–14 days into the cycle com-

pared to 15–28 days, and the latter was greater than 

that measured during 1–9 days. However, biome-

chanical analysis of the forces and the magnitude of 

knee fl exion experienced when doing jumping tasks 

showed no differences between phases of the men-

strual cycle or between genders (20).

 Although the changes in estrogen and progester-

one during an acute exercise bout are small, concern 

is being raised about the effect of chronic heavy exer-

cise on the menstrual cycle of athletes. The two prin-

cipal menstrual disorders are primary amenorrhea 

(absence of menstrual cycles in a girl who has not 

menstruated by 15 years of age) and secondary amen-

orrhea (onset of amenorrhea sometime after men-

arche). The incidence of menstrual disorders in 

athletes varies greatly, but is higher in aesthetic, 

endurance, and weight-class sports, and at younger 

ages, higher training volumes and lower body 

weights. Typically, the prevalence of amenorrhea in 

college-age women is about 2% to 5%. In contrast, in 

collegiate runners the incidence ranged from about 

3% to 60% as training volume increased from 

⬍10 miles (16 km) to ⬎68 miles (113 km) per week, 

and body weight decreased from ⬎60 kg to ⬍50 kg. In 

addition, the incidence is much higher in younger 

(69%) than older (9%) runners (116). Special atten-

tion is now being directed at the issue of secondary 

amenorrhea because the chronically low estradiol 

levels can have a deleterious effect on bone mineral 

content. Osteoporosis, usually associated with the 

elderly (see chapter 17), is common in athletes with 

amenorrhea (65). Interested readers are referred to 

Redman and Loucks’s review of the possible causes 

of exercise-induced menstrual cycle irregularities 

(116). What is most interesting is that exercise itself 

may not suppress reproductive function, but rather 

the impact of the energy cost of the exercise on energy 

availability. For some first-hand insights into this 

issue, see Ask the Expert 5.1.

 Table 5.2 contains a summary of the information 

on each of the endocrine glands, their secretion(s), 

actions, controlling factors, the stimuli that elicit 

a response, and the effect of exercise on the hormonal 

response. This would be a good place to stop and 

review before proceeding to the discussion of the 

hormonal control of muscle glycogen mobilization 

and the maintenance of the plasma glucose concen-

tration during exercise.

■ Testosterone and estrogen establish and main-

tain reproductive function and determine sec-

ondary sex characteristics.

■ Chronic exercise (training) can decrease 

testosterone levels in males and estrogen 

levels in females. The latter adaptation has 

potentially negative consequences related 

to osteoporosis.

IN SUMMARY

HORMONAL CONTROL OF 
SUBSTRATE MOBILIZATION 
DURING EXERCISE

The type of substrate and the rate at which it is uti-

lized during exercise depend to a large extent on the 

intensity and duration of the exercise. During strenu-

ous exercise there is an obligatory demand for carbo-

hydrate oxidation that must be met; fatty acid 

oxidation cannot substitute. In contrast, there is an 

increase in fat oxidation during prolonged, moderate 

exercise as carbohydrate fuels are depleted (67). 

Although diet and the training state of the person are 

important (see chapters 13, 21, and 23), the factors of 

intensity and duration of exercise ordinarily have 

prominence. Because of this, our discussion of the 

hormonal control of substrate mobilization during 

exercise will be divided into two parts. The first part 

will deal with the control of muscle glycogen utiliza-

tion, and the second part with the control of glucose 

mobilization from the liver and free fatty acids (FFA) 

from adipose tissue.

Muscle-Glycogen Utilization

At the onset of most types of exercise, and for the 

entire duration of very strenuous exercise, muscle gly-

cogen is the primary carbohydrate fuel for muscular 

work (126). The intensity of exercise, which is inversely 

related to exercise duration, determines the rate at 

which muscle glycogen is used as a fuel. Figure 5.13 

shows a series of lines describing the rates of glyco-

gen breakdown for various exercise intensities 

expressed as a percent of V̇O2 max (126). The heavier 

the exercise, the faster glycogen is broken down. This 

process of glycogen breakdown (glycogenolysis) is 

initiated by second messengers, which activate pro-

tein kinases in the muscle cell (described in fig-

ure 5.3). Plasma epinephrine, a powerful stimulator of 

cyclic AMP formation when bound to ␤-adrenergic 

receptors on a cell, was believed to be primarily 

responsible for glycogenolysis. Fig ure 5.14 also shows 

a family of lines, the slopes of which describe how fast 
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TABLE 5.2  Summary of Endocrine Glands, Their Hormones, Their Action, Factors Controlling 

Their Secretion, Stimuli That Elicit a Response, and the Effect of Exercise

Endocrine   Controlling  

Gland Hormone Action Factors Stimuli Exercise Effect

Anterior pituitary Growth hormone Increases growth,  Hypothalamic  Exercise;  ↑
  (GH)  FFA   GH-releasing   “stress”; low 

   mobilization,   hormone;   blood glucose

   and   hypothalamic  

   gluconeogen-  somatostatin 

   esis; decreases  

   glucose uptake 

 Thyroid- Increases T3 and  Hypothalamic  Low plasma T3  ↑

  stimulating   T4 production   TSH-releasing   and T4

  hormone (TSH)  and secretion  hormone 

 Adrenocorti- Increases cortisol  Hypothalamic  “Stress”; bone  ?

  cotrophic   synthesis and   ACTH-releasing   breaks; heavy 

  hormone   secretion  hormone  exercise; burns 

  (ACTH)    etc.

 Gonadotrophins:  Female: estrogen  Hypothalamic  Cyclic or  Small or no change

  follicle-  and   gonadotrophic-  intermittent 

  stimulating   progesterone   releasing   fi ring of 

  hormone (FSH);   production and   hormone  neurons in the

  luteinizing   ovum  Females: plasma   hypothalamus

  hormone (LH)  development  estrogen and 

  Male:   progesterone

   testosterone  Males: plasma 

   production and   testosterone

   sperm 

   development

 Endorphins Blocks pain by  ACTH-releasing  “Stress” ↑ for exercise

   acting on opiate   hormone   ⱖ 70% V̇O2 max

   receptors in 

   brain

Posterior  Antidiuretic  Decreases water  Hypothalamic  Plasma volume;  ↑

 pituitary  hormone (ADH)   loss at kidney;   neurons  plasma 

  (vasopressin)  increases    osmolality

   peripheral  

   resistance

Thyroid Triiodothyronine  Increases  TSH; plasma T3  Low T3 and T4 ↑ “Free”  T3 and T4

  (T3); thyroxine   metabolic rate,   and T4 

  (T4)  mobilization of   

   fuels, growth  

 Calcitonin Decreases plasma  Plasma calcium Elevated plasma  ?

   calcium   calcium

Parathyroid Parathyroid  Increases plasma  Plasma calcium Low plasma  ↑

  hormone  calcium   calcium 

Adrenal cortex Cortisol Increases  ACTH See ACTH, above ↑ Heavy exercise;

   gluconeogen-   ↓ light exercise

   esis, FFA  

   mobilization  

   and protein  

   synthesis;  

   decreases  

   glucose  

   utilization 
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TABLE 5.2  (Continued)

Endocrine   Controlling  

Gland Hormone Action Factors Stimuli Exercise Effect

 Aldosterone Increases  Plasma  Low blood  ↑

   potassium   potassium   pressure and  

   secretion and   concentration   plasma volume;  

   sodium   and renin-  elevated 

   reabsorption   angiotensin   plasma 

   at kidney  system  potassium and 

     sympathetic 

     activity to 

     kidney

Adrenal medulla Epinephrine  Increases Output of  Low blood  ↑

  (80%);   glycogenolysis,   baroreceptors;   pressure, and  

  norepinephrine   FFA   glucose   blood glucose;  

  (20%)  mobilization,   receptor in   too much  

   heart rate,   hypothalamus;   “stress”;  

   stroke volume,   brain and   emotion 

   and peripheral   spinal centers 

   resistance

Pancreas Insulin Increases  Plasma glucose  Elevated plasma  ↓

   glucose, amino   and amino acid   glucose and  

   acid, and FFA   concentrations;   amino acid  

   uptake into   autonomic   concentrations;  

   tissues  nervous system  decreased 

     epinephrine 

     and 

     norepinephrine

 Glucagon Increases glucose  Plasma glucose  Low plasma  ↑

   and FFA   and amino acid   glucose and 

   mobilization;   concentrations;   amino acid 

   gluconeogenesis  autonomic   concentrations; 

    nervous system  elevated 

     epinephrine and 

     norepinephrine

Testes Testosterone Protein  FSH and LH  Increased FSH  Small ↑

   synthesis;   (ICSH)  and LH 

   secondary sex  

   characteristics;  

   sex drive;  

   sperm  

   production

Ovaries Estrogen Fat deposition;  FSH and LH Increased FSH  Small ↑

   secondary sex    and LH 

   characteristics;  

   ovum  

   development
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plasma E changes with increasing intensities of exer-

cise (86). Clearly, the data presented in figures 5.13 

and 5.14 are consistent with the view that there is a 

linkage between changes in plasma E during exercise 

and the increased rate of glycogen degradation. How-

ever, there is more to this story.

 To test the hypothesis that glycogenolysis in 

muscle is controlled by circulating E during exercise, 

investigators had subjects take propranolol, a drug 

that blocks both ␤1- and ␤2-adrenergic receptors on 

the cell membrane. This procedure should block gly-

cogenolysis since cyclic AMP formation would be 

affected. In the control experiment, subjects worked 

for two minutes at an intensity of exercise that 

caused the muscle glycogen to be depleted to half 

its initial value, and the muscle lactate concentra-

tion to be elevated tenfold. Surprisingly, as shown in 

Figure 5.13 Glycogen depletion in the quadriceps muscle 

during bicycle exercise of increasing exercise intensities.
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Figure 5.14 Changes in the plasma epinephrine concentra-

tion during exercises of different intensities and durations.
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Figure 5.15 Changes in muscle glycogen due to two 

minutes of work at 1,200 kpm/min, before and after pro-

pranolol administration. Blocking the beta-adrenergic 

receptors had no effect on glycogen breakdown.
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figure 5.15, when the subjects took the propranolol 

and repeated the test on another day, there was 

no difference in glycogen depletion or lactate forma-

tion (60). Other experiments have also shown that 

␤-adrenergic blocking drugs have little effect on 

slowing the rate of glycogen breakdown during exer-

cise (144). How can this be?

 As mentioned in chapter 3, enzymatic reactions in 

a cell are under the control of both intracellular and 

extracellular factors. In the aforementioned example 

with propranolol, plasma E may not have been able to 

activate adenylate cyclase to form the cyclic AMP 

needed to activate the protein kinases to initiate gly-

cogen breakdown. However, when a muscle cell is 

stimulated to contract, Ca⫹⫹, which is stored in the 

sarcoplasmic reticulum, floods the cell. Some Ca⫹⫹ 

ions are used to initiate contractile events (see chap-

ter 8), but other Ca⫹⫹ ions bind to calmodulin, which, 

in turn, activates the protein kinases needed for gly-

cogenolysis (see figure 5.4). In this case, the increased 

intracellular Ca⫹⫹ (rather than cAMP) is the ini-

tial event stimulating muscle glycogen breakdown. 

Figure 5.16 summarizes these events. Experiments in 

which the increased secretion of catecholamines was 

blocked during exercise confirmed the propranolol 

experiments, showing that an intact sympathoadrenal 

system was not necessary to initiate glycogenolysis in 

skeletal muscle (19).

 Observations of glycogen depletion patterns 

support this view. Individuals who do heavy exercise 

with one leg will cause elevations in plasma E, which 

circulates to all muscle cells. The muscle glycogen, 

however, is depleted only from the exercised leg (72), 

suggesting that intracellular factors (e.g., Ca⫹⫹) are 
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more responsible for these events. Further, in experi-

ments in which individuals engaged in intermittent, 

intense exercise interspersed with a rest period 

(interval work), the glycogen was depleted faster from 

fast-twitch fibers (36, 37, 50). The plasma E concen-

tration should be the same outside both fast- and 

slow-twitch muscle fibers, but the glycogen was 

depleted at a faster rate from the fibers used in the 

activity. This is reasonable because a “resting” muscle 

fiber should not be using glycogen (or any other fuel) 

at a high rate. The rate of glycogenolysis would be 

expected to parallel the rate at which ATP is used by 

the muscle, and this has been shown to be the case, 

independent of E (117). This discussion does not 

mean that E cannot or does not cause glycogenolysis 

(21, 156). There is ample evidence to show that a 

surge of E will, in fact, cause this to occur (78, 132, 

133, 134).

■ Glycogen breakdown to glucose in muscle is 

under the dual control of epinephrine-cyclic 

AMP and Ca⫹⫹-calmodulin. The latter’s role is 

enhanced during exercise due to the increase in 

Ca⫹⫹ from the sarcoplasmic reticulum. In this 

way the delivery of fuel (glucose) parallels the 

activation of contraction.

IN SUMMARY

Blood Glucose Homeostasis 

During Exercise

As mentioned in the introduction, a focal point of hor-

monal control systems is the maintenance of the 

plasma glucose concentration during times of inade-

quate carbohydrate intake (fasting/starvation) and 

accelerated glucose removal from the circulation 

(exercise). In both cases, body energy stores are used 

to meet the challenge, and the hormonal response to 

these two different situations, exercise and starvation, 

is quite similar.

 The plasma glucose concentration is maintained 

through four processes that:

■ mobilize glucose from liver glycogen stores,

■ mobilize plasma FFA from adipose tissue to 

spare plasma glucose,

■ synthesize new glucose in the liver 

(gluconeogenesis) from amino acids, lactic 

acid, and glycerol, and

■ block glucose entry into cells to force the 

substitution of FFA as a fuel.

The overall aim of these four processes is to provide 

fuel for work while maintaining the plasma glucose 

concentration. This is a major task when you consider 

that the liver may have only 80 grams of glucose before 

exercise begins, and the rate of blood glucose oxida-

tion approaches 1 g/min in heavy exercise or in pro-

longed (ⱖ3 hours) moderate exercise (23, 28).

 While the hormones will be presented separately, 

keep in mind that each of the four processes is con-

trolled by more than one hormone, and all four pro-

cesses are involved in the adaptation to exercise. 

Some hormones act in a “permissive” way, or are “slow 

acting,” while others are “fast-acting” controllers of 

substrate mobilization. For this reason, this discus-

sion of the hormonal control of plasma glucose will 

be divided into two sections—one dealing with per-

missive and slow-acting hormones and the other 

dealing with fast-acting hormones.

Permissive and Slow-Acting Hormones Thyrox-

ine, cortisol, and growth hormone are involved in the 

regulation of carbohydrate, fat, and protein metabo-

lism. These hormones are discussed in this section 

because they either facilitate the actions of other 

hormones or respond to stimuli in a slow manner. 

Remember that to act in a permissive manner the hor-

mone concentration doesn’t have to change. However, 

as you will see, in certain stressful situations permis-

sive hormones can achieve such elevated plasma 

concentrations that they act directly to influence car-

bohydrate and fat metabolism rather than to simply 

facilitate the actions of other hormones.

Thyroid Hormones The discussion of substrate 

mobilization during exercise must include the thyroid 

hormones T3 and T4, whose free concentrations do not 

change dramatically from resting to the exercising 

state. As mentioned earlier, T3 and T4 are important in 

establishing the overall metabolic rate and in allow-

ing other hormones to exert their full effect (permis-

sive hormone). They accomplish this latter function 

by influencing either the number of receptors on the 

Figure 5.16 The breakdown of muscle glycogen, 

glycogenolysis, can be initiated by either the Ca⫹⫹-

calmodulin mechanism or the cyclic AMP mechanism. 

When a drug blocks the ␤-receptor, glycogenolysis can 

still occur.
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surface of a cell (for other hormones to interact with) 

or the affinity of the receptor for the hormone. For 

example, without T3, epinephrine has little effect on 

the mobilization of free fatty acids from adipose tis-

sue. During exercise there is an increase in “free” T3 

due to changes in the binding characteristics of the 

transport protein (142). T3 and T4 are removed from 

the plasma by tissues during exercise at a greater rate 

than at rest. In turn, TSH secretion from the anterior 

pituitary is increased to stimulate the secretion of T3 

and T4 from the thyroid gland to maintain the plasma 

level (47). Low levels of T3 and T4 (hypothyroid state) 

would interfere with the ability of other hormones to 

mobilize fuel for exercise (110, 142).

Cortisol The primary glucocorticoid in humans is 

cortisol. As figure 5.17 shows, cortisol stimulates FFA 

mobilization from adipose tissue, mobilizes tissue 

protein to yield amino acids for glucose synthesis in 

the liver (gluconeogenesis), and decreases the rate of 

glucose utilization by cells (55). There are problems, 

however, when attempting to describe the cortisol 

response to exercise. Given the General Adaptation 

Syndrome (GAS) of Selye, events other than exercise 

can influence the cortisol response. Imagine how a 

naive subject might view a treadmill test on first expo-

sure. The wires, noise, nose clip, mouthpiece, and 

blood sampling could all influence the level of arousal 

of the subject and result in a cortisol response that is 

not related to a need to mobilize additional substrate. 

Results supporting such a proposition were reported 

in the following study (115). Twelve subjects walked 

on a treadmill at five times their resting metabolic 

rate (5 METs) for thirty minutes, and blood samples 

were taken for cortisol analysis. Ten of the twelve sub-

jects showed a decrease in cortisol due to the exer-

cise, while the other two, who were anxious, had an 

increase. Clearly, the perception of the subject can 

influence the cortisol response to mild exercise.

 As exercise intensity increases, one might expect 

the cortisol secretion to increase. This is true, but only 

within certain limits. For example, Bonen (12) showed 

that the urinary excretion of cortisol was not changed 

by exercise at 76% V̇O2 max for ten minutes, but was 

increased about twofold when the duration was 

extended to thirty minutes. Davies and Few (30) 

extended our understanding of the cortisol response 

to exercise when they studied subjects who completed 

several one-hour exercise bouts. Each test was set at 

a constant intensity between 40% and 80% V̇O2 max. 

Exercise at 40% V̇O2 max resulted in a decrease in 

plasma cortisol over time, while the response was 

considerably elevated for exercise at 80% V̇O2 max. 

Figure 5.18 shows the plasma cortisol concentration 

measured at sixty minutes into each of the exercise 

tests plotted against % V̇O2 max. When the exercise 

intensity exceeded 60% V̇O2 max, the cortisol concen-

tration increased; below that, the cortisol concentra-

tion decreased. What caused these changes? Using 

radioactive cortisol as a tracer, the researchers found 

that during light exercise cortisol was removed faster 

than the adrenal cortex secreted it, and during intense 

exercise the increase in plasma cortisol was due to a 

higher rate of secretion that could more than match 

the rate of removal, which had doubled.

 What is interesting is that for low-intensity, long-

duration exercise where the effects of cortisol would 

go a long way in maintaining the plasma glucose 

concentration, the concentration of cortisol does not 

Figure 5.17 Role of cortisol in the maintenance of plasma 

glucose.
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change very much. Even if it did, the effects on metab-

olism would not be immediately noticeable. The 

direct effect of cortisol is mediated through the stimu-

lation of DNA and the resulting mRNA formation, 

which leads to protein synthesis, a slow process. In 

essence, cortisol, like thyroxine, exerts a permissive 

effect on substrate mobilization during acute exercise, 

allowing other fast-acting hormones such as epineph-

rine and glucagon to deal with glucose and FFA mobi-

lization. Support for this was provided in a study in 

which a drug was used to lower plasma cortisol before 

and during submaximal exercise; the overall meta-

bolic response was not affected compared to a normal 

cortisol condition (31). Given that athletic competi-

tions (triathlon, ultra marathon, most team sports) 

can result in tissue damage, the reason for changes 

in the plasma cortisol concentration might not be for 

the mobilization of fuel for exercising muscles. In 

these situations, cortisol’s role in dealing with tissue 

repair might come to the forefront.

Growth Hormone Growth hormone plays a major 

role in the synthesis of tissue protein, acting either 

directly or through the enhanced secretion of IGFs from 

the liver. However, GH can also influence fat and carbo-

hydrate metabolism. Figure 5.19 shows that growth 

hormone supports the action of cortisol; it decreases 

glucose uptake by tissue, increases FFA mobilization, 

and enhances gluconeogenesis in the liver. The net 

effect is to preserve the plasma glucose concentration.

 Describing the plasma GH response to exercise is 

as difficult as describing cortisol’s response to exer-

cise, since GH can also be altered by a variety of phys-

ical, chemical, and psychological stresses (26, 53, 

136). Given that, the earlier comments about cortisol 

should be kept in mind. Figure 5.20a shows plasma 

GH to increase with increasing intensities of exercise, 

achieving, at maximal work, values twenty-five times 

those at rest (136). Figure 5.20b shows the plasma GH 

concentration to increase over time during sixty 

minutes of exercise at 60% V̇O2 max (16). What is inter-

esting, compared to other hormonal responses, is 

that the trained runners had a higher response 

compared to a group of nonrunners (see “Fast-Acting 

Hormones”). By sixty minutes, values for both groups 

were about five to six times those measured at rest. It 

must be added that the increased GH response at the 

same workload, shown by trained individuals, has 

not been universally observed. Some report lower 

responses following training (102, 135). In conclusion, 

GH, a hormone primarily concerned with protein syn-

thesis, can achieve plasma concentrations during 

exercise that can exert a direct but “slow-acting” effect 

on carbohydrate and fat metabolism.

■ The hormones thyroxine, cortisol, and growth 

hormone act in a permissive manner to support 

the actions of other hormones during exercise.

■ Growth hormone and cortisol also provide a 

“slow-acting” effect on carbohydrate and fat 

metabolism during exercise.

IN SUMMARY

Figure 5.19 Role of plasma growth hormone in the main-

tenance of plasma glucose.
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Fast-Acting Hormones In contrast to the afore-

mentioned “permissive” and slow-acting hormones, 

there are very fast-responding hormones whose 

actions quickly return the plasma glucose to normal. 

Again, although each will be presented separately, 

they behave collectively and in a predictable way dur-

ing exercise to maintain the plasma glucose concen-

tration (22).

Epinephrine and Norepinephrine Epinephrine 

and norepinephrine have already been discussed rela-

tive to muscle glycogen mobilization. However, as 

figure 5.21 shows, they are also involved in the mobili-

zation of glucose from the liver, FFA from adipose tis-

sue, and may interfere with the uptake of glucose by 

tissues (24, 122). Although plasma NE can increase 

ten- to twentyfold during exercise and can achieve a 

plasma concentration that can exert a physiological 

effect (131), the primary means by which NE acts is 

when released from sympathetic neurons onto the 

surface of the tissue under consideration. The plasma 

level of NE is usually taken as an index of overall sym-

pathetic nerve activity, but there is evidence that mus-

cle sympathetic nerve activity during exercise may be a 

better indicator than that of plasma NE (129). Epi-

nephrine, released from the adrenal medulla, is viewed 

as the primary catecholamine in the mobilization of 

glucose from the liver.

 Figure 5.22 shows plasma E and NE to increase 

linearly with duration of exercise (71, 112). These 

changes are related to cardiovascular adjustments to 

exercise-increased heart rate and blood pressure, as 

well as to the mobilization of fuel. These responses 

favor the mobilization of glucose and FFA to maintain 

the plasma glucose concentration. While it is some-

times difficult to separate the effect of E from NE, 

E seems to be more responsive to changes in the 

plasma glucose concentration. A low plasma glucose 

concentration stimulates a receptor in the hypothala-

mus to increase E secretion while having only a mod-

est effect on plasma NE. In contrast, when the blood 

pressure is challenged, as during an in creased heat 

load, the primary catecholamine in volved is norepi-

nephrine (112). Epinephrine binds to ␤-adrenergic 

receptors on the liver and stimulates the breakdown 

of liver glycogen to form glucose for release into the 

plasma. For example, when arm exercise is added to 

existing leg exercise, the adrenal medulla secretes a 

large amount of E. This causes the liver to release 

more glucose than muscles are using, and the blood 

glucose concentration actually increases (88). What 

happens if we block the effects of E and NE? If ␤-

adrenergic receptors are blocked with propranolol (a 

␤-adrenergic receptor blocking drug), the plasma glu-

cose concentration is more difficult to maintain dur-

ing exercise, especially if the subject has fasted (144). 

In addition, since the propranolol blocks ␤-adrenergic 

receptors on adipose tissue cells, less FFAs are 

released and the muscles have to rely more on the 

limited carbohydrate supply for fuel (46).

 Figure 5.23 shows that endurance training causes 

a very rapid decrease in the plasma E and NE 

responses to a fixed exercise bout. Within three weeks, 

the concentration of both catecholamines is greatly 

reduced (151). Paralleling this rapid decrease in E and 

NE with endurance exercise training is a reduction in 

glucose mobilization (103). In spite of this, the plasma 

glucose concentration is maintained because there is 

also a reduction in glucose uptake by muscle at the 

same fixed workload following endurance training 

(120, 152). Interestingly, during a very stressful event, 

a trained individual has a greater capacity to secrete E 

than an untrained individual (87). In addition, when 

exercise is performed at the same relative workload 

(% V̇O2 max) after training (in contrast to the same 

fixed workload as in figure 5.23), the plasma NE con-

centration is higher (54). This suggests that physical 

training, which stimulates the sympathetic nervous 

system on a regular basis, increases its capacity to 

respond to extreme challenges (85).

Figure 5.21 Role of catecholamines in substrate 

mobilization.
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Insulin and Glucagon These two hormones will 

be discussed together because they respond to the 

same stimuli but exert opposite actions relative to the 

mobilization of liver glucose and adipose tissue FFA. 

In fact, it is the ratio of glucagon to insulin that pro-

vides control over the mobilization of these fuels 

(22, 146).  Further, they account for the vast majority 

of the glucose mobilized from the liver during 

moderate to vigorous exercise (24). Figure 5.24 shows 

insulin to be the primary hormone involved in the 

uptake and storage of glucose and FFA, and glucagon 

to cause the mobilization of those fuels from storage, 

as well as increase gluconeogenesis.

 Given that insulin is directly involved in the uptake 

of glucose into tissue, and that glucose uptake by 

muscle can increase seven- to twentyfold during exer-

cise (39), what should happen to the insulin concen-

tration during exercise? Figure 5.25a shows that the 

insulin concentration decreases during exercise of 

increasing intensity (45, 61, 113); this, of course, is an 

appropriate response. If exercise were associated with 

an increase in insulin, the plasma glucose would be 

taken up into all tissues (including adipose tissue) at a 

faster rate, leading to an immediate hypoglycemia. 

The lower insulin concentration during exercise favors 

the mobilization of glucose from the liver and FFA from 

adipose tissue, both of which are necessary to main-

tain the plasma glucose concentration. Figure 5.25b 

shows that the plasma insulin concentration decreases 

during moderate-intensity, long-term exercise (56).

 With plasma insulin decreasing with long-term 

exercise, it should be no surprise that the plasma glu-

cagon concentration increases (56). This increase in 

Figure 5.23 Changes in plasma epinephrine and norepi-

nephrine responses to a fixed workload over seven weeks 

of endurance training.
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plasma glucagon (shown in figure 5.26) favors the 

mobilization of FFA from adipose tissue and glucose 

from the liver, as well as an increase in gluconeogene-

sis. Overall, the reciprocal responses of insulin and 

glucagon favor the maintenance of the plasma glucose 

concentration at a time when the muscle is using 

plasma glucose at a high rate. Figure 5.26 also shows 

that following an endurance training program, the glu-

cagon response to a fixed exercise task is diminished 

to the point that there is no increase during exercise. 

In effect, endurance training allows the plasma glu-

cose concentration to be maintained with little or no 

change in insulin and glucagon. This is related in part 

to an increase in glucagon sensitivity in the liver (35, 

92), a decrease in glucose uptake by muscle (120), and 

an increase in the muscle’s use of fat as a fuel.

 These findings raise several questions. If the 

plasma glucose concentration is relatively constant 

during exercise, and the plasma glucose concentration 

is a primary stimulus for insulin and glucagon secre-

tion, what causes the insulin secretion to decrease and 

glucagon secretion to increase? The answer lies in the 

multiple levels of control over hormonal secretion 

mentioned earlier in the chapter (see figure 5.1). There 

is no question that changes in the plasma glucose con-

centration provide an important level of control over 

the secretion of glucagon and insulin (46). However, 

when the plasma glucose concentration is relatively 

constant, the sympathetic nervous system can modify 

the secretion of insulin and glucagon. Figure 5.27 shows 

that E and NE stimulate ␣-adrenergic receptors on the 

beta cells of the pancreas to decrease insulin secretion 

during exercise when the plasma glucose concentra-

tion is normal. Figure 5.27 also shows that E and NE 

stimulate ␤-adrenergic receptors on the alpha cells of 

the pancreas to increase glucagon secretion when the 

plasma glucose concentration is normal (24). These 

Figure 5.26 Percent change (from resting values) in the 

plasma glucagon concentration during prolonged exercise 

at 60% V̇O2 max showing the effect of endurance training 

on that response.
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effects have been confirmed through the use of adren-

ergic receptor blocking drugs. When phentolamine, 

an ␣-adrenergic receptor blocker, is given, insulin secre-

tion increases with exercise. When propranolol, a 

␤-adrenergic receptor blocker, is given, the glucagon 

concentration remains the same or decreases with 

exercise (98). Figure 5.28 summarizes the effect the 

sympathetic nervous system has on the mobilization of 

fuel for muscular work. Endurance training decreases 

the sympathetic nervous system response to a fixed 

exercise bout, resulting in less stimulation of adrener-

gic receptors on the pancreas and less change in insu-

lin and glucagon (see fi gures 5.25b and 5.26).

 The observation that plasma insulin decreases 

with prolonged, submaximal exercise raises another 

Figure 5.28 Effect of increased sympathetic nervous sys-

tem activity on free fatty acid and glucose mobilization 

during submaximal exercise.
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question. How can exercising muscle take up glucose 

seven to twenty times faster than at rest if the insulin 

concentration is decreasing? Part of the answer lies 

in the large (ten- to twentyfold) increase in blood 

flow to muscle during exercise. Glucose delivery is 

the product of muscle blood flow and the blood glu-

cose concentration. Therefore, during exercise, more

glucose and insulin are delivered to muscle than at 

rest, and because the muscle is using glucose at a 

higher rate, a gradient for its facilitated diffusion is 

created (75, 120, 152). Another part of the answer 

relates to exercise-induced changes in the number of 

glucose transporters in the membrane. It has been 

known for some time that acute (a single bout) and 

chronic (training program) exercise increase a mus-

cle’s sensitivity to insulin so that less insulin is needed 

to have the same effect on glucose uptake into tissue 

(8, 62, 76). The effects of insulin and exercise on glu-

cose transport are additive, suggesting that two sepa-

rate pools of glucose transporters are activated or 

translocated in the membrane (51, 74, 76, 150). Inter-

estingly, hypoxia brings about the same effect as exer-

cise, but it is not an additive effect, suggesting that 

hypoxia and exercise recruit the same transporters 

(18). What is there about exercise that could cause 

these changes in glucose transporters?

 Part of the answer lies in the high intramuscular 

Ca⫹⫹ concentration that exists during exercise. The 

Ca⫹⫹ appears to recruit inactive glucose transporters 

so that more glucose is transported for the same con-

centration of insulin (18, 68, 75). This improved glucose 

transport remains following exercise and facilitates the 

filling of muscle glycogen stores (see chapter 23). 

Repeated exercise bouts (training) reduce whole-body 

insulin resistance, making exercise an important part of 

therapy for the diabetic (75, 106, 160). Consistent with 

this, bed rest (105) and limb immobilization (119) 

increase insulin resistance. However, it is clear that glu-

cose transporters in contracting muscle are regulated by 

more than changes in the calcium concentration. Fac-

tors such as protein kinase C, nitric oxide, AMP-activated 

protein kinase, and others play a role (121, 124, 125).

 In summary, figures 5.29a and 5.29b show the 

changes in epinephrine, norepinephrine, growth 

hormone, cortisol, glucagon, and insulin to exercise 

of varying intensity and duration. The decrease in 

insulin and the increase in all the other hormones 

favor the mobilization of glucose from the liver, FFA 

from adipose tissue, and gluconeogenesis in the 

liver, while inhibiting the uptake of glucose. These 

combined actions maintain homeostasis relative to 

the plasma glucose concentration so that the central 

nervous system and the muscles can have the fuel 

they need.

■ Plasma glucose is maintained during exercise 

by increasing liver glucose mobilization, using 

more plasma FFA, increasing gluconeogenesis, 

and decreasing glucose uptake by tissues. The 

decrease in plasma insulin and the increase in 

plasma E, NE, GH, glucagon, and cortisol dur-

ing exercise control these mechanisms to main-

tain the glucose concentration.

■ Glucose is taken up seven to twenty times faster 

during exercise than at rest—even with the 

decrease in plasma insulin. The increases in 

intracellular Ca⫹⫹ and other factors are associ-

ated with an increase in the number of glucose 

transporters that increase the membrane trans-

port of glucose.

■ Training causes a reduction in E, NE, glucagon, 

and insulin responses to exercise.

IN SUMMARY

Figure 5.29 (a) Summary of the hormonal responses to exercise of increasing intensity. (b) Summary of the hormonal 

responses to moderate exercise of long duration.
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Hormone-Substrate Interaction

In the examples mentioned previously, insulin and glu-

cagon responded as they did during exercise with a 

normal plasma glucose concentration due to the 

influence of the sympathetic nervous system. It must 

be mentioned that if there were a sudden change in the 

plasma glucose concentration during exercise, these 

hormones would respond to that change. For example, 

if the ingestion of glucose before exercise caused an 

elevation of plasma glucose, the plasma concentration 

of insulin would increase. This hormonal change would 

reduce FFA mobilization and force the muscle to use 

additional muscle glycogen (1).

 During intense exercise, plasma glucagon, GH, 

cortisol, E, and NE are elevated and insulin is de-

creased. These hormonal changes favor the mobili-

zation of FFA from adipose tissue that would spare 

carbohydrate and help maintain the plasma glucose 

concentration. If this is the case, why does plasma 

FFA use decrease with increasing intensities of exer-

cise (123)? Part of the answer seems to be that there 

is an upper limit in the adipose cell’s ability to deliver 

FFA to the circulation during exercise. For example, 

in trained subjects, the rate of release of FFA from 

adipose tissue was the highest at 25% V̇O2 max, and 

decreased at 65% and 85% V̇O2 max (123). Given the 

fact that the hormone sensitive lipase (HSL) that is 

involved in triglyceride breakdown to FFA and glyc-

erol is under stronger hormonal stimulation at the 

higher work rates, the FFA actually appears to be 

“trapped” in the adipose cell (66, 123). This may be 

due to a variety of factors, one of which is lactate. 

Figure 5.30a shows that as the blood lactate concen-

tration increases, the plasma FFA concentration 

decreases (73). The elevated lactate has been linked 

to an increase in alpha glycerol phosphate, the acti-

vated form of glycerol needed to make triglycerides. 

In effect, as fast as the FFA becomes available from 

the breakdown of triglycerides, the alpha glycerol 

phosphate recycles the FFA to generate a new tri-

glyceride molecule (see figure 5.30b). In addition, 

the elevated H+ concentration (associated with the 

high lactate level) can inhibit hormone sensitive 

lipase. The result is that the FFAs are not released 

from the adipose cell (109). Other explanations of 

the reduced availability of adipose tissue FFA during 

heavy exercise include a reduced blood supply to 

adipose tissue, resulting in less FFA to transport to 

muscle (123), and an inadequate amount of albumin, 

the plasma protein needed to transport the FFA in 

the plasma (66). The result is that FFAs are not 

released from the adipose cell, the plasma FFA level 

falls, and the muscle must use more carbohydrate as 

a fuel. One of the effects of endurance training is to 

decrease the lactate concentration at any fixed work 

rate. Such an adaptation would reduce the inhibition 

of this mobilization of FFA from adipose tissue and 

allow the trained person to use more fat as a fuel, 

thus sparing the limited carbohydrate stores and 

improving performance.

■ The plasma FFA concentration decreases during 

heavy exercise even though the adipose cell is 

stimulated by a variety of hormones to increase 

triglyceride breakdown to FFA and glycerol. This 

may be due to (a) the higher H⫹ concentration, 

which may inhibit hormone sensitive lipase, 

(b) the high levels of lactate during heavy exer-

cise that promote the resynthesis of triglycer-

ides, (c) an inadequate blood fl ow to adipose 

tissue, or (d) insuffi cient albumin needed to 

transport the FFA in the plasma. 

IN SUMMARY

Figure 5.30 (a) Changes in plasma free fatty acids due to increases in lactic acid. (b) Effect of lactate and H⫹ on the 

mobilization of free fatty acids from the adipose cell.
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6
Measurement of  Work, Power, 
and Energy Expenditure

■ Objectives

By studying this chapter, you should be able to do the following:

1. Define the terms work, power, energy, and net 
efficiency.

2. Give a brief explanation of the procedure used 
to calculate work performed during (a) cycle 
ergometer exercise and (b) treadmill exercise.

3. Describe the concept behind the measurement of 
energy expenditure using (a) direct calorimetry 
and (b) indirect calorimetry.

4. Discuss the procedure used to estimate energy 
expenditure during horizontal treadmill walking 
and running.

5. Define the following terms: (a) kilogram-meter, 
(b) relative V̇ O2, (c) MET, and (d) open-circuit 
spirometry.

6. Describe the procedure used to calculate net 
efficiency during steady-state exercise.
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Measurement of energy expenditure and power out-
put has many applications in exercise science. For 

example, adequate knowledge of the energy require-
ments of physical activities (e.g., running) is important 
to a coach in planning a training and dietary program 
for athletes. This same information can be used by an 
exercise specialist to prescribe exercise for adults 
entering a fitness program. Therefore, an understand-
ing of human energy expenditure, how it is measured, 
and its practical significance is critical for the physical 
therapist, coach, physical educator, exercise specialist, 
or exercise physiologist. It is the purpose of this chap-
ter to discuss those concepts necessary for understand-
ing the measurement of human work output and the 
associated energy expenditure.

UNITS OF MEASURE

Metric System

In the United States, the English system of measure-
ment remains in common use. In contrast, the metric 
system, which is used in many other countries, is the 
standard system of measurement for scientists and is 
used by almost all scientific journals. In the metric 
system, the basic units of length, volume, and mass 
are the meter, the liter, and the gram, respectively. The 
main advantage of the metric system is that subdivi-
sions or multiples of its basic units are expressed in 
factors of 10 using prefixes attached to the basic unit. 
Students not familiar with the metric system should 
refer to table 6.1 for a list of the basic prefixes used in 
metric measurements.

SI Units

An ongoing problem in exercise science is the failure 
of scientists to standardize units of measurement 
employed in presenting research data. In an effort to 
eliminate this problem, a uniform system of reporting 
scientific measurement has been developed through 
international cooperation. This system, known as Sys-
tem International units, or SI units, has been endorsed 
by almost all exercise and sports medicine journals 

for the publication of research data (21, 22). The SI 
system ensures standardization in the reporting of 
scientific data and makes comparison of published 
values easy. Table 6.2 contains SI units of importance 
in the measurement of exercise performance.

■ The metric system is the system of measure-
ment used by scientists to express mass, 
length, and volume.

■ In an effort to standardize terms for the measure-
ment of energy, force, work, and power, scientists 
have developed a common system of terminol-
ogy called System International (SI) units.

IN SUMMARY

WORK AND 
POWER DEFINED

Work

Work is defined as the product of force multiplied by 
distance:

Work   force   distance

The SI unit for force is Newtons (N), whereas the SI unit 
for distance is meters (m). Consider the  following 
example to compute work during a weight-lifting exer-
cise. If you lifted a 10-kilogram (Kg) weight upward over 
the distance of two meters (m), the work performed 
would be:

Work   97.9 N   2 m
  195.8 Joules

In the above calculation, the computation of work in SI 
units required a conversion of Kg to N. To obtain the 
force in N, we converted the 10 Kg to N using the 

mega: one million (1,000,000)

kilo: one thousand (1,000)

centi: one-hundredth (0.01)

milli: one-thousandth (0.001)

micro: one-millionth (0.000001)

nano: one-billionth (0.000000001)

pico: one-trillionth (0.000000000001)

TABLE 6.1 Common Metric Prefi xes

Units for Quantifying 

Human Exercise SI Unit

Mass kilogram (kg)

Distance meter (m)

Time second (s)

Force Newton (N)

Work joule ( J )

Energy joule ( J )

Power watt ( W )

Velocity meters per second 

  (m   s 1)

Torque newton-meter (N   m)

TABLE 6.2 SI Units of Importance in the 

Measurement of Human Exercise 

Performance
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conversion factor contained in table 6.3 (i.e., 1 Kg   
9.79 N so 10 Kg   97.9 N). Therefore, the work performed 
was computed by multiplying the force (expressed in N) 
times the distance traveled (expressed in m) with the 
resulting work being expressed in Joules, which is the SI 
unit for work (where 1 Joule = 1 Nm; table 6.3).
 It is often diffi cult to compute how much work is 
performed during an athletic event. For example, a 
shot-putter performs work when he/she throws the 
shot. That is, the shot has mass and is moved verti-
cally. However, the exact amount of work performed is 
diffi cult to compute because the vertical displace-
ment of the shot is hard to measure without sophisti-
cated photographic equipment. In contrast, a weight 
lifter performing a clean and jerk is lifting a known 
weight (i.e., force) over a fi xed vertical distance, which 
makes the calculation of work easy.
 Although the SI units are the preferred units for 
quantifying exercise performance and energy expen-
diture, a number of traditional units can be used to 
express both work and energy. Table 6.3 contains a list 
of terms that are in common use today. For example, 
the energy content of commercial food products is 
often listed on the label in kilocalories. However, the 
SI unit for energy content and expenditure is Joules, 
where 1 kilocalorie is equal to 4,186 Joules.

Power

Power is the term used to describe how much work is 
accomplished per unit of time. The SI unit for power is 

the watt (W) and is defined as 1 Joule per second 
(table 6.4). Power can be calculated as:

Power   Work   time

The concept of power is important because it describes 
the rate at which work is being performed (work rate). It 
is the work rate or power output that describes the 
intensity of exercise. Given enough time, any healthy 
adult could perform a total work output of 20,000 Joules. 
However, only a few highly trained athletes could per-
form this amount of work in sixty seconds (s). Calcula-
tion of power output using this example can be done as 
follows:

Power   20,000 Joules/60 seconds
  333.33 watts

Note that the SI unit for power is watt. Table 6.4 con-
tains a list of both the SI and more traditional terms 
and units used to express power.

MEASUREMENT OF 
WORK AND POWER

Bench Step

The term ergometry refers to the measurement of 
work output. The word ergometer refers to the appa-
ratus or device used to measure a specific type of 
work. Many types of ergometers are in use today in 

TABLE 6.3  Common Units Used to Express the Amount 

of  Work Performed or Energy Expended

Term Abbreviation Conversion Table

Kilogram-meter kgm 1 kgm   9.81 joules

Kilogram kg 1 kg   9.79 N

Kilocalorie kcal 1 kcal    4,186 joules

Joule* J 1 J   2.38   10 4 kcal

  1 J   1 Newton-meter (N   m)

  1 J   0.101 kgm

*The joule is the basic unit adopted by the System International (called SI unit) for expression of energy expenditure or work.

TABLE 6.4   Common Terms and Units Used to Express Power

Term Abbreviation Conversion Table

Watt* W 1 W   1 J   s 1

Horsepower hp 1 hp   745.1 W

  1 hp   745.7 J   s 1

  1 hp   10.69 kcal   min 1

*The watt is the basic unit adopted by the System International (called SI unit) for expression of power.
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Figure 6.1  Illustrations of four different ergometers used in the measurement of human work output and power. (a) A 

bench step. (b) Friction-braked cycle ergometer. (c) Motor-driven treadmill. Both the treadmill elevation and the horizon-

tal speed can be adjusted by electronic controls. (d) Arm crank ergometer. Arm crank ergometry can be used to measure 

work output with the arms and is based on the same principle as cycle ergometry.

(d)(c)

(b)(a)

exercise physiology laboratories (figure 6.1). A brief 
introduction to commonly used ergometers follows.
 One of the earliest ergometers used to measure 
work capacity in humans was the bench step. This 
ergometer is still in use today and simply involves the 
subject stepping up and down on a bench at a specified 
rate. Calculation of the work performed during bench 
stepping is very easy. Suppose a 70-kg man steps up 
and down on a 50-centimeter (0.5 meter) bench for 
ten minutes at a rate of thirty steps per minute. The 
amount of work performed during this ten-minute 
task can be computed as follows:

Force   685.3 N (i.e., 70 Kg   9.79 N/Kg)
Distance   0.5 m   step 1   30 steps   min 1   10 min

  150 m

Therefore, the total work performed is:

685.3 N   150 m   102,795 Joules or 102.8 kilojoules 
(rounded to nearest 0.1)

The power output during this exercise can be calcu-
lated as:

Power   102,795 Joules/600 seconds
  171.3 watts

Cycle Ergometer

The cycle ergometer was developed more than 
100 years ago and remains a popular ergometer in 
exercise physiology laboratories today (see A Look 
Back—Important People in Science). This type of 
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ergometer is a stationary exercise bicycle that permits 
accurate measurement of the amount of work per-
formed. A common type of cycle ergometer is the 
Monark friction-braked cycle, which incorporates a 
belt wrapped around the wheel (called a flywheel) 
(figure 6.1b). The belt can be loosened or tightened to 
provide a change in resistance. Distance traveled can 
be determined by computing the distance covered per 
revolution of the pedals (6 meters per revolution on a 
standard Monark cycle) times the number of pedal rev-
olutions. Consider the following example for the com-
putation of work and power using the cycle ergometer. 
Calculate work given:

Duration of exercise   10 min
Resistance against fl ywheel   1.5 kg or 14.7 N
Distance traveled per pedal revolution   6 m
Pedalling speed   60 rev   min 1

 Therefore, the total revolutions in 10 min 
  10 min   60 rev   min 1

Hence, total work   14.7 N   (6 m   rev 1   600 rev)
  52,920 Joules or 52.9 kilojoules

The power output in this example is computed by 
dividing the total work performed by time:

Power   52,920 Joules   600 seconds
  88.2 watts

Treadmill

Calculation of the work performed while a subject runs 
or walks on a treadmill is not generally possible when 
the treadmill is horizontal. Although running horizon-
tally on a treadmill requires energy, the vertical dis-
placement of the body’s center of gravity is not easily 
measured. Therefore, the measurement of work per-
formed during horizontal walking or running is compli-
cated. However, quantifiable work is being performed 
when walking or running up a slope, and calculating the 
amount of work done is a simple task. The incline of the 
treadmill is expressed in units called “percent grade.” 
Percent grade is defined as the amount of vertical 
rise per 100 units of belt travel. For instance, a subject 
walking on a treadmill at a 10% grade travels 10 meters 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

  August Krogh Developed One of the First Cycle Ergometers Used 

in Exercise Physiology Research

August Krogh (1872–
1949) received the 
Nobel Prize for Physi-
ology or Medicine in
1920 for his research 
on regulation of blood

 fl ow through capillar-
ies in skeletal muscle. Krogh was 
born at Grenaa, Denmark, in 1874. 
After entering the University of 
Copenhagen in 1893, he began to 
study medicine but developed a 
strong interest in research and 
decided to leave his medical studies 
to devote himself to the study of 
physiology. Krogh began his re-
search career at the University of 
Copenhagen in the medical physi-
ology laboratory of the famous 
Danish physiologist, Christian Bohr. 
Krogh completed his Ph.D. studies 
in 1903 and two years later married 
Marie Jorgensen, a renowned physi-
ologist. August Krogh was a dedi-
cated physiologist with extreme 
curiosity. He devoted his entire life 

to understanding physiology, and he 
worked both day and night in his 
laboratory to achieve his research 
goals. In fact, Krogh even performed 
physiology experiments on his wed-
ding day!
 During his distinguished re-
search career, Dr. Krogh made many 
important contributions to physiol-
ogy. For example, Dr. Krogh's work 
greatly advanced our understanding 
of respiratory gas exchange in both 
mammals and insects. Further, he 
studied water and electrolyte homeo-
stasis in animals and published an 
important book titled Osmotic Regula-

tion in 1939. Nonetheless, Krogh is 
best known for his work on the regu-
lation of blood fl ow in the capillaries 
of skeletal muscle. He was the fi rst 
physiologist to describe the changes 
in blood fl ow to muscle in accordance 
with the metabolic demands of the 
tissue. Indeed, his research demon-
strated that the increase in muscle 
blood fl ow during contractions was 

achieved by the opening of arterioles 
and capillaries. This is the work that 
earned him the Nobel Prize.
 In addition to physiology re-
search, August Krogh invented many 
important scientifi c instruments. 
For instance, he developed both 
the spirometer (a device used to 
measure pulmonary volumes) and 
an apparatus for measuring metab-
olic rate (an instrument used to mea-
sure oxygen consumption). Although  
Krogh did not invent the fi rst cycle 
ergometer, he is credited with devel-
oping an automatically controlled 
cycle ergometer in 1913. This ergom-
eter was a large im prove ment in the 
cycle ergometers of the day and 
permitted Krogh and his colleagues 
to accurately measure the amount 
of work performed during exercise 
physiology experiments. Cycle er-
gometers similar to the one devel-
oped by August Krogh are still in 
use today in exercise physiology 
laboratories.
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vertically for every 100 meters of the belt travel. Percent 
grade is calculated by multiplying the sine of the tread-
mill angle by 100. In practice, the treadmill angle 
(expressed in degrees) can be determined by simple 
trigonometric computations (fi gure 6.2), or by using a 
measurement device called an inclinometer (7).
 To calculate the work output during treadmill 
exercise, you must know both the subject’s body weight 
and the distance traveled vertically. Vertical travel can 
be computed by multiplying the distance the belt trav-
eled by the percent grade. This can be written as:

Vertical displacement   % grade   distance

where percent grade is expressed as a fraction and the 
total distance traveled is calculated by multiplying 
the treadmill speed (m   min 1) by the total minutes 
of exercise. Consider the following sample calculation 
of work output during treadmill exercise. Calculate 
work given:

Subject’s body weight   60 kg (i.e., force   587.4 N)
Treadmill speed   200 m   min 1

Treadmill angle    7.5% grade (7.5%   100   0.075 
as fractional grade)

Exercise time   10 min
Total vertical distance traveled    200 m   min 1 

  0.075   
10 min   150 m

Therefore, total work performed    587.4 N   150 m 
   88,110 Joules or

88.1 kilojoules

■ An understanding of the terms work and power is 
necessary in order to compute human work 
output and the associated exercise effi ciency.

■ Work is defi ned as the product of force times 
distance:

Work   Force   distance

■ Power is defi ned as work divided by time:

Power   Work   time

IN SUMMARY

MEASUREMENT OF ENERGY 
EXPENDITURE

Measurement of an individual’s energy expendi-
ture at rest or during a particular activity has many 
practical applications. One direct application applies 
to exercise-assisted weight-loss programs. Clearly, 
knowledge of the energy cost of walking, running, or 
swimming at various speeds is useful to individuals 
who use these modes of exercise as an aid in weight 
loss. Further, an industrial engineer might measure 
the energy cost of various tasks around a job site and 
use this information in making the appropriate job 
assignments to workers (15, 34). In this regard, the 
engineer might recommend that the supervisor assign 
those jobs that demand large energy requirements to 
workers who are physically fit and possess high work 
capacities. In general, two techniques are employed  
in the measurement of human energy expenditure:  
(1) direct calorimetry and (2) indirect calorimetry.

Direct Calorimetry

When the body uses energy to do work, heat is liberated. 
This production of heat by cells occurs via both cellular 
respiration (bioenergetics) and cell work. The general 
process can be drawn schematically as (3, 35, 36):

Foodstuff   O2 → ATP   heat
↓ cell work

Heat

The process of cellular respiration was discussed in detail 
in chapter 3. Note that the rate of heat production in an 
animal is directly proportional to the metabolic rate. 
Therefore, measuring heat production (calorimetry) by 
an animal gives a direct measurement of metabolic rate.
 The SI unit to measure heat energy is the joule. 
However, a common unit employed to measure heat 
energy is the calorie (see table 6.3). A calorie is defined 
as the amount of heat required to raise the tempera-
ture of one gram of water by one degree Celsius. Since 
the calorie is very small, the term kilocalorie (kcal) is 
commonly used to express energy expenditure and 
the energy value of foods. One kcal is equal to 1,000 
calories. In converting kcals to SI units, 1 kcal is equal 
to 4,186 Joules or 4.186 kilojoules(kJ) (see table 6.3 for 
conversions). The process of mea suring an animal’s 
metabolic rate via the measurement of heat produc-
tion is called direct calorimetry, and has been used 
by scientists since the eighteenth century. This tech-
nique involves placing the animal in a tight chamber 
(called a calorimeter), which is insulated from the 
environment (usually by a jacket of water surrounding 
the chamber), and allowance is made for the free 
exchange of O2 and CO2 from the chamber (figure 6.3). 
The animal’s body heat raises the temperature of the 

Figure 6.2 Determination of the “percent grade” on an 

inclined treadmill. Theta () represents the angle of 

inclination. Percent grade is computed as the sine of 

angle    100.

Axle-to-axle distance
(hypotenuse)

Vertical
rise

Fixed rear-axle treadmill

Grade = Sine     = Rise  Hypotenuse

O

O
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water circulating around the chamber. Therefore, by 
measuring the temperature change per unit of time, 
the amount of heat production can be computed. In 
addition, heat is lost from the animal by evaporation 
of water from the skin and respiratory passages. This 
heat loss can be measured and added back to the 
total heat picked up by the water to yield an estimate 
of the rate of energy utilization by the animal (3, 7).

Indirect Calorimetry

Although direct calorimetry is considered to be a precise 
technique for the measurement of metabolic rate, con-
struction of a chamber that is large enough for humans is 
expensive. Also, the use of direct calorimetry to mea-
sure metabolic rate during exercise is complicated be-
cause the ergometer used may produce heat. Fortunately, 
another procedure can be used to mea sure metabolic 
rate. This technique is termed indirect calorimetry 

because it does not involve the direct measurement of 
heat production. The principle of indirect calorimetry 
can be explained by the following relationship:

Foodstuffs   O2  → Heat   CO2   H2O
(Indirect calorimetry) (Direct calorimetry)

 Since a direct relationship exists between O2 con-
sumed and the amount of heat produced in the body, 
measuring O2 consumption provides an estimate of 
metabolic rate (2, 3, 13). To convert the amount of O2 
consumed into heat equivalents, it is necessary to know 
the type of nutrient (i.e., carbohydrate, fat, or protein) 
that was metabolized. The energy liberated when fat is 
the only foodstuff metabolized is 4.7 kcal (or 19.7 kJ)   
1 O2

 1, whereas the energy released when only carbohy-
drates are used is 5.05 kcal (or 21.13 kJ)   1 O2

 1. Although 
it is not exact, the caloric expenditure of exercise is 
often estimated to be approximately 5 kcal (or 21 kJ) per 

liter of O2 consumed (19). Therefore, a person exercising 
at an oxygen consumption of 2.0 ᐉ   min 1 would expend 
approximately 10 kcal (or 42 kJ) of energy per minute.
 The most common technique used to measure 
oxygen consumption today is termed open-circuit spi-

rometry. Modern-day, open-circuit spirometry em ploys 
computer technology and is shown diagrammatically 
in figure 6.4 (30). The laboratory equipment used to 
measure oxygen consumption is illustrated in the 
accompanying photo. The volume of air inspired is 
measured with a device that is capable of measuring 
gas volumes. The expired gas from the subject is chan-
neled to a small mixing chamber to be analyzed for O2 
and CO2 content by electronic gas analyzers. Informa-
tion concerning the volume of air inspired and the frac-
tion of O2 and CO2 in the expired gas is sent to a digital 
computer by way of a device called an analog-to-digital 
converter (converts a voltage signal to a digital signal). 
The computer is programmed to perform the necessary 
calculations of V̇ O2 (volume of O2 consumed per min) 

Figure 6.3 Diagram of a simple calorimeter used to mea-

sure metabolic rate by measuring the production of body 

heat. This method of determining metabolic rate is called 

direct calorimetry.
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Figure 6.4 Modern systems for the measurement of pul-

monary gas exchange utilize electronic fl ow sensors, gas 

analyzers, and computer technology. These devices are 

used to measure oxygen uptake and carbon dioxide 

production at rest and during exercise. Source: Medical 

Graphics Corporation
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and the volume of carbon dioxide produced (V̇ CO2). In 
short, V̇ O2 is calculated in the following way:

V̇ O2  
[volume of O2 inspired]   [volume of O2 expired]

See appendix A for details of V̇ O2 and V̇ CO2 calculations.

■ Measurement of energy expenditure at rest or 
during exercise is possible using either direct or 
indirect calorimetry.

■ Direct calorimetry uses the measurement of heat 
production as an indication of metabolic rate.

■ Indirect calorimetry estimates metabolic rate 
via the measurement of oxygen consumption.

IN SUMMARY

ESTIMATION OF ENERGY 
EXPENDITURE

Researchers studying the oxygen cost (O2 cost   V̇ O2 
at steady state) of exercise have demonstrated that it 
is possible to estimate the energy expended during 
physical activity with reasonable precision (6, 8, 9, 
17, 29). Walking, running, and cycling are activities 
that have been studied in detail. The O2 requirements 
of walking and running graphed as a function of speed 

are presented in figure 6.5. Note that the relationships 
between the relative O2 requirement (ml   kg 1   min 1) 
and walking/running speed are straight lines (1, 17). A 
similar relationship exists for cycling (see figure 6.6). 
The fact that this relationship is linear over a wide 
range of speeds is convenient and makes the calcula-
tion of the O2 cost (or energy cost) very easy (see A 
Closer Look 6.1, 6.2, and 6.3 for examples). Estima-
tion of the energy expenditure of other types of

A CLOSER LOOK 6.1

Estimation of the O2 Requirement of  Treadmill Walking

The O2 requirement of horizontal treadmill walking can be estimated with reasonable accuracy for speeds between 50 and 

100 m   min 1 using the following formula (1):

V̇O2 (ml   kg 1 
  min 1)   0.1 ml   kg 1   min 1/(m   min 1)   speed (m   min 1)   3.5 ml   kg 1   min 1 (resting V̇ O2)

This equation tells us that the O2 requirement of walking increases as a linear function of walking speed. The slope of the 

line is 0.1 and the Y intercept is 3.5 ml   kg 1   min 1 (resting V̇ O2). The O2 cost of grade walking is:

V̇O2 (ml   kg 1   min 1)   1.8 ml   kg 1   min 1   speed (m   min 1)   % grade (expressed as a fraction)

 The total O2 requirement of graded treadmill walking is the sum of the horizontal O2 cost and the vertical O2 cost. For 

example, the O2 cost of walking at 80 m   min 1 at 5% grade would be:

Horizontal O2 cost   0.1 ml   kg 1   min 1   80 m   min 1   3.5 ml   kg 1   min 1

  11.5 ml   kg 1   min 1

Vertical O2 cost   1.8 ml   kg 1   min 1   (0.05   80)   7.2 ml   kg 1   min 1

Hence, the total O2 requirement of walking would amount to:

11.5 ml   kg 1   min 1   7.2 ml   kg 1   min 1   18.7 ml   kg 1   min 1

 This O2 requirement can be expressed in METs by dividing the measured (or estimated) V̇O2 (ml   kg 1   min 1) by 

3.5 ml   kg 1   min 1 per MET:

18.7 ml   kg 1   min 1   3.5 ml   kg 1   min 1 per MET   5.3 METs

Formulas are taken from reference 1.
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A CLOSER LOOK 6.2

Estimation of the O2 Requirement of  Treadmill Running

The O2 requirements of horizontal treadmill running for speeds greater than 134 m ⭈ min⫺1 can be estimated in a manner 

similar to the procedure used to estimate the O2 requirement for treadmill walking. It is also possible to estimate the O2 

requirement for running up a grade. This calculation is done in two parts:

1. The O2 cost of the horizontal component is calculated using the following formula:

V̇O2 (ml ⭈ kg⫺1 ⭈ min⫺1) ⫽ 0.2 ml ⭈ kg⫺1 ⭈ min⫺1/m ⭈ min⫺1 ⫻ speed (m ⭈ min⫺1) ⫹ 3.5 ml ⭈ kg⫺1 ⭈ min⫺1 (resting V̇O2)

2. The O2 requirement of the vertical component is computed using the relationship that running 1 m/min vertically 

requires 0.9 ml ⭈ kg⫺1 ⭈ min⫺1. The vertical velocity is computed by multiplying running speed by the fractional grade. 

Therefore, the formula to estimate the O2 cost of vertical treadmill work while running is as follows:

V̇O2 (ml ⭈ kg⫺1 ⭈ min⫺1) ⫽ 0.9 ml ⭈ kg⫺1 per m ⭈ min⫺1 ⫻ vertical velocity (m ⭈ min⫺1)

Formulas are taken from reference 1.

A CLOSER LOOK 6.3

Estimation of the O2 Requirement of Cycling

Similar to the energy cost of walking 

and running, the oxygen requirement 

of cycling is also linear (straight line) 

over a wide range of work rates (fi g-

ure 6.6). Because of this linear relation-

ship, the O2 requirement of cycling 

can be easily estimated for power out-

puts between 50 and 200 watts (i.e., 

300 and 1,200 kg ⭈ m ⭈ min⫺1). The total 

O2 cost of cycling on a cycle ergometer 

is comprised of three components. 

These include the resting O2 consump-

tion, the O2 demand associated with 

unloaded cycling (i.e., energy cost of 

moving the legs), and an O2 require-

ment that is directly proportional to 

the external load on the cycle. An 

explanation of how the O2 cost of these 

components is computed follows.

 First, the resting O2 consumption is 

estimated at 3.5 ml ⭈ kg⫺1 ⭈ min⫺1. Sec-

ond, at a cranking speed of 50–60 rpm, 

the oxygen cost of unloaded cycling is 

also approximately 3.5 ml ⭈ kg⫺1 ⭈ min⫺1. 

Finally, the relative O2 cost of cycling 

against an external load is approxi-

mately 1.8 ml ⭈ min⫺1 ⫻ work rate ⫻ 

body mass⫺1. Putting these three com-

ponents together, the collective formula 

to compute the O2 of cycling is:

V̇O2 (ml ⭈ kg⫺1 ⭈ min⫺1) ⫽  1.8 (work rate)

⫻ M⫺1 ⫹ 7

Where:

work rate on the cycle ergometer 

is expressed in kilopond-meter ⭈ 

min⫺1

M is body mass in kilograms

7 is the sum of resting O2 con-

sumption (3.5) and the O2 cost of 

unloaded cycling (3.5)

Formulas are from reference 1.

FIGURE 6.6     The relationship between work rate and V̇O2 

cost is linear for cycling over a wide range of workloads. This 

fi gure illustrates the relative oxygen cost (i.e., V̇O2 per 

kilogram of body mass) of cycling for a 70-kilogram individual.Cycle ergometer work rate (watts)
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activities is more complex. For example, estimation of 
energy expenditure during tennis is dependent on 
whether the match is singles or doubles, and is also 
influenced by the participants’ skill level. Nonethe-
less, a gross estimate of the energy expended during 
a tennis match is possible. Appendix B contains a list 
of activities and their estimated energy costs.
 The need to express the energy cost of exercise in 
simple units has led to the development of the term 
metabolic equivalent (MET) (often called “MET”). The 
concept of a MET is simple. One MET is equal to 
resting V̇ O2, which is approximately 3.5 ml   kg 1 

  
min 1 (1, 2). Thus, the energy cost of exercise can be 
described in multiples of resting V̇ O2 (i.e., METs), 
which will simplify the quantification of exercise 
energy requirement. For example, a physical activity 
requiring a 10-MET energy expenditure (i.e., ten times 
resting metabolic rate) represents a V̇ O2 of 35 ml   
kg 1   min 1 (10 METs   3.5 ml   kg 1   min 1 per 
MET   35 ml   kg 1   min 1). The absolute oxygen 
requirement of an activity requiring 10 METs can be 
calculated by multiplying the individual’s body weight 
times the V̇ O2 (ml   kg 1   min 1). Therefore, the oxy-
gen requirement for a 60-kg individual performing a 
10-MET activity would be:

V̇ O2 (ml   min 1   35 ml   kg 1   min 1   60 kg
  2,100 ml   min 1

■ The energy cost of horizontal treadmill walking 
or running can be estimated with reasonable 
accuracy, because the O2 requirements of both 
walking and running increase as a linear func-
tion of speed.

■ The need to express the energy cost of exercise 
in simple terms has led to the development of 
the term MET. One MET is equal to the resting 
V̇O2 (3.5 ml   kg 1   min 1).

IN SUMMARY

CALCULATION OF 
EXERCISE EFFICIENCY

Exercise physiologists have long searched for ways 
to mathematically describe the efficiency of human 
movement. Although disagreement exists as to the 
most valid technique of calculating efficiency, the 
efficiency of exercise is often described by the term 
net efficiency (4, 5, 9, 28, 29, 37, 38). Net efficiency is 
defined as the mathematical ratio of work output 
divided by the energy expended above rest:

% net effi ciency     
Work output

  _________________  
Energy expended

     100

above rest

 No machine is 100% efficient, since some energy 
is lost due to friction of the moving parts. Likewise, the 
human machine is not 100% efficient because energy 
is lost as heat. It is estimated that the gasoline auto-
mobile engine operates with an efficiency of approxi-
mately 20% to 25%. Similarly, net efficiency for humans 
exercising on a cycle ergometer ranges from 15% to 
27%, depending on work rate (11, 14, 29, 33, 38).
 To compute net efficiency during cycle ergome-
ter or treadmill exercise requires measurement of 
work output and an appraisal of the subject’s energy 
expenditure during the exercise and at rest. It should 
be emphasized that V̇ O2 measurements must be 
made during steady-state conditions. The work rate 
on the cycle ergometer or treadmill is calculated 
as discussed earlier and is generally expressed in 
kpm   min 1. The energy expenditure during these 
types of exercise is usually estimated by first mea-
suring V̇ O2 (liter   min 1) using open-circuit spirom-
etry, and then converting it to either kcal or kJ (i.e., 
5 kcal or 21 kJ   1 liter O2). To do the computation 
using the net-efficiency formula, both numerator 
and denominator must be expressed in similar terms. 
Because the numerator (work output) is expressed in 
kJ and energy expenditure is also expressed in kJ, no 
conversion of units is required. Consider the follow-
ing sample calculation of net efficiency during sub-
maximal, steady-state cycle ergometer exercise using 
kJ as both work and energy units. Given:

Resistance against the cycle fl ywheel   2 kg or 19.58 N
Cranking speed   50 rpm
Steady-state resting V̇ O2   0.25ᐉ   min 1

Steady-state exercise V̇ O2   1.5ᐉ   min 1

Distance traveled per revolution   6 m
Therefore:
Work rate    [(19.58 N)   (50 rpm   6 m/rev)]

  5,874 joules or 5.9 KJ
Energy expenditure    [V̇ O2(ᐉ   min 1)   21 kJ   ᐉ 1]

  26.25 kJ
note: V̇ O2   (1.5ᐉ   min 1   0.25ᐉ   min 1)

Hence, net effi ciency     
5.9 kj   min 1

  _______________  
26.25 kj   min 1

     100%

  22.5%

Factors That Infl uence 

Exercise Effi ciency

The efficiency of exercise is influenced by several fac-
tors: (1) the exercise work rate, (2) the speed of move-
ment, and (3) the fiber composition of the muscles 
performing the exercise. A brief discussion of each of 
these factors follows.

Work Rate and Exercise Efficiency Figure 6.7 
depicts the changes in net efficiency during cycle 
ergometry exercise as a function of work rate. Note 
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that efficiency decreases as the work rate increases 
(11, 29). This is because the relationship between 
energy expenditure and work rate is curvilinear rather 
than linear (see figure 6.8) (14, 29). That is, as the work 
rate increases, total body energy expenditure increases 
out of proportion to the work rate; this results in a 
lowered efficiency.

Movement Speed and Efficiency Research has 
shown that there is an “optimum” speed of move-
ment for any given work rate. Evidence suggests that 
the optimum speed of movement increases as the 
power output increases (6). In other words, at higher 
power outputs, a greater speed of movement is 
required to obtain optimum efficiency. At low-
to-moderate work rates, a pedaling speed of 40 to 

60 rpm is generally considered optimum during arm 
or cycle ergometry (10, 12, 14, 26, 29, 32). Note that 
any change in the speed of movement away from 
the optimum results in a decrease in efficiency (fig-
ure 6.9). This decline in efficiency at low speeds of 
movement is probably due to inertia (29). That is, 
there may be an increased energy cost of performing 
work when movements are slow and the limbs 
involved must repeatedly stop and start. The decline 
in efficiency associated with high-speed movement 
(low work rates) may be because increasing speeds 
might augment muscular friction and thus increase 
internal work (4, 29).

Fiber Type and Efficiency People differ greatly in 
their net efficiency during cycle ergometer exercise. 
Why? Recent evidence suggests that subjects with a 
high percentage of slow muscle fibers display a higher 
exercise efficiency compared to subjects with a high 
percentage of fast muscle fibers (see chapter 8 for a 
discussion of muscle fiber types) (18, 20, 24, 31). The 
physiological explanation for this observation is that 
slow muscle fibers are more efficient than fast fibers. 
That is, slow fibers require less ATP per unit of work 
performed compared to fast fibers.
 The significance of a high exercise efficiency is 
that superior efficiency can improve exercise perfor-
mance. Indeed, studies have shown that endurance 
performance is improved by a high exercise efficiency 
(18). This can be explained by the fact that, compared 
to subjects with a relatively low efficiency, subjects 
with high efficiency can generate a greater power out-
put at any rate of energy expenditure. In other words, 
a high exercise efficiency improves endurance perfor-
mance by increasing the power output produced for a 
given amount of ATP used.

Figure 6.7  Changes in net efficiency during arm crank 

ergometry as a function of work rate.
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■ Net effi ciency is defi ned as the mathematical 
ratio of work performed divided by the energy 
expenditure above rest, and is expressed as a 
percentage:

% Net effi ciency   

  
Work output

  ___________________________   
Energy expended above rest

     100

■ The effi ciency of exercise decreases as the exer-
cise work rate increases. This occurs because 
the relationship between work rate and energy 
expenditure is curvilinear.

■ To achieve maximal effi ciency at any work rate, 
there is an optimal speed of movement.

■ Exercise effi ciency is greater in subjects who 
possess a high percentage of slow muscle 
fi bers compared to subjects with a high per-
centage of fast fi bers. This is due to the fact 
that slow muscle fi bers are more effi cient than 
fast fi bers.

IN SUMMARY

RUNNING ECONOMY

As discussed previously, the computation of work is 
not generally possible during horizontal treadmill 
running, and thus a calculation of exercise efficiency 
cannot be performed. However, the measurement of 
the steady-state V̇ O2 requirement (O2 cost) of running 
at various speeds offers a means of comparing run-
ning economy (not efficiency) between two runners or 
groups of runners (16, 17, 25). Figure 6.10 compares 
the O2 cost of running between a group of highly 
trained male and female distance runners at slow run-
ning speeds (i.e., slower than race pace). A runner 
who exhibits poor running economy would require a 
higher V̇ O2 (ml   kg 1   min 1) at any given running 
speed than an economical runner. Notice that the O2 
cost of running labeled on the ordinate (y-axis) is 
expressed as V̇ O2 in ml   kg 1   min 1. Expressing V̇ O2 
as a function of the body weight is referred to as rela-

tive V̇ O2, and it is appropriate when describing the O2 
cost of weight-bearing activities such as running, 
climbing steps, walking, or ice skating.
 Do gender differences exist in running economy? 
This issue has been studied by numerous investiga-
tors, with mixed findings. Figure 6.10 illustrates the 

results of one of these studies (17). This study com-
pared the oxygen cost of running between highly 
trained men and women distance runners. The run-
ners were matched for maximal aerobic power and 
the number of years of training experience. The simi-
lar slopes of the two lines suggests that running 
economy is comparable for highly trained men and 
women distance runners at slow running speeds (17). 
However, evidence suggests that at fast “race pace” 
speeds, male runners may be more economical than 
females (9). The reason for this apparent gender vari-
ation in running economy is unclear and requires fur-
ther study (27).

■ Although it is not easy to compute effi ciency 
during horizontal running, the measurement of 
the O2 cost of running (ml   kg 1   min 1) at any 
given speed offers a measure of running 
economy.

■ Running economy does not differ between 
highly trained men and women distance run-
ners at slow running speeds. However, at fast 
“race pace” speeds, male runners may be more 
economical than females. The reasons for 
these differences are unclear.

IN SUMMARY

Figure 6.10      Comparison of the oxygen cost of horizontal 

treadmill running between highly trained men and 

women distance runners.
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STUDY QUESTIONS

 1. Define the following terms:
 a. work
 b. power
 c. percent grade

 d. relative V̇ O2

 e. net efficiency
 f. metric system
 g. SI units
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 2.  Calculate the total amount of work performed in fi ve 
minutes of exercise on the cycle ergometer, given the 
following:

  Resistance on the fl ywheel   25 N
  Cranking speed   60 rpm
  Distance traveled per revolution   6 meters

 3.  Compute total work and power output per minute for 
ten minutes of treadmill exercise, given the following:

  Treadmill grade   15%
  Horizontal speed   200 m   min 1

  Subject’s weight   70 kg

 4.  Briefl y, describe the procedure used to estimate energy 
expenditure using (a) direct calorimetry and (b) indirect 
calorimetry.

 5.  Compute the estimated energy expenditure during hor-
izontal treadmill walking for the following examples:

  a.  Treadmill speed   50 m   min 1

   Subject’s weight   62 kg
  b. Treadmill speed   100 m   min 1

   Subject’s weight   75 kg
  c. Treadmill speed   80 m   min 1

   Subject’s weight   60 kg
 6.  Calculate the estimated O2 cost of horizontal treadmill 

running for a 70-kg subject at 150, 200, and 235 m   
min 1.

 7. Calculate net effi ciency, given the following:

  Exercise V̇ O2   3.0ᐉ   min 1

  Resting exercise V̇ O2   0.3ᐉ   min 1

  Work rate   200 W

 8.  Calculate the power output during one minute of cycle 
ergometer exercise, given the following:

  Resistance on the fl ywheel   50 N
  Cranking speed   50 rpm
  Distance traveled per revolution   6 meters

 9.  Calculate the total work performed during ten minutes 
of cycle ergometer exercise, given the following:

  Resistance on the fl ywheel   20 N
  Cranking speed   70 rpm
  Distance traveled per revolution   6 meters

10. Calculate net effi ciency, given the following:

  Resting V̇ O2   0.3ᐉ   min 1

  Exercise V̇ O2   2.1ᐉ   min 1

  Work rate   150 W

11.  Compute the power output for three minutes of tread-
mill exercise, given the following:

  Treadmill grade   10%
  Horizontal speed   100 m   min 1

  Subject’s weight   60 kg

12.  Calculate the power output (expressed in watts) for a 
subject who performed ten minutes of cycle ergometer 
exercise at:

  Resistance on the fl ywheel   20 N
  Cranking speed   60 rpm
  Distance traveled per revolution   6 meters

13.  Compute the oxygen cost of cycling at work rates of 50, 
75, 100, 125 W for a 60-kilogram person.
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1. Discuss the general organization of the nervous 

system.
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The Nervous System: 
Structure and Control of Movement
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The nervous system provides the body with a rapid 

means of internal communication that allows us 

to move about, talk, and coordinate the activity of bil-

lions of cells. Thus, neural activity is critically impor-

tant in the body’s ability to maintain homeostasis. 

The purpose of this chapter is to present an overview 

of the nervous system, with emphasis on neural con-

trol of voluntary movement. We will begin with a brief 

discussion of the functions of the nervous system.

GENERAL NERVOUS 
SYSTEM FUNCTIONS

The nervous system is the body’s means of perceiving 

and responding to events in the internal and external 

environments. Receptors capable of sensing touch, 

pain, temperature changes, and chemical stimuli send 

information to the central nervous system (CNS) 

concerning changes in our environment. The CNS may 

respond to these stimuli in several ways. The response 

may be involuntary movement (e.g., rapid removal of 

a hand from a hot surface) or alteration in the rate of 

release of some hormone from the endocrine system 

(see chapter 5). In addition to integrating body activi-

ties and controlling voluntary movement, the nervous 

system is responsible for storing experiences (mem-

ory) and establishing patterns of response based on 

previous experiences (learning). A summary of the 

functions of the nervous system follows (11, 35, 36):

1. Control of the internal environment (nervous 

system works with endocrine system)

2. Voluntary control of movement

3. Programming of spinal cord reflexes

4. Assimilation of experiences necessary for memory 

and learning

ORGANIZATION OF THE 
NERVOUS SYSTEM

Anatomically, the nervous system can be divided into 

two main parts: the CNS and the peripheral nervous 

system (PNS). The CNS is that portion of the nervous 

system contained in the skull (brain) and the spinal 

cord; the PNS consists of nerve cells (neurons) out-

side the CNS (see figure 7.1).

 The PNS can be further subdivided into two 

 sections: (1) the sensory portion and (2) the motor por-

tion. The sensory division is responsible for transmis-

sion of neuron impulses from sense organs  (receptors) 

to the CNS. These sensory nerve fibers, which conduct 

information toward the CNS, are called afferent fibers. 

The motor portion of the PNS can be further subdivided 

into the somatic motor division (which innervates skel-

etal muscle) and autonomic motor division (which 

innervates involuntary effector organs like smooth 

muscle in the gut, cardiac muscle, and glands). Motor 

nerve fibers, which conduct im pulses away from the 

CNS, are referred to as  efferent fibers. The relation-

ships between the CNS and the PNS are visualized in 

figure 7.2.

IN SUMMARY

■ The nervous system is the body’s means of per-

ceiving and responding to events in the internal 

and external environments. Receptors capable 

of sensing touch, pain, temperature, and chemi-

cal stimuli send information to the CNS con-

cerning changes in our environment. The CNS 

responds by either voluntary movement or a 

change in the rate of release of some hormone 

from the endocrine system, depending on 

which response is appropriate.

■ The nervous system is divided into two major 

divisions: (1) the central nervous system and 

(2) the peripheral nervous system. The central 

nervous system includes the brain and the 

 spinal cord, whereas the peripheral nervous 

system includes the nerves outside the central 

nervous system.

Structure of the Neuron

The functional unit of the nervous system is the neu-

ron. Anatomically, neurons can be divided into three 

regions: (1) cell body, (2) dendrites, and (3) axon 

(see figure 7.3). The center of operation for the neuron 

Peripheral nervous system

Afferent division

Efferent division

Special sensory

Somatic sensory

Somatic motor

Autonomic motor

Sympathetic

Parasympathetic

Enteric

Visceral sensory

Central nervous system

Brain

Spinal
cord

Figure 7.1 Overview of the anatomical divisions of the 

nervous system.
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is the cell body, or soma, which contains the nucleus. 

Narrow, cytoplasmic attachments extend from the cell 

body and are called dendrites. Dendrites serve as a 

receptive area that can conduct electrical impulses 

toward the cell body. The axon (also called the nerve 

fiber) carries the electrical message away from the cell 

body toward another neuron or effector organ. Axons 

vary in length from a few millimeters to a meter 

(11, 38). Each neuron has only one axon; however, the 

axon can divide into several collateral branches that 

terminate at other neurons, muscle cells, or glands 

(figure 7.3). Contact points between an axon of one 

neuron and the dendrite of another neuron are called 

synapses (see figure 7.4).

 In large nerve fibers like those innervating skele-

tal muscle, the axons are covered with an insulating 

layer of cells called Schwann cells. The membranes 

of Schwann cells contain a large amount of a lipid-

protein substance called myelin, which forms a dis-

continuous sheath that covers the outside of the 

axon. The gaps or spaces between the myelin seg-

ments along the axon are called nodes of Ranvier 

and play an important role in neural transmission. In 

general, the larger the diameter of the axon, the 

greater the speed of neural transmission (11, 38). 

Thus, those axons with large myelin sheaths conduct 

impulses more rapidly than small, nonmyelinated 

fibers. Damage or destruction of myelin along myelin-

ated nerve fibers results in nervous system dysfunc-

tion. Indeed, damage to myelin is the basis for the 

neurological disease multiple sclerosis (see Clinical 

Applications 7.1 for more information about multiple 

sclerosis).

Electrical Activity in Neurons

Neurons are considered “excitable tissue” because of 

their specialized properties of irritability and conduc-

tivity. Irritability is the ability of the dendrites and 

neuron cell body to respond to a stimulus and con-

vert it to a neural impulse. Conductivity refers to the 

transmission of the impulse along the axon. A nerve 

impulse can be thought of as an electrical signal 

carried the length of the axon. This electrical signal is 

initiated via some stimulus that causes a change in 

the normal electrical charge of the neuron.

Resting Membrane Potential At rest, all cells 

(including neurons) are negatively charged on the 

inside of the cell with respect to the charge on the 

exterior of the cell. This negative charge is the result 

of an unequal distribution of charged ions (ions are 

elements with a positive or negative charge) across 

the cell membrane. Thus, a neuron is said to be polar-

ized, and this electrical charge difference is called 

the resting membrane potential. The magnitude of 

the resting membrane potential varies from ⫺5 to 

⫺100 mv depending upon the cell type; in neurons, 

the resting membrane potential is generally in the 

range of ⫺40 mv to ⫺75 mv (38) (figure 7.5).

Central Nervous System
(Brain and Spinal Cord)

Peripheral Nervous System
(Cranial and Spinal Nerves)

Sensory division Sensory receptors

Motor division

Skeletal muscle

Smooth muscle
Cardiac muscle
Glands

Somatic
Nervous
System

Autonomic
Nervous
System

Spinal 
nerves

Cranial 
nerves

Spinal 
cord

Brain

(a) (b)

Figure 7.2 The relationship between the motor and sensory fibers of the peripheral nervous system (PNS) and the 

 central nervous system (CNS).
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Figure 7.3 The parts of a neuron.
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Figure 7.4 An illustration 

of synaptic transmission. 

For a nerve impulse to 

continue from one neuron 

to another, it must cross 

the synaptic cleft at a 

synapse.

 Let’s discuss the resting membrane potential in 

more detail. Cellular proteins, phosphate groups, and 

other nucleotides are negatively charged (anions) 

and are fixed inside the cell because they cannot pen-

etrate the cell membrane. Since these negatively 

charged molecules are unable to leave the cell, they 

attract positively charged ions (cations) from the 

extracellular fluid. This results in an accumulation of 

a net positive charge on the outside surface of the 

membrane and a net negative charge on the inside 

surface of the membrane (11, 18).

 The magnitude of the resting membrane poten-

tial is primarily determined by two factors: (1) the per-

meability of the plasma membrane to different ion 

species and (2) the difference in ion concentrations 

between the intracellular and extracellular fluids (46). 

Although numerous intracellular and extracellular 

ions exist, sodium, potassium, and chloride ions are 

present in the greatest concentrations and therefore 

Fixed anions

– 65 mV

Voltmeter

K
+

Na
+

K
+

Na
+

+

–

–

Figure 7.5 Illustration of the resting membrane poten-

tial in cells. Compared to the outside of the cell, more 

negatively charged (fixed) ions exist inside the cell; this 

results in a negative resting membrane potential. Also, 

notice that both sodium and potassium can diffuse across 

the plasma member with potassium diffusing from the 

inside of the cell to the extracellular fluid, whereas 

sodium diffuses into the cell from the extracellular fluid.
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CLINICAL APPLICATIONS 7.1

Multiple Sclerosis and Nervous System Function

Multiple sclerosis (MS) is a neurologi-

cal disease that progressively de-

stroys the myelin sheaths of axons 

in multiple areas of the central ner-

vous system (11, 14). Although the 

exact cause of MS is not known, the 

MS-mediated destruction of myelin 

has an inherited (i.e., genetic) com-

ponent and is due to an immune sys-

tem attack on myelin. Destruction of 

the myelin sheath prohibits the nor-

mal conduction of nerve impulses, 

resulting in a progressive loss of ner-

vous system function. The pathology 

of MS is characterized by general 

fatigue, muscle weakness, poor motor 

control, loss of balance, and mental 

depression (43). Therefore, patients 

with MS often have difficulties in per-

forming activities of daily living and 

suffer from a low quality of life.

 Although there is no known cure 

for MS, growing evidence indicates 

that regular exercise, including both 

endurance and resistance exercise, 

can improve the functional capacity of 

patients suffering from this neurologi-

cal disorder (43, 44). For example, 

recent studies reveal that MS patients 

engaging in a regular exercise program 

exhibit increased muscular strength 

and endurance resulting in an im-

proved quality of life (44). Importantly, 

regular exercise may also reduce the 

mental depression associated with 

MS (43).

K+
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Intracellular fluid

concentrations

Extracellular fluid

concentrations

12 mM
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0.0001 mM
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5 mM

125 mM

2.5 mM

Na+

Figure 7.6 Concentrations of ions across a typical cell 

membrane. Although the body contains many different 

ions, sodium, potassium, and chloride ions exist in the 

largest concentrations and therefore play the most impor-

tant roles in determining the resting membrane potential 

in cells.

play the most important role in generating the resting 

membrane potential (37, 46). The concentrations of 

sodium, potassium, chloride, and calcium are illus-

trated in figure 7.6. Notice that the concentration of 

sodium is much greater on the outside of the cell, 

whereas the concentration of potassium is much 

greater on the inside of the cell. For comparative pur-

poses, the intracellular and extracellular concentra-

tion of calcium is also illustrated.

 The permeability of the neuron membrane to 

potassium, sodium, and other ions is regulated by pro-

teins within the membrane that function as channels 

that can be opened or closed by “gates” within the 

channel. This concept is illustrated in figure 7.7. Notice 

that ions can move freely across the cell membrane 

when the channel is open, whereas closure of the chan-

nel gate prevents ion movement. Because the concen-

tration of potassium (⫹ charge) is high inside the cell 

and the concentration of sodium (⫹ charge) is high 

outside the cell, a change in the membrane’s permea-

bility to either potassium or sodium would result in a

Figure 7.7 Illustration of channels that regulate ion pas-

sage across the plasma membrane. Ion channels are com-

posed of proteins that span the entire membrane from the 

inside to the outer surface. Ion passage through the chan-

nels is regulated by the opening or closing of “gates” that 

serve as doors in the middle of the channel. For example, 

when channels are open (i.e., gate is open) ions are free 

to pass through the channel (lower portion of figure). In 

contrast, when the channel gate is closed, ions’ movement 

through the channel is halted (upper portion of figure).

Cytoplasm Extracellular fluid

Channel 
proteins

Channel closed

Channel open

Pore

Gate

Ions
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movement of these charged ions down their concentra-

tion gradients. That is, sodium would enter the cell, 

and potassium would leave the cell. At rest, almost all 

of the sodium channels are closed, whereas a few 

potassium channels are open. This means that there 

are more potassium ions leaving the cell than sodium 

ions “leaking” into the cell. This results in a net loss of 

positive charges from the inside of the membrane, thus 

making the resting membrane potential negative. In 

short, the negative membrane potential in a resting 

neuron is due primarily to the diffusion of potassium 

out of the cell, caused by (1) the higher permeability of 

the membrane for potassium than sodium and (2) the 

concentration gradient for potassium from inside to 

outside the cell.

 As mentioned previously, a small number of ions 

are always moving across the cell membrane. If potas-

sium ions continued to diffuse out of the cell and 

the sodium ions continued to diffuse into the cell, the 

concentration gradients for these ions would decrease. 

This would result in a loss of the negative mem-

brane potential. What prevents this from happening? 

The cell membrane has a sodium/potassium pump 

that uses energy from ATP to maintain the intracellu-

lar/extracellular concentrations by pumping sodium 

out of the cell and potassium into the cell. Interest-

ingly, this pump not only maintains the concentration 

gradients that are needed to maintain the resting 

membrane potential, but it also helps to generate the 

potential because it exchanges three sodium ions for 

every two potassium ions (43) (figure 7.8).

Action Potential Research that explained how 

neurons transmit impulses from the periphery to the 

brain was completed in England between 1946 and 

1952 (see this chapter’s A Look Back—Important Peo-

ple in Science). A neural message is generated when a 

stimulus of sufficient strength reaches the neuron 

membrane and opens sodium gates, which allows 

sodium ions to diffuse into the neuron, making the 

inside more and more positive (depolarizing the cell). 

When depolarization reaches a critical value called 

“threshold,” the sodium gates open wide and an 

action potential, or nerve impulse, is formed (see 

figures 7.9 and 7.10a). After an action potential has 

been generated, a sequence of ionic exchanges occurs 

along the axon to propagate the nerve impulse. This 

ionic exchange along the neuron occurs in a sequen-

tial fashion at the nodes of Ranvier (figure 7.3).

 Repolarization occurs immediately following de-

polarization, resulting in a return of the resting mem-

brane potential with the nerve ready to be stimulated 

again (figure 7.9). How does repolarization occur? 

Depolarization, with a slight time delay, causes a brief 

increase in membrane permeability to potassium. 

As a result, potassium leaves the cell rapidly, making 

the inside of the membrane more negative (see 

figure 7.10b). Second, after the depolarization stimu-

lus is removed, the sodium gates within the cell 

membrane close, and sodium entry into the cell is 

slowed (therefore, few positive charges are entering 

the cell). The combined result of these activities 

quickly restores the resting membrane potential to 

the original negative charge.

All-or-None Law The development of a nerve 

impulse is considered to be an “all-or-none” response 

and is referred to as the “all-or-none” law of action 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Alan Lloyd Hodgkin Discovered How Action Potentials Are Achieved

Alan Lloyd Hodgkin 

(1914–1998) received 

the Nobel Prize for 

Physiology or Medicine 

in 1963 for his research 

on the chemical pro-

cesses that allow neu-

rons to transmit impulses from the 

periphery to the brain. Dr. Hodgkin was 

born in Banbury,  England, in 1914 and 

received his graduate education at Uni-

versity of Cambridge (England). Inter-

estingly, another Nobel Prize winner, 

A.V. Hill (see chapter 3’s A Look Back—

 Important People in Science) served as 

one of his mentors during his work at 

Cambridge. 

 After completing his Ph.D. in 1938, 

Dr. Hodgkin began his research on 

neural physiology at Cambridge. Unfor-

tunately, World War II interrupted his 

work from 1940 to 1946. After the war, 

Dr. Hodgkin returned to Cambridge 

and collaborated with A. F. Huxley (see 

chapter 8’s A Look Back—Important 

People in Science) to study nerve con-

duction. This research focused on the 

basis of “action potentials,” which are 

the electrical impulses that enable 

neurons to become excited (depolar-

ize) and regulate the activity of the 

nervous system. During 1946–1952 

Dr. Hodgkin and A. F. Huxley devel-

oped the theory that action potentials 

in neurons are achieved by the open-

ing of ion  channels on the membrane. 

In 1952, Dr. Hodgkin and A. F. Huxley 

published this theory, and they were 

awarded the Nobel Prize eleven years 

later for this important contribution to 

our understanding of how neurons 

function.
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Figure 7.8 Exchange of sodium and potassium across the plasma membrane by the sodium/potassium pump. The 

sodium/potassium pump requires energy (ATP) and is therefore an active transport pump that moves three molecules 

of sodium out of the cell and returns two molecules of potassium into the cell. The sodium/potassium pump process is 

summarized by steps 1 through 6.

potentials. This means that if a nerve impulse is initi-

ated, the impulse will travel the entire length of 

the axon without a decrease in voltage. In other words, 

the neural impulse is just as strong after traveling the 

length of the axon as it was at the initial point of 

stimulation.

 A mechanical analogy of the all-or-none law is the 

firing of a gun (43). That is, the speed of the bullet 

leaving the gun does not depend upon how hard you 

pulled the trigger. Indeed, firing a gun is all or none; 

you cannot fire a gun halfway.

Neurotransmitters and Synaptic Transmission  

As mentioned previously, neurons communicate with 

other neurons at junctions called synapses. A synapse 

is a small gap (20–30 nanometers) between the 

 synaptic endfoot of the presynaptic neuron and a 

 dendrite of a postsynaptic neuron (see figure 7.11). 
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Figure 7.9 An action potential is produced by an 

increase in sodium conductance into the neuron. As 

sodium enters the neuron, the charge becomes more 

and more positive, and an action potential is generated.

Communication between neurons occurs via a pro-

cess called synaptic transmission, and it happens 

when sufficient amounts of a specific neurotransmit-

ter (a neurotransmitter is a chemical messenger that 

neurons use to communicate with each other) are 

released from synaptic vesicles contained in the 

 presynaptic neuron. The nerve impulse results in 

the synaptic vesicles releasing stored neurotransmit-

ter into the synaptic cleft. Neurotransmitters that 

cause the depolarization of membranes are termed 

excitatory transmitters. After release into the synaptic 

cleft, these neurotransmitters bind to “receptors” on 

the target membrane, which produces a series of 

graded depolarizations in the dendrites and cell body 

(1, 2, 18, 22, 29, 34). These graded depolarizations are 

known as excitatory postsynaptic potentials (EPSPs). 

If sufficient amounts of the neurotransmitter are 

released, the postsynaptic neuron is depolarized to 

threshold and an action potential is generated.
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 EPSPs can bring the postsynaptic neuron to 

thre shold in two ways: (1) temporal summation and 

(2) spatial summation. The summing of several EPSPs 

from a single presynaptic neuron over a short time 

period is termed temporal summation (“temporal” 

refers to time). The number of EPSPs required to bring 

the postsynaptic neuron to threshold varies, but it is 

estimated that the addition of up to fifty EPSPs might 

be requi red to produce an action potential within some 

neurons (37). Nonetheless, one means by which an action 

 potential can be generated is through rapid, repetitive 

excitation from a single excitatory presynaptic neuron.

 A second means of achieving an action potential 

at the postsynaptic membrane is to sum EPSPs from 

several different presynaptic inputs (i.e., different 

points in space) and is known as spatial summation. 

In spatial summation, concurrent EPSPs come into a 

postsynaptic neuron from numerous different excit-

atory inputs. As with temporal summation, up to fifty 

EPSPs arriving simultaneously on the postsynaptic 

Sending neuron

Receiving neuron

Nerve impulse

Endfeet

Neural
impulse DendriteAxon

Neural impulse

Endfoot
(or terminal bouton)

Synaptic vesicle

Presynaptic membrane
Postsynaptic membrane

Neurotransmitter
molecule

Synaptic cleft

Figure 7.11 The basic structure of a chemical synapse. In this idealized drawing, the basic elements of the synapse can 

be seen: the terminal of the presynaptic axon containing synaptic vesicles, the synaptic cleft, and the postsynaptic 

 membrane. From A. J. Vander et al., Human Physiology: The Mechanisms of Body Function, 8th edition. Copyright 2001 

McGraw-Hill, Inc., New York. Reprinted by permission.
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membrane may be required to produce an action 

potential (37).

 A common neurotransmitter, which also happens 

to be the transmitter at the nerve/muscle junction, is 

acetylcholine. Upon release into the synaptic cleft, 

acetylcholine binds to receptors on the postsynaptic 

membrane and opens “channels,” which allow sodium 

to enter the nerve or muscle cell. When enough sodium 

enters the postsynaptic membrane of a neuron or 

muscle, depolarization results. To prevent chronic 

depolarization of the postsynaptic neuron, the neu-

rotransmitter must be broken down into less-active 

molecules via enzymes found in the synaptic cleft. In 

the case of acetylcholine, the degrading enzyme is 

called acetylcholinesterase. This enzyme breaks down 

acetylcholine into acetyl and choline and thus removes 

the stimulus for depolarization (11). Following break-

down of the neurotransmitter, the post synaptic mem-

brane repolarizes and is prepared to receive additional 

neurotransmitters and generate a new action poten-

tial. Note that not all neurotransmitters are excitatory. 

In fact, some neurotransmitters have just the opposite 

effect of excitatory transmitters (29). These inhibitory 

transmitters cause a hyperpolarization (increased neg-

ativity) of the postsynaptic membrane. This hyperpo-

larization of the membrane is called an inhibitory 

postsynaptic potential, or IPSP. The end result of an 

IPSP is that the neuron develops a more negative rest-

ing membrane potential, is pushed further from 

threshold, and thus resists depolarization. In general, 

whether a neuron reaches threshold or not is depen-

dent on the ratio of the number of EPSPs to the  number 

of IPSPs. For example, a neuron that is simultaneously 

bombarded by an equal number of EPSPs and IPSPs 

will not reach threshold and generate an action poten-

tial. On the other hand, if the EPSPs outnumber the 

IPSPs, the neuron is moved toward threshold and an 

action potential may be generated.

 Acetylcholine is an interesting example of a neu-

rotransmitter that can be both inhibitory and excit-

atory. While acetylcholine produces depolarization of 

skeletal muscle, it causes a hyperpolarization of the 

heart, slowing the heart rate. This occurs because 

the combination of acetylcholine with receptors in the 

heart causes the opening of membrane channels that 

allow potassium to diffuse out of the cell. Therefore, 

an outward diffusion of potassium produces a hyper-

polarization of heart tissue, and the membrane poten-

tial is moved further away from the threshold valve.

IN SUMMARY

■ Nerve cells are called neurons and are divided 

anatomically into three parts: (1) the cell body, 

(2) dendrites, and (3) the axon. Axons are gen-

erally covered by Schwann cells, with gaps 

between these cells called nodes of Ranvier.

■ Neurons are specialized cells that respond to 

physical or chemical changes in their environ-

ment. At rest, neurons are negatively charged in 

the interior with respect to the electrical charge 

outside the cell. This difference in electrical 

charge is called the resting membrane potential.

■ A neuron “fires” when a stimulus changes the 

permeability of the membrane, allowing sodium 

to enter at a high rate, which depolarizes the 

cell. When the depolarization reaches thresh-

old, an action potential or nerve impulse is 

 initiated. Repolarization occurs immediately 

following depolarization due to an increase in 

membrane permeability to potassium and a 

decreased permeability to sodium.

■ Neurons communicate with other neurons at 

junctions called synapses. Synaptic transmis-

sion occurs when sufficient amounts of a 

specific neurotransmitter are released from 

the presynaptic neuron. Upon release, the 

 neurotransmitter binds to a receptor on the 

post synaptic membrane.

■ Neurotransmitters can be excitatory or inhib-

itory. An excitatory transmitter increases neuro-

nal permeability to sodium and results in 

excitatory postsynaptic potentials (EPSPs). 

Inhibitory neurotransmitters cause the neuron 

to become more negative (hyperpolarized). This 

hyperpolarization of the membrane is called an 

inhibitory postsynaptic potential (IPSP).

SENSORY INFORMATION 
AND REFLEXES

The CNS receives a constant bombardment of mes-

sages from receptors throughout the body about 

changes in both the internal and external environ-

ment. These receptors are “sense organs” that “change” 

forms of energy in the “real world” into the energy of 

nerve impulses, which are conducted to the CNS by 

sensory neurons. A complete discussion of sense 

organs is beyond the scope of this chapter, so we will 

limit our discussion to those receptors responsible 

for position sense and muscle chemoreceptors (i.e., 

receptors that are sensitive to changes in the chemi-

cal environment of muscles). Receptors that provide 

the CNS with information about body position are 

called proprioceptors, or kinesthetic receptors, and 

include muscle spindles, Golgi tendon organs, and 

joint receptors. 

Joint Proprioceptors

The term kinesthesia means conscious recognition of 

the position of body parts with respect to one another 
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as well as recognition of limb-movement rates (24, 26, 

31). These functions are accomplished by extensive 

sensory devices in and around joints. There are three 

principal types of joint proprioceptors: (1) free nerve 

endings, (2) Golgi-type receptors, and (3) pacinian 

corpuscles. The most abundant of these are free nerve 

endings, which are sensitive to touch and pressure. 

These receptors are stimulated strongly at the begin-

ning of movement; they adapt (i.e., become less sen-

sitive to stimuli) slightly at first, but then transmit a 

steady signal until the movement is complete (5, 12). 

A second type of position receptor, Golgi-type recep-

tors (not to be confused with Golgi tendon organs 

found in muscle tendons), are found in ligaments 

around joints. These receptors are not as abundant as 

free nerve endings, but they work in a similar manner 

(11, 35). Pacinian corpuscles are found in the tissues 

around joints and adapt rapidly following the initia-

tion of movement. This rapid adaptation presumably 

helps detect the rate of joint rotation (11, 35). To sum-

marize, the joint receptors work together to provide 

the body with a conscious means of recognition of the 

orientation of body parts as well as feedback about 

the rates of limb movement.

Muscle Proprioceptors

Skeletal muscle contains several types of sensory 

re ceptors. These include chemoreceptors, muscle 

spindles, and Golgi tendon organs (28). Chemorecep-

tors are specialized free nerve endings that send infor-

mation to the central nervous system in response to 

changes in muscle pH, concentrations of extracellular 

potassium, and changes in O2 and CO2 tensions. Che-

moreceptors may play a role in cardiopulmonary reg-

ulation during exercise and will be discussed in more 

detail in chapters 9 and 10.

 For the nervous system to properly control skele-

tal muscle movements, it must receive continuous 

sensory feedback from the contracting muscle. This 

sensory feedback includes (1) information concerning 

the tension developed by a muscle and (2) an account 

of the muscle length. Golgi tendon organs (GTOs) 

provide the central nervous system with feedback con-

cerning the tension developed by the muscle, while 

the muscle spindle provides sensory information 

concerning the relative muscle length (7, 28). A dis-

cussion of each sensory organ follows.

Muscle Spindle As previously stated, the muscle 

spindle functions as a length detector. Muscle spin-

dles are found in large numbers in most human loco-

motor muscles (17). Muscles that require the finest 

degree of control, such as the  muscles of the hands, 

have the highest density of spindles. In contrast, mus-

cles that are responsible for gross movements 

(e.g., quadriceps) contain relatively few spindles.

 The muscle spindle is composed of several thin 

muscle cells (called intrafusal fibers) that are surrounded 

by a connective tissue sheath. Like normal skeletal 

muscle fibers (called extrafusal fibers), muscle spindles 

insert into connective tissue within the muscle. There-

fore, muscle spindles run parallel with muscle fibers 

(see figure 7.12).

 Muscle spindles contain two types of sensory 

nerve endings. The primary endings respond to 

dy namic changes in muscle length. The second type 

of sensory ending is called the secondary ending, and 

it does not respond to rapid changes in muscle length, 

but provides the central nervous system with continu-

ous information concerning static muscle length.

 In addition to the sensory neurons, muscle spindles 

are innervated by gamma motor neurons, which stimu-

late the intrafusal fibers to contract simultaneously 

along with extrafusal fibers. Gamma motor neuron stim-

ulation causes the central region of the intrafusal fibers 

to shorten, which serves to tighten the spindle. The need 

for contraction of the intrafusal fibers can be explained 

as follows: When skeletal muscles are shortened by 

motor neuron stimulation, muscle spindles are passively 

shortened along with the skeletal muscle fibers. If the 

intrafusal fibers did not compensate accordingly, this 

shortening would result in “slack” in the spindle and 

make them less sensitive. Therefore, their function as 

length detectors would be compromised.

 Muscle spindles are responsible for the observa-

tion that rapid stretching of skeletal muscles results in 

a reflex contraction. This is called the stretch reflex and is 

present in all muscles, but is most dramatic in the 

extensor muscles of the limbs. The so-called knee-jerk 

reflex is often evaluated by the physician by tapping 

the patellar tendon with a rubber mallet. The blow by 

the mallet stretches the entire muscle and thus 

“excites” the primary nerve endings located in muscle 

spindles. The neural impulse from the muscle spindle 

synapses at the spinal cord level with a motor neuron, 

which then stimulates the extrafusal fibers of the 

extensor muscle, resulting in an isotonic contraction.

 The function of the muscle spindle is to assist 

in the regulation of movement and to maintain pos-

ture. This is accomplished by the muscle spindle’s 

ability to detect and cause the central nervous system 

(CNS) to respond to changes in the length of skeletal 

muscle fibers. The following practical example shows 

how the muscle spindle assists in the control of move-

ment. Suppose a student is holding a single book in 

front of him or her with the arm extended. This type of 

load poses a tonic stretch on the muscle spindle, 

which sends information to the CNS concerning the 

final length of the extrafusal muscle fibers. If a second 

book is suddenly placed upon the first book, the mus-

cles would be  suddenly stretched (arm would drop) 

and a burst of impulses from the muscle spindle 

would alert the CNS about the change in muscle 
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length (and thus load). The ensuing reflex would 

recruit additional motor units to raise the arm back to 

the original position. Generally, this type of reflex 

action results in an overcompensation. That is, more 

motor units are recruited than are needed to bring the 

arm back to the original position. However, immedi-

ately following the overcompensation movement, an 

additional adjustment rapidly occurs and the arm is 

quickly returned to the original position.

Golgi Tendon Organs The Golgi tendon organs 

(GTOs) continuously monitor the tension produced by 

muscle contraction. Golgi tendon organs are located 

within the tendon and thus are in series with the extra-

fusal fibers (figure 7.13). In essence, GTOs serve as 

“safety devices” that help prevent excessive force dur-

ing muscle contraction. When activated, GTOs send 

information to the spinal cord via sensory neurons, 

which in turn excite inhibitory neurons (i.e., send 

IPSPs). This inhibitory disynaptic reflex (i.e., two syn-

apses are involved) helps prevent excessive muscle 

contractions and provides a finer control over skeletal 

movements. This process is pictured in figure 7.13.

 It seems likely that GTOs play an important role in 

the performance of strength activities. For instance, 

the amount of force that can be produced by a muscle 

group may be dependent on the ability of the individ-

ual to voluntarily oppose the inhibition of the GTO. It 

seems possible that the inhibitory influences of the 

GTO could be gradually reduced in response to 

strength training (45). This would allow an individual 

to produce a greater amount of muscle force and, in 

many cases, improve sport performance.

Muscle Chemoreceptors

Numerous studies have demonstrated the existence of 

muscle chemoreceptors (19, 20, 21, 27). These receptors 

are a type of free nerve ending and are sensitive to 

changes in the chemical environment surrounding 

muscle and send information to the CNS via slow con-

ducting fibers classified as group III (myelin ated) and 

group IV (unmyelinated) fibers. Scientific debate contin-

ues about the complete list of factors that stimulate 

muscle chemoreceptors. However, changes in the con-

centration of hydrogen ions, carbon dioxide, and/or 

potassium around muscle are known to be potent stim-

ulators of these receptors. The physiological role of 

muscle chemoreceptors is to provide the CNS with infor-

mation about the metabolic rate of muscular activity. 

This information may be important in the regulation of 

the cardiovascular and pulmonary responses to exercise 

(3, 21, 27) and will be discussed in chapters 9 and 10.

Refl exes

A reflex arc is the nerve pathway from the receptor to 

the CNS and from the CNS along a motor pathway 

back to the effector organ. Reflex contraction of 

1. Muscle spindles detect stretch of the muscle.

4. Stimulation of the alpha motor neurons causes the muscle to contract  
    and resist being stretched.

2. Sensory neurons conduct action potentials to the spinal cord.

3. Sensory neurons synapse with alpha motor neurons.
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Figure 7.12 The structure of muscle spindles and their location in skeletal muscle.
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Figure 7.13 The Golgi tendon organ. The Golgi tendon organ is located in series with muscle and serves as a “tension 

monitor” that acts as a protective device for muscle. See text for details.
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skeletal muscles can occur in response to sensory 

input and is not dependent on the activation of higher 

brain centers. One purpose of a reflex is to provide a 

rapid means of removing a limb from a source of pain. 

Consider the case of a person touching a sharp object. 

The obvious reaction to this painful stimulus is to 

quickly remove the hand from the source of pain. This 

rapid removal is accomplished via reflex action. Again, 

the pathways for this neural reflex are as follows (38): 

(1) a sensory nerve (pain receptor) sends a nerve 

impulse to the spinal column; (2) interneurons within 

the spinal cord are excited and in turn stimulate motor 

neurons; (3) the excited interneurons cause depolar-

ization of specific motor neurons, which control the 

flexor muscles necessary to withdraw the limb from 

the point of injury. The antagonistic muscle group 

(e.g., extensors) is simultaneously inhibited via IPSPs. 

This simultaneous excitatory and inhibitory activity is 

known as reciprocal inhibition (see figure 7.14).

 Another interesting feature of the withdrawal reflex 

is that the opposite limb is extended to support the 

body during the removal of the injured limb. This event 

is called the crossed-extensor reflex and is illustrated 

by the left portion of figure 7.14. Notice that the exten-

sors are contracting as the flexors are inhibited.

IN SUMMARY

■ Proprioceptors are position receptors located 

in joint capsules, ligaments, and muscles. The 

three most abundant joint and ligament recep-

tors are free nerve endings, Golgi-type recep-

tors, and pacinian corpuscles. These receptors 

provide the body with a conscious means of 

recognizing the orientation of body parts as 

well as feedback about the rates of limb 

movement.

■ Muscle chemoreceptors are sensitive to 

changes in the chemical environment sur-

rounding muscle and send information back 

to the CNS about the metabolic rate of mus-

cular activity.

■ The muscle spindle functions as a length detec-

tor in muscle.

■ Golgi tendon organs continuously monitor the 

tension developed during muscular contraction. 

In essence, Golgi tendon organs serve as safety 

devices that help prevent excessive force during 

muscle contractions.

■ Reflexes provide the body with a rapid, uncon-

scious means of reacting to some stimuli.
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Figure 7.14 When the flexor muscle on one side of the body is stimulated to contract via a withdrawal reflex, the extensor 

on the opposite side also contracts.

SOMATIC MOTOR FUNCTION

The term somatic refers to the outer (i.e., nonvisceral) 

regions of the body. The somatic motor portion of the 

peripheral nervous system is responsible for carrying 

neural messages from the spinal cord to skeletal mus-

cle fibers. These neural messages are the signals for 

muscular contraction to occur. Muscular contraction 

will be discussed in detail in chapter 8.

 The organization of the somatic motor nervous 

system is illustrated in figure 7.15. The somatic neu-

ron that innervates skeletal muscle fibers is called a 

motor neuron (also called an alpha motor neuron). 

Note (figure 7.15) that the cell body of motor neurons 

is located within the spinal cord. The axon of the 

motor neuron leaves the spinal cord as a spinal nerve 

and extends to the muscle that it is responsible for 

innervating. Once the axon reaches the muscle, the 

axon splits into collateral branches; each collateral 

branch innervates a single muscle fiber. Each motor 

neuron and all the muscle fibers that it innervates is 

known as a motor unit.

 When a single motor neuron is activated, all of 

the muscle fibers that it innervates are stimulated to 

contract. However, note that the number of muscle 

fibers that a motor neuron innervates is not constant 

and varies from muscle to muscle. The number of 

muscle fibers innervated by a single motor neuron is 

called the innervation ratio (i.e., number of muscle 

fibers/motor neuron). In muscle groups that require 

fine motor control, the innervation ratio is low. For 

example, the innervation ratio of the extraocular mus-

cles (i.e., muscles that regulate eye movement) is 

23/1. In contrast, innervation ratios of large muscles 

that are not involved in fine motor control (e.g., leg 

muscles) may range from 1,000/1 to 2,000/1.

IN SUMMARY

■ The somatic motor portion of the peripheral 

nervous system is responsible for carrying neu-

ral messages from the spinal cord to skeletal 

muscle fibers.

■ A motor neuron and all the muscle fibers that it 

innervates are known as a motor unit.

■ The number of muscle fibers innervated by a 

single motor neuron is called the innervation 

ratio (i.e., number of muscle fibers/motor 

neuron).

VESTIBULAR APPARATUS 
AND EQUILIBRIUM

The vestibular apparatus, an organ located in the 

inner ear, is responsible for maintaining general 

 equilibrium. Although a detailed discussion of the 
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anatomy of the vestibular apparatus will not be pre-

sented here, a brief discussion of the function of the 

vestibular apparatus is appropriate. The receptors 

contained within the vestibular apparatus are sensi-

tive to any change in head position or movement 

direction (18, 32). Movement of the head excites these 

receptors, and nerve impulses are sent to the CNS 

regarding this change in position. Specifically, these 

receptors  provide information about linear accelera-

tion and angular acceleration. This mechanism allows 

us to have a sense of acceleration or deceleration 

when running or traveling by car. Further, a sense of 

angular acceleration helps us maintain balance when 

the head is turning or spinning (e.g., performing gym-

nastics or diving).

 The neural pathways involved in the control of 

equilibrium are outlined in figure 7.16. Any head 

movement results in the stimulation of receptors in 

the vestibular apparatus, which transmits neural 

in formation to the cerebellum and the vestibular 

nuclei located in the brain stem. Further, the vestibu-

lar nuclei relay a message to the oculomotor center 

(controls eye movement) and to neurons in the spi-

nal cord that control movements of the head and 

limbs. Thus, the vestibular apparatus controls head 

and eye movement during physical activity, which 

serves to maintain balance and visually track the 

events of movement. In summary, the vestibular 

apparatus is sensitive to the position of the head in 

space and to sudden changes in the direction of body 

movement. Its primary function is to maintain equi-

librium and preserve a constant plane of head posi-

tion. Failure of the vestibular apparatus to function 

properly would prevent the accurate performance of 

any athletic task that requires head movement. Since 

most sporting events require at least some head 

movement, the importance of the vestibular appara-

tus is obvious.

Motor
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Motor
neuron

Motor
neuron
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cord

Figure 7.15 Illustration of a motor unit. A motor unit is defined as a motor neuron and all the muscle fibers it innervates.
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Figure 7.16 The role of the vestibular apparatus in the 

maintenance of equilibrium and balance.
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IN SUMMARY

■ The vestibular apparatus is responsible for 

maintaining general equilibrium and is located 

in the inner ear. Specifically, these receptors 

provide information about linear and angular 

acceleration.

MOTOR CONTROL 
FUNCTIONS OF THE BRAIN

The brain can be conveniently subdivided into three 

parts: the brain stem, cerebrum, and cerebellum. 

Figure 7.17 demonstrates the anatomical relationship of 

these components. Each of these structures makes 

important contributions to the regulation of movement. 

The next several paragraphs will outline the brain’s role 

in regulating the performance of sports skills.

Brain Stem

The brain stem is located inside the base of the skull 

just above the spinal cord. It consists of a complicated 

series of nerve tracts and nuclei (clusters of neurons), 

and is responsible for many metabolic functions, 

cardiorespiratory control, and some highly complex 

reflexes. The major structures of the brain stem are 

the medulla, pons, and midbrain. In addition, there is 

a series of complex neurons scattered throughout the 

brain stem that is collectively called the reticular forma-

tion. The reticular formation receives and integrates 

information from all regions of the CNS and works 

with higher brain centers in controlling muscular 

activity (8, 43).

 In general, the neuronal circuits in the brain 

stem are thought to be responsible for the control of 

eye movement and muscle tone, equilibrium, sup-

port of the body against gravity, and many special 

reflexes. One of the most important roles of the brain 

stem in control of locomotion is that of maintaining 

postural tone. That is, centers in the brain stem 

 provide the nervous activity necessary to maintain 

normal upright posture and therefore support the 

body against gravity. It is clear that the maintenance 

of upright posture requires that the brain stem 

receive information from several sensory modalities 

(e.g., vestibular receptors, pressure receptors of the 

skin, vision). Damage to any portion of the brain 

stem results in impaired movement control (10, 18) 

(see A Closer Look 7.1).

Cerebrum

The cerebrum is the large dome of the brain that is 

divided into right and left cerebral hemispheres. 

The outermost layer of the cerebrum is called the 
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Figure 7.17 The anatomical relationship among the cerebrum, the cerebellum, and the brain stem.
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 cerebral cortex and is composed of tightly arranged 

neurons. Although the cortex is only about one-fourth 

of an inch thick, it contains over eight million neu-

rons. The cortex performs three very important motor 

behavior functions (11, 35): (1) the organization of 

complex movement, (2) the storage of learned expe-

riences, and (3) the reception of sensory information. 

We will limit our discussion to the role of the cortex 

in the organization of movement. The portion of the 

cerebral cortex that is most concerned with voluntary 

movement is the motor cortex. Although the motor 

cortex plays a significant role in motor control, it 

appears that input to the motor cortex from subcorti-

cal structures (i.e., cerebellum, etc.) is absolutely 

essential for coordinated movement to occur (15, 35). 

Thus, the motor cortex can be described as the final 

relay point upon which subcortical inputs are focused. 

After the motor cortex sums these inputs, the final 

movement plan is formulated and the motor com-

mands are sent to the spinal cord. This “movement 

plan” can be modified by both subcortical and spinal 

centers, which supervise the fine details of the 

movement.

Cerebellum

The cerebellum lies behind the pons and medulla 

and has a convoluted appearance (figure 7.17). 

Al though complete knowledge about cerebellar 

function is not currently available, much is known 

about the role of this structure in movement con-

trol. It is clear that the cerebellum plays an impor-

tant role in coordinating and monitoring complex 

movement. This work is accomplished via connec-

tions leading from the cerebellum to the motor 

 cortex, the brain stem, and the spinal cord. Evidence 

exists to suggest that the primary role of the cere-

bellum is to aid in the control of movement in 

response to feedback from proprioceptors (35). Fur-

ther, the cerebellum may initiate fast, ballistic move-

ments via its connection with the motor cortex (15). 

Damage to the cerebellum results in poor move-

ment control and muscular tremor that is most 

severe during rapid movement. Head injuries due to 

sport-related injuries can lead to damage and dys-

function in both the cerebrum and/or cerebellum. 

For an overview of sport-related head injuries, see 

Clinical Applications 7.2.

IN SUMMARY

■ The brain can be subdivided into three parts: 

(1) the brain stem, (2) the cerebrum, and (3) the 

cerebellum.

■ The motor cortex controls motor activity with 

the aid of input from subcortical areas.

MOTOR FUNCTIONS 
OF THE SPINAL CORD

One motor function of the spinal cord has already 

been discussed (withdrawal reflex). The precise role of 

spinal reflexes in the control of movement is still 

being debated. However, there is increasing evidence 

that normal motor function is influenced by spinal 

reflexes. In fact, some authors claim that reflexes play 

a major role in the control of voluntary movements. 

These investigators believe that the events that 

A CLOSER LOOK 7.1

Parkinson’s Disease and Motor Function

Much of our present information con-

cerning the regulation of motor control 

has come from those disorders involv-

ing various areas of the brain. When 

an area of the CNS malfunctions, the 

re sulting impairment of motor control 

gives neuroscientists a better under-

standing of the function of the affected 

area. The basal ganglia are a series of 

clusters of neurons located in both cere-

bral hemispheres. One of the impor-

tant functions of the basal ganglia (also 

called BASAL nuclei) is to aid in the 

 regulation of movement. Parkinson’s 

 disease is a disorder of the basal gan-

glia that results in a decrease in the 

 synthesis of a neurotransmitter called 

dopamine. Dopamine’s function in the 

basal ganglia appears to be one of 

inhibiting the amount of muscular activ-

ity as an aid in the control of various 

muscular activities. Patients with Par-

kinson’s disease have a reduction in the 

amount of discharge from the basal gan-

glia, which results in involuntary move-

ment or tremors. Further, although 

Parkinson’s patients can frequently carry 

out rapid movements normally, these 

individuals often have great difficulty 

in performing slow movements. This 

observation supports the concept that 

the basal ganglia are important in the 

conduct of slow voluntary movement. 

Parkinson’s disease is often treated by 

administering drugs that stimulate the 

production of dopamine.

 The cause of Parkinson’s disease 

isn’t known. It has been attributed to 

exposure to certain chemicals and to 

severe and frequent injury to the brain, 

such as occurred in heavyweight box-

ing champion Muhammad Ali (38).
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 underlie volitional movement are built on a variety of 

spinal reflexes (15, 41). Support for this idea comes 

from the demonstration that spinal reflex neurons are 

directly affected by descending neural traffic from the 

brain stem and cortical centers.

 The spinal cord makes a major contribution to 

the control of movement by the preparation of spinal 

centers to perform the desired movement. The spi-

nal mechanism by which a voluntary movement is 

translated into appropriate muscle action is termed 

spinal tuning. Spinal tuning appears to operate in the 

following way: Higher brain centers of the motor sys-

tem are concerned with only the general parameters 

of movement. The specific details of the movement 

are refined at the spinal cord level via interaction of 

spinal cord neurons and higher brain centers. In 

other words, although the general pattern of the 

anticipated movement is controlled by higher motor 

centers, additional refinement of this movement 

may occur by a complex interaction of spinal cord 

neurons and higher centers (9, 35, 41). Thus, it 

appears that spinal centers play an important role in 

volitional movement.

IN SUMMARY

■ Evidence exists that the spinal cord plays an 

important role in voluntary movement with 

groups of neurons controlling certain aspects 

of motor activity.

■ The spinal mechanism by which a voluntary 

movement is translated into appropriate mus-

cle action is termed spinal tuning.

CONTROL OF MOTOR 
FUNCTIONS

Watching a highly skilled athlete perform a sports skill 

is exciting, but it really does not help us to appreciate 

the complex integration of the many parts of the ner-

vous system required to perform this act. A pitcher 

throwing a baseball seems to the observer to be 

accomplishing a simple act, but in reality this move-

ment consists of a complex interaction of higher brain 

centers with spinal reflexes performed together with 

precise timing. How the nervous system produces a 

coordinated movement has been one of the major 

unresolved mysteries facing neurophysiologists for 

many decades. Although progress has been made 

toward answering the basic question of “How do 

humans control voluntary movement?” much is still 

unknown about this process. Our purpose here will be 

to provide the reader with a simplistic overview of the 

brain and the control of movement.

 Traditionally, it was believed that the motor cortex 

controlled voluntary movement with little input from 

subcortical areas (33, 39). Evidence suggests that this 

is not the case (15, 35). Although the motor cortex is 

the final executor of movement programs, it appears 

that the motor cortex does not give the initial signal to 

move, but rather is at the end of the chain of neuro-

physiological events involved in volitional movement 

(15). The first step in performing a voluntary move-

ment occurs in subcortical and cortical motivational 

areas, which play a key role in  consciousness. This 

conscious “prime drive” sends signals to the so-called 

CLINICAL APPLICATIONS 7.2

Head Injuries in Sports

Although head injuries can occur in 

many different types of sports, sports 

with the greatest risk of head in-

jury include football, gymnastics, ice 

hockey, wrestling, and boxing. Other 

sporting activities with a significant risk 

for head injury include horse racing, 

motorcycle and automobile racing, 

martial arts, soccer, and rugby.

 A forceful blow to the head during 

sports (e.g., a football collision) can 

result in a brain injury that can be 

classified as minor or major, depend-

ing upon the amount of damage to 

brain tissue. One of the most serious 

head injuries associated with sports 

is an intracranial hemorrhage (i.e., 

bleeding in the brain) (4). In fact, 

intracranial hemorrhage is the lead-

ing cause of death in athletes today 

(reviewed in 4). This type of injury 

can occur when an athlete sustains a 

hard blow to the head (e.g., baseball 

player struck in the head by a pitch) 

that results in damage to blood ves-

sels in the brain. Several different 

categories of intracranial hemor-

rhages can occur, and the risk of seri-

ous injury or death varies across the 

different types (30).

 Another common type of head 

injury in sports is the concussion. At 

present, there is not universal agree-

ment on the definition of a concussion 

(4). However, a concussion is generally 

considered to be a “clinical syndrome 

characterized by impairment of neural 

functions” (e.g., loss of consciousness, 

disturbed vision, or loss of equilib-

rium). Concussions generally occur due 

to a blow to the head (e.g., punch to 

the head in boxing). For additional 

information on head injuries in sports, 

see Bailes and Hudson (2001) and 

Cross and Serenelli (2003) in the Sug-

gested Readings.
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association areas of the cortex (not motor  cortex), 

which forms a “rough draft” of the planned movement 

from a stock of stored subroutines (9). Information 

concerning the nature of the plan of movement is then 

sent to both the cerebellum and the basal ganglia 

(clusters of neurons located in the cerebral hemi-

spheres) (see figure 7.18). These structures cooperate 

to convert the “rough draft” into precise temporal and 

spatial excitation programs (15). The cerebellum is 

possibly more important for making fast movements, 

whereas the basal ganglia are more responsible for 

slow or deliberate movements. From the cerebellum 

and basal ganglia the precise program is sent through 

the thalamus to the motor cortex, which forwards the 

message down to spinal neurons for “spinal tuning” 

and finally to skeletal muscle (13). Feedback to the 

CNS from muscle receptors and proprioceptors allows 

for modification of motor programs if necessary. The 

ability to change movement patterns allows the indi-

vidual to correct “errors” in the original movement 

plan.

 To summarize, the control of voluntary movement 

is complex and requires the cooperation of many 

areas of the brain as well as several subcortical areas. 

Recent evidence suggests that the motor cortex does 

not by itself formulate the signals required to initiate 

voluntary movement. Instead, the motor cortex 

re ceives input from a variety of cortical and subcorti-

cal structures. Feedback to the CNS from muscle and 

joint receptors allows for adjustments to improve the 

movement pattern. Much is still unknown about the 

details of the control of complex movement, and this 

topic provides an exciting frontier for future research.

IN SUMMARY

■ Control of voluntary movement is complex and 

requires the cooperation of many areas of the 

brain as well as several subcortical areas.

■ The first step in performing a voluntary move-

ment occurs in subcortical and cortical moti-

vational areas, which send signals to the 

association cortex, which forms a “rough draft” 

of the planned movement.

■ The movement plan is then sent to both the 

cerebellum and the basal ganglia. These struc-

tures cooperate to convert the “rough draft” 

into precise temporal and spatial excitation 

programs.

■ The cerebellum is important for making fast 

movements, while the basal ganglia are more 

responsible for slow or deliberate movements.

■ From the cerebellum and basal ganglia the pre-

cise program is sent through the thalamus to 

the motor cortex, which forwards the message 

down to spinal neurons for “spinal tuning” and 

finally to skeletal muscle.

■ Feedback to the CNS from muscle receptors 

and proprioceptors allows for the modification 

of motor programs if necessary.

AUTONOMIC NERVOUS 
SYSTEM

The autonomic nervous system plays an important 

role in maintaining the constancy of the body’s inter-

nal environment. In contrast to somatic motor nerves, 

autonomic motor nerves innervate effector organs 

(e.g., smooth muscle, cardiac muscle), which are not 

usually under voluntary control. Autonomic motor 

nerves innervate cardiac muscle, glands, and smooth 

muscle found in airways, the gut, and blood vessels. In 

general, the autonomic nervous system operates 

below the conscious level, although some individuals 

apparently can learn to control some portions of 

this system. Although involuntary, it appears that the 

function of the autonomic nervous system is closely 

linked to emotion. For example, all of us have experi-

enced an increase in heart rate following extreme 

excitement or fear. Further, the secretions from the 

digestive glands and sweat glands are affected by 

periods of excitement. It should not be surprising that 

participation in intense exercise results in an increase 

in autonomic activity.

Figure 7.18 Block diagram of the structures and 

 processes leading to voluntary movement.
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 The autonomic nervous system can be separated 

both functionally and anatomically into two divisions: 

(1) sympathetic division and (2) parasympathetic 

division (see figure 7.19). Most organs receive dual 

innervation, by both the parasympathetic and sympa-

thetic branches of the autonomic nervous system (43). 

In general, the sympathetic portion of the autonomic 

nervous system tends to activate an organ (e.g., 

increases heart rate), while parasympathetic impulses 

tend to inhibit it (e.g., slows heart rate). Therefore, the 

activity of a particular organ can be regulated accord-

ing to the ratio of sympathetic/parasympathetic 

impulses to the tissue. In this way, the autonomic ner-

vous system may regulate the activities of involuntary 

muscles and glands in accordance with the needs of 

the body (see chapter 5).

 The sympathetic division of the autonomic ner-

vous system has its cell bodies of the preganglionic 

neurons (a ganglion is a group of cell bodies out-

side of the CNS) in the thoracic and lumbar regions 

of the spinal cord. These fibers leave the spinal cord 

and enter the sympathetic ganglia (figure 7.19). The 

neurotransmitter between the preganglionic neu-

rons and postganglionic neurons is acetylcholine. 

Postganglionic sympathetic fibers leave these sym-

pathetic ganglia and innervate a wide variety of 

 tissues. The neurotransmitter released at the effec-

tor organ is primarily norepinephrine. Recall from 

chapter 5 that norepinephrine exerts its action on 

the effector organ by binding to either an alpha or a 

beta receptor on the membrane of the target organ 

(6). Following sympathetic stimulation, norepineph-

rine is removed in a variety of ways. First, much of 

the norepinephrine is taken back up into the 

 postganglionic fiber, and the remaining portion 

will be broken down into nonactive by-products 

(6, 16, 40, 42).

 The parasympathetic division of the autonomic 

nervous system has its cell bodies located within the 

brain stem and the sacral portion of the spinal cord. 

Parasympathetic fibers leave the brain stem and the 

spinal cord and converge on ganglia in a wide variety 

of anatomical areas. Acetylcholine is the neurotrans-

mitter in both preganglionic and postganglionic 

fibers. After parasympathetic nerve stimulation, ace-

tylcholine is released and rapidly degraded by the 

enzyme acetyl-cholinesterase.

EXERCISE ENHANCES 
BRAIN HEALTH

Although it is well known that regular exercise can 

benefit overall health, research now indicates that 

 exercise can also improve brain (cognitive) function, 

Figure 7.19 A simple schematic demonstrating the neurotransmitters of the autonomic nervous system. 
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particularly in later life. Maintaining brain health 

throughout life is an important goal, and both mental 

stimulation (e.g., reading) and exercise are interven-

tions that can contribute to good brain health. There-

fore, daily exercise is a simple and inexpensive way to 

help maintain the health of the central nervous 

system.

 How strong is the evidence that regular exercise 

improves brain function and protects against age-

related deterioration? In short, the evidence is ex-

tremely strong. Specifi cally, numerous studies reveal 

that exercise targets many aspects of brain function 

and has broad effects on overall brain health, learning, 

memory, and depression, particularly in older popula-

tions (7, 23). Moreover, regular exercise can protect 

against several types of dementia (e.g., Alzheimer’s 

disease) and certain types of brain injury (e.g., stroke) 

(7). Therefore, exercise increases brain health, just as 

it improves body health, and thus represents an impor-

tant lifestyle intervention to improve brain function 

and resistance to neurodegenerative diseases.

 How does exercise enhance brain health? Regu-

lar aerobic exercise promotes a cascade of brain 

growth factor signaling that (1) enhances learning 

and memory; (2) stimulates neurogenesis (i.e., forma-

tion of new neurons); (3) improves brain vascular 

function and blood fl ow; and (4) attenuates the mech-

anisms driving depression (7). In addition to these 

central mechanisms, exercise also reduces several 

peripheral risk factors for cognitive decline including 

infl ammation, hypertension, and insulin resistance 

(7). Figure 7.20 summarizes the exercise-induced cas-

cade of events that lead to improved brain function 

and health.

Regular exercise

Brain growth factors

Brain health

• Cognition

• Neurogenesis

• Vascular function

Figure 7.20 Regular exercise targets many aspects of brain 

function and has broad positive benefi ts on overall brain 

health. Specifi cally, exercise promotes an increase in several 

brain growth factors that lead to improved brain health by 

improving cognition, neurogenesis, and vascular function.

IN SUMMARY

■ The autonomic nervous system is responsible 

for maintaining the constancy of the body’s 

internal environment.

■ Anatomically and functionally, the autonomic 

nervous system can be divided into two divi-

sions: (1) the sympathetic division and (2) the 

parasympathetic division.

■ In general, the sympathetic portion (releasing 

norepinephrine) tends to excite an organ, 

whereas the parasympathetic portion (releasing 

acetylcholine) tends to inhibit the same organ.

■ Research indicates that exercise can improve 

brain (cognitive) function, particularly in older 

individuals.
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STUDY QUESTIONS

 1. Identify the location and functions of the central ner-
vous system.

 2. Draw a simple chart illustrating the organization of the 
nervous system.

 3. Define synapses.
 4. Define membrane potential and action potential.
 5. Discuss an IPSP and an EPSP. How do they differ?
 6. What are proprioceptors? Give some examples.
 7. Describe the location and function of the vestibular 

apparatus.
 8. What is meant by the term spinal tuning?
 9. List the possible motor functions played by the brain 

stem, the motor cortex, and the cerebellum.

 10. Describe the divisions and functions of the autonomic 
nervous system.

 11. Define the terms motor unit and innervation ratio.
 12. Briefly describe the positive benefits of exercise on 

brain function.
 13. How does regular exercise maintain neuronal health?
 14. Describe the withdrawal refl ex.
 15. Outline the functions of both muscle spindles and the 

Golgi tendon organ.
 16. Describe the general anatomical design of a muscle 

spindle and discuss its physiological function.
 17. Discuss the function of Golgi tendon organs in moni-

toring muscle tension.
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8
Skeletal Muscle: 
Structure and Function

■ Objectives

By studying this chapter, you should be able to do the following:

1. Draw and label the microstructure of a skeletal 

muscle fi ber.

2. Defi ne satellite cells. How do these cells differ 

from the nuclei located within skeletal muscle 

fi bers?

3. List the chain of events that occur during 

muscular contraction.

4. Defi ne both dynamic and static exercise. What 

types of muscle action occur during each form 

of exercise?

5. Describe the three factors that determine the 

amount of force produced during muscular 

contraction.

6. List the three human skeletal muscle fi ber 

types. Compare and contrast the major 

biochemical and mechanical properties of each.

7. Describe how skeletal muscle fi ber types 

infl uence athletic performance.

8. Graph and describe the relationship between 

movement velocity and the amount of force 

exerted during muscular contraction.
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The human body contains over 400 skeletal mus-

cles, which constitute 40% to 50% of the total body 

weight (44, 58, 59). Skeletal muscle performs three 

important functions: (1) force generation for locomo-

tion and breathing, (2) force generation for postural 

support, and (3) heat production during periods of 

cold stress. The most obvious function of skeletal 

muscle is to enable an individual to move freely and 

breathe. Skeletal muscles are attached to bones by 

tough connective tissue called tendons. One end of 

the muscle is attached to a bone that does not move 

(origin), while the opposite end is fixed to a bone 

(insertion) that is moved during muscular contrac-

tion. A variety of different movements are possible, 

depending on the type of joint and muscles involved. 

Muscles that decrease joint angles are called flexors, 

and muscles that increase joint angles are called 

extensors.

 Given the role of skeletal muscles in determining 

sports performance, a thorough understanding of  muscle 

structure and function is important to the exercise scien-

tist, physical educator, physical therapist, and coach. It is 

the purpose of this chapter to discuss the structure and 

function of skeletal muscle.

STRUCTURE OF 
SKELETAL MUSCLE

Skeletal muscle is composed of several kinds of tissue. 

These include muscle cells (called fibers) themselves, 

nerve tissue, blood, and various types of connective 

tissue. Figure 8.1 displays the relationship between 

muscle and the various connective tissues. Individual 

muscles are separated from each other and held in 

position by connective tissue called fascia. There are 

three separate layers of connective tissue found in 

skeletal muscle. The outermost layer that surrounds 

the entire muscle is called the epimysium. As we move 

Figure 8.1      Connective tissue surrounding skeletal muscle.
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inward from the epimysium, connective tissue called 

the perimysium surrounds individual bundles of mus-

cle fibers (note: for muscle, the terms cell and fiber are 

often used interchangeably). These individual bundles 

of muscle fibers are called a fascicle. Each muscle 

fiber within the fasciculus is surrounded by connective 

tissue called the endomysium. Just below the endo-

mysium and surrounding each muscle fiber is another 

layer of protective tissue called the external lamina 

(also called the basement membrane).

 Despite their unique shape, muscle fibers have 

many of the same organelles that are present in other 

cells. That is, they contain mitochondria, lysosomes, 

and so on. However, unlike most other cells in the 

body, muscle cells are multinucleated (i.e., have many 

nuclei). One of the most distinctive features of the 

microscopic appearance of skeletal muscles is their 

striated appearance (see figure 8.2). These stripes are 

produced by alternating light and dark bands that 

appear across the length of the fiber.

 Each individual muscle fiber is a thin, elongated 

cylinder that generally extends the length of the mus-

cle. The cell membrane surrounding the muscle fiber 

cell is called the sarcolemma. Located above the 

sarcolemma and below the external lamina are a 

group of muscle precursor cells called satellite cells. 

Satellite cells are undifferentiated cells that play a 

key role in muscle growth and repair (112). If muscle 

fibers are destroyed (i.e., due to injury or disease), 

they cannot be replaced by cell division. However, 

satellite cells can contribute to muscle growth during 

strength training by dividing and contributing nuclei 

to existing muscle fibers. Increasing the number of 

nuclei within muscle fibers enhances the fibers’ abil-

ity to synthesize proteins and, therefore, assists in 

muscle growth (112).

 The addition of nuclei to growing muscle fi bers is 

a strategy used by the fi ber to maintain a constant 

ratio of cell volume per nucleus. The volume of cyto-

plasm surrounding an individual nucleus is termed 

the myonuclear domain (4). The biological signifi -

cance of the myonuclear domain is that a single 

nucleus can sustain the necessary gene expression 

(i.e., production of proteins) only for a limited area of 

cell volume.  Therefore, to maintain a constant myo-

nuclear domain, new nuclei (obtained from satellite 

cells) are incorporated into skeletal muscle fi bers dur-

ing growth (3, 4, 53, 66, 92). It follows that to maintain 

a stable myonuclear domain, nuclei are lost from 

fi bers during atrophy.

 Beneath the sarcolemma lies the sarcoplasm 

(also called cytoplasm), which contains the cellular 

Figure 8.2 The microstructure of muscle. Note that a skeletal muscle fiber contains numerous myofibrils, each consisting 

of units called sarcomeres.
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proteins, organelles, and myofibrils. Myofibrils are 

numerous threadlike structures that contain the con-

tractile proteins (figure 8.2). In general, myofibrils are 

composed of two major types of protein filaments: 

(1) thick filaments composed of the protein myosin 

and (2) thin filaments composed primarily of the pro-

tein actin. The arrangement of these two protein 

filaments give skeletal muscle its striated appearance 

(figure 8.2). Located on the actin molecule itself are 

two additional proteins, troponin and tropomyosin. 

These proteins make up only a small portion of the 

muscle, but they play an important role in the regula-

tion of the contractile process.

 Myofibrils can be further subdivided into individ-

ual segments called sarcomeres. Sarcomeres are 

divided from each other by a thin sheet of structural 

proteins called a Z line or Z-disk. Myosin filaments 

are located primarily within the dark portion of the 

sarcomere, which is called the A band, while actin 

filaments occur principally in the light regions of the 

sarcomere called I bands (figure 8.2). In the center of 

the sarcomere is a portion of the myosin filament 

with no overlap of the actin. This is the H zone.

 Within the sarcoplasm of muscle is a network of 

membranous channels that surrounds each myofibril 

and runs parallel with it. These channels are called the 

sarcoplasmic reticulum and are storage sites for cal-

cium, which plays an important role in muscular con-

traction (see figure 8.3). Another set of membranous 

channels called the transverse tubules extends inward 

from the sarcolemma and passes completely through 

the fiber. These transverse tubules pass between two 

enlarged portions of the sarcoplasmic reticulum called 

the terminal cisternae. All of these parts serve a func-

tion in muscular contraction and will be discussed in 

further detail later in this chapter. 

Figure 8.3   Within the sarcoplasm of muscle is a network of channels called the sarcoplasmic reticulum and the 

transverse tubules.
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NEUROMUSCULAR 
JUNCTION 

Each skeletal muscle cell is connected to a nerve fiber 

branch coming from a nerve cell. These nerve cells are 

called motor neurons, and they extend outward from 

the spinal cord. The motor neuron and all the muscle 

fibers it innervates are called a motor unit. Stimula-

tion from motor neurons initiates the contraction 

process. The site where the motor neuron and muscle 

cell meet is called the neuromuscular junction. At 

this junction the sarcolemma forms a pocket that is 

called the motor end plate (see figure 8.4).

 The end of the motor neuron does not physically 

make contact with the muscle fiber, but is separated by 

a short gap called the neuromuscular cleft. When a nerve 

impulse reaches the end of the motor nerve, the neu-

rotransmitter acetylcholine is released and diffuses 

across the synaptic cleft to bind with receptor sites on 

the motor end plate. This causes an increase in the per-

meability of the sarcolemma to sodium, resulting in a 

depolarization called the end-plate potential (EPP). 

The EPP is always large enough to exceed threshold 

and is the signal to begin the contractile process.

■ The human body contains over 400 voluntary 

skeletal muscles, which constitute 40% to 50% 

of the total body weight. Skeletal muscle per-

forms three major functions: (1) force produc-

tion for locomotion and breathing, (2) force 

production for postural support, and (3) heat 

production during cold stress.

IN SUMMARY

Figure 8.4   The connecting point between a motor neuron and a single muscle fiber is called the neuromuscular junction. 

The neurotransmitter acetylcholine is stored in synaptic vesicles at the end of the nerve fiber.
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■ Individual muscle fibers are composed of hun-

dreds of threadlike protein filaments called 

myofibrils. Myofibrils contain two major types 

of contractile protein: (1) actin (part of the thin 

filaments) and (2) myosin (major component of 

the thick filaments).

■ The region of cytoplasm surrounding an indi-

vidual nucleus is termed the myonuclear 

domain. The importance of the myonuclear 

domain is that a single nucleus is responsible 

for the gene expression for its surrounding 

cytoplasm.

■ Motor neurons extend outward from the spinal 

cord and innervate individual muscle fibers. The 

site where the motor neuron and muscle cell 

meet is called the neuromuscular junction. 

Acetylcholine is the neurotransmitter that stim-

ulates the muscle fiber to depolarize, which is 

the signal to start the contractile process.

MUSCULAR CONTRACTION

Muscular contraction is a complex process involving a 

number of cellular proteins and energy production 

systems. The final result is a sliding of actin over myo-

sin, which causes the muscle to shorten and therefore 

develop tension. Although complete details of mus-

cular contraction at the molecular level continue to 

be debated, the basic process of muscular contraction 

is well defined. The process of muscular contraction 

is best explained by the sliding filament model of 

contraction (35, 36, 87, 107). For a historical overview 
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of the sliding fi lament theory of muscle contraction, 

see A Look Back—Important People in Science.

Overview of the Sliding Filament Model

The general process of muscular contraction is illus-

trated in figure 8.5. Muscle fibers contract by a short-

ening of their myofibrils due to actin sliding over the 

myosin. This results in a reduction in the distance 

from Z line to Z line. Understanding the details of 

how muscular contraction occurs requires an appre-

ciation of the microscopic structure of the myofibril. 

Note that the “heads” of the myosin cross-bridges are 

oriented toward the actin molecule (see figure 8.6). 

The actin and myosin filaments slide across each 

other during muscular contraction due to the action 

of the numerous cross-bridges extending out as 

“arms” from myosin and attaching to actin in a “strong 

binding state.” It was previously believed that the 

myosin cross-bridges were not attached to actin when 

skeletal muscle is not contracting. However, recent 

evidence shows that myosin cross-bridges are always 

attached to actin, but the strength of the attachment 

varies from a “weak” bond to a “strong” bond. These 

two states of myosin-actin bonding are referred to as 

the weak binding state and the strong binding state. 

Force development and muscular contraction occur 

only when the cross-bridges are in the strong binding 

state. The development of this strong binding state 

results in an orientation of cross-bridges so that 

when they attach to actin on each side of the sarco-

mere, they can pull the actin from each side toward 

the center. This “pulling” of actin over the myosin 

molecule results in muscle shortening and the gen-

eration of force.

 The term excitation-contraction coupling refers to the 

sequence of events in which a nerve impulse (action 

potential) reaches the muscle membrane and leads  to 

muscle shortening by cross-bridge activity. This pro-

cess will be discussed step-by-step next. Let’s begin 

with a discussion of the energy source for contraction.

Energy for Contraction

The energy for muscular contraction comes from the 

breakdown of ATP by the enzyme myosin ATPase (29, 47, 

54, 60). This enzyme is located on the “head” of the myo-

sin cross-bridge. Recall that the bioenergetic pathways 

responsible for the synthesis of ATP were discussed 

earlier, in chapter 3; they are summarized in figure 8.7. 

The breakdown of ATP to ADP ⫹ Pi and the release of 

energy serves to energize the myosin cross-bridges, 

which in turn pull the actin molecules over myosin and 

thus shorten the muscle (36, 68, 87, 88, 107).

 Note that a single contraction cycle or “power 

stroke” of all the cross-bridges in a muscle would 

shorten the muscle by only 1% of its resting length 

(88). Because some muscles can shorten up to 60% of 

their resting length, it is clear that the contraction 

cycle must be repeated over and over again (88).

Regulation of Excitation-
Contraction Coupling

Relaxed muscles are easily stretched, which demon-

strates that at rest, actin and myosin are not firmly 

attached and therefore exist in the weak binding state. 

What regulates the interaction of actin and myosin 

and thus regulates muscle contraction? The first step in 

the process of muscular contraction begins with a 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Andrew F. Huxley Developed the “Sliding Filament Theory of Muscle Contraction”

Andrew Huxley (1917–) 

received the Nobel 

Prize for Physiology or 

Medicine in 1963 for his 

research on nerve trans-

mission. Huxley was 

born in London, Eng-

land, and was educated at the Univer -

sity of Cambridge. After graduation he 

accepted a research position at Cam-

bridge and worked from 1941–1952 on 

nerve conduction. In 1952, he changed 

his research focus and began to study 

the mechanisms responsible for muscu-

lar contraction.

 During his distinguished research 

career, Huxley made many important

contributions to physiology. One of his 

fi rst signifi cant areas of research was the 

process of how neural transmission 

occurs. Working with Alan Hodgkin (see 

chapter 7's A Look Back—Important 

People in Science), the pair hypothe-

sized that neural transmission (i.e., 

development of an action potential) 

occurs due to ions passing through ion 

channels on cell membranes. This 

hypothesis was confi rmed years later, 

and Dr. Huxley and Dr. Hodgkin shared 

the Nobel Prize in 1963 for this work.

 Although he won the Nobel Prize for 

his research on neural transmission, Pro-

fessor Huxley is probably best known 

for his work on how skeletal muscles 

contract. Dr. Huxley and his research 

colleagues developed the “sliding fi la-

ment theory of muscle contraction,” and 

many investigators have since con-

fi rmed the basic principles of this origi-

nal theory. Professor Huxley is currently 

a faculty member (2008) in the Depart-

ment of Physiology at University College 

(London).
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Figure 8.5     The sliding filament theory of contraction. As contraction occurs, the Z lines are brought closer together. The A 

bands remain the same length, but the I and H bands get progressively narrower as shortening continues.
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1. Actin and myosin myofilaments 
in a relaxed muscle (right) and 
a contracted muscle (#4 below) 
are the same length. 
Myofilaments do not change 
length during muscle 
contraction. 

3. As the actin myofilaments slide 
over the myosin myofilaments, 
the H zones (yellow) and the I 
bands (blue) narrow.  The A 
bands, which are equal to the 
length of the myosin 
myofilaments, do not narrow, 
because the length of the 
myosin myofilaments does not 
change.

4. In a fully contracted muscle, 
the ends of the actin 
myofilaments overlap and the 
H zone disappears.

2. During contraction, actin 
myofilaments at each end of 
the sarcomere slide past the 
myosin myofilaments toward 
each other. As a result, the 
Z disks are brought closer 
together, and the sarcomere 
shortens.

nerve impulse arriving at the neuromuscular junction. 

The action potential from the motor neuron causes the 

release of acetylcholine into the synaptic cleft of the 

neuro muscular junction; acetylcholine binds to recep-

tors on the motor end plate, producing an end-plate 

potential that leads to depolarization of the muscle cell 

(88). This depolarization (i.e., excitation) is conducted 

down the transverse tubules deep into the muscle fiber. 

When the action potential reaches the sarcoplasmic 

reticulum, calcium is released and diffuses into the 
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muscle to bind to a protein called troponin. This is the 

“trigger” step in the control of muscular contraction 

because the regulation of contraction is a function of 

two regulatory proteins, troponin and tropomyosin, 

which are located on the actin molecule. Troponin and 

tropomyosin regulate muscular contraction by control-

ling the interaction of actin and myosin.

 To understand how troponin and tropomyosin 

control muscular contraction, one needs to appreciate 

the anatomical relationship between actin, troponin, 

and tropomyosin (see figure 8.6). Notice that the actin 

filament is formed from many protein subunits 

arranged in a double row and twisted. Tropomyosin is 

a thin molecule that lies in a groove between the dou-

ble rows of actin. Attached directly to the tropomyosin 

is the protein troponin. This arrangement allows tro-

ponin and tropomyosin to work together to regulate 

the attachment of the actin and myosin cross-bridges. 

In a relaxed muscle, tropomyosin blocks the active 

sites on the actin molecule where the myosin cross-

bridges must attach to form a strong binding state to 

produce a contraction. The trigger for  contraction to 

Figure 8.6      Proposed relationships among troponin, tropomyosin, myosin cross-bridges, and calcium. Note that when 

Ca⫹⫹ binds to troponin, tropomyosin is removed from the active sites on actin, and cross-bridge attachment can occur.
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Figure 8.7      The three sources of ATP produc-

tion in muscle during contraction: (1) phos-

phocreatine, (2) glycolysis, and (3) oxidative 

phosphorylation. From A. J. Vander et al., 

Human Physiology: The Mechanisms of Body 

Function, 8th ed. Copyright © 2001 McGraw-

Hill, Inc., New York. Reprinted by permission.
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occur is linked to the release of stored calcium (Ca⫹⫹) 

from a region of the sarcoplasmic reticulum termed 

the lateral sac, or sometimes called the terminal cister-

nae (70, 103). In a resting (relaxed) muscle the concen-

tration of Ca⫹⫹ in the sarcoplasm is very low. However, 

when a nerve impulse arrives at the neuromuscular 

junction, it travels down the transverse tubules to the 

sarcoplasmic reticulum and causes the release of 

Ca⫹⫹. Much of this Ca⫹⫹ binds to troponin (see 

figure 8.6), which causes a position change in tropo-

myosin such that the active sites on the actin are 

uncovered. This permits the strong binding of a 

“cocked or energized” myosin cross-bridge on the 

actin molecule. The strong cross-bridge binding initi-

ates the release of energy stored within the myosin 

molecule; this produces an angular movement of each 

cross-bridge, resulting in muscle shortening. Attach-

ment of “fresh” ATP to the myosin cross-bridges breaks 

the strong binding state of the myosin cross-bridge 

bound to actin and results in a weak binding state. 

The enzyme ATPase again hydrolyzes (i.e., breaks 

down) the ATP attached to the myosin cross-bridge 

and provides the energy necessary for cocking 

(i.e., energizing) the myosin  cross-bridge for reattach-

ment to another active site on an actin molecule. This 

contraction cycle can be repeated as long as free Ca⫹⫹ 

is available to bind to troponin and ATP can be hydro-

lyzed to provide the energy. Failure of the muscle to 

maintain adequate Ca⫹⫹ levels or to hydrolyze ATP 

results in a disturbance of muscle homeostasis, and 

fatigue occurs (see A Closer Look 8.1).

 The signal to stop contraction is the absence of the 

nerve impulse at the neuromuscular junction. When this 

occurs, an energy-requiring Ca⫹⫹ pump located within 

the sarcoplasmic reticulum begins to move Ca⫹⫹ back 

into the sarcoplasmic reticulum. This removal of Ca⫹⫹ 

from troponin causes tropomyosin to move back to 

cover the binding sites on the actin molecule, and cross-

bridge interaction ceases. Figure 8.9 illustrates the basic 

steps involved in muscle contraction and relaxation.

 A Closer Look 8.2 contains a step-by-step 

summary of the events that occur during excitation 

and muscular contraction. For a detailed discussion 

of molecular events involved in skeletal muscle con-

traction, see references 14, 36, 39, 87, 88, and 107. 

Time spent learning the microstructure of muscle and 

A CLOSER LOOK 8.1

Muscle Fatigue

Short-term, high-intensity exercise or 

prolonged, submaximal exercise can 

result in a decline in muscle force 

production. This decrease in muscle 

force production is known as fatigue.

Specifically, muscular fatigue is defined 

as a reduction in maximal force pro-

duction of the muscle and is character-

ized by a reduced ability to perform 

work (figure 8.8)

 What are the factors that contribute 

to muscle fatigue? At present, a com-

plete answer to this question is 

unavailable. Indeed, exercise physi-

ologists do not universally agree upon 

the exact mechanism(s) responsible 

for muscle fatigue (26, 43, 71, 108, 

110). However, it is clear that the 

causes of muscle fatigue are complex 

and may vary depending upon the 

type of exercise performed. For exam-

ple, muscle fatigue resulting from 

high-intensity exercise lasting approx-

imately 60 seconds (e.g., sprinting 

400 meters) may be due to several 

factors including an accumulation of 

lactate, hydrogen ions, ADP, inorganic 

phosphate, and free radicals within 

the active muscle fibers (26, 43, 108, 

110). Collectively, the accumulation of 

these metabolites results in a disrup-

tion of muscle homeostasis and 

impairs muscle force production in 

several ways (43, 108, 110).

 Muscular fatigue that occurs in the 

later stages of an endurance event last-

ing 2 to 4 hours (i.e., marathon running) 

may also involve an accumulation of 

free radicals in the muscle, but other 

factors such as disturbances in muscle/

extracellular electrolyte homeostasis 

and depletion of muscle glycogen may 

also contribute to this type of muscle 

fatigue (43, 108, 110). Further, evidence 

suggests that the central nervous sys-

tem may also contribute to this cate-

gory of muscle fatigue. The role of the 

central nervous system in muscle 

fatigue has become known as “central 

fatigue.” Central fatigue occurs when 

the subconscious brain reduces motor 

drive (i.e., neural activation) to the 

contracting muscles during exercise 

(71). This reduced motor drive results 

in a decreased number of muscle fi-

bers activated and, therefore, a decline 

in muscle force production. Muscle 

fatigue and the limiting factors to exer-

cise performance are discussed in 

more detail in chapter 19.
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FIGURE 8.8 
Muscular fatigue is 

characterized by a 

reduced ability to 

generate force.
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A CLOSER LOOK 8.2

 Step-by-Step Summary of Excitation-Contraction Coupling

 Excitation

The process of excitation is illustrated 

in steps 1 and 2 in figure 8.9 and in-

volves two processes:

1. The generation of an action poten-

tial in a motor neuron causes the 

release of acetylcholine into the 

synaptic cleft of the neuromuscular 

junction.

2. Acetylcholine binds with receptors 

on the motor end-plate, produc-

ing an end-plate potential, which 

leads to a depolarization that is 

conducted down the transverse 

tubules deep into the muscle fiber. 

This depolarization results in 

calcium being released from the 

sarcoplasmic reticulum.

Contraction

The steps involved in muscular con-

traction are illustrated in figure 8.10 

and are listed in sequential order here 

(87, 107):

1. In the resting state, the myosin 

cross-bridges remain connected to 

actin in a weak binding state (no 

force generation; step 1, figure 8.10).

2. When the depolarization (i.e., neu-

ral stimulation) reaches the sarco-

plasmic reticulum, Ca⫹⫹ is released 

into the sarcoplasm. The Ca⫹⫹ then 

binds to troponin, which causes a 

shift in the position of tropomyosin 

to uncover the “active sites” on the 

actin. The “energized” or “cocked” 

myosin cross-bridge then forms a 

strong bond (i.e., strong binding 

state) at the active site on actin 

(step 2, figure 8.10).

3. Inorganic phosphate is now 

re leased from the myosin cross-

bridge and the energized cross-

bridge pulls the actin molecule 

(step 3, figure 8.10).

4. Cross-bridge movement is com-

pleted by the release of ADP from 

the myosin cross-bridge. Note, at 

this point within the contraction 

cycle, the myosin cross-bridge 

remains in the strong binding state 

with actin (step 4, figure 8.10).

5. Attachment of ATP to the myosin 

cross-bridge allows the myosin 

cross-bridge to break the strong 

FIGURE 8.9 Illustration of the steps involved in 

muscle excitation, contraction, and relaxation. From 

A. J. Vander et al., Human Physiology: The Mechanisms of 

Body Function, 8th ed. Copyright © 2001 McGraw-Hill, 

Inc., New York. Reprinted by permission.
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binding state and form a weak 

binding state. In this weak binding 

state, ATP is broken down to ADP ⫹ 

Pi ⫹ energy, and the released 

energy is used to “energize” the 

myosin cross-bridge (step 5, fig-

ure 8.10). This contraction cycle can 

be repeated as long as Ca⫹⫹ and 

ATP are present (i.e., step 5 moves 

to step 2 and the cycle continues). 

The contraction cycle is broken 

when action potentials stop and 

the  sarcoplasmic reticulum actively 

removes Ca⫹⫹ from the sarcoplasm 

(i.e., step 5 moves to step 1).

FIGURE 8.10   Steps leading to muscular contraction. See text for details.
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the events that lead to contraction will pay dividends 

later, as this material is important to a thorough 

understanding of exercise physiology.

■ The process of muscular contraction can be 

best explained by the sliding filament model, 

which proposes that muscle shortening occurs 

due to movement of the actin filament over the 

myosin filament.

■ The steps leading to muscular contraction are 

(see figure 8.10 for a detailed, step-by-step 

illustration):

 a.  The nerve impulse travels down the trans-

verse tubules and reaches the sarcoplasmic 

reticulum, and Ca⫹⫹ is released.

IN SUMMARY

 b.  Ca⫹⫹ binds to the protein troponin.

 c.  Ca⫹⫹ binding to troponin causes a position 

change in tropomyosin away from the “active 

sites” on the actin molecule and permits a 

strong binding state between actin and 

myosin.

 d.  Muscular contraction occurs by multiple 

cycles of cross-bridge activity. Shortening 

will continue as long as energy is available 

and Ca⫹⫹ is free to bind to troponin.

■ When neural activity ceases at the neuro-

muscular junction, Ca⫹⫹ is removed from the 

sarcoplasm and actively pumped into the 

sarcoplasmic reticulum by the Ca⫹⫹ pump. This 

results in tropomyosin moving to cover the 

active site on actin, and the muscle relaxes.
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FIBER TYPES

Human skeletal muscle can be divided into several 

classes based on the histochemical or biochemical 

characteristics of the individual fibers. (How fibers 

are “typed” is discussed in A Closer Look 8.3.) 

Although some confusion exists concerning the 

nomenclature of fiber types, historically, muscle 

fibers have been classified into two general catego-

ries: (1) fast (also called fast-twitch) fibers or (2) slow 

(also called slow-twitch) fibers (23, 24, 37, 38, 67). 

A CLOSER LOOK 8.3

How Are Skeletal Muscle Fibers Typed?

The relative percentage of fast or slow 

fibers contained in a particular muscle 

can be estimated by removing a small 

piece of muscle (via a procedure called 

a biopsy) and performing histochemical 

or biochemical analysis of the individ-

ual muscle cells. An early method used 

a histochemical procedure that divides 

muscle fibers into three categories 

based on the specific “isoform” of myo-

sin ATPase enzyme found in the fiber. 

This technique applies a chemical 

stain that darkens muscle cells that 

contain high concentrations of the 

type of ATPase found in slow muscles. 

Using this technique, slow (type I) 

fibers become dark, while type IIa 

fibers remain light in color. The shade 

of type IIx fibers tends to fall some-

where between the type I and IIa 

fibers. Hence, this technique pro -

vides a means of determining these 

three fiber types at the same time. 

Figure 8.11 is an example of a muscle 

cross section after histochemical stain-

ing, showing type I, IIa, and IIx fibers.

 The development of selective anti-

bodies that recognize each of the dif-

ferent myosin proteins found in human 

muscle fi bers has led to the improve-

ment of a new method for the identifi -

cation of muscle fi ber types based on 

the specifi c myosin protein expressed 

within each muscle fi ber. This method 

involves the binding of a high affi nity 

antibody to each unique myosin pro-

tein. This technique can then identify 

different muscle fi bers due to color dif-

ferences among the varying muscle 

fi ber types. Figure 8.11 is an example 

of a muscle cross section after immu-

nohistochemical staining for a skeletal 

muscle membrane protein (dystro-

phin), as well as staining for type I and 

IIa skeletal muscle fi bers.

 Another means of determining the 

percentage of the various muscle fiber 

types is by identifying the specific 

type of myosin found in the muscle 

using a technique called gel electropho-

resis. At present, three types of myo-

sins (called myosin isoforms) have 

been reported in adult human skeletal 

muscle (e.g., type I, type IIa, type IIx). 

The functional differences between 

these myosin isoforms explain why 

fast fibers shorten more rapidly than 

slow fibers (14, 63). For example, the 

myosin isoform found in fast fibers has 

a high ATPase activity; this promotes a 

rapid breakdown of ATP and provides 

the needed energy for a high speed of 

muscle shortening (i.e., high Vmax). In 

contrast, the myosin isoform found in 

slow fibers has a low ATPase activity 

and therefore shortens at a slower rate 

compared to fast fibers. For details of 

the different types of myosins found 

in skeletal muscle, see references 60 

and 76.

 One of the inherent problems with 

fiber typing in humans is that a muscle 

biopsy is usually performed on only 

one muscle group. Therefore, a single 

sample from one muscle may not be 

representative of the entire body. A 

further complication is that fiber types 

tend to be layered within muscle, and 

thus a small sample of muscle taken 

from a single area of the muscle may 

not be truly representative of the total 

fiber population of the muscle biop-

sied (8, 100). Therefore, it is difficult to 

make a definitive statement concern-

ing the whole body percentage of a 

particular fiber type based on the 

staining of a single muscle biopsy.

FIGURE 8.11  Immunohisto-

chemical staining of a cross-

sectional area of a skeletal 

muscle. The red staining is 

dystrophin protein, which is 

located within the membrane 

that surrounds a skeletal mus-

cle fi ber. The blue cells are 

type I fi bers, whereas the 

green cells are type IIa fi bers. 

The cells that appear black 

are type IIx muscle fi bers.

Though some muscle groups are known to be com-

posed of predominantly fast or slow fibers, most 

muscle groups in the body contain an equal mixture 

of both slow and fast fiber types. The percentage of 

the respective fiber types contained in skeletal mus-

cles can be influenced by genetics, blood levels of 

hormones, and the exercise habits of the individual. 

From a practical standpoint, the fiber composition 

of skeletal muscles plays an important role in per-

formance in both power and endurance events 

(16, 98).
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Biochemical and Contractile 
Characteristics of Skeletal Muscle

Before discussing the specific characteristics of mus-

cle fiber types, we should briefly discuss the key 

biochemical and contractile properties of skeletal 

muscle.

Biochemical Properties of Muscle In general, the 

two key biochemical characteristics of muscle that are 

important to muscle function are (1) the oxidative capac-

ity and (2) the type of ATPase isoform. The oxidative 

capacity of a muscle fiber is determined by the number 

of mitochondria, the number of capillaries surrounding 

the fiber, and the amount of myoglobin within the fiber. 

A large number of mitochondria provides a greater 

capacity to produce ATP aerobically. A high number of 

capillaries surrounding a muscle fiber ensures that the 

fiber will receive adequate oxygen during periods of con-

tractile activity. Finally, myoglobin is similar to hemo-

globin in the blood in that it binds O2, and it also acts as 

a “shuttle” mechanism for O2 between the cell mem-

brane and the mitochondria. Therefore, a high myoglo-

bin concentration improves the delivery of oxygen from 

the capillary to the mitochondria where it will be used. 

Collectively, the significance of these biochemical char-

acteristics is that a muscle fiber with a high concentra-

tion of myoglobin along with a high number of 

mitochondria and capillaries will have a high aerobic 

capacity and therefore will be fatigue resistant.

 The second important biochemical characteris-

tic of muscle fiber is the myosin ATPase activity. 

Many isoforms of ATPase exist, and the various iso-

forms differ in their activities (i.e., speed that they 

degrade ATP). Muscle fibers that contain ATPase iso-

forms with high ATPase activity will degrade ATP rap-

idly; this results in a high speed of muscle shortening. 

Conversely, muscle fibers with low ATPase activities 

shorten at slow speeds.

Contractile Properties of Skeletal Muscle In 

comparing the contractile properties of muscle fiber 

types, three performance characteristics are impor-

tant: (1) maximal force production, (2) speed of con-

traction, and (3) muscle fiber efficiency. Let’s discuss 

each of these characteristics briefly.

 First, maximal force production of a muscle fiber 

is compared by expressing how much force the fiber 

produces per unit of fiber cross-sectional area (specific 

tension). In other words, specific tension is the force 

production divided by the size of the fiber (e.g., 

specific force ⫽ force/fiber cross-sectional area).

 The contraction speed of muscle fibers is compared 

by measuring the maximal shortening velocity (called 

Vmax) of individual fibers. Vmax represents the highest 

speed at which a fiber can shorten. Because muscle 

fibers shorten by cross-bridge movement (called cross-

bridge cycling), Vmax is determined by the rate of 

 cross-bridge cycling. Again, a key biochemical factor that 

regulates fiber Vmax is the myosin ATPase activity. Fibers 

with high myosin ATPase activities (e.g., fast fibers) pos-

sess a high Vmax, whereas fibers with low myosin ATPase 

activities possess a low Vmax (e.g., slow fibers).

 The efficiency of a muscle fiber is a measure of the 

muscle fiber’s economy. That is, an efficient fiber would 

require less energy to perform a certain amount of work 

compared to a less-efficient fiber. In practice, this mea-

surement is made by dividing the amount of energy 

used (i.e., ATP used) by the amount of force produced.

Characteristics of Individual Fiber Types

It is generally agreed that three individual human 

skeletal muscle fibers exist (two subtypes of fast 

fibers—identified as type IIx and IIa; and a slow 

fiber—identified as type I). Note that the fastest mus-

cle fiber in humans has historically been called a type 

IIb fiber. However, new evidence suggests that the fast-

est fiber in humans should be renamed and called a 

type IIx fiber. While it seems possible that human skel-

etal muscles may contain more than three fiber types, 

we will discuss only the three fiber types that have 

been carefully studied. Let’s begin our discussion of 

muscle fiber types by examining the biochemical and 

contractile properties of both slow and fast fibers.

Slow Fibers One type of slow fiber has been iden-

tified in humans—type I. Type I fibers (also called 

slow-oxidative or slow-twitch fibers) contain large 

numbers of oxidative enzymes (i.e., high mitochon-

drial volume) and are surrounded by more capillaries 

than any of the fibers. In addition, type I fibers contain 

higher concentrations of myoglobin than fast fibers. 

The high concentration of myoglobin, the large num-

ber of capillaries, and the high mitochondrial enzyme 

activities provide type I fibers with a large capacity for 

aerobic metabolism and a high resistance to fatigue.

 In terms of contractile properties, type I fibers 

possess a slower Vmax compared to fast fibers (see 

figure 8.12). Further, it appears that type I fibers 

Figure 8.12 Comparison of maximal shortening velocities 

between fiber types. Data are from reference 20.
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produce a lower specific tension compared to fast 

fibers (see A Closer Look 8.4). Finally, type I fibers are 

more efficient than fast fibers.

Fast Fibers Two subtypes of fast fibers exist in 

humans: (1) type IIx and (2) type IIa. Type IIx fibers 

(sometimes called fast-twitch fibers or fast-glycolytic 

fibers) have a relatively small number of mitochon-

dria,  have a limited capacity for aerobic metabolism, 

and have less resistant to fatigue than slow fibers 

(48, 75). However, these fibers are rich in glycolytic 

enzymes, which provide them with a large anaerobic 

capacity (72).

 The fastest skeletal muscle fi ber in many small ani-

mals (e.g., rats) is the type IIb fi ber. For several years it 

was believed that the fastest fi ber in human skeletal 

muscle was also a “type IIb” fi ber. However, it is now 

believed that the fastest muscle fi ber in humans is the 

type IIx fi ber. The story behind this change in scientifi c 

thinking follows: In the late 1980s, German and Italian 

scientists independently discovered a new fast muscle 

fi ber, named type IIx, in rodent skeletal muscle (12, 94). 

Since the discovery of this type IIx fi ber in rodents, it 

has been determined that this type of myosin is similar 

in structure to that contained in the fastest muscle 

fi ber in humans (93, 95). Therefore, scientists now 

believe that the fastest skeletal muscle fi ber type in 

humans is the type IIx fi ber. Therefore, throughout this 

textbook we will refer to type IIx fi bers as the fastest 

skeletal muscle fi ber type in humans (31).

 The specific tension of type IIx fibers is similar to 

type IIa fibers but is greater than type I fibers. Fur-

ther, the myosin ATPase activity in type IIx fibers is 

higher than other fiber types, resulting in the highest 

Vmax of all fiber types. The speed of contraction dif-

ferences between slow and fast fibers is illustrated in 

figure 8.12.

 Type IIx fibers are less efficient than all other fiber 

types. This low efficiency is due to the high myosin 

ATPase activity, which results in a greater energy 

expenditure per unit of work performed.

 A second type of fast fiber is the type IIa fiber 

(also called intermediate fibers or fast-oxidative gly-

colytic fibers). These fibers contain biochemical and 

fatigue characteristics that are between type IIx and type I 

fibers. Therefore, conceptually, type IIa fibers can be 

viewed as a mixture of both type I and type IIx fiber 

characteristics. However, note that type IIa fibers are 

extremely adaptable. That is, with endurance training, 

they can increase their oxidative capacity to levels 

equal with type I. For more details on muscle fiber 

characteristics, see references 11, 17, 50, and 76.

■ Human skeletal muscle fiber types can be 

divided into three general classes of fibers 

based on their biochemical and contractile 

properties. Two categories of fast fibers exist, 

type IIx and type IIa. One type of slow fiber 

exists, type I fibers.

■ The biochemical and contractile properties 

characteristic of all muscle fiber types are 

summarized in table 8.1.

■ Although classifying skeletal muscle fibers into 

three general groups is a convenient system to 

study the properties of muscle fibers, it is 

important to appreciate that human skeletal 

muscle fibers exhibit a wide range of contractile 

and biochemical properties. That is, the bio-

chemical and contractile properties of type IIx, 

type IIa, and type I fibers represent a continuum 

instead of three neat packages.

IN SUMMARY

Fiber Types and Performance

Descriptive studies have demonstrated several inter-

esting facts concerning the percentages of fast and 

A CLOSER LOOK 8.4

Do Fast Fibers Exert More Force Than Slow Fibers?

 The question “Do fast muscle fibers 

exert more force than slow fibers?” has 

been a topic of research for many 

years. Although controversial, research 

using single rat muscle fibers demon-

strates that the maximal specific force 

production (force per cross-sectional 

area) of fast muscle fibers (types IIx 

and IIa) is 10% to 20% greater than 

the force produced by slow (type I) 

fibers (20).

 What is the physiological explana-

tion for the observation that fast fibers 

exert more force than slow fibers? The 

amount of force generated by a muscle 

fiber is directly related to the number 

of myosin cross-bridges in the strong 

binding state (i.e., force generating 

state) at any given time. That is, the 

more cross-bridges generating force, 

the greater the force production. There-

fore, it appears that fast fibers exert 

more force than slow fibers because 

they contain more myosin cross-bridges 

per cross-sectional area of fiber than 

slow fibers.
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slow muscle fibers found in humans. First, there are 

no apparent sex or age differences in fiber distribu-

tion (72). Second, the average sedentary man or 

woman possesses approximately 47% to 53% slow 

fibers. Third, it is commonly believed that successful 

power athletes (e.g., sprinters, fullbacks, etc.) pos-

sess a large percentage of fast fibers, whereas endur-

ance athletes generally have a high percentage of 

slow fibers (30, 38, 105). Table 8.2 presents some 

examples of the percentage of slow and fast fibers 

found in successful athletes.

 It is clear from table 8.2 that considerable varia-

tion in the percentage of various fiber types exists 

even among successful athletes competing in the 

same event or sport. In other words, two equally 

successful 10,000-meter runners might differ in the 

percentage of slow fibers that each possesses. For 

example, runner A might be found to possess 70% 

slow fibers, while runner B might contain 85% 

slow fibers. This observation demonstrates that an 

individual’s muscle fiber composition is not the 

only variable that determines success in athletic 

events. In fact, it is generally believed that success 

in athletic performance is due to a complex interac-

tion of psychological, biochemical, neurological, car-

diopulmonary, and biomechanical factors (21, 22, 

65, 111).

■ Successful power athletes (e.g., sprinters) gen-

erally possess a large percentage of fast muscle 

fibers and therefore a low percentage of slow, 

type I fibers.

■ In contrast to power athletes, endurance ath-

letes (e.g., marathoners) typically possess a 

high percentage of slow muscle fibers and a low 

percentage of fast fibers.

IN SUMMARY

ALTERATIONS IN SKELETAL 
MUSCLE DUE TO EXERCISE, 
INACTIVITY, AND AGING

Skeletal muscle is a highly plastic tissue. That is, the 

size and biochemical makeup of a skeletal muscle fiber 

can be modified by several factors. For example, mus-

cle composition and function can be altered in response 

to increased physical activity, inactivity, and due to the 

aging process. In this section, we provide a brief sum-

mary of the major changes that occur in skeletal muscle 

in response to exercise training, muscular inactivity, 

and during aging. We begin with a discussion of the 

effects of exercise training on skeletal muscle.

Exercise-Induced Changes 
in Skeletal Muscles

Specific details of muscle adaptation to different 

types of exercise training will be discussed later in 

chapter 13. Our purpose here is to provide a brief 

overview of exercise-induced changes in skeletal 

muscle to establish the foundation for a more detailed 

understanding of this important topic later in the 

text. The muscle’s response to increased physical 

activity is specific to the type of exercise training. For 

example, it is well known that the primary adaptation 

to strength training (weight lifting) is to increase both 

TABLE 8.1   Characteristics of Human Skeletal Muscle Fiber Types

 FAST FIBERS SLOW FIBERS

Characteristic Type IIx Type IIa Type I

Number of mitochondria Low High/moderate High 

Resistance to fatigue Low High/moderate High 

Predominant energy system Anaerobic Combination Aerobic

ATPase activity Highest High Low 

Vmax (speed of shortening) Highest High Low 

Effi ciency Low Moderate High 

Specifi c tension High High Moderate

TABLE 8.2    Typical Muscle Fiber 

Composition in Elite Athletes 

 % Slow  % Fast Fibers

Sport Fibers (Types IIx

 (Type I) and IIa)

Distance runners 70–80 20–30

Track sprinters 25–30 70–75

Nonathletes 47–53 47–53

Data from references 20 and 82.
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muscle size and force production (5, 45, 59, 69, 91, 

104). This increase in muscle size is primarily due to 

muscle fiber enlargement (hypertrophy), although 

some researchers argue that strength training may 

also promote a small increase in muscle fiber num-

ber (hyperplasia) (37, 64, 99, 106). Nonetheless, the 

concept of hyperplasia remains controversial and 

limited evidence exists that hyperplasia occurs in 

humans. In contrast to strength training, endurance 

exercise (e.g., long-distance running) does not 

increase muscle size or strength but results in an 

increase in muscle oxidative capacity (e.g., mitochon-

drial number increases) (109).

 A frequently asked question is, can exercise 

training alter skeletal muscle fiber types? In the past, 

researchers remained divided on the answer. For 

example, several older studies concluded that endur-

ance exercise training did not promote the conver-

sion of fast fibers to slow fibers (10, 11, 40, 46, 55, 

62). Nonetheless, recent investigations using more 

advanced techniques to study muscle fiber adapta-

tion have shown that regular and rigorous exercise 

training results in alterations in skeletal muscle fiber 

types. Interestingly, both endurance training and 

resistance exercise training result in a fast-to-slow 

shift in muscle fiber type (2, 73, 85, 96, 102). Also, 

note that resistance-training-induced changes in 

muscle fiber type are often small and typically result 

in a reduction of the percentage of type IIx fibers and 

an increase in the percentage of type IIa fibers (2). 

(See fi gure 8.13.) This transformation of type IIx to 

type IIa is considered a fast-to-slow shift because the 

movement is from the fastest fiber type (i.e., type IIx) 

toward a slower and more oxidative fiber type (i.e., 

type IIa).

 Does endurance exercise training result in an 

increase in the percentage of slow, type I fibers? At 

one time it was believed that endurance training 

does not increase the number of type I fibers (85, 

102). However, more recent research reveals that 

long-duration endurance exercise training is capable 

of promoting a type IIx to type I fiber shift in skeletal 

muscle (29, 74, 96). Interestingly, it appears that 

exercise-training-induced fast-to-slow changes in 

muscle fiber types occurs in distinct stages. That is, 

during the training-induced shift of type IIx fibers to 

type I fibers, type IIx fibers are first changed to a type 

IIa fiber (74). If training persists, this newly formed 

type IIa fiber can then be converted into a type I fiber, 

resulting in a complete type IIx to type I fiber trans-

formation (74).

Muscle Atrophy Due to Inactivity

It is well known that muscle disuse results in atrophy. 

This type of muscle atrophy can result from periods of 

prolonged bed rest, immobilization of a limb (i.e., 

casting due to broken bone), or the reduced loading 

of a muscle that occurs during space flight. From a 

practical perspective, disuse muscle atrophy results 

in a loss of muscular strength that is proportional to 

the degree of the atrophy.

 Why do muscles atrophy during periods of dis-

use? Research has shown that during the first two 

days of muscle disuse, most of the initial atrophy 

occurs due to a reduction in muscle protein synthesis 

(19). After this initial period of atrophy, subsequent 

atrophy occurs primarily due to increased muscle 

protein breakdown (19, 97). Therefore, muscle atro-

phy resulting from prolonged muscle disuse occurs 

due to both a reduction in protein synthesis and an 

increase in the rate of muscle protein breakdown (19, 

33, 61, 86, 97).

 Although muscle atrophy results in a loss of mus-

cle mass and strength, this loss is not permanent and 

can be reversed by returning the muscle to normal 

use (i.e., reloading the muscle). A rapid and effective 

means of restoring normal muscle size and function 

after a period of disuse atrophy is to begin a program 

of resistance exercise training (i.e., weight lifting). 

Resistance exercise provides the muscle with an over-

load stimulus and promotes an increase in protein 

synthesis that results in both muscle hypertrophy and 

an increase in muscular strength.

 For more details on the effects of inactivity on skel-

etal muscle size and function, see Ask the Expert 8.1 for 

a discussion of the impact of space flight on skeletal 

muscle.

Figure 8.13 Effects of 16 weeks of endurance exercise 

training (i.e., 3–4 days/week at 50–60% V̇O2 max) on 

human skeletal muscle fiber types. Note that exercise 

training promoted a significant fast-to-slow shift in muscle 

fiber type resulting in a net reduction in the percent of 

fast type IIx fibers and an increase in the percent of slow, 

type I fibers. Data are from Short et al. (96).
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Age-Related Changes 
in Skeletal Muscle

Aging is associated with a loss of muscle mass (called 

sarcopenia). The age-related decline in muscle mass 

appears to have two phases. The first is a “slow” phase 

of muscle loss, in which 10% of muscle mass is lost 

from age 25 to 50 years. Thereafter, there is a rapid 

loss in muscle mass. In fact, from age 50 to 80 years, 

an additional 40% of muscle mass is lost. Thus, by 

age 80, one-half of the total muscle mass is lost (18). 

Also, aging results in a loss of fast fibers (particularly 

type IIx) and an increase in slow fibers (102). See ref-

erences 18 and 28 for a review.

 The loss of muscle size and strength observed in 

inactive older adults is not isolated to aging popula-

tions. A classic example of disuse muscle atrophy in 

young individuals is the reduction in muscle size 

observed in a broken limb during the period of immobi-

lization imposed by the plaster “cast” (7). This simple 

example further illustrates that skeletal muscle is a 

highly “plastic” tissue that responds to both use and dis-

use (1, 49, 78, 79, 84).

  Does aging impair skeletal muscles’ ability to 

adapt to physical training? The answer to this ques-

tion is no. Although a loss of muscle mass occurs in 

aging humans, this decline in muscle size is due not 

only to the aging process but is often due to atrophy 

associated with limited physical activity in older indi-

viduals. Although regular exercise cannot completely 

eliminate the age-related loss of muscle, regular exer-

cise can improve muscular endurance and strength in 

the elderly in a manner similar to that observed in 

young people (15, 18, 52, 78, 81, 82, 96, 102).

 Scientists continue to search for safe and practi-

cal ways to increase skeletal muscle mass in elderly 

people. A new and exciting technique that can re-

store muscular strength in the elderly involves gene 

replacement therapy. This procedure is discussed in 

Clinical Applications 8.1.

 ASK THE EXPERT 8.1

Effects of Inactivity on Human Skeletal Muscle 

Esther E. Dupont-

Versteegden, Ph. D., is 

an Associate Professor in 

the Division of Physical 

Therapy, Department of 

Rehabilitation Sciences, 

College Health Sciences at 

the University of Kentucky. 

Dr. Dupont-Versteegden is an internationally 

respected scientist and is a leader in skeletal 

muscle biomedical research. To date, Dr. 

Dupont- Versteegden has published numerous 

key scientifi c publications on the topics of 

skeletal muscle disuse, myonuclear apoptosis, 

and aging. Dr. Dupont- Versteegden answers 

questions related to skeletal muscle inactivity 

and aging.

QUESTION: What effect does muscle 

inactivity have on skeletal muscle 

size and function?

ANSWER: In general, inactivity of muscles 

is associated with a decrease in mus-

cle size, which is due to a decrease in 

muscle fi ber cross-sectional area and 

protein content, but not a loss in the 

number of muscle cells. The func-

tional effect of the decline in muscle 

size is reduced muscle force produc-

tion and power output. Note that the 

reduction in muscle strength is larger 

than expected from the loss of muscle 

mass alone, and this is attributable to 

a decrease in muscle contractile pro-

tein per unit volume of the muscle 

fi ber. In addition, inactivity is also 

associated with increased fatigability 

and insulin resistance in the atro-

phied muscles.

QUESTION: Disuse muscle atrophy re-

sults in a loss of protein from skele-

tal muscle fi bers. Is this loss of 

muscle protein due to reduced pro-

tein synthesis or increased rate of 

protein breakdown?

ANSWER: Total muscle mass is the net 

balance between protein synthesis 

and protein degradation. With dis-

use muscle atrophy, protein synthe-

sis decreases rapidly after the onset 

of disuse and remains lower than 

normal throughout the period of dis-

use. Protein degradation increases 

approximately 48 hours later after 

the onset of muscle disuse and 

remains elevated for many days dur-

ing disuse. Therefore, collectively, 

the loss of muscle protein during 

inactivity is due to both a de-

crease in protein synthesis and an 

increase in protein breakdown.

QUESTION: How would three months of 

muscle inactivity impact skeletal 

muscle fi ber type?

ANSWER: Inactivity induces a shift from 

slow to fast fi ber types in most skele-

tal muscles. That is, muscles that con-

tain primarily slow fi bers will end up 

with almost all fast fi bers, while the 

fi ber type changes in fast muscles are 

less severe, but still present. This 

inactivity-mediated slow-to-fast shift 

in fi ber types results in increased 

fatigability of the atrophied muscles.

QUESTION: How does the response of 

skeletal muscle to inactivity change 

with advancing age?

ANSWER: In general, disuse muscle atro-

phy occurs in a similar pattern in both 

young and old individuals. Nonethe-

less, compared to skeletal muscles in 

young individuals, old muscles atro-

phy less during periods of inactivity. 

This response is likely due to the fact 

that old muscles are already smaller 

at the beginning of the disuse period. 

Finally, one important difference in 

muscle atrophy with advancing age is 

that muscles from old animals do not 

recover well, or at all, from inactivity-

induced muscle atrophy.
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CLINICAL APPLICATIONS 8.1

Gene Therapy Can Restore the Age-Related Loss of Muscle Mass

One of the consequences of aging is 

the loss of skeletal muscle strength 

and mass. As discussed in the text, 

humans can lose up to one-half of their 

muscle mass and strength between the 

ages of 25 and 80 years. Unfortunately, 

this large loss of muscular strength 

reduces the quality of life for older 

people. Therefore, the prevention of 

this age-related loss in muscle mass is 

important. It is well known that resis-

tance exercise training (i.e., weight 

training) can improve muscular strength 

in older people. Nonetheless, due to 

orthopedic or other health problems, 

many older people cannot engage in 

rigorous resistance training programs. 

Therefore, other methods of restoring 

muscular strength must be used by 

people who are not capable of per-

forming heavy exercise. A promising 

approach to restoring the age-related 

loss of muscle mass in the elderly is 

gene therapy. Recall that a gene is a 

segment of DNA with a unique order of 

nucleotide bases that encodes for a 

specifi c protein. Gene therapy is the 

technique of introducing a functioning 

gene into a human cell to correct a 

genetic error or to repair an acquired 

dysfunction of an existing gene. Effec-

tive gene therapy requires the transfer 

of foreign genes into a target cell and 

expression of this gene in the cell. A 

brief explanation of how gene therapy 

can be used to restore muscle mass 

during aging follows.

 Insulin-like growth factor I (IGF-I) is 

a protein that is important in promot-

ing the growth of skeletal muscle. 

Recent studies have shown that sys-

temic administration of IGF-I results 

in muscle hypertrophy in animals. 

The hypertrophy occurs due to an 

increase in muscle protein synthesis 

and a reduction in protein breakdown. 

Although the mechanisms responsi-

ble for the loss of muscle mass with 

aging continue to be investigated, it is 

believed that the decreased produc-

tion of IGF-I associated with aging is 

a contributory factor (13). Therefore, 

increasing the production of IGF-I in 

older individuals could be an effec-

tive strategy to stop the age-related 

loss of skeletal muscle mass. In this 

regard, insertion of IGF-I genes (i.e., 

gene therapy) into skeletal muscle 

fi bers of old animals has been shown 

to be an effective treatment for block-

ing the age-related loss of muscular 

strength (13). Therefore, the transfer 

of IGF-I genes into skeletal muscles 

could be a useful therapy for prevent-

ing the loss of skeletal muscle strength 

due to aging.

■ Both endurance and resistance exercise training 

have been shown to promote a fast-to-slow shift in

skeletal muscle fiber types. However, this exercise-

induced shift in fiber type is typically small and 

does not result in a complete transformation of all 

fast fibers (type II) into slow fibers (type I).

■ Prolonged periods of muscle disuse (bed rest, 

limb immobilization, etc.) result in muscle atro-

phy. This inactivity-induced atrophy results in a 

loss of muscle protein due to a reduction in 

protein synthesis and an increase in the rate of 

muscle protein breakdown.

■ Aging is associated with a loss of muscle mass. 

This age-related loss of muscle mass is slow 

from age 25 to 50 years but increases rapidly 

after 50 years of age.

■ Regular exercise training can improve skeletal 

muscle strength and endurance in the elderly 

but cannot completely eliminate the age-

related loss of muscle mass.

IN SUMMARY

MUSCLE ACTIONS

The process of skeletal muscle force generation has 

historically been referred to as a “muscle contraction.” 

However, to describe both lengthening and shorten-

ing actions of a muscle as a contraction can be con-

fusing. Therefore, the term muscle action has been 

proposed to describe the process of muscle force 

development. This term is now commonly used to 

describe different types of muscular contractions.

 Several types of muscle actions exist. For exam-

ple, it is possible for skeletal muscle to generate force 

without a large amount of muscle shortening. This 

might occur when an individual pulls against a wire 

attached to the wall of a building (see figure 8.14a). 

What happens here is that muscle tension increases, 

but the wire does not move, and therefore neither 

does the body part that applies the force. This kind of 

muscle force development is called an isometric 

action and is referred to as a static exercise. Isometric 

actions are common in the postural muscles of the 

body, which act to maintain a static body position 

during periods of standing or sitting.

 In contrast to isometric muscle actions, most 

types of exercise or sports activities require muscle 

actions that result in the movement of body parts. 

Exercise that involves movement of body parts is 

called dynamic exercise (formally called isotonic 

exercise). Two types of muscle actions can occur dur-

ing dynamic exercise: (1) concentric and (2) eccen-

tric. A muscle action that results in muscular 

shortening with movement of a body part is called a 

concentric action (figure 8.14a). An eccentric action 

occurs when a muscle is activated and force is 
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produced but the muscle lengthens. Table 8.3 sum-

marizes the classifications of exercise and muscle 

action types.

SPEED OF MUSCLE ACTION 
AND RELAXATION

If a muscle is given a single stimulus, such as a brief 

electrical shock applied to the nerve innervating 

it, the muscle responds with a simple twitch. The 

(a)

(b)

Figure 8.14 (a) Isometric actions occur when a muscle 

exerts force but does not shorten. (b) Isotonic actions 

occur when a muscle contracts and shortens.

Type of  Muscle Muscle

Exercise Action Length Change

Dynamic Concentric Decreases

 Eccentric Increases

Static Isometric No change

TABLE 8.3 Summary of the 

Classifi cations of Exercise 

and Muscle Action Types

movement of the muscle can be recorded on a spe-

cial recording device, and the time periods for con-

traction and relaxation can be studied. Figure 8.15 

demonstrates the time course of a simple twitch 

in an isolated  frog muscle. Notice that the twitch 

can be divided into three phases. First, immediately 

after the stimulus, there is a brief latent period (last-

ing a few milliseconds) prior to the beginning of 

muscle shortening. The second phase of the twitch 

is the contraction phase, which lasts approximately 

40 milliseconds. Finally, the muscle returns to its 

original length during the relaxation period, which 

lasts about 50 milliseconds and thus is the longest 

of the three phases.

 The timing of the phases in a simple twitch var-

ies among muscle fiber types. The variability in 

speed of contraction arises from differences in the 

responses of the individual fiber types that make up 

muscles. Individual muscle fibers behave much like 

individual neurons in that they exhibit all-or-none 

responses to stimulation. To contract, an individual 

muscle fiber must receive an appropriate amount of 

stimulation. However, fast fibers contract in a 

shorter time period when stimulated than do slow 

fibers. The explanation for this observation is as fol-

lows: The speed of shortening is greater in fast 

fibers than in slow fibers because the sarcoplasmic 

reticulum in fast fibers releases Ca⫹⫹ at a faster 

rate, and fast fibers possess a higher ATPase activity 

compared to the slow fiber types (38, 41, 91). The 

higher ATPase activity results in a more rapid split-

ting of ATP and a quicker release of the energy 

required for contraction.

Figure 8.15 A recording of a simple twitch. Note the three 

time periods (latent period, contraction, and relaxation) 

following the stimulus.

0   5

5 ms

Time
(milliseconds)

Time

Latent
period

Stimulus

Relaxation

Contraction

9545 55 65 75 8515 25 35

50 ms40 ms



162 Section One Physiology of Exercise

FORCE REGULATION 
IN MUSCLE

As stated earlier, the amount of force generated in a 

single muscle fiber is related to the number of myosin 

cross-bridges making contact with actin. However, the 

amount of force exerted during muscular contraction 

in a group of muscles is complex and dependent on 

three primary factors: (1) number and types of motor 

units recruited, (2) the initial length of the muscle, 

and (3) the nature of the neural stimulation of the 

motor units (9, 24, 27, 41). A discussion of each of 

these factors follows.

 First, variations in the strength of contraction 

within an entire muscle depend on both the type and 

the number of muscle fibers that are stimulated to 

contract (i.e., recruited). If only a few motor units are 

recruited, the force is small. If more motor units are 

stimulated, the force increases. Figure 8.16 illustrates 

this point. Note that as the stimulus is increased, the 

force of contraction is increased due to the recruit-

ment of additional motor units. Also, recall that fast 

fibers exert a greater specific force than do slow fibers. 

Therefore, the types of motor units recruited also 

influence force production.

 A second factor that determines the force exerted 

by a muscle is the initial length of the muscle at the 

time of contraction. There exists an “ideal” length of 

the muscle fiber. The explanation for the existence of 

an ideal length is related to the overlap between actin 

and myosin. For instance, when the resting length is 

longer than optimal, the overlap between actin and 

myosin is limited and few cross-bridges can attach. 

This concept is illustrated in figure 8.17. Note that 

when the muscle is stretched to the point where there 

is no overlap of actin and myosin, cross-bridges can-

not attach and thus tension cannot be developed. At 
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Figure 8.16   The relationship between increasing stimulus 

strength and the force of contraction. Weak stimuli do not 

activate many motor units and do not produce great force. 

In contrast, increasing the stimulus strength recruits more 

and more motor units and thus produces more force.

the other extreme, when the muscle is shortened to 

about 60% of its resting length, the Z lines are very 

close to the thick myosin filaments, and thus only lim-

ited additional shortening can occur.

 A final factor that can affect the amount of force 

a muscle exerts upon contraction is the nature of the 

neural stimulation. Simple muscle twitches studied 

under experimental conditions reveal some interest-

ing, fundamental properties about how muscles func-

tion. However, normal body movements involve 

sustained contractions that are not simple twitches. 

The sustained contractions involved in normal body 

movements can be closely replicated in the labora-

tory if a series of stimulations are applied to the mus-

cle. The recording pictured in figure 8.18 represents 

what occurs when successive stimuli are applied to 

the muscle. The first few contractions represent sim-

ple twitches. Note that as the frequency of stimula-

tions is increased, the muscle does not have time to 

relax between stimuli, and the force appears to be 

additive. This response is called summation (addi-

tion of successive twitches). If the frequency of stim-

uli is increased further, individual contractions are 

blended in a single, sustained contraction called 

tetanus. A tetanic contraction will continue until the 

stimuli are stopped or the muscle fatigues.

 Muscular contractions that occur during normal 

body movements are tetanic contractions. These sus-

tained contractions result from a series of rapidly 

repeated neural impulses conducted by the motor 

neurons that innervate those motor units involved 

in the movement. It is important to appreciate that 

in the body, neural impulses to various motor 

units do not arrive at the same time as they do in the 

laboratory-induced tetanic contraction. Instead, vari-

ous motor units are stimulated to contract at different 

times. Thus, some motor units are contracting while 

some are relaxing. This type of tetanic contraction 

results in a smooth contraction and aids in sustaining 

a coordinated muscle contraction.

FORCE-VELOCITY/POWER-
VELOCITY RELATIONSHIPS

In most physical activities, muscular force is applied 

through a range of movement. For instance, an athlete 

performing the shot put applies force against the shot 

over a specified range of movement prior to release. 

How far the shot travels is a function of both the speed 

of the shot upon release and the angle of release. Since 

success in many athletic events is dependent on speed, 

it is important to appreciate some of the basic con-

cepts underlying the relationship between muscular 

force and the speed of movement. The relationship 

between speed of movement and muscular force is 
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shown in figure 8.19. Two important points emerge 

from an examination of figure 8.19:

1. At any absolute force exerted by the muscle, the 

velocity or speed of movement is greater in 

muscles that contain a high percentage of fast 

fibers when compared to muscles that possess 

predominantly slow fibers.

2. The maximum velocity of muscle shortening is 

greatest at the lowest force (i.e., resistance 

against the muscle). In short, the greatest speed 

of movement is generated at the lowest 

workloads (16, 61). This principle holds true for 

both slow and fast fibers.

Figure 8.17     Length-tension relationships in skeletal muscle. Note that an optimal length of muscle exists, which will 

produce maximal force when stimulated. Lengths that are above or below this optimal length result in a reduced amount 

of force when stimulated.
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Figure 8.18  Recording showing the change from simple 

twitches to summation, and finally tetanus. Peaks to 

the left represent simple twitches, while increasing the 

frequency of the stimulus results in summation of the 

twitches, and finally tetanus.
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The data contained in figure 8.19 also demonstrate 

that fast fibers are capable of producing greater mus-

cular force at a faster speed than slow fibers. The bio-

chemical mechanism to explain this observation is 

related to the fact that fast fibers possess higher 

ATPase activity than do slow fibers (38, 41). There-

fore, ATP is broken down more rapidly in fast fibers 

when compared to slow fibers. Further, calcium 

release from the sarcoplasmic reticulum is faster fol-

lowing neural stimulation in fast fibers than in slow 

fibers (41, 89).

 The relationship between force and movement 

speed has practical importance for the physical thera-

pist, athlete, or physical educator. The message is 

simply that athletes who possess a high percentage of 

fast fibers would seem to have an advantage in power-

type athletic events. This may explain why successful 

sprinters and weight lifters typically possess a rela-

tively high percentage of fast fibers.

 As might be expected, the fiber-type distribution 

in muscle influences the power-velocity curve (see 

figure 8.20). The peak power that can be generated by 

muscle is greater in muscle that contains a high per-

centage of fast fibers than in muscle that is largely 

composed of slow fibers. As with the force-velocity 

curve, two important points should be retained from 

the examination of the power-velocity curve:

1. At any given velocity of movement, the peak 

power generated is greater in muscle that 

contains a high percentage of fast fibers than 

in muscle with a high percentage of slow fibers. 

This difference is due to the aforementioned 

biochemical differences between fast and 

slow fibers. Again, athletes who possess a 

high percentage of fast fibers can generate 

more power than athletes with predominantly 

slow fibers.

2. The peak power generated by any muscle 

increases with increasing velocities of movement 

up to a movement speed of 200 to 300 degrees/

second. The reason for the plateau of power 

output with increasing movement speed is that 

muscular force decreases with increasing speed 

of movement (see figure 8.19). Therefore, with 

any given muscle group there is an optimum 

speed of movement that will elicit the greatest 

power output.

■ The amount of force generated during mus-

cular contraction is dependent on the following 

factors: (1) types and number of motor units 

recruited, (2) the initial muscle length, and 

(3) the nature of the motor units’ neural 

stimulation.

■ The addition of muscle twitches is termed sum-

mation. When the frequency of neural stimula-

tion to a motor unit is increased, individual 

contractions are fused in a sustained contrac-

tion called tetanus.

■ The peak force generated by muscle decreases 

as the speed of movement increases. However, 

in general, the amount of power generated by a 

muscle group increases as a function of move-

ment velocity.

IN SUMMARY

Figure 8.19  Muscle force-velocity relationships. Note 

that at any given speed of movement, muscle groups 

with a high percentage of fast fibers exert more force 

than those with muscle groups that contain primarily 

slow fibers.
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Figure 8.20   Muscle power-velocity relationships. In gen-

eral, the power produced by a muscle group increases as 

a function of velocity of movement. At any given speed 

of movement, muscles that contain a large percentage of 

fast fibers produce more  power than those muscles that 

contain primarily slow fibers.
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STUDY QUESTIONS

1. List the principal functions of skeletal muscles.
2. List the principal proteins contained in skeletal muscle.
3. Outline the contractile process. Use a step-by-step for-

mat illustrating the entire process, beginning with the 
nerve impulse reaching the neuromuscular junction.

4. Outline the mechanical and biochemical properties of 
human skeletal muscle fiber types.

5. Discuss those factors thought to be responsible for regu-
lating force during muscular contractions.

6. Define the term summation.
7. Graph a simple muscle twitch and a contraction that 

results in tetanus.
8. Discuss the relationship between force and speed of 

movement during a muscular contraction.
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One of the major challenges to homeostasis posed 
by exercise is the increased muscular demand for 

oxygen; during heavy exercise the demand may be 
fifteen to twenty-five times greater than at rest. The pri-
mary purpose of the cardiorespiratory system is to 
deliver adequate amounts of oxygen and remove wastes 
from body tissues. In addition, the circulatory system 
transports nutrients and aids in temperature regulation. 
It is important to note that the respiratory system and 
the circulatory system function together as a “coupled 
unit”; the respiratory system adds oxygen and removes 
carbon dioxide from the blood, while the circulatory sys-
tem is responsible for the delivery of oxygenated blood 
and nutrients to tissues in accordance with their needs. 
Stated another way, the “cardiopulmonary system” works 
to maintain oxygen and carbon dioxide homeostasis 
in body tissues. A British physician, William Harvey, 
proposed the fi rst complete theory about how the car-
diovascular system works in humans (see A Look 
Back—Important People in Science).
 To meet the increased oxygen demands of muscle 
during exercise, two major adjustments of blood flow 
must be made: (1) an increased cardiac output (i.e., 
increased amount of blood pumped per minute by the 
heart) and (2) a redistribution of blood flow from inac-
tive organs to the active skeletal muscles. However, 
while the needs of the muscles are being met, other 
tissues, such as the brain, cannot be denied blood 
flow. This is accomplished by maintaining blood pres-
sure, the driving force of the blood. A thorough under-
standing of the cardiovascular responses to exercise 
is important for the student of exercise physiology. 
Therefore, it is the purpose of this chapter to describe 
the design and function of the circulatory system and 
how it responds during exercise.

ORGANIZATION OF THE 
CIRCULATORY SYSTEM

The human circulatory system is a closed loop that 
circulates blood to all body tissues. Circulation of 
blood requires the action of a muscular pump, the 
heart, that creates the “pressure head” needed to 
move blood through the system. Blood travels away 
from the heart in arteries and returns to the heart by 
way of veins. The system is considered “closed” 
because arteries and veins are continuous with each 
other through smaller vessels. Arteries branch exten-
sively to form a “tree” of smaller vessels. As the ves-
sels become microscopic they form arterioles, which 
eventually develop into “beds” of much smaller ves-
sels called capillaries. Capillaries are the smallest 
and most numerous of blood vessels; all exchanges of 
oxygen, carbon dioxide, and nutrients between tis-
sues and the circulatory system occur across capillary 
beds. Blood passes from capillary beds to small 
venous vessels called venules. As venules move back 
toward the heart, they increase in size and become 
veins. Major veins empty directly into the heart. The 
mixture of venous blood from both the upper and 
lower body that accumulates in the right side of the 
heart is termed mixed venous blood. Mixed venous 
blood therefore represents an average of venous 
blood from the entire body.

Structure of the Heart

The heart is divided into four chambers and is often 
considered to be two pumps in one. The right atrium 
and right ventricle form the right pump, and the left 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

William Harvey Developed the First Complete Theory of the Circulatory System

William Harvey (1578–
1657) was born in 
Flokestone, England, 
in 1578. He was edu-
cated at both King's 
College and the Uni-
versity of Cambridge. 
He later studied med-

icine at the University of Padua in 
Italy. After completion of his medical 
studies in 1602, he returned to Eng-
land to establish himself as a physi-
cian. He quickly became a fellow of 
the Royal College of Physicians and 

became the personal physician of 
King James I in 1618.
 Dr. Harvey was fascinated by ana-
tomical studies, and King James I 
encouraged him to pursue research 
to improve the practice of medicine. 
As a researcher, William Harvey made 
many important discoveries about 
how the cardiovascular system oper-
ates. First, by observing the action of 
the heart in small animals, Dr. Harvey 
proved that the heart expels blood 
during each contraction. Further, he 
also discovered that valves exist in 

veins and  correctly identifi ed them as 
restricting the fl ow of blood in one 
direction. Dr. Harvey's work on the 
circulatory system was summarized 
in a book published in 1628 titled 
An Anatomical Study of the Motion of the 

Heart and of the Blood in Animals. This 
text explained Dr. Harvey's theories 
on how the heart propelled blood 
through a circular course throughout 
the body and was the fi rst published 
record to accurately describe how the 
circulatory system works in humans 
and other animals.
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Figure 9.1 Anterior view of the heart.

atrium and left ventricle combine to make the left 
pump (see figure 9.1). The right side of the heart is 
separated from the left side by a muscular wall 
called the interventricular septum. This septum pre-
vents the mixing of blood from the two sides of the 
heart.
 Blood movement within the heart is from the atria 
to the ventricles, and from the ventricles blood 
is pumped into the arteries. To prevent backward 
 movement of blood, the heart contains four one-way 
valves. The right and left atrioventricular valves con-
nect the atria with the right and left ventricles, respec-
tively (figure 9.1). These valves are also known as the 
tricuspid valve (right atrioventricular valve) and the 
bicuspid valve (left atrioventricular valve). Backflow 
from the arteries into the ventricles is prevented by 
the pulmonary semilunar valve (right ventricle) and 
the aortic semilunar valve (left ventricle).

Pulmonary and Systemic Circuits

As mentioned previously, the heart can be consid-
ered as two pumps in one. The right side of the heart 
pumps blood that is partially depleted of its oxygen 
content and contains an elevated carbon dioxide 
content as a result of gas exchange in the various tis-
sues of the body. This blood is delivered from the 
right heart into the lungs through the pulmonary 

circuit. At the lungs, oxygen is loaded into the blood 
and carbon dioxide is released. This “oxygenated” 
blood then travels to the left side of the heart and is 
pumped to the various tissues of the body via the 
systemic circuit (figure 9.2).

IN SUMMARY

■ The purposes of the cardiovascular system are 
the following: (1) the transport of O2 to tissues 
and removal of wastes, (2) the transport of 
nutrients to tissues, and (3) the regulation of 
body temperature.

■ The heart is two pumps in one. The right side of 
the heart pumps blood through the pulmonary 
circulation, and the left side of the heart deliv-
ers blood to the systemic circulation.

HEART: MYOCARDIUM 
AND CARDIAC CYCLE

To better appreciate how the circulatory system 
adjusts to the stress of exercise, it is important to 
understand elementary details of heart muscle struc-
ture as well as the electrical and mechanical activities 
of the heart.
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Myocardium

The wall of the heart is composed of three layers: 
(1) an outer layer called the epicardium, (2) a muscu-
lar middle layer, the myocardium, and (3) an inner 

Systemic circuit

Pulmonary circuit

O2-rich,
CO2-poor
blood

O2-poor,
CO2-rich
blood

CO2 O2

CO2

O2

Figure 9.2 Illustration of the systemic and pulmonary 
 circulations. As depicted by the color change from 
blue to red, blood becomes fully oxygenated as it flows 
through the lungs and then loses some oxygen (color 
changes from red to blue) as it flows through the other 
organs and tissues.

layer known as the endocardium (see figure 9.3). It is 
the myocardium, or heart muscle, that is responsible 
for contracting and forcing blood out of the heart. The 
myocardium receives its blood supply via the right 
and left coronary arteries. These vessels branch off 
the aorta and encircle the heart. The coronary veins 
run alongside the arteries and drain all coronary blood 
into a larger vein called the coronary sinus, which 
deposits blood into the right atrium.
 Maintaining a constant blood supply to the 
heart via the coronary arteries is critical because, 
even at rest, the heart has a high demand for oxygen 
and nutrients. When coronary blood flow is dis-
rupted (i.e., blockage of a coronary blood vessel) for 
more than several minutes, permanent damage to 
the heart occurs. This type of injury results in the 
death of cardiac muscle cells and is commonly 
called a heart attack or myocardial infarction (see 
chapter 17). The number of heart cells that die from 
this insult determines the severity of a heart attack. 
That is, a “mild” heart attack may damage only a 
small portion of the heart, whereas a “major” heart 
attack may destroy a large number of heart cells 
(fibers). A major heart attack greatly diminishes the 
heart’s pumping capacity; therefore, minimizing the 
amount of injury to the heart during a heart attack is 
 important. In this regard, new evidence indicates 
that exercise training can provide cardiac protection 
against damage during a heart attack (see Clinical 
Applications 9.1).
 Heart muscle differs from skeletal muscle in sev-
eral ways. First, cardiac muscle fibers are shorter than 
skeletal muscle fibers and are connected in a tight 
series. Further, cardiac fibers are typically branched, 
whereas skeletal muscle fibers are elongated and 
do not branch. Also, cardiac muscle contraction is 
in voluntary, whereas skeletal muscle contractions are 
under voluntary control.
 Another difference between cardiac fibers and 
skeletal muscle fibers is that, unlike skeletal muscle 
fibers, heart muscle fibers are all interconnected via 
intercalated discs. These intercellular connections 
permit the transmission of electrical impulses from 
one fiber to another. Intercalated discs are nothing 
more than leaky membranes that allow ions to cross 
from one fiber to another. Therefore, when one heart 
fiber is depolarized to contract, all connecting heart 
fibers also become excited and contract as a unit.  
This arrangement is called a functional syncytium. 
Heart muscle cells in the atria are separated from 
ventri cular muscle cells by a layer of connective tis-
sue that does not permit the transmission of electri-
cal impulses. Hence, the atria contract separately 
from the ventricles.
 One more difference between heart and skeletal 
muscle fibers is that human heart fibers cannot be 
divided into different fiber types. The ventricular 
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myo cardium is considered to be a homogenous mus-
cle containing one primary fiber type that has similar-
ities to the type I, slow fiber found in skeletal muscle. 
In this regard, heart muscle fibers are highly aerobic 
and contain large numbers of mitochondria. Note, 
however, that cardiac muscle fibers contain many 
more mitochondria than type I, slow skeletal muscle 
fibers. This fact highlights the importance of continu-
ous aerobic metabolism in the heart.
 Although heart muscle and skeletal muscle differ 
in many ways, they are also similar in several ways. 
For example, both heart and skeletal muscle fibers 
are striated and contain the same contractile pro-
teins: actin and myosin. Further, both heart and skel-
etal muscle fibers require calcium to activate the 
myofilaments (4, 5), and both fibers contract via the 
sliding filament model of contraction (see chapter 8). 
In addition, like skeletal muscle, heart muscle can 
alter its force of contraction as a function of the 
degree of overlap actin-myosin filaments due to 
changes in fiber length. Table 9.1 contains a point-by-
point comparison of the structural/functional simi-
larities and differences between cardiac and skeletal 
muscle fibers.

Cardiac Cycle

The cardiac cycle refers to the repeating pattern of 
contraction and relaxation of the heart. The contrac-
tion phase is called systole and the relaxation period 
is called diastole. Generally, when these terms are 
used alone, they refer to contraction and relaxation of 
the ventricles. However, note that the atria also con-
tract and relax; therefore, there is an atrial systole and 
diastole. Atrial contraction occurs during ventricular 
diastole and atrial relaxation occurs during ventricu-
lar systole. The heart thus has a two-step pumping 
action. The right and left atria contract together, which 
empties atrial blood into the ventricles. Approxi-
mately 0.1 second after the atrial contraction, the ven-
tricles contract and deliver blood into both the 
systemic and pulmonary circuits.
 At rest, contraction of the ventricles during sys-
tole ejects about two-thirds of the blood in the ven-
tricles, leaving about one-third in the ventricles. The 
ventricles then fill with blood during the next dias-
tole. A healthy twenty-one-year-old female might 
have an average resting heart rate of 75 beats per 
minute. This means that the total cardiac cycle lasts 

Figure 9.3  The heart wall is composed of three distinct layers: (1) epicardium, (2) myocardium, and (3) endocardium.
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CLINICAL APPLICATIONS 9.1

Exercise Training Protects the Heart

It is widely believed that regular 
ex ercise training is cardioprotective. 
In deed, many epidemiological studies 
have provided evidence that regular 
exercise can reduce the incidence of 
heart attacks and that the survival rate 
of heart attack victims is greater in 
active people than in sedentary ones. 
Recent experiments using animal mod-
els have provided direct evidence that 
regular endurance exercise training 
reduces the amount of myocardial dam-
age that occurs during a heart attack (12, 
31, 23, 44, 58). The protective effect of 
exercise is illustrated in figure 9.4. 
Notice that exercise training can reduce 
the magnitude of cardiac injury during a 
heart attack by approximately 60%. This 
is significant because the number of 
cardiac cells that are destroyed during a 
heart attack determines the patient’s 
chances of a full, functional recovery.
 How does exercise training alter the 
heart and provide  cardioprotection 

during a heart attack? A defi nitive 
answer to this question is not avail-
able. Nonetheless, evidence suggests 
that the exercise-training induced 
improvement in the heart’s ability to 
resist permanent injury during a heart 
attack is linked to improvements in the 
heart’s antioxidant capacity (i.e., the 

ability to remove free radicals) (58, 
59, 61). Furthermore, recent evidence 
suggests that improved function of 
ATP-sensitive potassium channels may 
also play a role in exercise-induced 
cardioprotection. For more details 
see references (7, 8, 61) and Ask the 
Expert 9.1.
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FIGURE 9.4 Regular endur-
ance exercise protects the 
heart against cell death during 
a heart attack. Note that dur-
ing a myocardial infarction 
(i.e., heart attack), exercise-
trained individuals suffer 
significantly less cardiac injury 
compared to untrained indi-
viduals. Data are from 
reference 88.

TABLE 9.1  A Comparison of the Structural and Functional Differences/Similarities Between Heart 

Muscle and Skeletal Muscle

Structual Comparison  Heart Muscle  Skeletal Muscle

Co ntractile proteins: actin 

and myosin

Present Present

Shape of muscle fibers Sh orter than skeletal muscle 

fibers and branching

Elongated—no branching

Nuclei Single Multiple

Z discs Present Present

Striated Yes Yes

Cellular junctions Yes—intercalated discs No junctional complexes

Connective tissue Endomysium Ep imysium, perimysium, and 

endomysium

Functional Comparision

Energy production Aerobic (primarily) Aerobic and anaerobic

Calcium source (for contraction) Sa rcoplasmic reticulum and 

extracellular calcium

Sarcoplasmic reticulum

Neural control Involuntary Voluntary

Regeneration potential None—no satellite cells present Some possibilities via satellite cells
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0.8 second, with 0.5 second spent in diastole and the 
remaining 0.3 second dedicated to systole (77) (see 
figure 9.5). If the heart rate increases from 75 beats 
per minute to 180 beats per minute (e.g., heavy exer-
cise), there is a reduction in the time spent in both 
systole and diastole (22, 28). This point is illustrated 
in figure 9.5. Note that a rising heart rate results in a 
greater time reduction in diastole, whereas systole is 
less affected.

Figure 9.5 Increases in heart rate during exercise are achieved primarily through a decrease in the time spent in diastole; 
however, at high heart rates, the length of time spent in systole also decreases.
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Pressure Changes During the Cardiac Cycle 

During the cardiac cycle, the pressure within the heart 
chambers rises and falls. When the atria are relaxed, 
blood flows into them from the venous circulation. As 
these chambers fill, the pressure inside gradually 
increases. Approximately 70% of the blood entering 
the atria during diastole flows directly into the ventri-
cles through the atrioventricular valves before the 
atria contract. Upon atrial contraction, atrial pressure 

 ASK THE EXPERT 9.1

Exercise Training and Cardiac Protection 

Questions and Answers with Dr. Joe Starnes

Joe Starnes, Ph. D., pro-

fessor in the Department of 

Exercise and Sport Sciences 

at the University of North 

Carolina—Greensboro, is 

an internationally known 

researcher in the fi eld of car-

diovascular physiology. Much 

of Dr. Starnes’s research has focused on the effects 

of exercise on protection of the heart during a 

heart attack. Specifi cally, Dr. Starnes’s research 

team has performed many of the “landmark” 

studies that explore the effects of endurance exer-

cise on cardiac protection. In this box feature, Dr. 

Starnes answers questions related to exercise-

induced cardiac protection.

QUESTION: Historically, it has been 
believed that weeks or months of 
regular exercise is required for train-
ing adaptation to occur in the heart. 
However, your recent research chal-
lenges this concept. Based on your 
research fi ndings, how rapidly does 
the heart adapt after beginning an 
exercise-training program?

ANSWER: A single bout of appropriate 
exercise will stimulate the heart to 

increase the synthesis of protective 
proteins. Most of these proteins fall 
into a category called stress proteins. 
Within twenty-four hours after the 
exercise bout, the proteins can 
in crease enough to protect the heart 
against a variety of physical stresses.

QUESTION: Recent research in your 
 laboratory has explored the dose-
response relationship between exer-
cise intensity and cardiac protection. 
Is high-intensity exercise training 
superior to low- or moderate-
intensity exercise in providing  cardiac 
protection?

ANSWER: It appears that a certain thresh-
old of intensity has to be reached 
before realizing intrinsic cardioprotec-
tion. We have found that exercising at 
a moderate intensity for sixty minutes 
provides a considerable improvement 
in cardioprotection. In creasing the 
intensity above this provides only 
modest additional improvements 
in intrinsic cardio protection. Low-
intensity exercise appears to result in 
little, if any, intrinsic cardioprotection. 

However, exercise at lower intensities 
or for shorter durations may still pro-
vide signifi cant indirect protection to 
the heart by improving the cholesterol 
profi le in the blood and by lowering 
blood pressure.

QUESTION: It is clear that regular ex-
ercise training protects the heart 
against injury during a heart attack. 
However, your research indicates that 
exercise-induced cardioprotection is 
lost following the stoppage of regular 
training. How quickly after the cessa-
tion of exercise training does the 
heart lose the cardioprotective bene-
fi ts of exercise?

ANSWER: As with most exercise-related 
adaptations, the reversibility princi-
ple applies to exercise-induced car-
dioprotection. When the exercise 
training stops, the stimulus to in-
crease the synthesis of the protective 
proteins also stops. In less than a 
week, the level of the protective pro-
teins will return to pre-exercise levels 
and the exercise-enhanced cardio-
protection is lost.
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rises and forces most of the remaining 30% of the 
atrial blood into the ventricles.
 Pressure in the ventricles is low while they are 
filling, but when the atria contract, the ventricular 
pressure increases slightly. Then as the ventricles  
contract, the pressure rises sharply, which closes 
the atrioventricular valves and prevents backflow 
into the atria. As soon as ventricular pressure 
exceeds the pressure of the pulmonary artery and 
the aorta, the pulmonary and aortic valves open and 
blood is forced into both pulmonary and systemic 
circulations. Figure 9.6 illustrates the changes in 
ventricular pressure as a function of time during the 
resting cardiac cycle. Note the occurrence of two 
heart sounds that are produced by the closing of the 
atrio ventricular valves (first heart sound) and the 
closing of the aortic and pulmonary valves (second 
heart sound).

Arterial Blood Pressure

Blood exerts pressure throughout the vascular  system, 
but is greatest within the arteries where it is generally 
measured and used as an indication of health. Blood 
pressure is the force exerted by blood against the 
arterial walls and is determined by how much blood is 
pumped and the resistance to blood flow.
 Arterial blood pressure can be estimated by the 
use of a sphygmomanometer (see A Closer Look 9.1).  

The normal blood pressure of an adult male is 120/80, 
while that of adult females tends to be lower (110/70). 
The larger number in the expression of blood pressure 
is the systolic pressure expressed in millimeters 
of mercury (mm Hg). The lower number in the blood 
pressure ratio is the diastolic pressure, again 
expressed in mm Hg. Systolic blood pressure is the 
pressure generated as blood is ejected from the heart 
during ventricular systole. During ventricular relax-
ation (diastole), the arterial blood pressure decreases 
and represents diastolic blood pressure. The difference 
between systolic and diastolic blood pressure is called 
the pulse pressure.

 The average pressure during a cardiac cycle is 
called mean arterial pressure. Mean arterial blood pres-
sure is important because it determines the rate of 
blood flow through the systemic circuit.
 Determination of mean arterial pressure is not 
easy. It is not a simple average of systolic and dia-
stolic pressure, because diastole generally lasts lon-
ger than systole. However, mean arterial pressure can 
be estimated at rest in the following way:

Mean arterial pressure    DBP   .33 (pulse 

pressure)

Here, DBP is the diastolic blood pressure, and the 
pulse pressure is the difference between systolic and 
diastolic pressures. Let’s consider a sample calcula-
tion of mean arterial pressure at rest.
 For example, suppose an individual has a blood 
pressure of 120/80 mm Hg. The mean arterial pressure 
would be:

Mean arterial pressure   80 mm Hg 

  .33(120   80)

  80 mm Hg   13

  93 mm Hg

 Note that this equation cannot be used to com-
pute mean arterial blood pressure during exercise 
because it is based on the timing of the cardiac cycle 
at rest. That is, arterial blood pressure rises during sys-
tole and falls during diastole across the cardiac cycle. 
Therefore, to accurately estimate the average arterial 
blood pressure at any time, systolic and diastolic 
blood pressure must be measured and the amount 
of time spent in both systole and diastole must be 
known. Recall that the time spent in systole and dias-
tole differs between rest and exercise. For example, 
the formula estimates that the time spent in systole 
occupies 33% of the total cardiac cycle at rest. How-
ever, during maximal exercise, systole may account for 
66% of the total cardiac cycle time. Therefore, any for-
mula designed to estimate mean arterial blood pres-
sure must be adjusted to reflect the time spent in 
systole and diastole.
 Approximately 20% of all adults in the United 
States have hypertension, which is defined as blood 

120

100

80

60

40

20

0

120

80

40

—

—

—

—

—

—

0 0.2 0.4 0.6 0.8

| | | |

Ventricle

Diastole

1st 2nd Heart sounds

Systole

Time (seconds)

P
re

ss
u
re

 (
m

m
 H

g
)

V
o
lu

m
e
 (

m
l)

Figure 9.6 Relationship among pressure, volume, and 
heart sounds during the cardiac cycle. Notice the change 
in ventricular pressure and volume during the transition 
from systole to diastole.
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A CLOSER LOOK 9.1

Measurement of Arterial Blood Pressure

Arterial blood pressure is not usually 
measured directly but is estimated 
using an instrument called a sphygmo-
manometer (see figure 9.7). This device 
consists of an inflatable arm cuff con-
nected to a column of mercury. The cuff 
can be inflated by a bulb pump, with 
the pressure in the cuff measured by 
the rising column of mercury. For exam-
ple, a pressure of 100 mm of mercury 
(mm Hg) would be enough force to 
raise the column of mercury upward a 
distance of 100 mm.
 Blood pressure is measured in the 
following way: The rubber cuff is placed 
around the upper arm so it surrounds 

the brachial artery. Air is pumped into 
the cuff so that the pressure around the 
arm exceeds arterial pressure. Since the 
pressure applied around the arm is 
greater than arterial pressure, the bra-
chial artery is squeezed shut and blood 
flow is stopped. If a stethoscope is 
placed over the brachial artery (just 
below the cuff), no sounds are heard, 
since there is no blood flow. However, if 
the air control valve is slowly opened to 
release air, the pressure in the cuff 
begins to decline, and soon the pres-
sure around the arm reaches a point that 
is equal to or just slightly below arterial 
pressure. At this point blood begins to 

spurt through the artery and a sharp 
sound (known as Korotkoff sounds) can be 
heard through the stethoscope. The 
pressure (i.e., height of mercury column) 
at which the first tapping sound is heard 
represents systolic blood pressure.
 As the cuff pressure continues to 
decline, a series of increasingly louder 
sounds can be heard. When the pres-
sure in the cuff is equal to or slightly 
below diastolic blood pressure, the 
sounds heard through the stetho scope 
cease. Therefore, resting diastolic 
blood pressure represents the height 
of the mercury column when the 
sounds disappear.

No sound is heard because 
there is no blood flow when the 
cuff pressure is high enough to 
keep the brachial artery closed.

Systolic pressure is the 
pressure at which a Korotkoff 
sound is first heard. When cuff 
pressure decreases and is no 
longer able to keep the brachial 
artery closed during systole, 
blood is pushed through the 
partially opened brachial artery 
to produce turbulent blood flow 
and a sound. The brachial artery
remains closed during diastole.

As cuff pressure continues to 
decrease, the brachial artery 
opens even more during 
systole. At first, the artery is 
closed during diastole, but, as 
cuff pressure continues to 
decrease, the brachial artery 
partially opens during diastole. 
Turbulent blood flow during 
systole produces Korotkoff 
sounds, although the pitch of 
the sounds changes as the
artery becomes more open.

Diastolic pressure is the 
pressure at which the sound 
disappears. Eventually, cuff 
pressure decreases below the 
pressure in the brachial artery 
and it remains open during 
systole and diastole. 
Nonturbulent flow is 
reestablished and no
sounds are heard.

1.

2.

3.

4. 
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FIGURE 9.7 A sphygmomanometer is used to measure arterial blood pressure.
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Figure 9.8 Some factors that influence arterial blood 
pressure.

pressure in excess of the normal range for the per-
son’s age and sex (22). Blood pressures above 140/90 
are considered to be indicators of hypertension (22, 
28). Hypertension is generally classified into one of 
two categories: (1) primary, or essential hyperten-
sion, and (2) secondary hypertension. The cause of 
primary hypertension is unknown. This type of hyper-
tension constitutes 90% of all reported cases of 
hypertension in the United States. Secondary hyper-
tension is a result of some known disease process, 
and thus the hypertension is “secondary” to another 
disease.
 Hypertension can result in a variety of health 
problems. For example, hypertension increases the 
workload on the left ventricle resulting in an adaptive 
increase in the muscle mass of the left heart (called 
left ventricular hypertrophy). In the early phases of 
hypertension-induced left ventricular hypertrophy, 
the increase in cardiac mass helps to maintain the 
heart’s pumping ability. However, with time, this left 
ventricular hypertrophy changes the organization and 
function of cardiac muscle fibers resulting in 
 diminished pumping capacity of the heart, which can 
lead to heart failure. Further, the presence of hyper-
tension is a major risk factor for developing arterio-
sclerosis and heart attacks. Finally, hypertension also 
increases the risk of kidney damage and the rupture of 
a cerebral blood vessel resulting in localized brain 
injury (i.e., a stroke).

Factors That Infl uence 
Arterial Blood Pressure

Mean arterial blood pressure is determined by two 
factors: (1) cardiac output and (2) total vascular resis-
tance. Cardiac output is the amount of blood pumped 
from the heart, and total vascular resistance is the 
sum of resistance to blood flow provided by all sys-
temic blood vessels. Mathematically, mean arterial 
blood pressure is defined as the product of cardiac 
output times total vascular resistance as given in the 
following equation:

Mean arterial blood pressure    (cardiac output 

  total vascular 

resistance)

 Therefore, an increase in either cardiac output or 
vascular resistance results in an increase in mean 
arterial blood pressure. In the body, mean arterial 
blood pressure depends on a variety of physiological 
factors, including cardiac output, blood volume, resis-
tance to flow, and blood viscosity. These relationships 
are summarized in figure 9.8. An increase in any of 
these variables results in an increase in arterial blood 
pressure. Conversely, a decrease in any of these vari-
ables causes a decrease in blood pressure.

 How is blood pressure regulated? Acute (short-
term) regulation of blood pressure is achieved by the 
sympathetic nervous system, whereas long-term reg-
ulation of blood pressure is primarily a function of the 
kidneys (9). The kidneys regulate blood pressure by 
controlling blood volume.
 Pressure receptors (called baroreceptors) in the 
carotid artery and the aorta are sensitive to changes 
in arterial blood pressure. An increase in arterial 
pressure triggers these receptors to send impulses to 
the cardiovascular control center, which responds by 
decreasing sympathetic activity. A reduction in sym-
pathetic activity may lower cardiac output and/or 
reduce vascular resistance, which in turn lowers 
blood pressure. Conversely, a decrease in blood pres-
sure results in a reduction of baroreceptor activity to 
the brain. This causes the cardiovascular control cen-
ter to respond by increasing sympathetic outflow, 
which raises blood pressure back to normal. For a 
complete discussion of blood-pressure regulation, 
see  Widmaier et al. (2006) and Fox (2008) in the Sug-
gested Readings.

Electrical Activity of the Heart

Many myocardial cells have the unique potential for 
spontaneous electrical activity (i.e., each has an 
intrinsic rhythm). However, in the normal heart, spon-
taneous electrical activity is limited to a special region 
located in the right atrium. This region, called the 
sinoatrial node (SA node), serves as the pacemaker 
for the heart (see figure 9.9). Spontaneous electrical 
activity in the SA node occurs due to a decay of the 
resting membrane potential via inward diffusion of 
sodium during diastole. When the SA node reaches 
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the depolarization threshold and “fires,” the wave of 
depolarization spreads over the atria, resulting in 
atrial contraction. The wave of atrial depolarization 
cannot directly cross into the ventricles but must be 
transported by way of specialized conductive tissue. 
This specialized conductive tissue radiates from a 
small mass of muscle tissue called the atrioventricular 

node (AV node). This node, located in the floor of the 
right atrium, connects the atria with the ventricles by 
a pair of conductive pathways called the right and 
left bundle branches (figure 9.9). Note that atrial-
mediated depolarization of the AV node is delayed by 
approximately 0.10 second. This time delay is impor-
tant because it allows atrial contraction to empty 
atrial blood into the ventricles prior to ventricular 
depolarization and contraction. Upon reaching the 
ventricles, these conductive pathways branch into 
smaller fibers called Purkinje fibers. The Purkinje 
fibers then spread the wave of depolarization through-
out the ventricles.
 A recording of the electrical changes that occur 
in the myocardium during the cardiac cycle is called 
an electrocardiogram (ECG). Analysis of ECG wave-
forms allows the physician to evaluate the heart’s 
ability to conduct impulses and therefore determine 
if electrical problems exist. Further, analysis of the 
ECG during exercise is often used in the diagnosis of 
coronary artery disease (see A Closer Look 9.2). 

Left atrium

Left ventricle

Apex

Atrioventricular
(AV) bundle

Atrioventricular
(AV) node

Sinoatrial 
(SA) node

Left and right
bundle branches

Purkinje
fibers

Action potentials originate in the 
sinoatrial (SA) node (the pacemaker)  
and travel across the wall of the atrium 
(arrows) from the SA node to the 
atrioventricular (AV) node.

Action potentials pass through the AV 
node and along the atrioventricular (AV) 
bundle, which extends from the AV 
node, through the fibrous skeleton, into 
the interventricular septum.

The AV bundle divides into right and left 
bundle branches, and action potentials 
descend to the apex of each ventricle
along the bundle branches.

Action potentials are carried by the 
Purkinje fibers from the bundle 
branches to the ventricular walls.
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Figure 9.9 Conduction system of the heart.

Figure 9.11 illustrates a normal ECG pattern. Notice 
that the ECG pattern contains several different 
deflections, or waves, during each cardiac cycle. Each 
of these distinct waveforms is identified by different 
letters. The first deflection on the ECG is called the P 
wave and represents the depolarization of the atria. 
The second wave, the QRS complex, represents the 
depolarization of the ventricles and occurs approxi-
mately 0.10 second following the P wave. The final 
deflection, the T wave, is the result of ventricular 
repolarization. Notice that atrial repolarization is 
usually not visible on the ECG because it occurs at 
the same time as the QRS complex (figure 9.12). In 
other words, atrial repolarization is “hidden” by the 
QRS complex.
 Finally, figure 9.13 illustrates the relationship 
between changes in the intraventricular pressure and 
the ECG. Note that the QRS complex (i.e., depolariza-
tion of the ventricles) occurs at the beginning of sys-
tole, whereas the T wave (i.e., repolarization of the 
ventricles) occurs at the beginning of diastole. Also, 
notice that the rise in intraventricular pressure at the 
beginning of systole results in the first heart sound 
due to closure of the atrioventricular valves (AV 
valves) and that the fall in intraventricular pressure at 
the end of systole results in the second heart sound 
due to the closure of the aortic and pulmonary semi-
lunar valves.
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A CLOSER LOOK 9.2

Diagnostic Use of the ECG During Exercise

Cardiologists are physicians who special-
ize in diseases of the heart and vascular 
system. One of the diagnostic proce-
dures commonly used to evaluate 
cardiac function is to make ECG mea-
surements during an incremental exer-
cise test (usually on a treadmill). This 
allows the physician to observe changes 
in blood pressure as well as changes in 
the patient’s ECG during periods of 
stress.
 The most common cause of heart dis-
ease is the collection of fatty plaque 
(called atherosclerosis) inside coronary 
vessels. This collection of plaque re-
duces blood flow to the myocardium. 
The adequacy of blood flow to the heart 
is relative—it depends on the metabolic 
demand placed on the heart. An obstruc-
tion to a coronary artery, for example, 
may allow sufficient blood flow at rest, 

but may be inadequate during exercise 
due to increased metabolic demand 
placed on the heart. Therefore, a graded 
exercise test may serve as a “stress test” 
to evaluate cardiac function.
 An example of an abnormal exer-
cise ECG is illustrated in figure 9.10. 
Myocardial ischemia (reduced blood 
flow) may be detected by changes in 

the S-T segment of the ECG. Notice the 
depressed S-T segment in the picture 
on the right when compared to the nor-
mal ECG on the left. This S-T segment 
depression suggests to the physician 
that ischemic heart disease may be 
present and that additional diagnostic 
procedures may be warranted.

FIGURE 9.10 
Depression of the 
S-T  segment of the 
electrocardiogram as 
a result of myocardial 
ischemia.Normal Ischemia
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Figure 9.11 The normal electrocardiogram during rest.
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Figure 9.12 An illustration of the relationship between the heart’s electrical events and the recording of the ECG. Panels 1–2 
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Figure 9.13 The relationship between changes in the intraven-
tricular pressure and the ECG. Notice that the QRS complex 
(i.e., depolarization of the ventricles) occurs at the beginning of 
systole and the rise in ventricular pressure. Further, note that 
the T wave (repolarization of the ventricles) occurs at the same 
time that the ventricles relax at the beginning of diastole.
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TABLE 9.2    Typical Resting and Maximal Exercise Values for Stroke Volume (SV), Heart Rate (HR), 

and Cardiac Output (Q̇ ) for College-Age Untrained Subjects and Trained Endurance 

Athletes (Body Weights: Male   70 kg; Female   50 kg)

Subject

HR 

(beats/min)

SV 

(ml/beat)

Q  

(l/min)

Rest

Untrained male  72   70  5.00

Untrained female  75   60  4.50

Trained male  50  100  5.00

Trained female  55   80  4.40

Max Exercise

Untrained male 200  110  22.0

Untrained female 200   90  18.0

Trained male 190  180  34.2

Trained female 190  125  23.8

Note that values are rounded off. Data from references 3, 22, and 68.

IN SUMMARY

■ The contraction phase of the cardiac cycle is 
called systole and the relaxation period is called 
diastole.

■ The pacemaker of the heart is the SA node.
■ The average blood pressure during a cardiac 

cycle is called mean arterial blood pressure.

■ Blood pressure can be increased by one or all of 
the following factors:

 a. increase in blood volume,
 b. increase in heart rate,
 c. increased blood viscosity,
 d. increase in stroke volume, and/or
 e. increased peripheral resistance.
■ A recording of the electrical activity of the heart 

during the cardiac cycle is called the electrocardio-

gram (ECG).

CARDIAC OUTPUT

Cardiac output (Q· ) is the product of the heart rate 
(HR) and the stroke volume (SV) (amount of blood 
pumped per heartbeat):

Q     HR   SV

 Thus, cardiac output can be increased due to a 
rise in either heart rate or stroke volume. During exer-
cise in the upright position (e.g., running, cycling, etc.), 
the increase in cardiac output is due to an increase in 
both heart rate and stroke volume. Table 9.2 presents 
typical values at rest and during maximal exercise for 
heart rate, stroke volume, and cardiac output in both 
untrained and highly trained endurance athletes. The 

gender differences in stroke volume and cardiac out-
put are due mainly to differences in body sizes between 
men and women (3) (see table 9.2).

Regulation of Heart Rate

During exercise, the quantity of blood pumped by the 
heart must change in accordance with the elevated 
skeletal muscle oxygen demand. Because the SA node 
controls heart rate, changes in heart rate often involve 
factors that influence the SA node. The two most 
prominent factors that influence heart rate are the 
parasympathetic and sympathetic nervous systems 
(34, 64, 73, 81).
 The parasympathetic fibers that supply the heart 
arise from neurons in the cardiovascular control 

center in the medulla oblongata and make up a por-
tion of the vagus nerve. Upon reaching the heart, 
these fibers make contact with both the SA node and 
the AV node (see figure 9.14). When stimulated, these 
nerve endings release acetylcholine, which causes a 
decrease in the activity of both the SA and AV nodes 
due to hyperpolarization (i.e., moving the resting 
membrane potential further from threshold). The end 
result is a reduction of heart rate. Therefore, the para-
sympathetic nervous system acts as a braking system 
to slow down heart rate.
 Even at rest, the vagus nerves carry impulses to 
the SA and AV nodes (22, 28, 53). This is often referred 
to as parasympathetic tone. As a consequence, changes 
in parasympathetic activity can cause heart rate 
to increase or decrease. For instance, a decrease in 
 parasympathetic tone to the heart can elevate heart 
rate, whereas an increase in parasympathetic activity 
causes a slowing of heart rate.
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Figure 9.14 The activities of the SA and AV nodes can be altered by both the sympathetic and parasympathetic 
nervous systems.

 Studies have shown that the initial increase 
in heart rate during exercise, up to approximately 
100 beats per minute, is due to a withdrawal of 
parasympathetic tone (68). At higher work rates, 
stimulation of the SA and AV nodes by the sympa-
thetic nervous system is responsible for increases 
in heart rate (68). Sympathetic fibers reach the 

heart by means of the cardiac accelerator nerves, 
which innervate both the SA node and the ventricles 
(figure 9.14). Endings of these fibers release norepi-
nephrine upon stimulation, which act on beta recep-
tors in the heart and cause an increase in both heart 
rate and the force of myocardial contraction. (See 
Clinical Applications 9.2.)

CLINICAL APPLICATIONS 9.2

Beta-Blockade and Exercise Heart Rate

Beta-adrenergic blocking medications 
(beta-blockers) are commonly pre-
scribed for patients with coronary artery 
disease and/or hypertension. Although 
there are many different classes of these 
drugs, all of these medications com-
pete with epinephrine and norepineph-
rine for beta-adrenergic receptors in the 

heart. The end result is that beta-
blockers reduce heart rate and the vigor 
of myocardial contraction, thus reducing 
the oxygen requirement of the heart. 
 In clinical exercise physiology, it is 
important to appreciate that all beta-
blocking drugs will decrease resting 
heart rate as well as exercise heart rate. 

Indeed, individuals on beta-blocking 
medications will exhibit lower exercise 
heart rates during both submaximal and 
maximal exercise. This is an important 
fact that should be considered when 
prescribing exercise and interpreting 
the exercise test results of  individuals 
using beta-blocking medications. 
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Figure 9.15 An illustration of the relationship between 
ventricular end-diastolic volume and stroke volume. 
Notice the increase in stroke volume when venous return 
increases above the normal resting level.

 At rest, a normal balance between parasympa-
thetic tone and sympathetic activity to the heart is 
maintained by the cardiovascular control center in the 
medulla oblongata. The cardiovascular control center 
receives impulses from various parts of the circulatory 
system relative to changes in important parameters 
(e.g., blood pressure, blood oxygen tension), and it 
relays motor impulses to the heart in response to a 
changing cardiovascular need. For example, an increase 
in resting blood pressure above normal stimulates 
pressure receptors in the carotid arteries and the arch 
of the aorta, which in turn send impulses to the cardio-
vascular control center (figure 9.14). In response, the 
cardiovascular control center increases parasympa-
thetic activity to the heart to slow the heart rate and 
reduce cardiac output. This reduction in cardiac output 
causes blood pressure to decline back toward normal.
 Another regulatory reflex involves pressure re-
ceptors located in the right atrium. In this case, an 
increase in right atrial pressure signals the cardiovas-
cular control center that an increase in venous return 
has occurred; hence, to prevent a backup of blood in 
the systemic venous system, an increase in cardiac 
output must result. The cardiovascular control center 
responds by sending sympathetic accelerator nerve 
impulses to the heart, which increase heart rate and 
cardiac output. The end result is that the increase in 
cardiac output lowers right atrial pressure back to 
normal, and venous blood pressure is reduced.
 Finally, a change in body temperature can 
influence heart rate. An increase in body temperature 
above normal results in an increase in heart rate, 
whereas lowering of body temperature below normal 
causes a reduction in heart rate (6, 22, 28, 39, 68, 70, 
72). This topic is discussed in chapter 12.

Regulation of Stroke Volume

Stroke volume, at rest or during exercise, is regulated 
by three variables: (1) the end-diastolic volume (EDV), 
which is the volume of blood in the ventricles at the 
end of diastole; (2) the average aortic blood pressure; 
and (3) the strength of ventricular contraction.
 EDV is often referred to as “preload,” and it 
influences stroke volume in the following way. Two 
physiologists, Frank and Starling, demonstrated that 
the strength of ventricular contraction increased with 
an enlargement of EDV (i.e., stretch of the ventricles). 
This relationship has become known as the Frank-
Starling law of the heart. The increase in EDV results 
in a lengthening of cardiac fibers, which improves the 
force of contraction in a manner similar to that seen 
in skeletal muscle (discussed in chapter 8). The 
mechanism to explain the influence of fiber length on 
cardiac contractility is that an increase in the length 
of cardiac fibers increases the number of myosin 
cross-bridge interactions with actin resulting in 

increased force production. A rise in cardiac contrac-
tility results in an increase in the amount of blood 
pumped per beat; the relationship between EDV vol-
ume and stroke volume is illustrated in figure 9.15.
 The principal variable that influences EDV is the 
rate of venous return to the heart. An increase in 
venous return results in a rise in EDV and therefore an 
increase in stroke volume. Increased venous return 
and the resulting increase in EDV play a key role in the 
increase in stroke volume observed during upright 
exercise (28).
 What factors regulate venous return during  exer-
cise? There are three principal mechanisms for increas-
ing venous return during exercise: (1) constriction of the 
veins (venoconstriction), (2) pumping action of con-
tracting skeletal muscle (called the muscle pump), and 
(3) pumping action of the respiratory system (respira-
tory pump).

1. Venoconstriction. Venoconstriction increases ve-
nous return by reducing the volume capacity of the 
veins to store blood. The end result of a reduced 
volume capacity in veins is to move blood back 
toward the heart. Venoconstriction occurs via a re-
flex sympathetic constriction of smooth muscle in 
veins draining skeletal muscle, which is controlled 
by the cardiovascular control center (3, 28, 52, 68).

2. Muscle pump. The muscle pump is a result of the 
mechanical action of rhythmic skeletal muscle 
contractions. As muscles contract, they compress 
veins and push blood back toward the heart. 
Between contractions, blood refills the veins and 
the process is repeated. Blood is prevented from 
flowing away from the heart between contrac-
tions by one-way valves located in large veins 
(figure 9.16). During sustained muscular contrac-
tions (isometric exercise), the muscle pump 
cannot operate, and venous return is reduced.

3. Respiratory pump. The rhythmic patter of breathing 
also provides a mechanical pump by which ve-
nous return is promoted. The respiratory pump 
works in the following way. During inspiration, the 
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pressure within the thorax (chest) decreases and 
abdominal pressure increases. This creates a flow 
of venous blood from the abdominal region into 
the thorax and therefore promotes venous return. 
Although quiet breathing (rest) aids in venous 
return, the role of the respiratory pump is en-
hanced during exercise due to the greater respira-
tory rate and depth. Indeed, recent evidence 
indicates that the respiratory pump is the predom-
inant factor that promotes venous return to the 
heart during upright exercise (49).

 A second variable that affects stroke volume is the 
aortic pressure (mean arterial pressure). In order to 
eject blood, the pressure generated by the left ventricle 
must exceed the pressure in the aorta. Therefore, aortic 
pressure or mean arterial pressure (called afterload) rep-
resents a barrier to the ejection of blood from the ven-
tricles. Stroke volume is thus inversely proportional to 
the afterload; that is, an increase in aortic pressure pro-
duces a decrease in stroke volume. However, it is note-
worthy that afterload is minimized during exercise due 
to arteriole dilation. This arteriole dilation in the work-
ing muscles reduces afterload and makes it easier for 
the heart to pump a large volume of blood.

 The final factor that influences stroke volume is 
the effect of circulating epinephrine- norepinephrine 
and direct sympathetic stimulation of the heart by 
cardiac accelerator nerves. Both of these  mechan isms 
increase cardiac contractility by increasing the amount 
of calcium available to the myocardial cell (22, 28, 68). 
In particular, epinephrine and norepinephrine both 
increase in entry of extracellular calcium into the car-
diac muscle fiber. The relationship between sympa-
thetic stimulation of the heart and stroke volume is 
 illustrated in figure 9.17. Notice that compared to 
control conditions (i.e., limited sympathetic stimula-
tion), an increase in sympathetic stimulation of the 
heart increases stroke volume at any level of EDV.

IN SUMMARY

■ Cardiac output is the product of heart rate and 
stroke volume (Q     HR   SV). Figure 9.18 sum-
marizes those variables that influence cardiac 
output during exercise.

■ The pacemaker of the heart is the SA node. SA 
node activity is modified by the parasympa-
thetic nervous system (slows HR) and the 
 sympathetic nervous system (increases HR).

■ Heart rate increases at the beginning of exer-
cise due to a withdrawal of parasympathetic 
tone. At higher work rates, the increase in heart 
rate is achieved via an increased sympathetic 
outflow to the SA nodes.

■ Stroke volume is regulated via (1) end-diastolic 
volume, (2) aortic blood pressure, and (3) the 
strength of ventricular contraction.

■ Venous return increases during exercise due to 
(1) venoconstriction, (2) the muscle pump, and 
(3) the respiratory pump.
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Figure 9.16 The action of the one-way venous valves. 
Contraction of skeletal muscles helps to pump blood 
toward the heart, but is prevented from pushing blood 
away from the heart by closure of the venous valves.
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Figure 9.17 Effects of sympathetic stimulation of the 
heart on stroke volume. Note that sympathetic stimula-
tion results in an increase in stroke volume at any given 
diastolic volume; that is, sympathetic stimulation in-
creases ventricular contractility via an increased level of 
intracellular calcium resulting in a higher myosin cross-
bridge interaction with actin.
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HEMODYNAMICS

One of the most important features of the circula-
tory system is that the system is a continuous 
“closed loop.” Blood flow through the circulatory 
system results from pressure differences between 
the two ends of the system. To understand the phys-
ical regulation of blood flow to tissues, it is neces-
sary to appreciate the interrelationships between 
pressure, flow, and resistance. The study of these 
factors and the physical principles of blood flow is 
called hemodynamics.

Physical Characteristics of Blood

Blood is composed of two principal components, 
plasma and cells. Plasma is the “watery” portion of 
blood that contains numerous ions, proteins, and 
hormones. The cells that make up blood are red blood 
cells (RBCs), platelets, and white blood cells. Red 
blood cells contain hemoglobin used for the transport 
of oxygen (see chapter 10). Platelets play an impor-
tant role in blood clotting, and white blood cells are 
important in preventing infection.
 The percentage of the blood that is composed of 
cells is called the hematocrit. That is, if 42% of the blood 
is cells and the remainder is plasma, the hematocrit is 
42% (see figure 9.19). On a percentage basis, RBCs con-
stitute the largest fraction of cells found in blood. There-
fore, the hematocrit is principally influenced by increases 
or decreases in RBC numbers. The average hematocrit 
of a normal college-age male is 42%, and the hematocrit 
of a normal college-age female averages approximately 
38%. These values vary among individuals and are 
dependent on a number of variables.
 Blood is several times more viscous than water, 
and this viscosity increases the difficulty with which 
blood flows through the circulatory system. One of 
the major contributors to viscosity is the concentra-
tion of RBCs found in the blood. Therefore, during 
periods of anemia (decreased RBCs), the viscosity of 

Cardiac
output Cardiac rate Stroke volume

End-diastolic
volume (EDV)

Sympathetic
nerves

Parasympathetic
nerves

Contraction
strength

Stretch

= x

Frank-
Starling

Mean arterial
pressure

Figure 9.18 Factors that regulate cardiac output. Variables that stimulate cardiac output are shown by solid arrows, and 
factors that reduce cardiac output are shown by dotted arrows.
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Figure 9.19 Blood cells become packed at the bottom of 
the test tube when blood is centrifuged; this leaves the 
plasma at the top of the tube. The percentage of whole 
blood that is composed of blood cells is termed the 
hematocrit.

blood is lowered. Conversely, an increase in hemato-
crit results in an elevation in blood viscosity. The 
potential influence of changing blood viscosity on 
performance is discussed in chapter 25.

Relationships Among Pressure, 
Resistance, and Flow

As mentioned earlier, blood flow through the vascu-
lar system depends in part on the difference in pres-
sure at the two ends of the system. If the pressures at 
the two ends of the vessel are equal, there will be no 
flow. In contrast, if the pressure is higher at one end 
of the vessel than the other, blood will flow from the 
region of higher pressure to the region of lower pres-
sure. The rate of flow is proportional to the pressure 
difference (P1   P2) between the two ends of the tube. 
Figure 9.20 illustrates the “pressure head” driving 
blood flow in the systemic circulatory system under 
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resting conditions. Here, the mean arterial pressure 
is 100 mm Hg (i.e., this is the pressure of blood in the 
aorta), while the pressure at the opposite end of the 
circuit (i.e., pressure in the right atrium) is 0 mm Hg. 
Therefore, the driving pressure across the circulatory 
system is 100 mm Hg (100   0   100).
 It should be pointed out that the flow rate of blood 
through the vascular system is proportional to the 
pressure difference across the system, but is inversely 
proportional to the resistance. Inverse proportionality 
is expressed mathematically by the placement of this 
variable in the denominator of a fraction, since a frac-
tion decreases when the denominator increases. 
Therefore, the relationship between blood flow, pres-
sure, and resistance is given by the equation

Blood fl ow       Pressure ___________ 
Resistance

  

where   pressure means the difference in pressure 
between the two ends of the circulatory system. Notice 
that blood flow can be increased by either an increase 
in blood pressure or a decrease in resistance. A five-
fold increase in blood flow could be generated by 
increasing pressure by a factor of five; however, this 
large increase in blood pressure would be hazardous 
to health. Fortunately, increases in blood flow during 
exercise are achieved primarily by a decrease in resis-
tance with a small rise in blood pressure.
 What factors contribute to the resistance of blood 
flow? Resistance to flow is directly proportional to the 
length of the vessel and the viscosity of blood. How-
ever, the most important variable determining vascu-
lar resistance is the diameter of the blood vessel, 
because vascular resistance is inversely proportional 
to the fourth power of the radius of the vessel:

Resistance     
Length   viscosity

  _________________  
Radius4

  

In other words, an increase in either vessel length or 
blood viscosity results in a proportional increase in 
resistance. However, reducing the radius of a blood 
vessel by one-half would increase resistance sixteen-
fold (i.e., 24   16)!

Sources of Vascular Resistance

Under ordinary circumstances, the viscosity of blood 
and the length of the blood vessels are not manipu-
lated in normal physiology. Therefore, the primary fac-
tor regulating blood flow through organs must be the 
radius of the blood vessel. Since the effect of changes 
in radius on changes in flow rate are magnified by a 
power of four, blood can be diverted from one organ 
system to another by varying degrees of vasoconstric-
tion and vasodilation. This principle is used during 
heavy exercise to divert blood toward contracting skel-
etal muscle and away from less-active tissue. This con-
cept is discussed in detail in the next section, Changes 
in Oxygen Delivery to Muscle During Exercise.
 The greatest vascular resistance in blood flow 
occurs in arterioles. This point is illustrated in 
figure 9.21. Note the large drop in arterial pressure 
that occurs across the arterioles; approximately 70% 
to 80% of the decline in mean arterial pressure occurs 
across the arterioles.

■ Blood is composed of two principal compo-
nents: plasma and cells.

■ Blood flow through the vascular system is 
directly proportional to the pressure at the two

IN SUMMARY

Pressure = 0 mm Hg

Mean arterial
pressure ∼ 100 mm Hg

RA

RV

LA

LV

Δ P = 100   0
 = 100 mm Hg

Figure 9.20 The flow of blood through the systemic circuit 
is dependent on the pressure difference ( P) be tween the 
aorta and the right atrium. In this illustration, the mean 
pressure in the aorta is 100 mm Hg, while the pressure in 
the right atrium is 0 mm Hg. Therefore, the “driving” pres-
sure across the circuit is 100 mm Hg (100   0   100).

Figure 9.21 Pressure changes across the systemic circula-
tion. Notice the large pressure drop across the arterioles.
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 Continued

 ends of the system and inversely proportional 
to resistance:

Blood fl ow       Pressure ___________ 
Resistance

  

■ The most important factor determining resis-
tance to blood flow is the radius of the blood 
vessel. The relationship between vessel radius, 
vessel length, blood viscosity, and flow is:

Resistance     
Length   viscosity

  _________________  
Radius4

  

■ The greatest vascular resistance to blood flow is 
offered in the arterioles.

CHANGES IN OXYGEN 
DELIVERY TO MUSCLE 
DURING EXERCISE

During intense exercise, the metabolic need for oxy-
gen in skeletal muscle increases many times over the 
resting value (3). To meet this rise in oxygen demand, 
blood flow to the contracting muscle must increase. 
As mentioned earlier, increased oxygen delivery to 
exercising skeletal muscle is accomplished via two 
mechanisms: (1) an increased cardiac output and 
(2) a redistribution of blood flow from inactive organs 
to the working skeletal muscle.

Changes in Cardiac Output 
During Exercise

Cardiac output increases during exercise in direct 
proportion to the metabolic rate required to perform 
the exercise task. This is pointed out in figure 9.22. 
Note that the relationship between cardiac output 
and percent maximal oxygen uptake is essentially lin-
ear. The increase in cardiac output during exercise in 
the upright position is achieved by an increase in both 
stroke volume and heart rate. However, note that in 
untrained or moderately trained subjects, stroke vol-
ume does not increase beyond a workload of 40% to 
50% of V· O2 max (figure 9.22). Therefore, at work rates 
greater than 40% to 50% V· O2 max, the rise in cardiac 
output in these individuals is achieved by increases in 
heart rate alone (3, 20, 25, 66, 83) (see Research 
Focus 9.1). The examples presented in figure 9.22 for 
maximal heart rate, stroke volume, and cardiac output 
are typical values for a 70-kg, active (but not highly 
trained) college-age male. See table 9.2 for examples 
of maximal stroke volume and cardiac output for 
trained men and women.
 Maximal cardiac output tends to decrease in a 
linear fashion in both men and women after thirty 
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Figure 9.22 Pressure changes in blood pressure, stroke 
volume, cardiac output, heart rate, and the arterial–mixed 
venous oxygen difference as a function of relative work 
rates. See text for details.

years of age (25, 29). This is primarily due to a 
decrease in maximal heart rate with age (25). For 
example, because cardiac output equals heart rate 
times stroke volume, any decrease in heart rate would 
result in a decrease in cardiac output. The decrease 
in maximal heart rate with age can be estimated by 
the following formula:

Max HR   220   age (years)
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According to this formula, a twenty-year-old subject 
might have a maximal heart rate of 200 beats per minute 
(220   20   200), whereas a fifty-year-old would have 
a maximal heart rate of 170 beats per minute (220   
50   170). However, this is only an estimate, and values 
can be actually 20 beats   min 1 higher or lower.

Changes in Arterial–Mixed Venous 
O2 Content During Exercise

Note in figure 9.22 the change in the arterial–mixed 
venous oxygen difference (a    

_
 v  O2 diff) that occurs 

during exercise. The a    
_
 v  O2 difference represents the 

amount of O2 that is taken up from 100 ml of blood 
by the tissues during one trip around the systemic 
 circuit. An increase in the a    

_
 v  O2 difference during 

exercise is due to an increase in the amount of O2 
taken up and used for the oxidative production of ATP 
by skeletal muscle. The relationship between cardiac 
output (Q ), a    

_
 v  O2 diff, and oxygen uptake is given 

by the Fick equation:

V  O2   Q
 
    (a      v  O2 diff)

 Simply stated, the Fick equation says that V O2 
is equal to the product of cardiac output and the 
a    

_
 v  O2 diff. This means that an increase in either 

 cardiac output or a    
_
 v  O2 diff would elevate V O2.

Redistribution of Blood 
Flow During Exercise

To meet the increased oxygen demand of the skeletal 
muscles during exercise, it is necessary to increase 
muscle blood flow while reducing blood flow to 
less-active organs such as the liver, kidneys, and GI 
tract. Figure 9.23 points out that the change in blood 
flow to muscle and the splanchnic (pertaining to the 
viscera) circulation is dictated by the exercise inten-
sity (metabolic rate). That is, the increase in muscle 
blood flow during exercise and the decrease in 

RESEARCH FOCUS 9.1

Stroke Volume Does Not Plateau in Endurance Athletes

It is widely accepted that during incre-
mental exercise, stroke volume in 
active or untrained subjects reaches a 
plateau at a submaximal work rate 
(i.e., approximately 40% V  O2 max). The 
physiological explanation for this pla-
teau in stroke volume is that at high 
heart rates, the time available for ven-
tricular fi lling is decreased. Therefore, 

diastole and end-diastolic volume 
decrease. However, new evidence sug-
gests that during incremental work 
rates the stroke volume of endurance 
athletes (e.g., highly trained distance 
runners) does not plateau but contin-
ues to increase to V  O2 max (26, 91). 
What is the expla nation for this obser-
vation? It appears that compared to 

untrained subjects, endurance ath-
letes have improved ven  tricular fi lling 
during heavy exercise due to increased 
venous return. This increase in end-
diastolic volume results in an increased 
force of ventricular contraction (Frank-
Starling law) and an increase in stroke 
volume.
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Figure 9.23 Changes in muscle and splanchnic blood 
flow as a function of exercise intensity. Notice the 
large increase in muscle blood flow as the work rate 
increases. Data from L. Rowell, Human Circulation: 

Regulation During Physical Stress. 1986: Oxford University 
Press, New York, NY.

splanchnic blood flow change as a linear function of 
% V O2 max  (66, 68).
 Figure 9.24 illustrates the change in blood flow to 
various organ systems between resting conditions 
and during maximal exercise. Several important 
points need to be stressed. First, at rest, approxi-
mately 15% to 20% of total cardiac output is directed 
toward skeletal muscle (3, 22, 68). However, during 
maximal exercise, 80% to 85% of total cardiac output 
goes to contracting skeletal muscle (44, 68, 79). This is 
necessary to meet the huge increase in muscle oxygen 
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requirements during intense exercise. Second, notice 
that during heavy exercise, the percentage of total 
cardiac output that goes to the brain is reduced com-
pared to that during rest. However, the absolute blood 
flow that reaches the brain is slightly increased above 
resting values; this is due to the elevated cardiac out-
put during exercise (92). Further, although the per-
centage of total cardiac output that reaches the 
myocardium is the same during maximal exercise as it 
is at rest, the total coronary blood flow is increased 
due to the increase in cardiac output during heavy 
exercise. Finally, note the reduction in blood flow to 
the skin (80) and the abdominal organs that occurs 
during intense exercise when compared to resting 
conditions. This reduction in abdominal blood flow 
during heavy exercise is an important means of shift-
ing blood flow away from “less-active” tissues and 
toward the working skeletal muscles.

Regulation of Local Blood 
Flow During Exercise

What regulates blood flow to various organs during 
exercise? Muscle as well as other body tissues have the 
unique ability to regulate their own blood flow in direct 
proportion to their metabolic needs. Blood flow to 
skeletal muscle during exercise is regulated in the fol-
lowing way. First, the arterioles in skeletal muscle have 
a high vascular resistance at rest. This is due to adren-
ergic sympathetic stimulation, which causes arteriole 
smooth muscle to contract (vasoconstriction) (75). 
This produces a relatively low blood flow to muscle at 
rest (4–5 ml per minute per 100 grams of muscle), but 
because muscles have a large mass, this accounts for 
20% to 25% of total blood flow from the heart.
 At the beginning of exercise, the initial skeletal 
muscle vasodilation that occurs is due to an intrinsic 
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Figure 9.24 Distribution of cardiac output during rest and maximal exercise. At rest, the cardiac output is 5 ᐉ/min. 
(bottom of figure); during maximum exercise, the cardiac output increased five-fold to 25 ᐉ/min. Note the large increases 
in blood flow to the skeletal muscle and the reduction in flow to the liver/GI tract. From P. Åstrand and K. Rodahl, Textbook 

of Work Physiology, 3d ed. Copyright© 1986 McGraw-Hill, Inc., New York. Reprinted by permission of the authors.
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RESEARCH FOCUS 9.2

Nitric Oxide Is An Important Vasodilator

Research in the early 1990s led to the 
discovery of an important vasodilator 
called nitric oxide (see reference 55 
for a review). Nitric oxide is produced 
in the endothelium of arterioles. 
After production, nitric oxide promotes 
smooth muscle relaxation in the arteri-
ole, which results in vasodilation and 
therefore causes an increase in blood 
flow. Current evidence suggests that 

nitric oxide works in conjunction with 
other local factors in autoregulation of 
blood flow.
 How important is nitric oxide in the 
autoregulation of muscle blood flow 
during exercise? At present, a defini-
tive answer to this question is not 
available. Nonetheless, it seems likely 
that nitric oxide is one of several fac-
tors involved in regulation of muscle 

blood flow during exercise. Current 
speculation is that muscular contrac-
tion results in increased production of 
nitric oxide, which promotes vasodila-
tion in those arterioles leading to the 
working muscle. Improving our under-
standing of the role of nitric oxide in 
the regulation of muscle blood flow is 
an exciting area for future research.

metabolic control (11, 84). This type of blood flow reg-
ulation is termed autoregulation, and it is thought to 
be the most important factor in regulating blood flow 
to muscle during exercise. The increased metabolic 
rate of skeletal muscle during exercise causes local 
changes such as decreases in oxygen tension, in creases 
in CO2 tension, nitric oxide, potassium and adenosine 
concentrations, and a decrease in pH (increase in acid-
ity) (see Research Focus 9.2). These local changes work 
together to cause vasodilation of arterioles feeding 
the contracting skeletal muscle (11, 25, 55, 78). Vasodi-
lation reduces the vascular resistance and therefore 
increases blood flow. As a result of these changes, 
blood delivery to contracting skeletal muscle during 
heavy exercise may rise fifteen to twenty times above 
that during rest (3, 6, 22, 74). Further, arteriole vasodi-
lation is combined with “recruitment” of the capillaries 
in skeletal muscle. At rest, only 5% to 10% of the capil-
laries in skeletal muscle are open at any one time; 
however, during intense exercise, almost all of the cap-
illaries in contracting muscle may be open (68).
 The level of vasodilation that occurs in arterioles and 
small arteries leading to skeletal muscle is  regulated by 
the metabolic need of the muscle. That is, the intensity of 
exercise and the number of motor units recruited deter-
mine the overall need for blood flow to the muscle. For 
example, during low-intensity exercise, a relatively small 
number of motor units will be recruited into action result-
ing in a relatively small demand for blood flow to these 
active muscle fibers. In contrast,  high-intensity exercise 
would result in the recruitment of a large number of 
motor units and, therefore, result in increased produc-
tion of local vasodilatory factors. Collectively, these 
changes would result in increased vasodilation of 
arterioles/small arteries and promote increased blood 
flow to the contracting muscle in order to match the met-
abolic demand.
 While the vascular resistance in skeletal muscle 
decreases during exercise, vascular resistance to flow 
in the visceral organs and other inactivity tissue 

increases. This occurs due to an increased sympathetic 
output to these organs, which is regulated by the car-
diovascular control center. As a result of the increase 
in visceral vasoconstriction during exercise (i.e., resis-
tance increases), blood flow to the viscera can decrease 
to only 20% to 30% of resting values (68, 70).

IN SUMMARY

■ Oxygen delivery to exercising skeletal muscle 
increases due to (1) an increased cardiac out-
put and (2) a redistribution of blood flow from 
inactive organs to the contracting skeletal 
 muscles.

■ Cardiac output increases as a linear function of 
oxygen uptake during exercise. During exercise 
in the upright position, stroke volume reaches 
a plateau at approximately 40% of V O2 max; 
therefore, at work rates above 40% V O2 max, the 
rise in cardiac output is due to increases in 
heart rate alone.

■ During exercise, blood flow to contracting mus-
cle is increased and blood flow to less-active 
tissues is reduced.

■ Regulation of muscle blood flow during exercise 
is primarily regulated by local factors (called 
autoregulation). Autoregulation refers to intrinsic 
control of blood flow by change in local metab-
olites (e.g., oxygen tension, pH, potassium, 
adenosine, and nitric oxide) around arterioles.

CIRCULATORY RESPONSES 
TO EXERCISE

The changes in heart rate and blood pressure that 
occur during exercise reflect the type and intensity of 
exercise performed, the duration of exercise, and the 
environmental conditions under which the work was 
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performed. For example, heart rate and blood pres-
sure, at any given oxygen uptake, are higher during 
arm work when compared to leg work. Further, exer-
cise in a hot/humid condition results in higher heart 
rates when compared to the same exercise in a cool 
environment. The next several sections discuss the 
cardiovascular responses to exercise under varying 
conditions.

Emotional Infl uence

Submaximal exercise in an emotionally charged 
at mosphere results in higher heart rates and blood 
pressures when compared to the same work in a psy-
chologically “neutral” environment (3, 33, 76). This 
emotional elevation in heart rate and blood pressure 
response to exercise is mediated by an increase in 
sympathetic nervous system activity. If the exercise is 
maximal (e.g., 400-meter dash), high emotion elevates 
the pre-exercise heart rate and blood pressure but 
does not generally alter the peak heart rate or blood 
pressure observed during the exercise itself.

Transition from Rest to Exercise

At the beginning of exercise there is a rapid increase 
in heart rate, stroke volume, and cardiac output. It has 
been demonstrated that heart rate and cardiac output 
begin to increase within the first second after muscu-
lar contraction begins (76) (see figure 9.25). If the work 
rate is constant and below the lactate threshold, a 
steady-state plateau in heart rate, stroke volume, and 
cardiac output is reached within two to three minutes. 
This response is similar to that observed in oxygen 
uptake at the beginning of exercise (see chapter 4).

Recovery from Exercise

Recovery from short-term, low-intensity exercise is 
generally rapid. This is illustrated in figure 9.25. Notice 
that heart rate, stroke volume, and cardiac output 
all decrease rapidly back toward resting levels follow-
ing this type of exercise. Recovery speed varies from 
individual to individual, with well-conditioned sub-
jects demonstrating better recuperative powers than 
untrained subjects. In regard to recovery heart rates, 
the slopes of heart-rate decay following exercise are 
generally the same for trained and untrained subjects. 
However, trained subjects recover faster following 
exercise since they don’t achieve as high a heart rate 
as untrained subjects during a particular exercise.
 Recovery from long-term exercise is much slower 
than the response depicted in figure 9.25. This is par-
ticularly true when the exercise is performed in hot/
humid conditions, because an elevated body temper-
ature delays the fall in heart rate during recovery from 
exercise (72).
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Figure 9.25 Changes in cardiac output, stroke volume, 
and heart rate during the transition from rest to submaxi-
mal constant intensity exercise and during recovery. See 
text for discussion. Data from L. Rowell, 1974, “Human 
Cardiovascular Adjustments to Exercise and Thermal 
Stress,” American Physiological Society, Bethesda, MD: 
Physiological Reviews, 54:75–159; and L. Rowell, Human 

Circulation: Regulation During Physical Stress. 1986: Oxford 
University Press, New York, NY.

Incremental Exercise

The cardiovascular responses to dynamic incremental 
exercise are illustrated in figure 9.22. Heart rate and 
cardiac output increase in direct proportion to oxygen 
uptake. Further, blood flow to muscle increases as a 
function of oxygen uptake (see figure 9.23). This ensures 
that as the need to synthesize ATP to supply the energy 
for muscular contraction increases, the supply of O2 
reaching the muscle rises. However, both cardiac out-
put and heart rate reach a plateau at approximately 
100% V· O2 max (see figure 9.22). This point represents a 
maximal ceiling for oxygen transport to exercising skel-
etal muscles, and it is thought to occur simultaneously 
with the attainment of maximal oxygen uptake.
 The increase in cardiac output during incremental 
exercise is achieved via a decrease in vascular resis-
tance to flow and an increase in mean arterial blood 
pressure. The elevation in mean arterial blood pres-
sure during exercise is due to an increase in systolic 
pressure, since diastolic pressure remains fairly con-
stant during incremental work (see figure 9.22).
 As mentioned earlier, the increase in heart 
rate and systolic blood pressure that occurs during 
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exercise results in an increased workload on the heart. 
The increased metabolic demand placed on the heart 
during exercise can be estimated by examining the 
double product. The double product (also known as 
rate-pressure product) is computed by multiplying heart 
rate times systolic blood pressure:

Double product   

heart rate   systolic blood pressure 

 Table 9.3 contains an illustration of changes in the 
double product during an incremental exercise test. 
The take-home message in table 9.3 is simply that 
increases in exercise intensity result in an elevation in 
both heart rate and systolic blood pressure; each of 
these factors increases the workload placed on the 
heart.
 Careful examination of table 9.3 reveals that the 
double product during exercise at V· O2 max is five 
times greater than the double product at rest. This 
implies that maximal exercise increases the workload 
on the heart by 500% over rest.
 The practical application of the double product is 
that this measure can be used as a guideline to pre-
scribe exercise for patients with coronary artery block-
age. For example, suppose a patient develops chest 
pain (called angina pectoris) at a certain intensity of 
exercise due to myocardial ischemia at a double prod-
uct of  30,000. Because chest pain appears at a 
 double product of  30,000, the cardiologist or  exercise 
physiologist would recommend that this patient per-
form types of exercise that result in a double product 
of  30,000. This would reduce the risk of the patient 
developing chest pain due to a high metabolic demand 
on the heart.

Arm Versus Leg Exercise

As mentioned earlier, at any given level of oxygen con-
sumption, both heart rate and blood pressure are 
higher during arm work when compared to leg work 

TABLE 9.3   Changes in the Double Product (i.e., Heart Rate   Systolic Blood Pressure) 

During an Incremental Exercise Test in a Healthy 21-Year-Old Female Subject

Note that the double product is a dimensionless term that refl ects the relative changes in the workload placed on 

the heart during exercise and other forms of stress.

Condition

Heart Rate 

(beats   min 1)

Systolic Blood 

Pressure (mm Hg) Double Product

Rest  75 110  8,250

Exercise

25% V O2 max 100 130 13,000

50% V O2 max 140 160 22,400

75% V O2 max 170 180 30,600

100% V O2 max 200 210 42,000
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Figure 9.26 Comparison of mean arterial blood pressure 
and heart rate during submaximal rhythmic arm and leg 
exercise.

(1, 2, 19, 40, 51, 65) (see figure 9.26). The explanation 
for the higher heart rate seems to be linked to a greater 
sympathetic outflow to the heart during arm work 
when compared to leg exercise (3). Additionally, iso-
metric exercise also increases the heart rate above the 
expected value based on relative oxygen consump-
tion (1, 2, 6, 36, 38, 40).
 The relatively large increase in blood pressure for 
arm work is due to a vasoconstriction in the inactive 
muscle groups (3). For example, the larger the muscle 
group (e.g., legs) involved in performing the exercise, 
the more resistance vessels (arterioles) that are 
dilated. Therefore, this lower peripheral resistance 
is reflected in lower blood pressure (since cardiac 
output   resistance   pressure).



194 Section One Physiology of Exercise

increase in heart rate being equal in magnitude to the 
decline in stroke volume.
 The increase in heart rate and decrease in stroke 
volume observed during prolonged exercise is often 
referred to as cardiovascular drift and is due to the 
influence of rising body temperature on dehydration 
and a reduction in plasma volume (62, 68). A reduc-
tion in plasma volume acts to reduce venous return to 
the heart and therefore reduce stroke volume. If pro-
longed exercise is performed in a hot/humid environ-
ment, the increase in heart rate and decrease in stroke 
volume is exaggerated even more than depicted in 
figure 9.27 (56, 63). In fact, it is not surprising to find 
near-maximal heart rates during submaximal exercise 
in the heat. For example, it has been demonstrated 
that during a 2.5-hour marathon race at a work rate of 
70% to 75% V· O2 max, maximal heart rates may be 
maintained during the last hour of the race (21).
 Does prolonged exercise at high heart rates pose 
a risk for cardiac injury? The answer to this question is 
almost always “no” for healthy individuals. However, 
sudden cardiac deaths have occurred in individuals of 
all ages during exercise. See Clinical Applications 9.3 
for more details on sudden death during exercise.

IN SUMMARY

■ The changes in heart rate and blood pressure 
that occur during exercise are a function of the 
type and intensity of exercise performed, the 
duration of exercise, and the environmental 
conditions.

■ The increased metabolic demand placed on 
the heart during exercise can be estimated by 
examining the double product.

■ At the same level of oxygen consumption, heart 
rate and blood pressure are greater during arm 
exercise than during leg exercise.

■ The increase in heart rate that occurs during 
prolonged exercise is called cardiovascular drift.

REGULATION OF 
CARDIOVASCULAR 
ADJUSTMENTS TO 
EXERCISE

The cardiovascular adjustments at the beginning of 
exercise are rapid. Within one second after the com-
mencement of muscular contraction there is a with-
drawal of vagal outflow to the heart, which is followed 
by an increase in sympathetic stimulation of the heart 
(68). At the same time, there is a vasodilation of arte-
rioles in active skeletal muscles and a reflex increase in 
the resistance of vessels in less-active areas. The 
end result is an increase in cardiac output to ensure 

Intermittent Exercise

If exercise is discontinuous (e.g., interval training), 
the extent of the recovery of heart rate and blood 
 pressure between bouts depends on the level of sub-
ject fitness, environmental conditions (temperature, 
humidity), and the duration and intensity of the exer-
cise. With a relatively light effort in a cool environ-
ment, there is generally complete recovery between 
exercise bouts within several minutes. However, if the 
exercise is intense or the work is performed in a hot/
humid environment, there is a cumulative increase in 
heart rate between efforts, and thus recovery is not 
complete (74). The practical consequence of perform-
ing repeated bouts of light exercise is that many repe-
titions can be performed. In contrast, the nature of 
high-intensity exercise dictates that a limited number 
of efforts can be tolerated.

Prolonged Exercise

Figure 9.27 illustrates the change in heart rate, stroke 
volume, and cardiac output that occurs during pro-
longed exercise at a constant work rate. Note that car-
diac output is maintained at a constant level 
throughout the duration of the exercise. However, 
stroke volume declines while heart rate increases 
(6, 16, 32, 39, 57, 70, 72, 74). Figure 9.27 demonstrates 
that the ability to maintain a constant cardiac output 
in the face of declining stroke volume is due to the 
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Figure 9.27 Changes in cardiac output, stroke volume, 
and heart rate during prolonged exercise at a constant 
intensity. Notice that cardiac output is maintained by an 
increase in heart rate to offset the fall in stroke volume 
that occurs during this type of work.
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CLINICAL APPLICATIONS 9.3

Sudden Cardiac Death During Exercise

Sudden death is defi ned as an unex-
pected, natural, and nonviolent death 
occurring within the fi rst six hours fol-
lowing the beginning of symptoms. 
Note that not all sudden deaths are due 
to cardiac events. In fact, in the United 
States, only 30% of sudden deaths in 
people between 14 and 21 years of age 
are cardiac in origin (86). How many of 
these cases of sudden death occur dur-
ing exercise? Each year, ten to thirteen 
cases of sudden cardiac death during 
exercise are reported in the United 
States. However, given that millions of 
people are actively engaged in sports 

and regular exercise in the United 
States, the likelihood that a healthy 
person will die from sudden cardiac 
death is extremely small.
 The causes of sudden cardiac death 
are diverse and vary as a function of age. 
For example, in children and adoles-
cents, most sudden cardiac deaths occur 
due to lethal cardiac arrhyth mias (abnor-
mal heart rhythm). These arrhyth mias 
can arise from genetic anomalies in cor-
onary arteries, cardio my opathy (wasting 
of cardiac muscle due to disease), and/
or myocarditis (infl ammation of the 
myocardium) (86). In adults,  coronary 

heart disease and cardiomyopathy are 
the most common causes of sudden 
cardiac death (86). Similar to sudden 
deaths in children, sudden cardiac 
deaths in adults are also generally asso-
ciated with lethal cardiac arrhythmias.
 Can a medical exam identify people 
at risk for sudden cardiac death during 
exercise? Yes. The combination of a 
medical history and a complete medi-
cal exam by a qualifi ed physician can 
usually identify individuals with unde-
tected heart disease or genetic defects 
that would place them at risk for sud-
den death during exercise.

that blood flow to muscle matches the metabolic 
needs (see figure 9.28). What is the signal to “turn on” 
the cardiovascular system at the onset of exercise? 
This question has puzzled physiologists for many 
years (27). At present, a complete answer is not avail-
able. However, recent advances in understanding car-
diovascular control have led to the development of 
the central command theory (14, 17, 18, 51, 79, 87, 88).
 The term central command refers to a motor 
signal developed within the brain. The central 
command theory of cardiovascular control argues 
that the initial cardiovascular changes at the begin-
ning of dynamic exercise (e.g., cycle ergometer exer-
cise) are due to centrally generated cardiovascular 
motor signals, which set the general pattern of the 
cardiovascular response. However, it is believed that 
cardiovascular activity can be and is modified by 

heart mechanoreceptors, muscle chemoreceptors, 
muscle mechano receptors, and pressure-sensitive 
receptors (baroreceptors) located within the carotid 
arteries and the aortic arch (30, 42, 47, 50, 69, 71, 81). 
Muscle chemoreceptors are sensitive to increases in 
muscle metabolites (e.g., potassium, lactic acid, etc.) 
and send messages to higher brain centers to “fine-
tune” the cardiovascular responses to exercise (6, 24, 
35–48, 54). This type of peripheral feedback to the 
cardiovascular control center (medulla oblongata) 
has been termed the exercise pressor reflex (15, 50).
 Muscle mechanoreceptors (e.g., muscle spindles, 
Golgi tendon organs) are sensitive to the force and 
speed of muscular movement. These receptors, like 
muscle chemoreceptors, send information to higher 
brain centers to aid in modification of the cardiovascu-
lar responses to a given exercise task (67, 68, 85, 89).
 Finally, baroreceptors, which are sensitive to 
changes in arterial blood pressure, may also send 
afferent information back to the cardiovascular control 
center to add precision to the cardiovascular activity 
during exercise. These pressure receptors are impor-
tant, since they regulate arterial blood pressure around 
an elevated systemic pressure during exercise (67, 68).
 In review, the central command theory proposes 
that the initial signal to the cardiovascular system at 
the beginning of exercise comes from higher brain 
centers. However, fine-tuning of the cardiovascular 
response to a given exercise test is accomplished via a 
series of feedback loops from muscle chemoreceptors, 
muscle mechanoreceptors, and arterial  baroreceptors 
(see figure 9.29). The fact that there appears to be 
some overlap among these three feedback systems 
during submaximal exercise suggests that redundancy 
in cardiovascular control exists (67, 68). This is not 
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Figure 9.28 A summary of cardiovascular responses to 
exercise.
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Figure 9.29 A summary of cardiovascular control during 
exercise. See text for discussion.

STUDY QUESTIONS

 1.  What are the major purposes of the cardiovascular 
 system?

 2.  Briefly, outline the design of the heart. Why is the heart 
often called “two pumps in one”?

 3.  Outline the cardiac cycle and the associated electrical 
activity recorded via the electrocardiogram.

 4.  Graph the heart rate, stroke volume, and cardiac output 
response to incremental exercise.

 5.  What factors regulate heart rate during exercise? Stroke 
volume?

 6.  How does exercise influence venous return?

 7.  What factors determine local blood flow during 
 exercise?

 8.  Graph the changes that occur in heart rate, stroke vol-
ume, and cardiac output during prolonged exercise. 
What happens to these variables if the exercise is per-
formed in a hot/humid environment?

 9.  Compare heart rate and blood pressure responses to 
arm and leg work at the same oxygen uptake. What fac-
tors might explain the observed differences?

10.  Explain the central command theory of cardiovascular 
regulation during exercise.
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surprising considering the importance of matching 
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IN SUMMARY
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Respiration During Exercise

■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Explain the principal physiological function of 

the pulmonary system.

 2.  Outline the major anatomical components of 

the respiratory system.

 3.  List the major muscles involved in inspiration 

and expiration at rest and during exercise.

 4.  Discuss the importance of matching blood 

flow to alveolar ventilation in the lung.

 5.  Explain how gases are transported across the 

blood-gas interface in the lung.

 6.  Discuss the major transportation modes of O2 

and CO2 in the blood.

 7.  Discuss the effects of increasing temperature, 

decreasing pH, and increasing levels of 2–3 

DPG on the oxygen-hemoglobin dissociation 

curve.

 8.  Describe the ventilatory response to constant 

load, steady-state exercise. What happens 

to ventilation if exercise is prolonged and 

performed in a high-temperature/humid 

environment?

 9.  Describe the ventilatory response to incre-

mental exercise. What factors are thought to 

contribute to the alinear rise in ventilation at 

work rates above 50% to 70% of V̇ O2 max?

10.  Identify the location and function of chemo-

receptors and mechanoreceptors that are 

thought to play a role in the regulation of 

breathing.

11.  Discuss the neural-humoral theory of 

respiratory control during exercise.
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The word respiration can have two definitions in 

physiology. These definitions can be divided into 

two separate but related subdivisions: (1)  pulmonary 

respiration and (2) cellular respiration. Pulmonary 

respiration refers to ventilation (breathing) and the 

exchange of gases (O2 and CO2) in the lungs. Cellular 

respiration relates to O2 utilization and CO2 produc-

tion by the tissues (see chapter 3). This chapter 

is concerned with pulmonary respiration, and the 

term respiration is used in the text as a synonym for 

pulmonary respiration. Because the respiratory, or 

pulmonary, system plays a key role in maintaining 

blood-gas homeostasis (i.e., O2 and CO2 tensions) 

during  exercise, an understanding of lung function 

during work is important for the student of exercise 

physiology. It is the purpose of this chapter to dis-

cuss the design and function of the respiratory sys-

tem during exercise.

FUNCTION OF THE LUNG

The primary purpose of the respiratory system is to 

provide a means of gas exchange between the exter-

nal environment and the body. That is, the respira-

tory system provides the individual with a means of 

replacing O2 and removing CO2 from the blood. The 

exchange of O2 and CO2 between the lung and blood 

occurs as a result of ventilation and diffusion. The 

term ventilation refers to the mechanical process of 

moving air into and out of the lungs. Diffusion is the 

random movement of molecules from an area of high 

concentration to an area of lower concentration. 

Because O2 tension in the lung is greater than in the 

blood, O2 moves from the lungs into the blood. Simi-

larly, the tension of CO2 in the blood is greater than 

the tension of CO2 in the lungs, and thus CO2 moves 

from the blood into the lung and is expired. Diffu-

sion in the respiratory system occurs rapidly because 

there is a large surface area within the lungs and a 

very short diffusion distance between blood and gas 

in the lungs. The fact that the O2 and CO2 tension in 

the blood leaving the lung is almost in complete 

equilibrium with the O2 and CO2 tension found within 

the lung is testimony to the high efficiency of normal 

lung function.

 The respiratory system also plays an important 

role in the regulation of the acid-base balance during 

heavy exercise. This important topic will be discussed 

later in this chapter and again in chapter 11.

■  The primary function of the pulmonary system 

is to provide a means of gas exchange between 

the environment and the body. Further, the 

respiratory system plays an important role in 

the regulation of the acid-base balance during 

exercise.

IN SUMMARY

STRUCTURE OF THE 
RESPIRATORY SYSTEM

The human respiratory system consists of a group of 

passages that filter air and transport it into the lungs, 

where gas exchange occurs within microscopic air 

sacs called alveoli. The major components of the 

respiratory system are pictured in figure 10.1. The 

organs of the respiratory system include the nose, 

nasal cavity, pharynx, larynx, trachea, bronchial tree, 

and the lungs themselves. The anatomical position 

of the lungs relative to the major muscle of inspira-

tion, the diaphragm, is pictured in figure 10.2. Note 

that both the right and left lungs are enclosed by a 

set of membranes called pleura. The visceral pleura 

adheres to the outer surface of the lung, whereas the 

parietal pleura lines the thoracic walls and the dia-

phragm. These two pleura are separated by a thin 

layer of fluid that acts as a lubricant, allowing a glid-

ing action of one pleura on the other. The pressure in 

the pleural cavity (intrapleural pressure) is less than 

atmospheric and becomes even lower during inspi-

ration, causing air to inflate the lungs. The fact that 

intrapleural pressure is less than atmospheric is 

important, because it prevents the collapse of the 

fragile air sacs within the lungs. More will be said 

about this later.

■ Key Terms

alveolar ventilation (V̇A)
alveoli
anatomical dead space
aortic bodies
Bohr effect
bulk flow
carotid bodies
cellular respiration
deoxyhemoglobin

diaphragm
diffusion
hemoglobin
myoglobin
oxyhemoglobin
partial pressure
pleura
pulmonary respiration
residual volume (RV)

respiration
spirometry
tidal volume
total lung capacity (TLC)
ventilation
ventilatory threshold (Tvent)
vital capacity (VC)
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conducting zone includes all those anatomical struc-

tures (e.g., trachea, bronchial tree, bronchioles) that 

air passes through to reach the respiratory zone. The 

region of the lung where gas exchange occurs is 

labeled the respiratory zone and includes the respira-

tory bronchioles and alveolar sacs. Respiratory bron-

chioles are included in this region because they 

contain small clusters of alveoli.

 Air enters the trachea from the pharynx (throat), 

which receives air from both the nasal and oral cavi-

ties. In general, humans breathe through the nose 

until ventilation is increased to approximately 20 

to 30 liters per minute, at which time the mouth 

becomes the primary passageway for air (34). For gas 

to enter or leave the trachea, it must pass through a 

valvelike opening called the epiglottis, which is located 

between the vocal cords.

 The trachea branches into two primary bronchi 

(right and left) that enter each lung. The bronchial 

tree then branches several more times before forming 

bronchioles (bronchioles are small branches of the 

segmental bronchi). The bronchioles then branch sev-

eral times before they become the alveolar ducts lead-

ing to the alveolar sacs and respiratory zone of the 

lung (see figure 10.4).

 The conducting zone of the respiratory system 

not only serves as a passageway for air, but also func-

tions to humidify and filter the air as it moves toward 
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Larynx
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Figure 10.1 Major organs of the respiratory system.

Figure 10.2 Position of the lungs, diaphragm, and pleura.
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The air passages of the respiratory system are divided 

into two functional zones: (1) the conducting zone 

and (2) the respiratory zone (see figure 10.3). The 
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Figure 10.3 The conducting zones and respiratory zones 

of the pulmonary system.
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Figure 10.4 The bronchial tree consists of the passageways that connect the trachea and the alveoli.

the respiratory zone of the lung. Regardless of the 

temperature or humidity of the environment, the air 

that reaches the lung is warmed and is saturated 

with water vapor (67). This warming and humidifica-

tion of air serves to protect body temperature and 

prevents the delicate lung tissue from desiccation 

(drying out).

 The role of the conducting zone and the respiratory 

zone in filtration of the inspired gas is critical in pre-

venting lung damage due to the collection of inhaled 

particles in the respiratory zone. These filtration and 

cleaning processes are achieved via two principal 

means. First, mucus, secreted by the cells of the con-

ducting zone, traps small, inhaled particles. This mucus 

is moved toward the oral cavity via tiny fingerlike projec-

tions called cilia. These cilia move in a wavelike fashion, 

which propels the mucus at a rate of 1 to 2 centimeters/

minute. When a particle becomes trapped in the mucus, 

it is moved toward the pharynx via ciliary action, where 

it can be either swallowed or expectorated.

 A second means of protecting the lung from for-

eign particles is by the action of cells called macro-

phages that reside primarily in the alveoli (98). These 

macrophages literally engulf particles that reach the 

alveoli. The cleansing action of both the cilia and 

macrophages has been shown to be hindered by ciga-

rette smoke and certain types of air pollution (67).

Respiratory Zone

Gas exchange in the lungs occurs across about 300 mil-

lion tiny (0.25–0.50 mm diameter) alveoli. The enor-

mous number of these structures provides the lung 

with a large surface area for diffusion. It is estimated 

that the total surface area available for diffusion in 

the human lung is 60 to 80 square meters, or about the 

size of a tennis court. The rate of diffusion is further 

assisted by the fact that each alveolus is only one cell 

layer thick, so that the total blood-gas barrier is only two 

cell layers thick (alveolar cell and capillary cell) (see 

figure 10.5).

Figure 10.5 Relationship between type II alveolar cells 

and the alveolus.
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 Although the 300 million alveoli provide the ideal 

structure for gas exchange, the fragility of these tiny 

“bubbles” presents some problems for the lung. For 

example, because of the surface tension (pressure 

exerted due to the properties of water) of the liquid 

lining the alveoli, relatively large forces develop, 

which tend to collapse alveoli. Fortunately, some of 

the alveolar cells (called type II, see figure 10.5) syn-

thesize and release a material called surfactant, which 

lowers the surface tension of the alveoli and thus pre-

vents their collapse (60).

■  Anatomically, the pulmonary system consists of 

a group of passages that filter air and transport 

it into the lungs where gas exchange occurs 

within tiny air sacs called alveoli.

IN SUMMARY

MECHANICS OF BREATHING

As previously mentioned, movement of air from the 

environment to the lungs is called pulmonary venti-

lation and occurs via a process known as bulk flow. 

Bulk flow refers to the movement of molecules along 

a passageway due to a pressure difference between 

the two ends of the passageway. Thus, inspiration 

occurs due to the pressure in the lungs (intrapulmo-

nary) being reduced below atmospheric  pressure. 

Conversely, ex piration occurs when the pressure 

within the lungs exceeds atmospheric pressure. The 

means by which this pressure change within the 

lungs is achieved will be discussed within the next 

several paragraphs.

Inspiration

Any muscle capable of increasing the volume of the 

chest is considered to be an inspiratory muscle. The 

diaphragm is the most important muscle of inspira-

tion and is the only skeletal muscle considered 

essential for life (30, 34, 66, 67, 88, 89, 91). This thin, 

dome-shaped muscle inserts into the lower ribs and 

is innervated by the phrenic nerves. When the dia-

phragm contracts, it forces the abdominal contents 

downward and forward. Further, the ribs are lifted out-

ward (see figure 10.6). The outcome of these two 

actions is to reduce intrapleural pressure, which in 

turn causes the lungs to expand. This expansion of 

the lungs results in a reduction in intrapulmonary 

At rest

Diaphragm

(a)

(c)

(b)

Intrapulmonic
pressure
(760 mm Hg)

Intrapleural
pressure
(756 mm Hg)

758 mm Hg

763 mm Hg

756 mm Hg

754 mm Hg

Inspiration

Expiration

Atmospheric pressure
(760 mm Hg)

Figure 10.6 Illustration of the mechanics of inspiration and expiration.
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pressure below atmo spheric, which allows airflow into 

the lungs.

 During normal, quiet breathing the diaphragm 

performs most of the work of inspiration. However, 

during exercise, accessory muscles of inspiration are 

called into play (70, 71, 97). These include the external 

intercostal muscles, pectoralis minor, the scalene 

muscles, and the sternocleidomastoids (see fig-

ure 10.7). Collectively, these muscles assist the dia-

phragm in increasing the volume of the thorax, which 

aids in inspiration (see A Closer Look 10.1).

Expiration

Expiration is passive during normal, quiet breathing. 

That is, no muscular effort is necessary for expiration 

to occur at rest. This is true because the lungs and 

chest walls are elastic and tend to return to equilib-

rium position after expanding during inspiration 

(102). During exercise and voluntary hyperventilation, 

expiration becomes active. The most important mus-

cles involved in expiration are those found in the 

abdominal wall, which include the rectus abdominus 

and the internal oblique (70, 97, 119). When these 

muscles contract, the diaphragm is pushed upward 

and the ribs are pulled downward and inward. This 

results in an increase in intrapulmonary pressure and 

expiration occurs.

Airway Resistance

At any given rate of airflow into the lungs, the pres-

sure difference that must be developed depends on 

the resistance of the airways. Airflow through the air-

ways of the respiratory system can be mathematically 

defined by the following relationships:

Airfl ow     
P1   P2 __________ 

Resistance
  

where P1   P2 is the pressure difference at the two 

ends of the airway, and resistance is the resistance to 

flow offered by the airway. Airflow is increased any 

time there is an increase in the pressure gradient 

across the pulmonary system, or if there is a decrease 

in airway resistance. This same relationship for blood 

flow was discussed in chapter 9.

 What factors contribute to airway resistance? By 

far the most important variable contributing to 

Muscles of inspiration Muscles of expiration

Sternocleidomastoid

Scalenes

External intercostals

Internal intercostals
Internal intercostals

External abdominal oblique

Internal abdominal oblique

Transversus abdominis

Rectus abdominis

Diaphragm

Figure 10.7 The muscles of respiration. The principal muscles of inspiration are shown on the left side of the trunk; the 

principal muscles of expiration are shown on the right side.



www.mhhe.com/powers7e Chapter Ten Respiration During Exercise 205

airway resistance is the diameter of the airway. 

Airways that are reduced in size due to disease 

(chronic obstructive pulmonary disease, asthma, 

etc.) offer more resistance to flow than healthy, open 

airways. Recall from chapter 9 that if the radius of a 

blood vessel (or airway) is reduced by one-half, the 

resistance to flow is increased sixteen times! There-

fore, one can easily understand the effect of obstruc-

tive lung diseases (e.g., exercise-induced asthma) 

on increasing the work of breathing, especially dur-

ing exercise when pulmonary ventilation is ten to 

twenty times greater than at rest (see Clinical Appli-

cations 10.1 and 10.2).

A CLOSER LOOK 10.1

Respiratory Muscles and Exercise

Respiratory muscles are skeletal mus-

cles that are functionally similar to loco-

motor muscles. Their primary task is to 

act upon the chest wall to move gas in 

and out of the lungs to maintain arterial 

blood gas and pH homeostasis. The 

importance of normal respiratory mus-

cle function can be appreciated by con-

sidering that respiratory muscle failure 

due to disease or spinal cord injury 

would result in the inability to ventilate 

the lungs and maintain blood gas and 

pH levels within an acceptable range.

 Muscular exercise results in an 

in crease in pulmonary ventilation, and 

therefore an increased workload is 

placed on respiratory muscles. Histori-

cally, it has been believed that respira-

tory muscles do not fatigue during 

exercise. However, growing evidence 

indicates that both prolonged exercise 

(e.g.,  120 minutes) and high-intensity 

exercise (90%–100% V̇O2 max) can pro-

mote respiratory muscle fatigue (63, 

78, 79). The impact of respiratory mus-

cle fatigue on exercise performance 

will be discussed later in this chapter. 

 Do respiratory muscles adapt to 

regular exercise training in a similar 

manner to locomotor skeletal muscles? 

The answer to this question is yes! 

Regular endurance exercise training 

increases respiratory muscle oxidative 

capacity and improves respiratory 

muscle en durance (78, 79, 96, 108, 109). 

Further, new evidence reveals that reg-

ular exercise training also increases 

the oxidative capacity of upper airway 

muscles (110). This is important be-

cause these muscles play a key role in 

maintaining open airways to reduce 

the work of breathing during exercise. 

The effects of exercise training on skel-

etal muscles will be discussed in detail 

in chapter 13. For more information on 

respiratory muscle adaptation to exer-

cise, see Powers and Shanely (2004) in 

the Suggested Readings.

■ The major muscle of inspiration is the 

diaphragm. Air enters the pulmonary system 

due to intrapulmonary pressure being reduced 

below atmospheric pressure (bulk flow). At 

rest, expiration is passive. However, during 

exercise, expiration becomes active, using 

muscles located in the abdominal wall (e.g., 

rectus abdominus and internal oblique).

■  The primary factor that contributes to airflow 

resistance in the pulmonary system is the 

diameter of the airway.

IN SUMMARY

CLINICAL APPLICATIONS 10.1

Exercise-Induced Asthma

Asthma is a disease that promotes a 

reversible narrowing of the airways 

(called a bronchospasm). This reduc-

tion in airway diameter results in an 

increased work of breathing, and indi-

viduals suffering from asthma gener-

ally report being short of breath (called 

dyspnea).

 Although there are many potential 

causes of asthma (28), some asthmatic 

patients develop a bronchospasm dur-

ing or immediately after exercise. This 

type of asthma is called “exercise-

induced asthma.” When an individual 

experiences an asthma attack during 

exercise, breathing becomes labored 

and a wheezing sound is often heard 

during expiration. If the asthmatic 

at tack is severe, it becomes impossi-

ble for the individual to exercise at 

even low intensities because of the 

dyspnea associated with the increased 

work of breathing. Asthma is an excel-

lent example of how even a small 

decrease in airway diameter can result 

in a large increase in breathing resis-

tance. See Beck et al. (2002) and 

Anderson and Kippelen (2005) in the 

Suggested Readings and chapter 17 for 

more details.
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PULMONARY VENTILATION

Before beginning a discussion of ventilation, it is 

helpful to define some commonly used pulmonary 

physiology symbols:

1.  V is used to denote volume.

2.  V̇ means volume per unit of time (generally one 

minute).

3.  The subscripts T, D, A, I, E are used to denote tidal, 

dead space, alveolar, inspired, and expired, 

respectively.

Pulmonary ventilation refers to the movement of gas 

into and out of the lungs. The amount of gas venti-

lated per minute is the product of the frequency of 

breathing (f) and the amount of gas moved per breath 

(tidal volume):

V̇   VT   f

In a 70-kg man the V̇  at rest is generally around 7.5 liters/

minute, with a tidal volume of 0.5 liter and a frequency 

of 15. During maximal exercise, ventilation may reach 

120 to 175 liters per minute, with a frequency of 40 to 50 

and a tidal volume of approximately 3 to 3.5 liters.

 It is important to understand that not all of the air 

that passes the lips reaches the alveolar gas compart-

ment, where gas exchange occurs. Part of each breath 

remains in conducting airways (trachea, bronchi, etc.) 

and thus does not participate in gas exchange. This 

“unused” ventilation is called dead-space ventilation 

(VD), and the space it occupies is known as anatomical 

dead space. The volume of inspired gas that reaches 

the respiratory zone is referred to as alveolar ventilation 

(V̇A). Thus, total minute ventilation can be subdivided 

into dead space ventilation and alveolar ventilation:

V̇   V̇A   V̇ 
D

 Note that pulmonary ventilation is not equally 

distributed throughout the lung. The basal (bottom) 

region of the lung receives more ventilation than the 

apex (top region), particularly during quiet breathing 

(67). This changes to some degree during exercise, 

with the apical (top) regions of the lung receiving an 

increased percentage of the total ventilation (56).

■ Pulmonary ventilation refers to the amount of 

gas moved into and out of the lungs.

■  The amount of gas moved per minute is the prod-

uct of tidal volume times breathing frequency.

IN SUMMARY

PULMONARY VOLUMES 
AND CAPACITIES

Pulmonary volumes can be measured via a technique 

known as spirometry. Using this procedure, the sub-

ject breathes into a device that is capable of mea  s uring 

inspired and expired gas volumes. Modern spiro meters 

use computer technology to measure pulmonary vol-

umes and the rate of expired airflow (see figure 10.8). 

Figure 10.9 is a spirogram showing the measurement 

of tidal volumes during quiet breathing and the vari-

ous lung volumes and capacities that are defined in 

CLINICAL APPLICATIONS 10.2

Exercise and Chronic Obstructive Pulmonary Disease

Chronic obstructive pulmonary dis-

ease (COPD) is clinically identifi ed by 

a de creased expiratory airfl ow result-

ing from increased airway resistance. 

Al though COPD and asthma both 

re sult in blockage of the airways, these 

diseases differ in one key feature. 

Asthma is a reversible narrowing of 

the airways; that is, asthma can come 

and go. In contrast, COPD is a constant 

narrowing of the airways. Although 

COPD patients can experience some 

variation in airway blockage, these in-

dividuals always experience some 

level of airway obstruction.

 Note that COPD is often the result 

of a combination of two-separate lung 

diseases: (1) chronic bronchitis and (2) 

emphysema. Each of these individual 

diseases results in increased airway 

obstruction. Chronic bronchitis is a 

lung disorder that results in a constant 

production of mucus within airways, 

resulting in airway blockage. Emphy-

sema causes a decreased elastic sup-

port of the airways, resulting in airway 

collapse and increased airway resis-

tance. Two of the greatest risk factors 

in developing COPD are tobacco 

smoking and a family history of emphy-

sema (117).

 Because COPD patients have a con-

stant narrowing of the airways, this air-

way resistance places an increased 

workload on respiratory muscles to 

move gas in and out of the lung. Recog-

nition of this increased work of breath-

ing leads to the sensation of being 

short of breath (dyspnea). Because the 

magnitude of dyspnea is closely linked 

to the amount of work performed by 

respiratory muscles, dyspnea in COPD 

patients is greatly increased during 

exercise. In patients with severe COPD, 

dyspnea may become so debilitating 

that the patient has diffi culty in per-

forming routine activities of daily living 

(e.g., walking to the bathroom, shower-

ing, etc.). See West (2001) in the Sug-

gested Readings for more details on 

COPD and exercise.
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table 10.1. Several of these terms require special men-

tion. First, vital capacity (VC) is defined as the maxi-

mum amount of gas that can be expired after a 

maximum inspiration. Second, the residual volume 

(RV) is the volume of gas remaining in the lungs after 

a maximum expiration. Finally, total lung capacity 

(TLC) is defined as the amount of gas in the lungs after 

a maximum inspiration, and is the sum of the two lung 

volumes (VC   RV) just mentioned.

 Clinically, spirometry is useful in diagnosing ob -

structive lung diseases such as chronic obstructive 

lung disease (COPD). For example, because of in creased 

airway resistance, COPD patients will have a dimin-

ished vital capacity and a reduced rate of  expired airflow 

during a maximal expiratory effort. Further,  because of 

Figure 10.8 Photograph of a computerized spirometer 

used to measure lung volumes. Courtesy of Sensor-

medics Corp.
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Figure 10.9 A spirogram showing lung volumes and capacities at rest.

increased airway resistance and airway closure during 

expiration, COPD patients cannot  expire as much gas 

as healthy individuals; this results in trapped gas in the 

lungs and an abnormally high residual volume.

 A specific illustration of how spirometry can 

de tect airway obstruction in patients is as follows. 

One of the easiest spirometric tests to detect airway 

blockage is the measurement of forced expira-

tory volume and vital capacity (VC). The forced 

expiratory volume (called FEV1) is the volume of gas 

expired in 1 second by a forced (maximal effort) 

expiration from a full inspiration. Vital capacity 

is the total amount of gas that can be expired during 

a maximal expiration following a full inspiration. A 

simple way to make these measures is illustrated in 

figure 10.8. The patient is comfortably seated in 

front of the spirometer and breathes through a rub-

ber mouthpiece connected to the spirometer. The 

patient breathes in maximally and then maximally 

exhales. The spirometer records the expired volume 

of gas against time during the expiratory effort.

 Figure 10.10 compares the measurements of FEV1 

and VC in both a normal, healthy individual and a 

patient with COPD. Notice, in the normal individual, 

the vital capacity is 5.0 liters and the FEV1 was 

4.0 liters. Therefore, the FEV in this healthy individual 

is 80% of the VC (i.e., 4.0/5.0   100   80%). Indeed, 

the normal ratio of FEV1 to VC in healthy individuals 

is 80% or higher.

 Now, let’s analyze the measurement of FEV1 and 

VC in the patient with COPD. Notice that the rate at 

which air was expired in the COPD patient is much 

slower than in the healthy subject, so that only 1.0 liter 

of air is expired in the first second. Moreover, the vital 

capacity in the COPD patient is only 3.0 liters. There-

fore, in this patient, the ratio of forced expired volume 

to vital capacity (1.0/3.0   100) is 33%. This value is 
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TABLE 10.1   Respiratory  Volumes and Capacities for a 70-Kg  Young Adult Male

Measurement Typical Value Defi nition

Respiratory Volumes

Tidal volume ( TV)  500 mL Amount of air inhaled or exhaled in one breath

   during quiet breathing

Inspiratory reserve volume ( IRV) 3,000 mL Amount of air in excess of tidal volume that can

   be inhaled with maximum effort

Expiratory reserve volume (ERV)  1,200 mL Amount of air in excess of tidal volume that can

   be exhaled with maximum effort

Residual volume (RV)  1,300 mL Amount of air remaining in the lungs after 

   maximum expiration; that is, the amount of 

   air that can never be voluntarily exhaled

Respiratory Capacities

Vital capacity ( VC)  4,700 mL Amount of air that can be forcefully exhaled

   following a maximum inspiration VC  

   (ERV   TV   IRV) 

Inspiratory capacity ( IC )  3,500 mL Maximum amount of air that can be inhaled 

   following a normal expiration (IC   T V   IRV) 

Functional residual capacity (FRC) 2,500 mL Amount of air remaining in the lungs following

   a normal expiration (FRC   RV   ERV)

Total lung capacity ( TLC)  6,000 mL Maximum amount of air in the lungs at the 

   end of a maximum inspiration (TLC   RV   VC)
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Figure 10.10 A spirogram illustrating the use of forced 

expired airflow to diagnose airway obstruction. Notice the 

marked difference in both the forced expired volume in 

1 second (FEV1) and the vital capacity (VC) between the 

normal individual and the patient with chronic obstruc-

tive pulmonary disease (COPD). See text for details.

much lower than the normal values for a normal indi-

vidual (i.e., 80%) and is typical of a COPD patient with 

severe airway obstruction. For more information on 

the impact of COPD on exercise tolerance, see Clinical 

Applications 10.2.

■ Pulmonary volumes can be measured using 

spirometry.

■  Vital capacity is the maximum amount of gas 

that can be expired after a maximal inspiration.
■  Residual volume is the amount of gas left in the 

lungs after a maximal expiration.

IN SUMMARY

DIFFUSION OF GASES

Prior to discussing diffusion of gases across the alveo-

lar membrane into the blood, it is necessary to intro-

duce the concept of partial pressure. According to 

Dalton’s law, the total pressure of a gas mixture is equal 

to the sum of the pressures that each gas would 

exert independently. Thus, the pressure that each 

gas exerts independently can be calculated by multiply-

ing the fractional composition of the gas by the abso-

lute pressure (barometric pressure). Let’s consider an 

ex ample calculating the partial pressure of oxygen in 

air at sea level. The barometric pressure at sea level is 
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760 mm Hg (barometric pressure is the force exerted by 

the weight of the gas contained within the atmo sphere). 

The composition of air is generally considered to be:

Gas Percentage Fraction

Oxygen     20.93 .2093

Nitrogen     79.04 .7904

Carbon dioxide       0.03 .0003

  Total 100.0

Therefore, the partial pressure of oxygen (PO2) at sea 

level can be computed as:

PO2   760   .2093

PO2   159 mm Hg

In a similar manner, the partial pressure of nitrogen 

can be calculated to be:

PN2   760   .7904

PN2   600.7 mm Hg

Because O2, CO2, and N2 make up almost 100% of the 

atmosphere, the total barometric pressure (P) can be 

computed as:

P (dry atmosphere)   PO2   PN2   PCO2

 Diffusion of a gas across tissues is described by 

Fick’s law of diffusion, which states that the rate of gas 

transfer (V gas) is proportional to the tissue area, the 

diffusion coefficient of the gas, and the difference in 

the partial pressure of the gas on the two sides of the 

tissue, and is inversely proportional to the thickness:

V gas     A __ 
T

     D   (P1   P2)

where A is the area, T is the thickness of the tissue, D 

is the diffusion coefficient of the gas, and P1   P2 is the 

difference in the partial pressure between the two 

sides of the tissue. In simple terms, the rate of diffu-

sion for any single gas is greater when the surface area 

for diffusion is large and the “driving pressure” be tween 

the two sides of the tissue is high. In contrast, an 

increase in tissue thickness impedes diffusion. The 

lung is well designed for the diffusion of gases across 

the alveolar membrane into and out of the blood. First, 

the total surface area available for diffusion is large. 

Second, the alveolar membrane is extremely thin. The 

fact that the lung is an ideal organ for gas exchange is 

important; during maximal exercise, the rate of O2 

uptake and CO2 output may increase twenty to thirty 

times above resting condition.

 The amount of O2 or CO2 dissolved in blood 

obeys Henry’s law and is dependent on the tempera-

ture of blood, the partial pressure of the gas, and 

the solubility of the gas. Because the temperature 

of the blood does not change a great deal during 

exercise (i.e., 1–3 C), and the solubility of the gas 

remains constant, the major factor that determines 

the amount of dissolved gas is the partial pressure.

 Figure 10.11 illustrates gas exchange via diffusion 

across the alveolar-capillary membranes and at the tis-

sue level. Note that the PCO2 and PO2 of blood en -

tering the lung are approximately 46 and 40 mm Hg, 

respectively. In contrast, the PCO2 and PO2 in alveolar 

gas are around 40 and 105 mm Hg, respectively. As a 

consequence of the difference in partial pressure across 

the blood-gas interface, CO2 leaves the blood and dif-

fuses into the alveolus, and O2 diffuses from the alveo-

lus into the blood. Blood leaving the lung has a PO2 of 

approximately 95 mm Hg and a PCO2 of 40 mm Hg.

■ Gas moves across the blood-gas interface in 

the lung due to simple diffusion.

■ The rate of diffusion is described by Fick’s law 

which states: the volume of gas that moves 

across a tissue is proportional to the area for 

diffusion and the difference in partial pressure 

across the membrane, and is inversely propor-

tional to membrane thickness.

IN SUMMARY

BLOOD FLOW TO THE LUNG

The pulmonary circulation begins at the pulmonary 

artery, which receives venous blood from the right 

ventricle (recall that this is mixed venous blood). 

Mixed venous blood is then circulated through the 

pulmonary capillaries where gas exchange occurs, 

and this oxygenated blood is returned to the left 

atrium via the pulmonary vein to be circulated 

throughout the body (see figure 10.12).

 In the adult, the right ventricle of the heart (like the 

left) has an output of approximately 5 liters/minute. 

Therefore, the rate of blood flow throughout the pulmo-

nary circulation is equal to that of the systemic circula-

tion. The pressures in the pulmonary circulation are 

relatively low when compared to those in the systemic 

circulation (see chapter 9). This low-pressure system 

is due to low vascular resistance in the pulmonary 

circulation (67). An interesting feature of pulmonary cir-

culation is that during periods of increased pulmonary 

blood flow during exercise, the resistance in the pulmo-

nary vascular system falls due to the distension of ves-

sels and the recruitment of previously unused capillaries. 

This decrease in pulmonary vascular resistance allows 

lung blood flow to increase during exercise with rela-

tively small in creases in pulmonary arterial pressure.

 When we are standing, considerable inequality 

of blood flow exists within the human lung due to grav-

ity. For example, in the upright position, blood flow 

decreases almost linearly from bottom to top, reaching 

very low values at the top (apex) of the lung (see 

figure 10.13). This distribution may be altered during 

exercise and with a change in posture. During light 
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Figure 10.11 Partial pressures of oxygen (PO2) and carbon dioxide (PCO2) in blood as a result of gas exchange in lung 

and gas exchange between capillaries and tissues. Note that the alveolar PO2 of 104 is a result of mixing atmospheric air 

(i.e., 159 mm Hg at sea level) with existing alveolar gas along with water vapor.

 exercise, blood flow to the apex of the lung is increased 

(23). This is advantageous for improved gas exchange 

and will be discussed in the next section, Ventilation-

Perfusion Relationships. When an individual is supine, 

blood flow becomes uniform within the lung. In con-

trast, measurements of blood flow in humans who are 

suspended upside down show that blood flow to the

apex of the lung greatly exceeds that found in the base.

■ The pulmonary circulation is a low-pressure 

system with a rate of blood flow equal to that in 

the systemic circuit.

■ In a standing position, most of the blood flow 

to the lung is distributed to the base of the lung 

due to gravitational force.

IN SUMMARY
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VENTILATION-PERFUSION 
RELATIONSHIPS

Thus far we have discussed pulmonary ventilation, 

blood flow to the lungs, and diffusion of gases across 

the blood-gas barrier in the lung. It seems reasonable 

to assume that if all these processes were adequate, 

normal gas exchange would occur in the lung. How-

ever, normal gas exchange requires a matching of ven-

tilation to blood flow (perfusion, Q). In other words, 

an alveolus can be well ventilated, but if blood flow to 

the alveolus does not adequately match ventilation, 

normal gas exchange does not occur. Indeed, mis-

matching of ventilation and perfusion is responsible 

for most of the problems of gas exchange that occur 

due to lung diseases. The importance of the ventilation-

 perfusion relationship to pulmonary gas exchange 

was discovered in the late 1950s by Dr. John West and 

colleagues (see A Look Back—Important People in 

Science).

 The ideal ventilation-to-perfusion ratio (V/Q) is 

1.0 or slightly greater. That is, there is a one-to-one 

matching of ventilation to blood flow, which results in 

optimum gas exchange. Unfortunately, the V/Q ratio 

is generally not equal to 1.0 throughout the lung, but 

varies depending on the section of the lung being 

considered (30, 42, 57, 67, 116). This concept is illus-

trated in figure 10.14, where the V/Q ratio at the apex 

and the base of the lung is calculated for resting 

conditions.

 Let’s discuss the V/Q ratio in the apex of the lung 

first. Here, the ventilation (at rest) in the upper region 

of the lung is estimated to be 0.24 liter/minute, while 

the blood flow is considered to be 0.07 liter/minute. 

Thus, the V/Q ratio is 3.4 (i.e., 0.24/0.07   3.4). A large 

V/Q ratio represents a disproportionately high venti-

lation relative to blood flow, which results in poor gas 

exchange. In contrast, the ventilation at the base of 

the lung (figure 10.14) is 0.82 liter/minute, with a 

blood flow of 1.29 liters/minute (V/Q ratio   0.82/1.29 

  0.64). A V/Q ratio less than 1.0 represents a greater 

blood flow than ventilation to the region in question. 

Although V/Q ratios less than 1.0 are not indicative of 

ideal conditions for gas exchange, in most cases V/Q 

ratios greater than 0.50 are adequate to meet the gas 

exchange demands at rest (116).

 What effect does exercise have on the V/Q ratio? 

The complete answer to this question is not currently 

available. However, it appears that light exercise may 

improve the V/Q relationship, whereas heavy exercise 

may result in a small V/Q inequality, and thus a minor 

impairment in gas exchange (56). Whether the in crease 

in V/Q inequality is due to low ventilation or low per-

fusion is not clear. The possible effects of this V/Q 

mismatch on blood gases will be discussed later in 

the chapter.
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Figure 10.13 Regional blood flow within the lung. Note 

that there is a linear decrease in blood flow from the 

lower regions of the lung toward the upper regions.
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Figure 10.12 The pulmonary circulation is a low-
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After the completion of gas exchange, this oxygenated 

blood is returned to the left heart chambers to be 

circulated throughout the body.
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Figure 10.14 The relationship between ventilation 

and blood flow (ventilation/perfusion ratios) at the top 

(apex) and the base of the lung. The ratios indicate 

that the base of the lung is overperfused relative to 

ventilation and that the apex is underperfused relative 

to ventilation. This uneven matching of blood flow to 

ventilation results in less than perfect gas exchange.

■ Efficient gas exchange between the blood and the 

lung requires proper matching of blood flow to 

ventilation (called ventilation-perfusion relationships).

■ The ideal ratio of ventilation to perfusion is 1.0 

or slightly greater, because this ratio implies a 

perfect matching of blood flow to ventilation.

IN SUMMARY

O2 AND CO2 TRANSPORT 
IN BLOOD

Although some O2 and CO2 are transported as dis-

solved gases in the blood, the major portion of O2 and 

CO2 transported via blood is done by O2 combining 

with hemoglobin and CO2 being transformed into 

bicarbonate (HCO3). A complete discussion of how O2 

and CO2 are transported in blood follows.

Hemoglobin and O2 Transport

Approximately 99% of the O2 transported in the blood 

is chemically bound to hemoglobin, which is a pro-

tein contained in the red blood cells (erythrocytes). 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 John B. West Was a Pioneer in Respiratory Physiology Research and Education

John West was born 

in Adelaide, Australia, 

in 1928. He attended 

medical school at the 

University of Adelaide 

and graduated with 

a medical degree in 

1951. After a year of 

residency he moved to London to 

work at the Royal Postgraduate Medi-

cal School. In 1956, Dr. West and his 

colleagues discovered that blood 

fl ow and ventilation were unequally 

distributed between the base and 

apex of the lung. This research was 

ground breaking and established the 

physiological importance of the re-

gional differences between ventila-

tion and blood fl ow in the lung. 

Indeed, this work led to the develop-

ment of the concept of the ventilation-

perfusion ratio in the lung that is 

discussed in this chapter. 

 Following 15 years of research in 

London, Dr. West moved to the Univer-

sity of California-San Diego in 1969. 

During his long and distinguished aca-

demic career, Dr. West studied numer-

ous aspects of pulmonary physiology, 

including gas exchange at high alti-

tude, lung function during space travel, 

and pulmonary function during exer-

cise. Of particular interest is Dr. West’s 

contribution to our understanding of 

high-altitude physiology. In 1960, West 

accompanied Sir Edmund Hillary on a 

physiological expedition to the Hima-

layas (Silver Hut expedition). This 

experience began a long interest in 

high-altitude medicine and physiology 

that culminated in Dr. West leading the 

1981 American Medical Research Expe-

dition to Everest. During this key ex-

pedition, fi ve scientists reached the 

summit of Everest, and the fi rst physi-

ological measurements on the summit 

were performed. The basic scientifi c 

question addressed in this expedition 

was “how is it possible for humans to 

survive in the extreme oxygen depri-

vation of this high altitude?” Chapter 24 

of this text discusses this interesting 

question.

 Throughout his career, Dr. West was 

a dedicated teacher of respiratory 

physiology to medical students. As an 

instructor of physiology, Dr. West is 

well known for his classic textbook 

titled Respiratory Physiology: The Essentials 

that has been translated into thirteen 

languages and is used by medical 

and physiology students all over the 

world.
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Figure 10.15 The relationship 

between the partial pressure of 

O2 in blood and the relative satu-

ration of hemoglobin with O2 is 

pictured here in the oxygen-

hemoglobin dissociation curve. 

Notice the relatively steep por-

tion of the curve up to PO2 values 

of 40 mm Hg, after which there is 

a gradual rise to reach a plateau.

Each molecule of hemoglobin can transport four O2 

molecules. The binding of O2 to hemoglobin forms 

oxyhemoglobin; hemoglobin that is not bound to O2 

is referred to as deoxyhemoglobin.

 The amount of O2 that can be transported per unit 

volume of blood is dependent on the concentration of 

hemoglobin. Normal hemoglobin concentration for a 

healthy male and female is approximately 150 grams 

and 130 grams, respectively, per liter of blood. When 

completely saturated with O2, each gram of hemoglo-

bin can transport 1.34 ml of O2 (67). Therefore, if 

hemoglobin is 100% saturated with O2, the healthy 

male and female can transport approximately 200 ml 

and 174 ml of O2, respectively, per liter of blood at sea 

level.

Oxyhemoglobin Dissociation Curve

The combination of O2 with hemoglobin in the lung 

(alveolar capillaries) is sometimes referred to as 

loading, and the release of O2 from hemoglobin at the 

tissues is called unloading. Loading and unloading is 

thus a reversible reaction:

Deoxyhemoglobin   O2 ←→ Oxyhemoglobin

The factors that determine the direction of this reac-

tion are (1) the PO2 of the blood and (2) the affinity or 

bond strength between hemoglobin and O2. A high 

PO2 drives the reaction to the right, whereas low PO2 

and a reduced affinity of hemoglobin for O2 moves the 

reaction to the left. For example, a high PO2 in the 

lungs results in an increase in arterial PO2 and the for-

mation of oxyhemoglobin (i.e., reaction moves right). 

In contrast, a low PO2 in the tissue results in a decrease 

of PO2 in the systemic capillaries, and thus unloads O2 

to be used by the tissues (reaction moves left).

 The effect of PO2 on the combination of O2 with

hemoglobin can be best illustrated by the oxyhe-

moglobin dissociation curve, which is presented in 

figure 10.15. This sigmoidal (S shaped) curve has sev-

eral interesting features. First, the percent hemoglo-

bin saturated with O2 (% HbO2) increases sharply up 

to an arterial PO2 of 40 mm Hg. At PO2 values above 

40 mm Hg, the increase in % HbO2 rises slowly to a 

plateau around 90 to 100 mm Hg, at which the % HbO2 

is approximately 97%. At rest, the body’s O2 require-

ments are relatively low, and only about 25% of the O2 

transported in the blood is unloaded to the tissues. 

In contrast, during intense exercise, the mixed venous 

PO2 may reach a value of 18 to 20 mm Hg, and the 

tissues may extract up to 90% of the O2 carried by 

hemoglobin.

 The shape of the oxyhemoglobin dissociation 

curve is well designed to meet human O2 transport 

needs. The relatively flat portion of the curve (above a 

PO2 of approximately 90 mm Hg) allows arterial PO2 

to oscillate from 90 to 100 mm Hg without a large 

drop in % HbO2. This is important because there is 

a decline in arterial PO2 with aging and upon ascent 

to altitude. At the other end of the curve (steep por-

tion, 0–40 mm Hg), small changes in PO2 result in a 

release of large amounts of O2 from hemoglobin. This 

is critical during exercise when tissue O2 consumption 

is high.

Effect of pH on O2–Hb Dissociation Curve In 

addition to the effect of blood PO2 on O2 binding to 

hemoglobin, a change in acidity, temperature, or red 

blood cell (RBC) levels of 2,3-diphosphoglyceric acid 

(2–3 DPG) can affect the loading/unloading reaction. 

First, let’s consider the effect of changing blood acid-

base status on hemoglobin’s affinity for O2. The 

strength of the bond between O2 and hemoglobin is 

weakened by a decrease in blood pH (increased acid-

ity), which results in increased unloading of O2 to the 

tissues. This is represented by a “right” shift in the 

oxyhemoglobin curve and is called the Bohr effect 

(see figure 10.16). A right shift in the oxyhemoglobin 
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dissociation curve might be expected during heavy 

exercise due to the rise in blood lactic acid levels 

observed in this type of work. After being produced in 

the muscle cell, lactic acid gives up a proton (H ), 

which results in the decrease in pH. The mechanism 

to explain the Bohr effect is the fact that protons bind 

to hemoglobin, which reduces its O2 transport capac-

ity. Therefore, when there is a higher-than-normal 

concentration of H  in the blood (a condition called 

acidosis), there is a reduction in hemoglobin affinity for 

O2. This facilitates the unloading of O2 to the tissues 

during exercise, because the acidity level is higher in 

muscles.

Temperature Effect on O2–Hb Dissociation 

Curve Another factor that affects hemoglobin 

affinity for O2 is temperature. At a constant pH, the 

affinity of hemoglobin for O2 is inversely related to 

blood temperature. That is, a decrease in tempera-

ture results in a left shift in the oxyhemoglobin curve, 

whereas an increase in temperature causes a right 

shift of the curve. This means that an increase in 

blood temperature weakens the bond between O2 

and hemoglobin, which assists in the unloading of 

O2 to muscle. Conversely, a de crease in blood tem-

perature results in a stronger bond between O2 and 

hemoglobin, which hinders O2 release. The effect 

of increasing blood temperature on the oxyhemoglo-

bin dissociation curve is presented in figure 10.17. 

During exercise, increased heat production in the 

contracting muscle would promote a right shift in 

the oxyhemoglobin dissociation curve and facilitate 

unloading of O2 to the tissue.

2–3 DPG and the O2–Hb Dissociation Curve A 

final factor that potentially can affect the shape of the 

oxyhemoglobin dissociation curve is the concentra-

tion of 2–3 DPG in red blood cells (RBCs). Red blood 

cells are unique in that they do not contain a nucleus 

or mitochondria. Therefore, they must rely on anaero-

bic glycolysis to meet the cell’s energy needs. A by-

product of RBC glycolysis is the compound 2–3 DPG, 

which can combine with hemoglobin and reduce 

hemoglobin’s affinity for O2 (i.e., right shift in oxyhe-

moglobin dissociation curve).

 Red blood cell concentrations of 2–3 DPG are 

known to increase during exposure to altitude and in 

anemia (low blood hemoglobin) (67). However, re ports 

in the literature about the acute effects of exercise on 

blood 2–3 DPG levels remain controversial. In an effort 

to resolve this issue, a group of Austrian researchers 

(69) performed a series of well-designed experiments 

that demonstrated that moderate exercise resulted 

in no change in blood levels of 2–3 DPG, and that 

severe exercise resulted in a small decrease in 

blood 2–3 DPG. Therefore, although an increase in 

blood 2–3 DPG can alter Hb-O2 affinity, it appears that 

exercise at sea level does not increase 2–3 DPG in the 

red blood cell. Therefore, the right shift in the oxyhe-

moglobin curve during heavy exercise is not due to 
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Figure 10.16 The effect of changing blood pH on the 

shape of the oxygen-hemoglobin dissociation curve. A 

decrease in pH results in a rightward shift of the curve 

(Bohr effect), while an increase in pH results in a leftward 

shift of the curve.
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Figure 10.17 The effect of changing blood temperature 

on the shape of the oxygen-hemoglobin dissociation 

curve. An increase in temperature results in a rightward 

shift in the curve, while a decrease in blood temperature 

results in a leftward shift in the curve.
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changes in 2–3 DPG but to the degree of acidosis and 

blood temperature elevation.

O2 Transport in Muscle

Myoglobin is an oxygen-binding protein found in 

skeletal muscle fibers and cardiac muscle (not in 

blood) and acts as a “shuttle” to move O2 from the 

muscle cell membrane to the mitochondria. Myoglo-

bin is found in large quantities in slow-twitch fibers 

(i.e., high aerobic capacity), in smaller amounts in 

intermediate fibers, and in only limited amounts in 

fast-twitch fibers. Myoglobin is similar in structure to 

hemoglobin, but is about one-fourth the weight. The 

difference in structure between myoglobin and hemo-

globin results in a difference in O2 affinity between the 

two molecules. This point is illustrated in figure 10.18. 

Myoglobin has a greater affinity for O2 than hemoglo-

bin, and therefore the myoglobin-O2 dissociation 

curve is much steeper than that of hemoglobin for 

PO2 values below 20 mm Hg. The practical implication 

of the shape of the myoglobin-O2 dissociation curve is 

that myoglobin discharges its O2 at very low PO2 val-

ues. This is important because the PO2 in the mito-

chondria of contracting skeletal muscle may be as low 

as 1 to 2 mm Hg.

 Myoglobin O2 stores may serve as an “O2 reserve” 

during transition periods from rest to exercise. At the 

beginning of exercise, there is a time lag between the 

onset of muscular contraction and an increased O2 

delivery to the muscle. Therefore, O2 bound to myo-

globin prior to the initiation of exercise serves to 

buffer the O2 needs of the muscle until the cardiopul-

monary system can meet the new O2 requirement. At 

the conclusion of exercise, myoglobin O2 stores must 

be replenished, and this O2 consumption above rest 

contributes to the O2 debt (see chapter 4).

CO2 Transport in Blood

Carbon dioxide is transported in the blood in three 

forms: (1) dissolved CO2 (about 10% of blood CO2 is 

transported this way), (2) CO2 bound to hemoglobin 

(called carbaminohemoglobin; about 20% of blood 

CO2 is transported via this form), and (3) bicarbonate 

(70% of CO2 found in blood is transported as bicar-

bonate: HCO3). The three forms of CO2 transport in 

the blood are illustrated in figure 10.19.
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Figure 10.18 Comparison of 

the dissociation curve for 

myoglobin and hemoglobin. 

The steep myoglobin dis-

sociation demonstrates a 

higher affinity for O2 than 

hemoglobin.
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Figure 10.19 Carbon dioxide is released from the tissues 

and moves into the blood. Carbon dioxide is transported 

in three forms in the blood: (1) dissolved CO2, (2) CO2 

combined with hemoglobin (carboxyhemoglobin), and 

(3) bicarbonate (HCO3). Notice that as HCO3 moves out of 

the red blood cell, chloride (Cl ) moves into the red 

blood cell (chloride shift) to maintain electrochemical 

balance in the cell.
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 Because most of the CO2 that is transported in 

blood is transported as bicarbonate, this mechanism 

de serves special attention. Carbon dioxide can be 

converted to bicarbonate (within RBCs) in the follow-

ing way:

CO2 

  

H2O

 

Carbonic 

anhydrase 

 
H2CO3 

Carbonic 

acid

  

H  

  

HCO3

 A high PCO2 causes CO2 to combine with water 

to form carbonic acid. This reaction is catalyzed by 

the enzyme carbonic anhydrase, which is found in 

RBCs. After formation, carbonic acid dissociates 

into a hy drogen ion and a bicarbonate ion. The 

hydrogen ion then binds to hemoglobin, and the bi-

carbonate ion diffuses out of the RBC into the plasma 

(figure 10.19). Because bicarbonate carries a nega-

tive charge (anion), the removal of a negatively 

charged molecule from a cell without replacement 

would result in an electrochemical imbalance across 

the cell membrane. This problem is avoided by the 

replacement of bicarbonate by chloride (Cl ), which 

diffuses from the plasma into the RBC. This exchange 

of anions occurs in the RBC as blood moves through 

the tissue capillaries, and is called the chloride shift 

(figure 10.19).

 When blood reaches the pulmonary capillaries, 

the PCO2 of the blood is greater than that of the alve-

olus, and thus CO2 diffuses out of the blood across 

the blood-gas interface. At the lung, the binding of 

O2 to Hb results in a release of the hydrogen ions 

bound to hemoglobin and promotes the formation of 

carbonic acid:

H    HCO3  H2CO3

Under conditions of low PCO2 that exist at the alveo-

lus, carbonic acid then dissociates into CO2 and H2O:

H2CO3  CO2   H2O

The release of CO2 from the blood is summarized in 

figure 10.20.

■ Over 99% of the O2 transported in blood is 

chemically bonded with hemoglobin. The 

effect of the partial pressure of O2 on the com-

bination of O2 with hemoglobin is illustrated 

by the S-shaped O2-hemoglobin dissociation 

curve.

■ An increase in body temperature and a reduc-

tion in blood pH results in a right shift in 

the O2-hemoglobin dissociation curve and a 

reduced affinity of hemoglobin for O2.

IN SUMMARY

■ Carbon dioxide is transported in blood in three 

forms: (1) dissolved CO2 (10% is transported in 

this way), (2) CO2 bound to hemoglobin (called 

carbaminohemoglobin; about 20% of blood CO2 

is transported via this form), and (3) bicarbon-

ate (70% of CO2 found in blood is transported 

as bicarbonate [HCO3]).

VENTILATION AND 
ACID-BASE BALANCE

Pulmonary ventilation can play an important role in 

removing H  from the blood by the HCO3 reaction 

discussed previously (104). For example, an increase 

in CO2 in blood or body fluids results in an increase 

in hydrogen ion accumulation and thus a decrease in 

pH. In contrast, removal of CO2 from blood or body 

fluids may decrease hydrogen ion concentration and 

thus increase pH. Recall that the CO2-carbonic anhy-

drase reaction occurs as follows:

Lung 

    CO2   H2O  H2CO3  H 
   HCO3

 Muscle 

Therefore, an increase in pulmonary ventilation 

causes exhalation of additional CO2 and results in a 

reduction of blood PCO2 and a lowering of hydrogen 

ion concentration. On the other side, a reduction in 

pulmonary ventilation would result in a buildup of 

CO2 and an increase in hydrogen ion concentration 

CO2 dissolved
in plasma 

Carbaminohemoglobin

CO2 + H2O H2CO3

Hemoglobin + CO2

 + H+ H2CO3

From pulmonary artery To pulmonary vein

Red blood cells

Cl–Plasma HCO3
–

HCO3
–

CO2

Alveoli

Figure 10.20 Carbon dioxide is released from the blood 

into the pulmonary capillaries. At the time of CO2 release 

in the lung, there is a “reverse chloride shift” and car-

bonic acid dissociates into CO2 and H2O.
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(pH would decrease). The role of the pulmonary sys-

tem in acid-base balance will be discussed in detail 

in chapter 11.

■ An increase in pulmonary ventilation causes 

exhalation of additional CO2, which results in 

a reduction of blood PCO2 and a lowering of 

hydrogen ion concentration (i.e., pH increases).

IN SUMMARY

VENTILATORY AND 
BLOOD-GAS RESPONSES 
TO EXERCISE

Before discussing ventilatory control during exercise, 

we should examine the ventilatory response to several 

types of exercise.

Rest-to-Work Transitions

The change in pulmonary ventilation observed in the 

transition from rest to constant-load submaximal 

exercise (i.e., below the lactate threshold) is pictured 

in figure 10.21. Note that expired ventilation (VE) 

increases abruptly at the beginning of exercise, fol-

lowed by a slower rise toward a steady-state value 

(11, 24, 25, 40, 54, 84, 85, 120).

 Figure 10.21 also points out that arterial tensions 

of PCO2 and PO2 are relatively unchanged during 

this type of exercise (35, 37, 114). However, note that 

arterial PO2 decreases and arterial PCO2 tends to 

increase slightly in the transition from rest to steady-

state exercise (37). This observation suggests that the 

in crease in alveolar ventilation at the beginning of 

exercise is not as rapid as the increase in metabolism.

Prolonged Exercise in a Hot 

Environment

Figure 10.22 illustrates the change in pulmonary ven-

tilation during prolonged, constant-load, submaximal 

exercise (below the lactate threshold) in two different 

environmental conditions. The neutral environment 

represents exercise in a cool, low-relative-humidity 

environment (19ºC, 45% relative humidity). The sec-

ond condition represented in figure 10.22 is a hot/

high-humidity environment, which hampers heat loss 

from the body. The major point to appreciate from 

figure 10.22 is that ventilation tends to “drift” upward 

during prolonged work. The mechanism to explain 

this increase in V̇E during work in the heat is an 

increase in blood temperature, which directly affects 

the respiratory control center (80).

 Another interesting point to gain from figure 10.22 

is that although ventilation is greater during exercise 

in a hot/humid environment when compared to work 

in a cool environment, there is little difference in arte-

rial PCO2 between the two types of exercise. This 

finding suggests that the increase in ventilation seen 

during work in the heat is due to an increase in breath-

ing frequency and dead-space ventilation (30).

Incremental Exercise

The ventilatory response for an elite male distance 

runner and an untrained college student during an 

incremental exercise test is illustrated in figure 10.23. 

In both subjects, ventilation increases as a linear 

function of oxygen uptake up to 50% to 75% of 
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Figure 10.21 The changes in ventilation and partial pres-

sures of O2 and CO2 in the transition from rest to steady-

state submaximal exercise.
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Figure 10.22 Changes in ventilation and blood gas ten-

sions during prolonged, submaximal exercise in a hot/

humid environment.
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O2 max, where ventilation begins to rise exponen-

tially (113). This V̇E “inflection point” has been called 

the ventilatory threshold (Tvent) (8, 55, 77, 82).

 An interesting point that emerges from fig-

ure 10.23 is the startling difference between the highly 

trained elite athlete and the untrained subject in arte-

rial PO2 during heavy exercise. The untrained subject 

is able to maintain arterial PO2 within 10 to 12 mm Hg 

of the normal resting value, whereas the highly trained 

distance runner shows a decrease of 30 to 40 mm Hg 

at near-maximal work (30, 31, 34). This drop in arterial 

PO2, often observed in the healthy, trained athlete, is 

similar to that observed in exercising patients who 

have severe lung disease. However, not all healthy, 

elite endurance athletes develop low-arterial PO2 val-

ues (low PO2 is called hypoxemia) during heavy exer-

cise. It appears that only about 40% to 50% of highly 

trained, male endurance athletes (V̇O2 max 4.5 ᐉ/min 

or   68 ml   kg   min 1) show this marked hypoxemia 

(86, 92). In addition, the degree of hypoxemia ob served 
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Figure 10.23 Changes in ventilation, blood-gas tensions, and pH during incremental exercise in a highly trained male 

 distance runner and an untrained male college student.

in these athletes during heavy work varies consider-

ably among individuals (31, 83, 92, 111). The reason 

for the subject differences is unclear.

 By the late 1980s it became clear that 40% to 50% 

of elite, male endurance athletes were capable of 

developing exercise-induced hypoxemia. However, it 

was not known until the late 1990s that elite, female 

endurance athletes were also capable of developing 

exercise-induced hypoxemia (58, 59, 61). The inci-

dence of exercise-induced hypoxemia in elite, female 

athletes appears to be similar to that of males in that 

25% to 51% of all highly trained, female endurance 

athletes exhibit exercise-induced hypoxemia (58, 61).

 Perhaps the most important question concerning 

exercise-induced hypoxemia in healthy athletes is, 

What factor(s) accounts for this failure of the pulmo-

nary system? Unfortunately, a complete answer to this 

question is not available. Nonetheless, it appears that 

both ventilation-perfusion mismatch and diffusion 

limitations are likely contributors to exercise-induced 
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hypoxemia in elite athletes (71, 92, 118). Diffusion 

limitations during intense exercise in elite athletes 

could occur due to a reduced amount of time that the 

red blood cells spend in the pulmonary capillary 

(30, 36). This short red blood cell transit time in the 

pulmonary capillaries is due to the high cardiac out-

puts achieved by these athletes during high-intensity 

exercise, and may be less than the time required for 

gas equilibrium to be achieved between the lung and 

blood (31, 95, 121).

■ At the onset of constant-load submaximal exer-

cise, ventilation increases rapidly, followed by a 

slower rise toward a steady-state value. Arterial 

PO2 and PCO2 are maintained relatively con-

stant during this type of exercise.
■ During prolonged exercise in a hot/humid envi-

ronment, ventilation “drifts” upward due to the 

influence of rising body temperature on the 

respiratory control center.
■ Incremental exercise results in a linear increase 

in VE up to approximately 50% to 70% of O2 max; 

at higher work rates, ventilation begins  to rise 

exponentially. This ventilatory inflection point 

has been called the ventilatory threshold.

IN SUMMARY

CONTROL OF VENTILATION

Obviously, precise regulation of pulmonary gas ex-

change during rest and exercise is important in main-

taining homeostasis by providing normal arterial O2 

content and maintenance of the acid-base balance 

within the body. Although the control of breathing has 

been actively studied by physiologists for many years, 

many unanswered questions remain. Let’s begin our 

discussion of ventilatory control during exercise with a 

review of ventilatory regulation at rest.

Ventilatory Regulation at Rest

As mentioned earlier, inspiration and expiration are 

produced by the contraction and relaxation of the dia-

phragm during quiet breathing, and by accessory 

muscles during exercise. Contraction and relaxation 

of these respiratory muscles are directly controlled by 

somatic motor neurons in the spinal cord. Motor neu-

ron activity, in turn, is directly controlled by the respi-

ratory control center in the medulla oblongata.

Respiratory Control Center

Our understanding of the neural mechanisms that 

control breathing in humans remains incomplete. 

This is because the control of breathing cannot be 

investigated directly in humans for both ethical and 

technical reasons. Therefore, our current knowledge 

of the neural mechanisms that regulate breathing 

comes from animal experiments. These studies pro-

vide key insight into how mammals generate a respi-

ratory rhythm. The leading hypothesis to explain the 

initiation of breathing is called the “group pacemaker 

hypothesis.” This hypothesis proposes that the gene-

sis of breathing comes from the fi ring of several clus-

ters of neurons within the brain stem that serve 

as pacemakers. Specifi cally, the stimulus for inspira-

tion comes from four distinct respiratory rhythm 

centers located within both the medulla oblongata 

and the pons regions of the brain stem (9). The rhythm 

generating centers in the medulla are named the 

preBötzinger Complex (preBötC) and the retrotrape-

zoid nucleus (RTN) (fi gure 10.24). The rhythm-

generating centers in the pons are composed of two 

clusters of neurons called the pneumotaxic center 

and the caudal pons (fi gure 10.24). The normal rhythm 

of breathing occurs due to an interaction between 

pacemaker neurons in each of these regions (8). At 

rest, the breathing rhythm appears to be dominated 

by pacemaker neurons in the preBötC with assistance 

from the other regulatory regions. During exercise the 

preBötC interacts with the other respiratory rhythm 

centers to regulate breathing to match the metabolic 

demand (103). The interaction between these respira-

tory pacemakers to control breathing involves both 

positive and negative feedback to achieve tight regu-

lation. Finally, the concept of a group pacemaker sug-

gests that the regulation of breathing is under 

redundant control. Additional research is required to 

fully describe how these different respiratory control 

centers work together to produce the precise level of 

respiratory control that exists in humans.

Input to the Respiratory Control Center Several 

types of receptors are capable of modifying the 

actions of neurons contained in the respiratory con-

trol center. In general, input to the respiratory control 

center can be classified into two types: (1) neural and 

(2) humoral (blood-borne). Neural input refers to 

afferent or efferent input to the respiratory control 

center from neurons that are excited by means other 

than blood-borne stimuli. Humoral input to the respi-

ratory control center refers to the influence of some 

blood-borne stimuli reaching a specialized chemore-

ceptor. This receptor reacts to the strength of the 

stimuli and sends the appropriate message to the 

medulla. A brief overview of each of these receptors 

will be presented prior to a discussion of ventilatory 

control during exercise.

Humoral Chemoreceptors Chemoreceptors are 

specialized neurons that are capable of responding 

to changes in the internal environment. Traditionally, 
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respiratory chemoreceptors are classified according 

to their location as being either central chemoreceptors 

or peripheral chemoreceptors.

Central Chemoreceptors The central chemo-

receptors are located in the medulla (anatomically 

separate from the respiratory center) and are affected 

by changes in PCO2 and H  of the cerebrospinal fluid 

(CSF). An increase in either PCO2 or H  of the CSF 

results in the central chemoreceptors sending affer-

ent input into the respiratory center to increase 

ventilation (35).

Peripheral Chemoreceptors The primary periph-

eral chemoreceptors are located in the aortic arch and 

at the bifurcation of the common carotid artery. The 

receptors located in the aorta are called aortic bodies, 

and those found in the carotid artery are carotid 

bodies (figure 10.25). These peripheral chemoreceptors 

respond to increases in arterial H  concentrations and 

PCO2 (1, 5, 15, 122). Additionally, the carotid bodies are 

sensitive to increases in blood potassium levels and 

decreases in arterial PO2 (21, 74). When comparing 

these two sets of peripheral chemoreceptors, it appears 

that the carotid bodies are more important (35, 67).

Medulla oblongata

PreBötzinger complex

Retrotrapezoid nucleus
Caudal pons
Pneumotaxic centerBrain stem

respiratory
centers

Pons

Midbrain

Figure 10.24 Locations of the brain stem respiratory control centers.

 There is evidence that specialized (peripheral) 

chemoreceptors in the lungs of dogs and rabbits are 

sensitive to CO2 and act to match ventilation with CO2 

return to the lungs (6, 13, 19, 51–53, 105, 107, 114, 

115). In other words, an increase in CO2 return to the 

lung stimulates lung receptors, which send a message 

to the respiratory control center to increase V̇E. This 

increase in V̇E is hypothesized to be precisely matched 

to the amount of the CO2 returned to the lung, and 

thus arterial PCO2 remains constant. Do these lung 

CO2 receptors exist in humans? At present, a de finitive 

answer to this question is not available; exciting 

research in this area continues.

Effect of Blood PCO2, PO2, and Potassium on 

Ventilation How do the central and peripheral che-

moreceptors respond to changes in chemical stimuli? 

The effects of increases in arterial PCO2 on minute 

ventilation is shown in figure 10.26. Note that V̇E 

increases as a linear function of arterial PCO2. In gen-

eral, a 1 mm Hg rise in PCO2 results in a 2 liter/minute 

increase in V̇E (35). The increase in V̇E that results from 

a rise in arterial PCO2 is likely due to CO2 stimulation 

of both the carotid bodies and the central chemore-

ceptors (35, 75).
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as the hypoxic threshold (“hypoxic” means low PO2) (3). 

This hypoxic threshold usually occurs around an arte-

rial PO2 of 60 to 75 mm Hg. The chemoreceptors 

responsible for the increase in V̇E following exposure 

to low PO2 are the carotid bodies, because the aortic 

and central chemoreceptors in humans do not respond 

to changes in PO2 (35, 67).

 Evidence demonstrates that increases in blood 

levels of potassium stimulate the carotid bodies and 

promote an increase in ventilation (21, 74). Because 

blood potassium levels rise during exercise due to a 

net potassium efflux from the contracting muscle, 

some investigators have suggested that potassium 

may play a role in regulating ventilation during exer-

cise (21, 74). More will be said about this later.

Neural Input to the Respiratory Control Center 

Evidence obtained from animal experiments shows that 

neural input to the respiratory control center can come 

from both efferent and afferent pathways. For example, 

it has been demonstrated in cats that impulses from the 

motor cortex (i.e., central command) can both control 

skeletal muscle and drive ventilation in proportion to 
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Figure 10.26 Changes in ventilation as a function of 

increasing arterial PCO2. Notice that ventilation increases 

as a linear function of increasing PCO2.
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Figure 10.27 Changes in ventilation as a function of 

decreasing arterial PO2. Note the existence of a “hypoxic 

threshold” for ventilation as arterial PO2 declines.
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Figure 10.25 Illustration of the anatomical location of 

the peripheral chemoreceptors (i.e., aortic bodies and 

carotid bodies). The aortic chemoreceptors respond to 

arterial changes in arterial H  ion concentration (i.e., pH) 

and PCO2. The carotid bodies also respond to arterial 

changes in arterial pH, PCO2, and also changes in PO2.

 In healthy individuals breathing at sea level, 

changes in arterial PO2 have little effect on the control 

of ventilation (67). However, exposure to an environ-

ment with a barometric pressure much lower than 

that at sea level (i.e., high altitude) can alter arterial 

PO2 and stimulate the carotid bodies, which in turn 

signal the respiratory center to increase ventilation. 

The relationship between arterial PO2 and V̇E is illus-

trated in figure 10.27. The point on the PO2/V̇E curve 

where V̇E begins to rise rapidly is often referred to 
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the amount of work being performed (45, 46). In short, 

neural impulses originating in the motor cortex may 

pass through the medulla and “spill over,” causing an 

increase in V̇E that reflects the number of muscle motor 

units being recruited.

 Afferent input to the respiratory control center 

during exercise may come from one of several periph-

eral receptors, such as the muscle spindles, Golgi 

tendon organs, or joint pressure receptors (10, 65, 

106). In addition, it is possible that special chemore-

ceptors located in muscle may respond to changes 

in potassium and H  concentrations and send affer-

ent information to the respiratory control center. 

This type of input to the medulla is considered affer-

ent neural information, since the stimuli are not 

humorally mediated. Finally, evidence suggests that 

the right ventricle of the heart contains mechanore-

ceptors that send afferent information back to the 

respiratory control center relative to increases in car-

diac output (e.g., during exercise) (115). These mech-

anoreceptors might play important roles in providing 

afferent input to the respiratory control center at the 

onset of exercise.

Ventilatory Control 

During Submaximal Exercise

In the previous sections, we have discussed several 

possible sources of input to the respiratory control 

center. Unfortunately, at present, which of these fac-

tors is most responsible for ventilatory control during 

exercise remains controversial (10, 12, 20, 22, 29, 38, 

43, 45, 49, 65, 76, 94, 114, 122). Nonetheless, it appears 

that ventilatory control during exercise has similari-

ties to the control of the cardiovascular system. 

In deed, there is growing evidence that the “primary” 

drive to increase ventilation during exercise is due to 

neural input from higher brain centers (central com-

mand) to the respiratory control center (33). However, 

the fact that arterial PCO2 is tightly regulated during 

most types of submaximal exercise suggests that 

humoral chemoreceptors and afferent neural feed-

back from working muscles act to fine-tune breathing 

to match the metabolic rate and thus maintain a 

rather constant arterial PCO2 (17, 18, 73, 114). There-

fore, ventilation during exercise is regulated by sev-

eral overlapping factors, which provides redundancy 

to the control system.

 During prolonged exercise in a hot environment, 

ventilation can be influenced by factors other than 

those discussed previously. For example, the drift 

upward in V̇E seen in figure 10.22 may be due to a 

direct influence of rising blood temperature on the 

respiratory control center, and rising blood catechol-

amines (epinephrine and norepinephrine) stimulat-

ing the carotid bodies to increase V̇E (80).

 To summarize, the increase in ventilation during 

submaximal exercise is due to an interaction of both 

neural and humoral input to the respiratory control 

center. It seems likely that efferent neural mechanisms 

from higher brain centers (central command) provide 

the primary drive to breathe during exercise, with 

humoral chemoreceptors and neural feedback from 

working muscles providing a means of precisely 

matching ventilation with the amount of CO2 pro-

duced via metabolism. This apparent redundancy in 

mechanisms is not surprising when one considers the 

important role that respiration plays in sustaining 

life and maintaining a steady state during exercise 

(50, 53). A summary of respiratory control during sub-

maximal exercise appears in figure 10.28.

Ventilatory Control 

During Heavy Exercise

Controversy exists concerning the mechanism to 

explain the alinear rise in ventilation (ventilatory 

threshold) that occurs during an incremental exer-

cise test. However, several factors may contribute to 

this rise. First, examination of figure 10.23 suggests 

that the alinear rise in V̇E and the decrease in pH 

often occur simultaneously. Since rising H  levels in 

blood have been shown to stimulate the carotid 

bodies and increase V̇E, it has been proposed that 

the rise in blood lactate, which occurs during incre-

mental exercise, is the stimulus causing the alinear 

rise in V̇E (i.e., ventilatory threshold). Based on this 

belief, it is common for researchers to estimate the 

lactate threshold noninvasively by measurement of 
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oblongata)

Respiratory
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Chemoreceptors*
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Figure 10.28 A summary of respiratory control during 

submaximal exercise. See text for details.
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A CLOSER LOOK 10.2

Training Reduces the Ventilatory Response to Exercise

Although exercise training does not 

alter the structure of the lung, endur-

ance training does promote a decrease 

in ventilation during submaximal exer-

cise at moderate-to-high-intensity work 

rates. For example, when comparisons 

are made at a fi xed submaximal work 

rate, a training program can reduce 

exercise ventilation by 20% to 30% 

below pretraining levels (26, 27) (see 

fi gure 10.29).

 What is the mechanism to explain 

this training-induced reduction in exer-

cise ventilation? A defi nitive answer is 

not known. However, it seems likely that 

this training effect is due to changes in 

the aerobic capacity of the locomotor 

skeletal muscles. These training-induced 

changes result in less production of lac-

tic acid and probably less afferent feed-

back from the working muscles to 

stimulate breathing (26).

FIGURE 10.29 Illustration of the effects of endurance training on ventilation 

during exercise.

90

80

70

60

50

40

30

—

—

—

—

—

—

80 100 120 140 160 180 200 220
 | | | | | | |

Work rate (watts)

Training Reduces Exercise Ventilation

Before training

After training

V
e
n
til

a
ti
o
n
 (

lit
e
rs

 •
 m

in
-1

)

the ventilatory threshold (7, 22, 112, 113). However, 

several studies have shown that this technique is 

not perfect and that the ventilatory threshold and 

the lactate threshold do not always occur at the 

same work rate (47, 77).

 What additional factors, other than rising blood 

lactate, might cause the alinear rise in V̇E observed 

during incremental exercise? The close relationship 

between blood potassium levels and ventilation 

during heavy exercise has led several investigators 

to speculate that potassium is an important factor 

in controlling ventilation during heavy exercise (21, 

68, 74). Certainly, other secondary factors, such as 

rising body temperature and blood catecholamines, 

might play a small contributory role to the increas-

ing V̇E during heavy exercise. Further, it is likely that 

neural input to the respiratory control center 

influences the ven tilatory pattern during incremen-

tal exercise. For ex ample, as exercise intensity 

increases, motor unit recruitment may occur in a 

nonlinear fashion and the associated efferent and 

afferent neural signals to the respiratory control 

center may promote the alinear rise in V̇E seen at the 

ventilatory threshold (77).

 To review, it is logical that the rise in blood lac-

tate and reduction in blood pH observed at the 

lactate threshold can stimulate ventilation and thus 

may be a primary mechanism to explain the ventila-

tory threshold. However, secondary factors such as 

an increase in blood potassium levels, rising body 

temperature, elevated blood catecholamines, and 

possible neural in fluences might also contribute to 

ventilatory control during heavy exercise (see A Closer 

Look 10.2).

■ Current evidence suggests that the normal 

rhythm of breathing is generated by the inter-

action between four separate respiratory 

rhythm centers located in the medulla oblon-

gata and the pons. At rest, the breathing 

rhythm is dominated by pacemaker neurons in 

the preBötzinger Complex. However, during 

exercise the preBötzinger Complex interacts 

with the retrotrapezoid nucleus along with two 

additional regulatory centers in the pons to 

regulate breathing. The coupling of these respi-

ratory control centers to regulate breathing 

involves both positive and negative feedback to 

achieve tight control.

IN SUMMARY
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 continued

■ Input into the respiratory control center to 

increase ventilation can come from both neural 

and humoral sources. Neural input may come 

from higher brain centers, or it may arise from 

receptors in the exercising muscle. Humoral 

input may arise from central chemoreceptors, 

peripheral chemoreceptors, and/or lung CO2 

receptors. The central chemoreceptors are 

sensitive to increases in PCO2 and decreases in 

pH. The peripheral chemoreceptors (carotid 

bodies are the most important) are sensitive to 

in creases in PCO2 and decreases in PO2 or pH. 

Receptors in the lung that are sensitive to an 

increase in PCO2 are hypothesized to exist.

■ The primary drive to increase ventilation during 

exercise probably comes from higher brain 

centers (central command). Also, humoral 

chemoreceptors and neural feedback from 

working muscles act to fine-tune ventilation.

■ Controversy exists concerning the mechanism 

to explain the alinear rise in ventilation (venti-

latory threshold) that occurs during an incre-

mental exercise test. However, it appears that 

the rise in blood H  concentration that occurs 

during this type of exercise provides the princi-

pal stimulus to increase ventilation via stimula-

tion of the carotid bodies.

DO THE LUNGS ADAPT TO 
EXERCISE TRAINING?

It is well known that the muscular-skeletal system and 

the cardiovascular system are actively engaged during 

muscular exercise and that both organ systems 

undergo adaptive changes in response to regular 

en durance exercise. In contrast, it is generally believed 

that the lung in physically trained individuals is not 

significantly different from the lung in a sedentary 

individual (39, 62). More specifically, endurance exer-

cise training (months to years) has no measurable 

effect on lung structure and resting pulmonary func-

tion that will improve pulmonary gas exchange during 

exercise (39, 62).

 If both the cardiovascular system and skeletal 

muscles adapt to exercise training, why is the adapt-

ability of pulmonary structures substantially less than 

these other links in the oxygen transport system? 

Unfortunately, a clear answer to this question is not 

available. Nonetheless, it is widely believed that the 

structural capacity of the normal lung is “overbuilt” 

and exceeds the demand for oxygen and carbon diox-

ide transport in young adults during exercise (39). 

Therefore, in most individuals, adaptation of the lung 

to exercise training is not required for the lung to ade-

quately perform the job of maintaining blood-gas 

homeostasis during exercise. However, one exception 

to this rule is the highly trained and elite endurance 

athlete discussed earlier in this chapter. In these 

athletes, the inability of the lung to increase its gas 

exchange capabilities in response to exercise training 

results in a failure of the pulmonary system to match 

the high requirement for oxygen transfer across the 

blood-gas barrier during maximal exercise. This fail-

ure results in a reduction in the arterial oxygen con-

tent (i.e., hypoxemia). The impact of exercise-induced 

hypoxemia in elite athletes on exercise performance 

is discussed in the next section.

DOES THE PULMONARY 
SYSTEM LIMIT MAXIMAL 
EXERCISE PERFORMANCE?

Though some controversy exists (16), the pulmonary 

system is not generally considered to be the limiting 

factor during prolonged submaximal exercise (23, 30, 

32, 41, 48). Although respiratory muscle failure can 

occur during certain disease states (e.g., obstructive 

lung disease), respiratory muscle fatigue is not 

thought to limit exercise in healthy humans exercis-

ing at low-to-moderate intensity at sea level (32, 41). 

Indeed, the major muscle of inspiration, the dia-

phragm, is a highly oxidative muscle that resists 

fatigue (88, 91, 93). The best evidence that the lungs 

and respiratory muscles are performing well during 

prolonged submaximal exercise (e.g.,  75% V̇O2 max) 

is the observation that arterial oxygen content does 

not decrease during this type of work (90).

 Historically, it has not been believed that the 

pulmonary system limits performance during high-

intensity exercise at sea level (41, 48, 64). However, 

several studies question this idea. Indeed, new evi-

dence suggests that the pulmonary system may limit 

exercise performance during high-intensity ex ercise 

(e.g., 95%–100% V̇O2 max) in trained and untrained 

healthy subjects. For example, unloading the respira-

tory muscles (e.g., breathing a low- density helium/

oxygen gas) during heavy exercise ( 90% V̇O2 max) 

improves exercise performance (63). This observation 

indicates that respiratory muscle fatigue may play a 

role in limiting human performance at ex tremely high 

work rates.

 Indeed, new evidence now confirms that respira-

tory muscle fatigue does occur during high-intensity 

exercise (i.e.,  10 minutes of exercise at 80%–85% 

V̇O2 max) (4). For more details on respiratory muscle 

fatigue and exercise performance, see Ask the 

Expert 10.1.
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 The pulmonary system may also limit perfor-

mance during high-intensity exercise in the elite 

endurance athlete who exhibits exercise-induced 

hypoxemia. Recall that in approximately 40% to 50% 

of elite endurance athletes, arterial PO2 declines dur-

ing heavy exercise to a level that negatively affects 

their ability to transport oxygen to the working mus-

cles (87, 95, 121) (figure 10.23). In these athletes, the 

pulmonary system cannot keep pace with the need for 

respiratory gas exchange at workloads near V̇O2 max 

(30, 31, 36, 86, 87, 92). This failure in pulmonary gas 

exchange may limit exercise performance in these 

subjects (87). (see Research Focus 10.1.)

■ The pulmonary system does not limit exercise 

performance in healthy young subjects during 

prolonged submaximal exercise (e.g., work rates 

 90% V̇O2 max).

■ In contrast to submaximal exercise, new evidence 

indicates that the respiratory system (i.e., respira-

tory muscle fatigue) may be a limiting factor in 

exercise performance at work rates  90% V̇ O2 max. 

Further, incomplete pulmonary gas exchange may 

occur in some elite en durance athletes and limit 

exercise performance at high exercise intensities.

IN SUMMARY

 ASK THE EXPERT 10.1

Respiratory Muscle Fatigue and Exercise Performance

Questions and Answers with Dr. Jerome Dempsey

Jerome Dempsey, Ph.D., 

a professor in the Depart-

ment of Population Health 

Sciences at the  University of 

Wisconsin–Madison, is an 

internationally known 

researcher in the fi eld of pul-

monary physiology and a 

leader in both the American Physiological Society 

and the American Thoracic Society.  A signifi cant 

portion of Dr. Dempsey’s research has focused on 

respiratory muscle function during exercise and 

the regulation of pulmonary gas exchange  during 

intense exercise. Without question, Dr. Dempsey’s 

research team has performed many of the “clas-

sic” studies that explore the mechanisms respon-

sible for exercise-induced hypoxemia in elite 

athletes and the effects of exercise on respiratory 

muscle function. Here, Dr. Dempsey answers 

questions related to the effects of respiratory 

muscle fatigue on both exercise performance and 

pulmonary gas exchange.

QUESTION: Recent work from your labo-

ratory demonstrates that respiratory 

muscle fatigue can and does occur 

during exercise in humans. What 

types (i.e., intensity and duration) of 

exercise are most likely to promote 

respiratory muscle fatigue?

ANSWER: To date, the effects of all 

intensities and durations of exercise 

on respiratory muscle fatigue have 

not been investigated. Nonetheless, 

current evidence suggests that in 

healthy, trained and untrained sub-

jects, the intensity of exercise must 

be very high ( 80% V̇O2 max) and be 

sustained for ten minutes or longer 

to cause diaphragm fatigue. We 

believe that the fatigue process 

begins in the diaphragm after the 

fi rst few minutes of heavy exercise 

and that  10 minutes of high-

 intensity ( 80% V̇O2 max) exercise 

can reduce maximal diaphragmatic 

force production by 15%–50%.

QUESTION: The role that respiratory 

muscle fatigue plays in human ex -

ercise performance has been de-

bated for many years. In your view, 

does respiratory muscle fatigue limit 

hu man exercise tolerance in those 

exercise conditions in which respira-

tory muscle fatigue occurs?

ANSWER: Unfortunately, this is a com-

plicated question and therefore the 

answer is not straightforward. We do 

know that mechanical unloading of 

the respiratory muscles (using a spe-

cial mechanical ventilator) during 

high-intensity endurance exercise 

in healthy, fi t subjects will prolong 

exercise time and decrease the sub-

ject’s perception of breathing effort 

and limb muscle discomfort. So, 

what is it about respiratory muscle 

work during exercise that limits exer-

cise performance? Since mechanical 

unloading of the respiratory muscles 

can prevent diaphragm fatigue, then 

perhaps diaphragm fatigue itself 

might cause exercise limitation. How 

might this occur? It is not a matter of 

diaphragm fatigue leading to arterial 

hypoxemia, because even without 

respiratory muscle unloading, there 

is suffi cient alveolar hyperventila-

tion and no hypoxemia. We believe 

the most important effect of high 

levels of respiratory muscle work 

leading to diaphragm fatigue is their 

effect on reducing blood fl ow (and, 

therefore, O2 transport) to limb loco-

motor muscles. In support of this 

idea, we have recently shown that 

fatiguing respiratory muscles will 

elicit a refl ex increase of sympatheti-

cally mediated vasoconstriction of 

limb muscle; this effect may account 

for the effects of changing respira-

tory muscle work during heavy exer-

cise on limb blood fl ow.

QUESTION: Does respiratory muscle fa-

tigue contribute to exercise-induced 

hypoxemia in elite endur ance ath-

letes?

ANSWER: Inadequate hyperventilation 

during exercise does contribute to 

many cases of exercise-induced 

ar terial hypoxemia in elite athletes. 

However, the evidence does not 

indicate that diaphragm fatigue is a 

signifi cant cause of this inadequate 

hyperventilation. In contrast, a sig-

nifi cant portion of this reduced 

hyperventilation is due to airfl ow 

limitation by the airways in the face 

of very high ventilatory demand.
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RESEARCH FOCUS 10.1

Exercise Physiology Applied to Sports

Do Nasal Strips Improve  

Athletic Performance?

The use of Breathe Right Nasal Strips™ 

(Band-Aid-like devices placed over the 

bridge of the nose) during athletic com-

petition has become a common sight 

on athletic fi elds. These devices began 

to gain popularity in 1995 when profes-

sional football players started to use 

them during televised games. What are 

the physiological effects of these nasal 

strips, and can these devices improve 

athletic performance?

 The purpose of these nasal strips is to 

hold the nostrils open and therefore 

reduce nasal airway resistance; this would 

theoretically increase airfl ow to the lungs. 

Initially, these devices were developed 

to help people with ob structive sleep 

apnea (i.e., stoppage of breathing). 

 While limited claims have been 

made by the manufacturer indicating 

that these devices improve athletic per-

formance, some coaches and athletes 

believe that these devices improve 

 athletic performance by improving air-

fl ow to the lungs and in creasing oxygen 

 delivery to the working muscles. How-

ever, to date, there is no convincing 

 evidence that these devices increase 

pulmonary ventilation during exercise 

and that perfor mance is improved dur-

ing either aerobic or anaerobic athletic 

events (70).

 While it does not appear that these 

nasal strips provide a physiological 

benefi t to the athlete, the potential 

psychological effect of using these 

strips is unknown. If using these nasal 

strips provides the athlete with the 

psychological advantage of believing 

that he or she can breathe easier, it 

seems likely that athletes will continue 

to use these devices in hopes of gain-

ing an edge on their competitors.

STUDY QUESTIONS

 1.  What is the primary function of the pulmonary system? 
What secondary functions does it serve?

 2.  List and discuss the major anatomical components of 
the respiratory system.

 3.  What muscle groups are involved in ventilation during 
rest? During exercise?

 4.  What is the functional significance of the ventilation-
perfusion ratio? How would a high V/Q ratio affect gas 
exchange in the lung?

 5.  Discuss those factors that influence the rate of diffusion 
across the blood-gas interface in the lung.

 6.  Graph the relationship between hemoglobin-O2 satu-
ration and the partial pressure of O2 in the blood. What 
is the functional significance of the shape of the O2-
hemoglobin dissociation curve? What factors affect the 
shape of the curve?

 7.  Discuss the modes of transportation for CO2 in the 
blood.

 8.  Graph the ventilatory response in the transition from 
rest to constant-load submaximal exercise. What hap-
pens to ventilation if the exercise is prolonged and per-
formed in a hot/humid environment? Why?

 9.  Graph the ventilatory response to incremental exercise. 
Label the ventilatory threshold. What factor(s) might 
explain the ventilatory threshold?

10.  List and identify the functions of the chemoreceptors 
that contribute to the control of breathing.

11.  What neural afferents might also contribute to the regu-
lation of ventilation during exercise?

12.  Discuss the control of ventilation during exercise.
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■ Key Terms

Acids, Bases, and pH 231
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■ Outline

1. Define the terms acid, base, and pH.

2. Discuss the importance of acid-base regulation 

to exercise performance.

3. List the principal intracellular and extracellular 

buffers.

4. Explain the role of respiration in the regulation 

of acid-base status during exercise.

5. Outline acid-base regulation during exercise.

6. Discuss the principal ways that hydrogen ions 

are produced during exercise.

■ Objectives

By studying this chapter, you should be able to do the following:

Acid-Base Balance During Exercise

acid
acidosis
alkalosis
base
buffer
hydrogen ions
ion
pH
respiratory compensation
strong acids
strong bases
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Electrolytes that release hydrogen ions are called 

acids (an ion is any atom that is missing electrons 

or has gained electrons). Substances that readily 

combine with hydrogen ions are termed bases. In phys-

iology, the concentration of hydrogen ions is expressed 

in pH units. The pH of body fluids must be regulated 

(i.e., normal arterial blood pH ⫽ 7.40 ⫾ .02) in order 

to maintain homeostasis. Regulation of the pH of 

body fluids is extremely important since changes in 

hydrogen ion concentrations can alter the rates of 

enzyme-controlled metabolic reactions and modify 

numerous other normal body functions. Therefore, 

acid-base balance is primarily concerned with the reg-

ulation of hydrogen ion concentrations. Heavy exer-

cise can present a serious challenge to hydrogen ion 

control systems due to lactic acid production, and 

hydrogen ions may limit performance in some types 

of intense activities (4, 5, 10, 14, 16, 19, 23, 28, 29, 32, 

34). Given the potential detrimental influence of 

hydrogen ion accumulation on exercise performance, 

it is important that the student of exercise physiology 

have an understanding of acid-base regulation.

ACIDS, BASES, AND pH

In biological systems, one of the simplest but most 

important ions is the hydrogen ion. The concentration 

of the hydrogen ion influences the rates of chemical 

reactions, the shape and function of enzymes as 

well as other cellular proteins, and the integrity of the 

cell itself (7, 12, 35, 39, 43, 44).

 An acid is defined as a molecule that can liberate 

hydrogen ions and thus can raise the hydrogen ion 

concentration of an aqueous solution above that of 

pure water. In contrast, a base is a molecule that is 

capable of combining with hydrogen ions and there-

fore lowers the hydrogen ion concentration of the 

solution.

 Acids that tend to give up hydrogen ions (ionize) 

more completely are termed strong acids. For exam-

ple, lactic acid produced during heavy exercise as a 

result of glycolysis is a relatively strong acid. At nor-

mal body pH, lactic acid tends to liberate almost all of 

its hydrogen ions and therefore elevates the hydrogen 

ion concentration of the body.

 Bases that ionize completely are defined as 

strong bases. The bicarbonate ion HCO3 is an exam-

ple of a biologically important strong base. Bicarbon-

ate ions are found in relatively large concentrations in 

blood and are capable of combining with hydrogen 

ions to form a weak acid called carbonic acid. The role 

of HCO3 in the regulation of acid-base balance during 

exercise will be discussed later in the chapter.

 As stated earlier, the concentration of hydrogen 

ions is expressed in pH units. The pH of a solution is 

defined as the negative logarithm of the hydrogen ion 

concentration (H⫹). Recall that a logarithm is the 

exponent that indicates the power to which one num-

ber must be raised to obtain another number. For 

instance, the logarithm of 100 to the base 10 is 2. 

Thus, the definition of pH can be written mathemati-

cally as:

pH    log10 [H
 ]

As an example, if the [H⫹] ⫽ 40 nM (0.000000040 M), 

then the pH would be 7.40.

 A solution is considered neutral (in terms of acid-

base status) if the concentration of H⫹ and hydroxyl 

ions (OH⫺) are equal. This is the case for pure water, 

in which the concentrations are both 0.00000010 M. 

Thus, the pH of pure water is:

pH (pure water)    log10 [H
 ]

  7.0

Figure 11.1 shows the continuum of the pH scale. 

Note that as the hydrogen ion concentration in-

creases, pH declines and the acidity of the blood 

 increases, resulting in a condition termed acidosis. 

Conversely, as the hydrogen ion concentration de-

creases, pH increases and the solution becomes more 

basic (alkalotic). This condition is termed alkalosis. 

Conditions leading to acidosis or alkalosis are sum-

marized in figure 11.2.

 The normal arterial pH is 7.4 and in health, this 

value varies, less than 0.05 pH unit. Interestingly, the 

body is more tolerant to acidosis than to alkalosis. 

The lowest pH that is consistent with survival is 6.8 

(decrease of 0.6 pH unit below normal) whereas the 

highest pH tolerated is 7.8 (an increase of 0.4 pH 

unit) (37).

 Failure to maintain acid-base homeostasis in the 

body can have lethal consequences. Indeed, even 

small changes in blood pH can have negative effects 

on the function of organ systems. For example, both 

increases and decreases in arterial pH can promote 

abnormal electrical activity in the heart, resulting in 

rhythm disturbances (37). Numerous disease states 

can result in acid-base disturbances in the body and 

are introduced in Clinical Applications 11.1

pH of Arterial Blood

Normal pH

7.4

Survival range

7.87.0

AlkalosisAcidosis

Figure 11.1  The pH scale. If the pH of arterial blood 

drops below the normal value of 7.4, the resulting condi-

tion is termed acidosis. In contrast, if the pH increases 

above 7.4, blood alkalosis occurs.
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CLINICAL APPLICATIONS 11.1

Conditions and Diseases That Promote Metabolic Acidosis or Alkalosis

The normal arterial pH is 7.4 and in 

healthy individuals, this value is main-

tained within 0.05 pH unit. As men-

tioned previously, failure to maintain 

acid-base homeostasis in the body 

can have serious consequences and 

can lead to dysfunction of essential 

organs. Indeed, even relatively small 

changes in arterial pH (i.e., 0.1–0.2 pH 

unit) can have signifi cant negative 

impact on organ function.

 Metabolic acidosis occurs due to a 

gain in the amount of acid in the body. 

A number of conditions or disease 

states can promote metabolic acidosis. 

For example, long-term starvation (i.e., 

several days) can result in metabolic 

acidosis due to the production of keto-

acids in the body as a by-product of fat 

metabolism. In extreme circumstances, 

the type of metabolic acidosis can 

result in death.

 Diabetes is a common metabolic 

disease that promotes metabolic aci-

dosis. Uncontrolled diabetes can re-

sult in a form of metabolic acidosis 

called diabetic ketoacidosis. Similar to 

starvation-induced acidosis, this form 

of acidosis is also due to the overpro-

duction of ketoacids due to high levels 

of fat metabolism. Worldwide, numer-

ous deaths occur each year from this 

form of acidosis (37).

 Metabolic alkalosis results from a 

loss of acids from the body. Conditions 

leading to metabolic alkalosis include 

severe vomiting and diseases such as 

kidney disorders that result in a loss of 

acids (37). In both of these circum-

stances, the loss of acids results in an 

overabundance of bases in the body, 

leading to metabolic alkalosis.

Figure 11.2   Acidosis results from an accumulation of 

acids or a loss of bases. Alkalosis results from a loss of 

acids or an accumulation of bases.

7.4pH scale

Alkalosis

Decrease concentration of H+

Acidosis

Increase concentration of H+

Accumulation
of acids

Loss of
bases

Loss of
acids

pH drops

pH rises

Accumulation
of bases

IN SUMMARY

■ Acids are defined as molecules that can liberate 

hydrogen ions, which increases the hydrogen 

ion concentration of an aqueous solution.

■ Bases are molecules that are capable of com-

bining with hydrogen ions.

■ The concentration of hydrogen ions in a solu-

tion is quantified by pH units. The pH of a solu-

tion is defined as the negative logarithm of the 

hydrogen ion concentration:

pH    log10 [H
 ]

HYDROGEN ION 
PRODUCTION DURING 
EXERCISE

Although small quantities of acids or bases are present 

in foods, the major threat to the pH of body fluids is 

acids formed in metabolic processes. These metabolic 

acids can be divided into three major groups (8, 19):

1. Volatile acids (e.g., carbon dioxide). Carbon 

dioxide, an end product in the oxidation of 

carbohydrates, fats, and proteins, can be regarded 

as an acid by virtue of its ability to react with 

water to form carbonic acid (H2CO3), which in turn 

dissociates to form H⫹ and HCO3:

CO2   H2O  H2CO3  H    HCO3

 Because CO2 is a gas and can be eliminated by 

the lungs, it is often referred to as a volatile acid. 

During the course of a day, the body produces 

large amounts of CO2 due to normal metabolism. 

During exercise, metabolic production of CO2 

increases and therefore adds an additional 

“volatile acid” load on the body.

2. Fixed acids (e.g., sulfuric acid and phosphoric 

acid). Sulfuric acid is a product of the oxidation 

of certain amino acids, while phosphoric 

acid is formed in the metabolism of various 

phospholipids and nucleic acids. In contrast to 

CO2, both sulfuric acid and phosphoric acid are 

nonvolatile and therefore are referred to as fixed 

acids. The production of fixed acids varies with 

the diet and is not greatly influenced by acute 
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fats, respectively (see chapters 3 and 4). Under 

normal resting conditions, both of these acids are 

further metabolized to CO2 and therefore do not 

greatly influence the pH of body fluids. However, 

an exception to this rule occurs during heavy 

exercise (i.e., work above the lactate threshold). 

During periods of intense physical efforts, 

contracting skeletal muscles can produce large 

amounts of lactic acid, resulting in acidosis. In 

general, it appears that the production of lactic 

acid during heavy exercise presents the greatest 

challenge to maintaining pH homeostasis during 

exercise. Some metabolic processes that serve 

as sources of hydrogen ions are illustrated in 

figure 11.3.

 While it is clear that high-intensity exercise of 

sufficient duration (i.e., ⬎45 seconds) can produce 

large quantities of lactic acid, not all sports or exer-

cise activities produce significant amounts of hydro-

gen ions. A detailed discussion of which sports or 

exercise activities pose the greatest risk of producing 

significant acid-base disturbances is contained in A 

Closer Look 11.1.

IN SUMMARY

■ Metabolic acids can be subdivided into three 

major groups: (1) volatile acids (e.g., carbon 

dioxide), (2) fixed acids (e.g., sulfuric acid, 

phosphoric acid), and (3) organic acids (e.g., 

lactic acid).

A CLOSER LOOK 11.1

 Sport and Exercise-Induced Disturbances in Muscle Acid-Base Balance

What types of sports or exercise 

 promote acid-base disturbances in 

skeletal muscle? In general, any sport 

or exercise activity requiring high-

 intensity muscular contractions that 

persist for 45 seconds or longer can 

produce significant amounts of hydro-

gen ions resulting in a decrease in mus-

cle and blood pH. Table 11.1 provides 

a list of popular sports and the risk of 

developing muscle acid-base distur-

bances in each sport. Note that the risk 

of acid-base disturbances is classified 

as being high, moderate, or low. For 

sports classified in the low-to-moderate 

risk category (e.g., soccer), the risk of 

muscle acid-base disturbance is often 

connected to effort of the competitor. 

That is, an aggressive athlete that is 

constantly playing at 100% effort is 

more likely to develop an acid-base 

imbalance compared to the athlete 

that plays at “half speed” during the 

game. Also, note that track and field 

races like the 5,000 and 10,000 meter 

runs are listed as moderate and low-

to-moderate risks for acid-base distur-

bances, respectively. In these types of 

track races, athletes may produce lim-

ited amounts of lactic acid during most 

of the race, but a sustained sprint to 

the finish during the last lap of these 

events could result in production of 

relatively large amounts of lactic acid 

and, therefore, result in acid-base dis-

turbances in the muscle and blood.

 Since acid-base disturbances can 

contribute to muscle fatigue and limit 

exercise performance, it is not surpris-

ing that some exercise scientists have 

investigated the possibility that in-

 creasing the buffering capacity of the 

blood results in improved exercise 

performance. One approach to this 

problem is to ingest large quantities of 

a buffer prior to exercise. A detailed 

discussion of this topic can be found in 

The Winning Edge 11.1.

TABLE 11.1   Risk of Developing an Acid-Base 

Disturbance in Popular Sports

Sport

Risk of Acid-Base 

Disturbance

Baseball Low

Basketball Low-to-moderate

Boxing Low-to-moderate

Cross-country skiing Low

Football (American) Low

100-meter sprint Low

100-meter swim High

400-meter run High

800-meter run High

1,500-meter run Moderate-to-high

5,000-meter run Moderate

10,000-meter run Low-to-moderate

Marathon run Low

Soccer Low-to-moderate

Weight lifting (low repetitions) Low

Volleyball Low

exercise. Hence, fixed acids are not a major 

contributor of hydrogen ions during heavy 

exercise.

3. Organic acids (e.g., lactic acid). Organic acids, 

such as lactic acid and acetoacetic acid, are 

formed in the metabolism of carbohydrates and 
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IMPORTANCE OF ACID-
BASE REGULATION 
DURING EXERCISE

As discussed earlier, heavy exercise results in the 

production of large amounts of lactic acid by the 

contracting skeletal muscle. Lactic acid, a strong 

acid, ionizes and releases hydrogen ions. These 

hydrogen ions can exert a powerful effect on other 

molecules due to their small size and positive charge. 

Hydrogen ions exert their influence by attaching to 

molecules and thus altering their original size and 

shape (5, 10, 13, 26, 36). This change in size and 

shape may alter the normal function of the molecule 

(enzyme) and therefore influence metabolism in an 

important way.

 An increase in the intramuscular hydrogen ion 

concentration can impair exercise performance in at 

least two ways. First, an increase in the hydrogen ion 

concentration reduces the muscle cell’s ability to pro-

duce ATP by inhibiting key enzymes involved in both 

anaerobic and aerobic production of ATP (5, 10, 15). 

Second, hydrogen ions compete with calcium ions for 

binding sites on troponin, thereby hindering the con-

tractile process (5, 10, 42). This will be discussed again 

in chapter 19.

IN SUMMARY

■ Failure to maintain acid-base homeostasis 

during exercise can impair performance by 

inhibiting metabolic pathways responsible for 

the production of ATP or by interfering with the 

contractile process in the working muscle.

ACID-BASE 
BUFFER SYSTEMS

From the preceding discussion, it is clear that a rapid 

accumulation of hydrogen ions during heavy exercise 

can negatively influence muscular performance. 

Therefore, it is important that the body have control 

systems capable of regulating acid-base status to pre-

vent drastic decreases or increases in pH. How does 

the body regulate pH? One of the most important 

means of regulating hydrogen ion concentrations in 

body fluids is by the aid of buffers. A buffer resists pH 

change by removing hydrogen ions when the hydro-

gen ion concentration increases, and releasing hydro-

gen ions when the hydrogen ion concentration falls.

 Buffers often consist of a weak acid and its associ-

ated base (called a conjugate base). The ability of 

individual buffers to resist pH change is dependent 

upon two factors. First, individual buffers differ in 

their intrinsic physiochemical ability to act as buffers. 

Simply stated, some buffers are better than others. 

A second factor influencing buffering capacity is 

the concentration of the buffer present. The greater 

the concentration of a particular buffer, the more 

effective the buffer can be in preventing pH change.

Intracellular Buffers

The first line of defense in protecting against pH 

change during exercise is in the cell itself. The most 

common intracellular buffers are proteins and phos-

phate groups (19). Many intracellular proteins contain 

ionizable groups that are weak acids capable of 

accepting hydrogen ions. Intracellular phosphocre-

atine (see chapter 3) has been shown to be a useful 

buffer at the onset of exercise (1). Further, weak phos-

phoric acids are found in relatively large concentra-

tions in cells and also serve as an intracellular buffer 

system. In addition, bicarbonate in muscle has been 

demonstrated to be a useful buffer during exercise 

(13). A summary of the chemical action of intracellu-

lar buffer systems is presented in table 11.2.

Extracellular Buffers

The blood contains three principal buffer systems 

(13, 19): (1) proteins, (2) hemoglobin, and (3) bicarbonate. 

Blood proteins act as buffers in the extracellular 

Sulfuric acid

H+

Acidic ketone bodies

Oxidation of sulphur-
containing amino acids

Phosphoric
acid

Hydrolysis of phosphoproteins
and nucleoproteins

Incomplete oxidation
of fatty acids

Carbonic acid Lactic acid

Aerobic metabolism
of glucose

Anaerobic metabolism
(glycolysis) of glucose

Figure 11.3    Sources of hydrogen ions due to metabolic 

processes.
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mately six times the buffering capacity of plasma 

proteins due to its high concentration (19). Also con-

tributing to the effectiveness of hemoglobin as a buf-

fer is the fact that deoxygenated hemoglobin is a 

better buffer than oxygenated hemoglobin. As a result, 

once hemoglobin becomes deoxygenated in the cap-

illaries, it is better able to bind hydrogen ions formed 

when CO2 enters the blood from the tissues. Thus, 

hemoglobin helps to minimize pH changes caused by 

loading of CO2 into the blood.

 The bicarbonate buffer system is probably the 

most important buffer system in the body (19). This fact 

has been exploited by some investigators who have 

demonstrated that an increase in blood bicarbonate 

concentration (ingestion of bicarbonate) results in an 

improvement in performance in some types of exercise 

(4, 16, 21) (see The Winning Edge 11.1).

 The bicarbonate buffer system involves the weak 

acid H2CO3, which undergoes the following dissocia-

tion reaction:

CO2   H2O  H2CO3  H    HCO3

The ability of bicarbonate-carbonic acid (H2CO3) to 

act as a buffer system is described mathematically by 

a relationship known as the Henderson-Hasselbalch 

equation:

pH   pKa   log10 
 
( 
HCO3

H2CO3 
)
 

where pKa is the dissociation constant for H2CO3 

and has a constant value of 6.1. In short, the 

TABLE 11.2   Chemical Acid-Base 

Buffer Systems

Buffer 

System Constituents Actions

Bi carbonate 

system 

So dium 

bicarbonate 

(NaHCO3) 

Co nverts strong 

acid into weak 

acid

Ca rbonic acid 

(H2CO3)

Co nverts strong 

base into weak 

base

Ph osphate 

system

So dium 

phosphate 

(Na2HPO4)

Co nverts strong 

acid into weak 

acid

Pr otein 

system

C OO⫺ group

  of a molecule

Ac cepts hydrogens 

in the presence 

of excess acid

N H3 group of a 

 molecule

Ac cepts hydrogens 

in the presence 

of excess acid

THE WINNING EDGE 11.1

Exercise Physiology Applied to Sports

Ingestion of Sodium Buffers and 

Human Performance

Since exercise-induced disturbances in 

muscle acid-base balance have been 

linked to muscle fatigue and impaired 

sport performance, several studies have 

explored the possibility that ingestion of 

a sodium buffer can improve athletic 

performance. Although not all investiga-

tors have reported an improvement in 

human performance with the ingestion 

of sodium buffers (2), many studies have 

found that performance during high-

intensity exercise is improved when ath-

letes ingest a sodium buffer prior to 

exercise (3, 4, 21, 27, 29). Two buffers that 

have been studied extensively are 

sodium bicarbonate and sodium citrate. 

In general, results from several studies 

suggest that boosting the blood-

buffering capacity by ingestion of these 

buffers increases time to exhaustion dur-

ing high-intensity exercise (e.g., 80%–

120% V
.
  O2 max). It seems likely that if 

ingestion of a buffer improves physi-

cal performance, it does so by increas-

ing the extracellular buffering capacity, 

which in turn increases the transport of 

lactate and hydrogen ions out of the 

muscle fibers (31). This would reduce 

the interference of hydrogen ions on 

bioenergetic ATP production and/or the 

contractile process itself.

 In deciding to use sodium bicarbon-

ate or sodium citrate prior to a sporting 

event, an athlete should understand 

the risks associated with the proce-

dure. Ingestion of sodium bicarbonate 

in the doses required to improve 

blood-buffering capacity can cause gas-

trointestinal problems including diar-

rhea and vomiting (4, 29). In contrast, 

the ingestion of sodium citrate has 

been reported to improve exercise 

performance without the same gastro-

intestinal side effects associated with 

sodium bicarbonate (18, 24). Regard-

less of the type of buffer ingested, 

extremely large does of any buffer 

could result in severe alkalosis and 

have serious health consequences. A 

final consideration in the use of any 

ergogenic aid is the legality of the drug. 

In regard to the use of acid-base buf-

fers, numerous sport regulatory agen-

cies have banned the use of sodium 

buffers during competition.

 compartment. Like intracellular proteins, these blood 

proteins contain ionizable groups that are weak acids 

and therefore act as buffers. However, because blood 

proteins are found in small quantities, their useful-

ness as buffers during heavy exercise is limited.

 In contrast, hemoglobin is a particularly impor-

tant protein buffer and is a major blood buffer during 

resting conditions. In fact, hemoglobin has approxi-
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 Henderson-Hasselbalch equation states that the pH 

of a weak acid solution is determined by the ratio of 

the concentration of base (i.e., bicarbonate) in 

 solution to the concentration of acid (i.e., carbonic 

acid). The normal pH of arterial blood is 7.4, and 

the ratio of bicarbonate to carbonic acid is 20 to 1. 

Let’s consider an example using the Henderson-

 Hasselbalch equation to calculate arterial blood pH. 

Normally the concentration of blood bicarbonate is 

24 m Eq/l and the concentration of carbonic acid is 

1.2 m Eq/l. Therefore, the blood pH can be calculated 

as follows:

pH   pKa   log10 24/1.2

   6.1   log10 20

   6.1   1.3

pH   7.4

 Although the traditional view of acid-base chem-

istry has considered the levels of bicarbonate and 

hydrogen ions as two primary determinants of pH, 

new ideas were advanced in the early 1980s that 

exposed the complexity of regulating pH balance 

in the body. These new concepts were launched by 

Peter Stewart and are introduced in A Look Back—

Important People in Science.

IN SUMMARY

■  The body maintains acid-base homeostasis by 

buffer-control systems. A buffer resists pH 

change by removing hydrogen ions when the 

pH declines and by releasing hydrogen ions 

when the pH increases.

■ The principal intracellular buffers are proteins, 

phosphate groups, and bicarbonate. Primary 

extracellular buffers are bicarbonate, hemoglo-

bin, and blood proteins.

RESPIRATORY INFLUENCE 
ON ACID-BASE BALANCE

Recall that CO2 is considered a volatile acid because 

it can be readily changed from CO2 to carbonic acid. 

Also, recall that it is the partial pressure of CO2 in the 

blood that determines the concentration of carbonic 

acid. For example, according to Henry’s law, the con-

centration of a gas in solution is directly proportional 

to its partial pressure. That is, as the partial pressure 

increases, the concentration of the gas in solution 

increases and vice versa.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 Peter Stewart Challenged Acid-Base Research by Proposing the Concept 

of ˝Strong Ion Difference˝

Peter Stewart (1921–

1993) was born and raised 

in Winnipeg, Canada. His 

undergraduate educa-

tion was at the Univer-

sity of Winnipeg, and he 

later earned a master of 

science degree in phys-

ics and mathematics from the University 

of Minnesota. He remained at the Uni-

versity of Minnesota to earn his Ph.D. in 

biophysics in 1951. Dr. Stewart began 

his academic career at the University of 

Illinois and later served on the faculty 

of both Emory University and Brown 

University.

 In the 1970s, Peter Stewart devel-

oped a strong interest in acid-base 

regulation and started to mathemati-

cally analyze the variables involved in 

controlling the pH of body fl uids. In 

1981, he challenged the traditional 

concepts of acid-base control by pub-

lishing his book titled How to Understand 

Acid-Base  Balance—A Quantitative Acid-

Base Primer for Biology and Medicine. This 

book quickly stirred debate within 

researchers in acid-base balance. A 

brief synopsis of this controversy fol-

lows. Historically, it has been believed 

that the balance between the levels of 

hydrogen ions and bicarbonate ions 

determines the pH of body fl uids. 

Dr. Stewart challenged this concept 

and argued that hydrogen ions and 

bicarbonate ions are not the indepen-

dent variables that control acid-base. 

Instead, he suggested that these vari-

ables are dependent variables that 

are regulated by other factors includ-

ing the strong ion difference*, carbon 

dioxide levels, and the amount of 

weak and nonvolatile acids in body 

fl uids. So, does this mean that calcu-

lating pH using the Henderson-

Hasselbalch equa tion is of no value? 

The short answer to this question is 

no. However, Dr. Stewart’s work dem-

onstrates that the factors that regulate 

acid-base  balance in the body are 

far more complex than originally be-

lieved.

 Although many physiologists have 

accepted the science supporting Dr. 

Stewart’s proposal of how acid-base 

balance is maintained, criticism of his 

concept of strong ion difference re-

mains. A key criticism of the strong ion 

balance concept of acid-base control is 

the complexity of the chemistry and 

mathematics behind this model. More-

over, in practice, it is often diffi cult to 

measure all the variables required to 

calculate pH using Dr. Stewart's strong 

ion difference method. Therefore, in 

the foreseeable future, the traditional 

approach to acid-base balance seems 

certain to prevail.

*In Dr. Stewart's terminology, the strong ion 

 difference is defi ned as the disparity between 

the number of strong cations (e.g., sodium, 

potassium, calcium, etc.) and strong anions 

(e.g., chloride, lactate, etc.) in body fl uids.

You may visit acidbase.org for Stewart's original 

text. A new edition of Stewart's Textbook of Clinical 

Acid Base Medicine will be published in the near 

future by acidbase.org.
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 Because CO2 is a gas, it can be eliminated by the 

lungs. Therefore, the respiratory system is an important 

regulator of blood carbonic acid and pH. To  better 

 understand the role of the lungs in acid-base balance, 

let’s reexamine the carbonic acid dissociation equation:

CO2 ⫹ H2O  H2CO3  H⫹ ⫹ HCO3

This relationship demonstrates that when the amount 

of   CO2 in the blood increases, the amount of H2CO3 

increases, which lowers pH by elevating the acid concen-

tration of the blood (i.e., the reaction moves to the right). 

In contrast, when the CO2 content of the blood is lowered 

(i.e., CO2 is “blown off” by the lungs), the pH of the blood 

increases because less acid is present (reaction moves to 

the left). Therefore, the respiratory system provides the 

body with a rapid means of regulating blood pH by con-

trolling the amount of CO2 present in the blood.

IN SUMMARY

■  Respiratory control of acid-base balance 

involves the regulation of blood PCO2. An 

increase in blood PCO2 lowers pH, whereas a 

decrease in blood PCO2 increases pH.

REGULATION OF ACID-BASE 
BALANCE VIA THE KIDNEYS

Because the kidneys do not play an important part in 

acid-base regulation during short-term exercise, only a 

brief overview of the kidney’s role in acid-base balance 

will be presented here. The principal means by which the 

kidneys regulate hydrogen ion concentration is by 

increasing or decreasing the bicarbonate concentration 

(6, 8, 17). When the hydrogen ion concentration increases 

in body fluids, the kidney responds by a reduction in the 

rate of bicarbonate excretion. This results in an increase 

in the blood bicarbonate concentration and therefore 

assists in buffering the increase in hydrogen ions. Con-

versely, when the pH of body fluids rises (hydrogen ion 

concentration decreases), the kidneys increase the rate 

of bicarbonate excretion. Therefore, by changing the 

amount of buffer present in body fluids, the kidneys aid 

in the regulation of the hydrogen ion concentration. The 

kidney mechanism involved in regulating the bicarbon-

ate concentration is located in a portion of the kidney 

called the tubule, and acts through a series of complicated 

reactions and active transport across the tubular wall.

 Why is the kidney not an important regulator of 

acid-base balance during exercise? The answer lies in 

the amount of time required for the kidney to respond to 

an acid-base disturbance. It takes several hours for the 

kidneys to react effectively in response to an increase 

in   blood hydrogen ions (6–8). Therefore, the kidneys 

respond too slowly to be of major benefit in the regula-

tion of hydrogen ion concentration during exercise.
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Figure 11.4  Changes in arterial blood pH and muscle 

pH during incremental exercise. Notice that arterial and 

muscle pH begin to fall together at work rates above 

50% V
.
 O2 max.

IN SUMMARY

■  Although the kidneys play an important role in the 

long-term regulation of acid-base balance, the 

 kidneys are not significant in the regulation of 

acid-base balance during exercise.

REGULATION OF ACID-BASE 
BALANCE DURING EXERCISE

During the final stages of an incremental exercise test 

or during near-maximal exercise of short duration, 

there is a decrease in both muscle and blood pH pri-

marily due to the increase in the production of lactic 

acid by the muscle (9, 11, 22). This point is illustrated 

in figure 11.4, where the changes in blood and muscle 

pH during an incremental exercise test are graphed as 

a function of % V
.
  O2 max. Note that muscle and blood 

pH follow similar trends during this type of exercise, 

but that muscle pH is always 0.4 to 0.6 pH unit lower 

than blood pH (20, 25). This is because muscle lactic 

acid concentration is higher than that of blood, and 

muscle buffering capacity is lower than that of blood.

 The amount of lactic acid produced during exer-

cise is dependent on (1) the exercise intensity, (2) the 

amount of muscle mass involved, and (3) the duration 

of the work (9, 11). Exercise involving high-intensity 

leg work (e.g., running) may reduce arterial pH from 

7.4 to a value of 7.0 within a few minutes (9, 14, 20, 30, 

40). Further, repeated bouts of this type of exercise 
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may cause blood pH to decline even further to a value 

of 6.8 (9). This blood pH value is the lowest ever 

recorded and would present a life-threatening situa-

tion if it were not corrected within a few minutes.

 How does the body regulate acid-base balance 

during exercise? Since the primary source of hydrogen 

ions released during exercise is lactic acid  produced 

within the working muscles, it is reasonable that the 

first line of defense against a rise in acid production 

would reside in the muscle itself. This is indeed the 

case. It is estimated that  intracellular proteins con-

tribute as much as 60% of the cell’s buffering capacity, 

with an additional 20% to 30% of the total buffering 

capacity coming from muscle bicarbonate (19). The 

final 10% to 20% of muscle buffering capacity comes 

from intracellular phosphate groups.

 Because the muscle’s buffering capacity is lim-

ited, extracellular fluid (principally the blood) must 

possess a means of buffering hydrogen ions as well. 

The principal extracellular buffer and probably the 

most important buffer in the body is blood bicarbon-

ate (19). Hemoglobin and blood proteins assist in this 

buffer process, but play only a minor role in blood 

buffering of lactic acid during exercise (19). Figure 11.5 

illustrates the role of blood bicarbonate as a buffer 
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Figure 11.5   Changes in blood concentrations of lactic 

acid, bicarbonate, and pH as a function of work rate.

during incremental  exercise. Note that as blood lactic 

acid concentration increases, blood bicarbonate con-

centration decreases proportionally (41). Also note 

that at approximately 50% to 60% of V
.
 O2 max, blood 

pH begins to decline due to the rise in lactic acid pro-

duction. This increase in blood hydrogen ion concen-

tration stimulates the carotid bodies, which then 

signal the respiratory control center to increase alveo-

lar ventilation (i.e., ventilatory threshold; see chap-

ter 10). An increase in alveolar ventilation results in 

the reduction of blood PCO2 and therefore acts to 

reduce the acid load produced by exercise. The overall 

process of respiratory assistance in buffering lactic 

acid during exercise is referred to as respiratory 

 compensation for metabolic acidosis.

IN SUMMARY

■  Figure 11.6 outlines the process of buffering 

exercise-induced acidosis.

■ The first line of defense against exercise-

produced hydrogen ions is the chemical buffer 

systems of the intracellular compartment and 

the blood. These buffer systems act rapidly to 

convert strong acids into weak acids.

■ Intracellular buffering occurs with the aid of 

cellular proteins, bicarbonate, and phosphate 

groups.

■ Blood buffering of hydrogen ions occurs through 

bicarbonate, hemoglobin, and blood proteins, 

with bicarbonate playing the most important role.

■ The second line of defense against pH shift 

 during exercise is respiratory compensation 

for metabolic acidosis.

Figure 11.6   Lines of defense against pH change during 

intense exercise.
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STUDY QUESTIONS

1. Define the terms acid, base, buffer, acidosis, alkalosis, and pH.
2. Graph the pH scale. Label the pH values that represent 

normal arterial and intracellular pH.
3. List and briefly discuss the three major groups of acids 

formed by the body.
4. Why is the maintenance of acid-base homeostasis impor-

tant to physical performance?

5. What are the principal intracellular and extracellular 
buffers?

6. Discuss respiratory compensation for metabolic acido-
sis. What would happen to blood pH if an individual 
began to hyperventilate at rest? Why?

7. Briefly, outline how the body resists pH change during 
exercise.
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12
Temperature Regulation

■ Objectives

By studying this chapter, you should be able to do the following:

 1. Define the term homeotherm.

 2.  Present an overview of heat balance during 
exercise.

 3.  Discuss the concept of “core temperature.”

 4.  List the principal means of involuntarily 
increasing heat production.

 5.  Define the four processes by which the body 
can lose heat during exercise.

 6.  Discuss the role of the hypothalamus as the 
body’s thermostat.

 7.  Explain the thermal events that occur during 
exercise in both a cool/moderate and 
hot/humid environment.

 8.  List the physiological adaptations that occur 
during acclimatization to heat.

 9.  Describe the physiological responses to a 
cold environment.

10.  Discuss the physiological changes that occur 
in response to cold acclimatization.
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Body core temperature regulation is critical be cause 
cellular structures and metabolic pathways are 

affected by temperature. For example, en zymes that 
regulate metabolic pathways are greatly in flu enced by 
temperature changes; an increase in body tempera-
ture above 45° C (normal core temperature is approxi-
mately 37° C) may destroy the protein structure of 
enzymes, resulting in death, and a decrease in body 
temperature below 34° C may cause a slowed metabo-
lism and abnormal cardiac function (arrhythmias) 
(6, 16, 27, 42, 62). Hence, people and many animals 
live their entire lives only a few degrees from their 
thermal death point. Therefore, it is clear that body 
temperature must be carefully regulated.
 Animals that maintain a rather constant body 
core temperature are called homeotherms. The main-
tenance of a constant body temperature requires that 
heat loss must match the rate of heat production. To 
accomplish thermal regulation, the body is well 
equipped with both nervous and hormonal mecha-
nisms that regulate metabolic rate as well as the 
amount of heat loss in response to body temperature 
changes. The temperature-maintenance strategy of 
homeotherms uses a “furnace” rather than a “refriger-
ator” to maintain body temperature at a constant 
level. That is, the body temperature is set near the 
high end of the survival range and is held constant by 
continuous metabolic heat production coupled with a 
small but continual heat loss. The rationale for this 
strategy seems to be that temperature regulation by 
heat conservation and generation is very efficient, 
while our cooling capacity is much more limited (30).
 Because contracting skeletal muscles produce 
large amounts of heat, long-term exercise in a hot/
humid environment presents a serious challenge to 
temperature homeostasis. In fact, many exercise sci-
entists believe that overheating is the only serious 
threat to health that exercise presents to a healthy 
individual. This chapter discusses the principles of 
temperature regulation during exercise. The cardio-
vascular and pulmonary responses to exercise in a hot 
environment have already been discussed in chap-
ters 9 and 10, respectively, and the influence of tem-
perature on performance is discussed in chapter 24.

OVERVIEW OF HEAT BALANCE 
DURING EXERCISE

D. B. Dill and colleagues performed many of the fi rst 
studies of heat stress in humans at the Harvard Fatigue 
Laboratory. This early research provided the scientifi c 
foundation for our current understanding of thermal 
stress and temperature regulation during exercise. 
See A Look Back—Important People in Science for a 
historical overview of the work of D. B. Dill.

 The goal of temperature regulation is to maintain 
a constant deep-body temperature and thus prevent 
overheating or overcooling. If the core temperature is 
to remain constant, the amount of heat lost must 
match the amount of heat gained (see figure 12.1). 
Consistent with that, if heat loss is less than heat pro-
duction, there is a net gain in body heat and therefore 
body temperature rises; if heat loss exceeds heat pro-
duction, there is a net loss in body heat and body 
temperature decreases.
 During exercise, body temperature is regulated by 
making adjustments in the amount of heat that is lost. 
One of the important functions of the circulatory sys-
tem is to transport heat. Blood is very effective in this 
function because it has a high capacity to store heat. 
When the body is attempting to lose heat, blood flow 
is increased to the skin as a means of promoting heat 
loss to the environment. In contrast, when the goal of 
temperature regulation is to prevent heat loss, blood 
is directed away from the skin and toward the interior 
of the body to prevent additional heat loss.
 It is important to point out that within the body, 
temperature varies a great deal. That is, there is a 
gradient between deep-body temperature (i.e., deep 
central areas, including the heart, lungs, abdominal 
organs) and the “shell” (skin) temperature. In extreme 
circumstances (i.e., exposure to very cold tempera-
tures), the core temperature may be 20° C higher 
than the shell. However, such large core-to-shell gra-
dients are rare, and the ideal difference between core 
and shell temperatures is approximately 4° C (2, 57). 
Even within the core, temperature varies from one 
organ to another. Because large differences in tem-
perature exist between one body part and another, it 
is important to be specific as to where body temper-
ature is being measured. Therefore, the term body 

temperature is a misnomer and should be replaced by 
more descriptive terms such as core temperature or skin 

temperature, depending on which temperature is being 
discussed (2).

Figure 12.1 During steady-state conditions, temperature 

homeostasis is maintained by an equal rate of body heat 

gain and heat loss.
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■ Homeotherms are animals that maintain a 
rather constant body core temperature. To 
maintain a constant core temperature, heat loss 
must match heat gain.

■ Temperature varies a great deal within the body. 
In general, there is a thermal gradient from 
deep body temperature (core temperature) to 
the shell (skin) temperature.

IN SUMMARY

TEMPERATURE MEASUREMENT 
DURING EXERCISE

Measurements of deep-body temperatures can be 
accomplished with mercury thermometers or with 
devices known as thermocouples or thermistors. In the lab-
oratory setting, one of the most common sites of core 
temperature measurement is the rectum. Although rec-
tal temperature is not the same as the temperature 
in the brain where temperature is regulated, it can be 
used to estimate changes in deep-body temperature 

during exercise. In addition, temperature measure-
ments near the eardrum (called tympanic temperature) 
have been found to be a good estimate of the actual 
brain temperature. Another alternative is to measure 
the temperature of the esophagus as an indication of 
core temperature. Like rectal temperature, esophageal 
temperature is not identical to brain temperature, but 
it offers a measure of deep-body temperature.
 Although the measurements of rectal, tympanic, 
and esophageal temperature can easily be performed 
in the laboratory setting, each of these techniques 
has limitations in a field setting. Indeed, it would be 
difficult to apply these temperature measurement 
techniques in athletes during an American football or 
soccer practice session. Nonetheless, the recent 
de velopment of ingestible temperature sensor telem-
etry systems has made on-field core temperature 
measurement possible and allowed the investigation 
of core temperature changes in athletes during prac-
tice sessions (3, 40). These ingestible temperature 
sensors use low-power radio frequency transmissions 
to communicate with a temperature monitor. These 
probes have been shown to be both valid and reliable 
in measuring core temperature in football players 
during practice (3).

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

D. B. Dill  Was a Pioneer in Environmental and Heat Stress Research

David Bruce (D. B.) 

Dill (1891–1986) was 

born in Kansas, but 

after the death of his 

parents he was raised 

by relatives in Iowa and 

California. He re ceived 

his B.S. degree from Occidental College 

in California and earned his M.S. degree 

from Stanford University. After working 

for several years as a chemistry teacher 

and later as an employee of the U.S. 

Bureau of Chemistry, he returned to 

Stanford University to complete his 

Ph.D. in 1925. After graduation, Dr. Dill 

went to Harvard University as a National 

Research Council Fellow to work with 

L. J. Henderson (i.e., Henderson-

 Hasselbalch equation, chapter 11).

 In 1927, Dr. Dill became one of the 

founding members of the Harvard 

Fatigue Laboratory. This important 

research laboratory was charged with 

investigating factors that infl uenced 

human fatigue, including the impact of 

extreme environments (i.e., heat, cold, 

and high altitude), exercise, nutrition, 

acid-base balance, and aging. During 

the 20-year existence of the Harvard 

Fatigue Laboratory, the work completed 

by Dr. Dill and his colleagues greatly 

advanced our understanding of both 

environmental and exercise physiology.

 After the closure of the Harvard 

Fatigue Laboratory, Dr. Dill accepted an 

appointment as scientifi c director of the 

Medical Division of the Army Chemical 

Center where he directed research until 

1961. Dr. Dill’s research at this army 

research center produced many impor-

tant outcomes, including research that 

led to better methods of cardiopulmo-

nary resuscitation—these same proce-

dures are still used today and have 

saved many lives around the world.

 Following his mandatory retirement 

from the Army Research Center at age 

70, Dr. Dill joined the faculty at the 

 University of Indiana for a fi ve-year 

research appointment. He then moved 

to Boulder City, Nevada, in 1966 to 

become a research professor at the 

Desert Research Institute, University of 

Nevada–Las Vegas. At the Desert 

Research Institute, Dr. Dill continued 

his work on the physiological impact of 

heat stress, and he remained active in 

environmental stress research until his 

death at age 95. Interestingly, he pre-

sented his last lecture at a scientifi c 

meeting at the age of 93. The topic dis-

cussed was the change in D. B. Dill’s 

V̇O2 max during the past 60 years! In 

fact, at age 93, Dr. Dill was the oldest 

person to perform a V̇O2 max test. 

During Dr. Dill's long and productive 

scientifi c career, he co-authored numer-

ous books and more than 300 research 

reports. Many of these studies laid the 

foundation for our current understand-

ing of the impact of heat stress on 

human physiology and performance.
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 Skin temperature can be measured by placing 
temperature sensors (thermistors) on the skin at vari-
ous locations. The mean skin temperature can be cal-
culated by assigning certain factors to each individual 
skin measurement in proportion to the fraction of the 
body’s total surface area that each measurement rep-
resents. For example, mean skin temperature (Ts) can 
be estimated by the following formula (31):

Ts ⴝ (Tforehead ⴙ Tchest ⴙ Tforearm ⴙ Tthigh ⴙ Tcalf ⴙ

Tabdomen ⴙ Tback) ⴜ 7

where Tforehead, Tchest, Tforearm, Tthigh, Tcalf, Tabdomen, and 
Tback represent skin temperatures measured on the 
forehead, chest, forearm, thigh, calf, abdomen, and 
back, respectively.

■ Measurements of deep-body temperatures can 
be accomplished via mercury thermometers, or 
devices known as thermocouples or thermis-
tors. Common sites of measurement include 
the rectum, the ear (tympanic temperature), 
and the esophagus.

■ Skin temperature can be measured by placing 
temperature sensors (thermistors) on the skin 
at various locations.

IN SUMMARY

OVERVIEW OF HEAT 
PRODUCTION/HEAT LOSS

As previously stated, the goal of temperature regula-
tion is to maintain a constant core temperature. This 
regulation is achieved by controlling the rate of heat 
production and heat loss. When out of balance, the 
body either gains or loses heat. The temperature con-
trol center is an area in the brain called the hypothala-
mus. The hypothalamus works like a thermostat by 
initiating an increase in heat production when body 
temperature falls and an increase in the rate of heat 
loss when body temperature rises. Temperature regu-
lation is controlled by both physical and chemical 
processes. Let’s begin our discussion of temperature 
regulation by introducing those factors that govern 
heat production and heat loss.

Heat Production

The body produces internal heat due to normal 
metabolic processes. At rest or during sleep, meta-
bolic heat production is small; however, during in tense 
exercise, heat production is large. Heat production 
can be classified as (1) voluntary (exercise) or 
(2) in voluntary (shivering or biochemical heat produc-
tion caused by the secretion of hormones such as thy-
roxine and catecholamines) (see figure 12.2).

 Because the body is, at most, 20% to 30% efficient, 
70% to 80% of the energy expended during exercise 
appears as heat. During heavy exercise, this can result 
in a large heat load. Indeed, work in a hot/humid envi-
ronment serves as a serious test of the body’s ability 
to lose heat.
 Involuntary heat production by shivering is the 
primary means of increasing heat production during 
exposure to cold. Maximal shivering can increase the 
body’s heat production by approximately five times 
the resting value (6, 17). In addition, release of thyrox-
ine from the thyroid gland can also increase metabolic 
rate. Thyroxine acts by increasing the metabolic rate 
of all cells in the body (11, 17, 26). Finally, an increase 
in blood levels of catecholamines (epinephrine and 
norepinephrine) can cause an increase in the rate of 
cellular metabolism (24). The increase in heat produc-
tion due to the combined influences of thyroxine and 
catecholamines is called nonshivering thermogenesis.

Heat Loss

Heat loss from the body may occur by four processes: 
(1) radiation, (2) conduction, (3) convection, and/or 
(4) evaporation. The first three of these heat loss 
mechanisms require a temperature gradient to exist 
between the skin and the environment. Radiation is 
heat loss in the form of infrared rays. This involves the 
transfer of heat from the surface of one object to the 
surface of another, with no physical contact being 
involved (i.e., sun transferring heat to the earth via 
radiation). At rest in a comfortable environment (e.g., 
room temperature ⫽ 21° C), 60% of the heat loss 
occurs via radiation. This is possible because skin 
temperature is greater than the temperature of sur-
rounding objects (walls, floor, etc.), and a net loss of 
body heat occurs due to the thermal gradient. Note 
that on a hot, sunny day when surface temperatures 
are greater than skin temperature, the body can also 
gain heat via radiation (45). Therefore, it is important 
to remember that radiation is heat transfer by infrared 
rays and can result in either heat loss or heat gain 
depending on the environmental conditions.

Figure 12.2 The body produces heat due to normal 

metabolic processes. Heat production can be classified 

as being either voluntary or involuntary.

Heat Production
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 Conduction is defined as the transfer of heat from 
the body into the molecules of cooler objects in con-
tact with its surface. In general, the body loses only 
small amounts of heat due to this process. An exam-
ple of heat loss due to conduction is the transfer of 
heat from the body to a metal chair while a person is 
sitting on it. The heat loss occurs as long as the chair 
is cooler than the body surface in contact with it.
 Convection is a form of conductive heat loss in 
which heat is transmitted to either air or water mole-
cules in contact with the body. In convective heat 
loss, air or water molecules are warmed and move 
away from the source of the heat and are replaced by 
cooler molecules. An example of forced convection is a 
fan moving large quantities of air past the skin; this 
would increase the number of air molecules coming 
in contact with the skin and thus promote heat loss. 
Practically speaking, the amount of heat loss due to 
convection is dependent on the airflow over the skin. 
Therefore, under the same wind conditions, cycling at 
high speeds would improve convective cooling when 
compared to cycling at slow speeds or running. Swim-
ming in cool water (water temperature less than skin 
temperature) also results in convective heat loss. In 
fact, water’s effectiveness in cooling is about 25 times 
greater than that of air at the same temperature.
 The final means of heat loss is evaporation. Evap-
oration accounts for approximately 25% of the heat 
loss at rest, but under most environmental conditions 
it is the most important means of heat loss during exer-
cise (43). In evaporation, heat is transferred from the 
body to water on the surface of the skin. When this 
water gains sufficient heat (energy), it is converted to a 
gas (water vapor), taking the heat away from the body. 
Note that evaporation occurs due to a vapor pressure 
gradient between the skin and the air. Vapor pressure is 
the pressure exerted by water molecules that have been 
converted to gas (water vapor). Evaporative cooling 
during exercise occurs in the following way. When body 
temperature rises above normal, the nervous system 
stimulates sweat glands to secrete sweat onto the sur-
face of the skin. As sweat evaporates, heat is lost to the 
environment, which in turn lowers skin temperature.
 Evaporation of sweat from the skin is dependent 
on three factors: (1) the temperature and relative 
humidity, (2) the convective currents around the body, 
and (3) the amount of skin surface exposed to the envi-
ronment (2, 42). At high environmental temperatures, 
relative humidity is the most important factor by far in 
determining the rate of evaporative heat loss. High rel-
ative humidity reduces the rate of evaporation. In fact, 
when the relative humidity is near 100%, evaporation is 
limited. Therefore, cooling by way of evaporation is 
most effective under conditions of low humidity.
 Why does high relative humidity reduce the rate 
of evaporation? The answer is linked to the fact that 
high relative humidity (RH) reduces the vapor  pressure 

gradient between the skin and the environment. On a 
hot/humid day (e.g., RH ⫽ 80%–90%), the vapor pres-
sure in the air is close to the vapor pressure on moist 
skin. Therefore, the rate of evaporation is greatly 
reduced. High sweat rates during exercise in a hot/
high humidity environment result in useless water 
loss. That is, sweating per se does not cool the skin; it 
is evaporation that cools the skin (39).
 Let’s explore in more detail those factors that 
regulate the rate of evaporation. The major point to 
keep in mind is that evaporation occurs due to a vapor 
pressure gradient. That is, for evaporative cooling to 
occur during exercise, the vapor pressure on the skin 
must be greater than the vapor pressure in the air. 
Vapor pressure is influenced by both temperature and 
relative humidity. This relationship is illustrated in 
table 12.1, which states that at any given temperature, 
a rise in relative humidity results in increased vapor 
pressure. Practically speaking, this means that less 
evaporative cooling occurs during exercise on a hot/
humid day when compared to a cool/low humidity 
day. For example, an athlete running on a hot/humid 
day (e.g., air temperature ⫽ 30° C; RH ⫽ 100%) might 
have a mean skin temperature in the range of 
33°–34° C. The vapor pressure on the skin would be 
approximately 35 mm Hg and the air vapor pressure 
would be around 32 mm Hg (table 12.1). This small 
vapor pressure gradient between the skin and air 
(3 mm Hg) would permit only limited evaporation, 

 50% RH  Vapor Pressure

 Temperature °C  (mm Hg)

  0  2.3

 10  4.6

 20  8.8

 30 15.9

 75% RH  Vapor Pressure

 Temperature °C  (mm Hg)

  0  3.4

 10  6.9

 20 13.2

 30 23.9

 100% RH  Vapor Pressure

 Temperature °C (mm Hg)

  0  4.6

 10  9.2

 20 17.6

 30 31.9

TABLE 12.1   The Relationship Between 

Temperature and Relative 

Humidity (RH) on Vapor 

Pressure
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Figure 12.3 A summary of heat exchange mechanisms during exercise. 
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and therefore little cooling would occur. In contrast, 
the same athlete running on a cool/low humidity day 
(e.g., air temperature ⫽ 10° C; RH ⫽ 50%) might have 
a mean skin temperature of 30° C. The vapor pressure 
gradient between the skin and air under these condi-
tions would be approximately 28 mm Hg (32 ⫺ 4 ⫽ 28) 
(table 12.1). This relatively large skin-to-air vapor 
pressure gradient would permit a reasonably large 
evaporative rate, and therefore adequate body cool-
ing would occur under these conditions.
 How much heat can be lost via evaporation dur-
ing exercise? Heat loss due to evaporation can be 
calculated in the following manner. The body loses 

0.58 kcal of heat for each ml of water that evaporates 
(73). Therefore, evaporation of 1 liter of sweat would 
result in a heat loss of 580 kcal (1,000 ml ⫻ 0.58 kcal/
ml ⫽ 580 kcal). See A Closer Look 12.1 for additional 
examples of body heat loss calculations.
 In summary, heat loss during exercise (other than 
swimming) in a cool/moderate environment occurs 
primarily due to evaporation. In fact, when exercise is 
performed in a hot environment (where air tempera-
ture is greater than skin temperature), evaporation is 
the only means of losing body heat. The means by 
which the body gains and loses heat during exercise 
are summarized in figure 12.3.

A CLOSER LOOK 12.1

Calculation of Heat Loss via Evaporation

Knowing that evaporation of 1,000 ml 

of sweat results in 580 kcal of heat loss 

permits one to calculate the sweat 

and evaporation rate necessary to 

maintain a specifi ed body tempera-

ture during exercise. Consider the fol-

lowing example: John Hothead is 

working on a cycle ergometer at a V̇O2 

of 2.0 liters ⭈ min⫺1 (energy expendi-

ture of 10.0 kcal ⭈ min⫺1). If John 

ex ercises for twenty minutes at this 

metabolic rate and is 20% effi cient, 

how much evaporation would be nec-

essary to prevent an increase in core 

temperature?1 The total heat pro-

duced can be calculated as:

Total energy expenditure

ⴝ 20 min ⴛ 10 kcal/min

ⴝ 200 kcal

Total heat produced

ⴝ 200 kcal ⴛ .801

ⴝ 160 kcal

The total evaporation necessary to 

prevent any heat gain would be 

 computed as:

  160 kcal _____________  
580 kcal/liter

   ⴝ  .276 liter2  

(evaporation  

necessary to  

prevent heat gain) 

1If effi ciency is 20%, then 80%, or .80 of the total 

energy expenditure, must be released as heat.
2Assumes no other heat-loss mechanism is 

active.
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Heat Storage in the Body 
During Exercise

Now that we have discussed both heat production and 
heat loss, let’s talk about heat storage in the body during 
exercise. As mentioned earlier, any heat that is produced 
by the working muscles during exercise and is not lost, 
must be stored in body tissues. Therefore, the amount 
of heat gain in the body during exercise is computed as 
the difference between heat production and heat loss:

Body heat gain during exercise ⴝ  (heat 

produced ⴚ 
heat loss)

 The amount of heat energy required to raise body 
temperature depends upon the size of the individual 
(i.e., body weight) and a characteristic of body tissue 
called specific heat. The term specific heat refers to the 
amount of heat energy required to raise 1 kilogram of 
body tissue by 1° C. The specific heat for the human body 
is 0.83 kilocalorie (kcal) per kilogram of body mass. 
Therefore, the amount of heat required to elevate the 
body temperature by 1° C can be computed as follows:

 Heat required to increase

body temperature by 1° C ⴝ  (specifi c heat ⴛ 

body mass)

For example, using the equation above, the amount of 
heat required to increase body temperature by 1° C 

in a 70-kg individual can be computed by multiplying 
the specific heat of the body (0.83 kcal/kg) by the 
in dividual’s body weight (70 kg). Therefore, the heat 
re quired to increase body temperature by 1° C would 
be 58.1 kcal (i.e., 0.83 kcal/kg ⫻ 70 kg ⫽ 58.1 kcal). See 
A Closer Look 12.2 for more examples of body heat 
gain calculations.

■ Muscular exercise can result in large amounts 
of heat production. Because the body is at most 
20% to 30% efficient, 70% to 80% of the energy 
expended during exercise is released as heat.

■ Body heat can be lost by evaporation, convec-
tion, conduction, and radiation. During exercise 
in a cool environment, evaporation is the pri-
mary avenue for heat loss.

■ The rate of evaporation from the skin is depen-
dent upon three factors: (1) temperature and 
relative humidity, (2) convective currents 
around the body, and (3) the amount of skin 
exposed to the environment.

■ Body heat storage is the difference between 
heat production and heat loss.

■ The amount of heat required to elevate body 
temperature by 1° C is termed the specific heat 
of the body

IN SUMMARY

A CLOSER LOOK 12.2

Calculation of Body Temperature Increase During Exercise

Knowledge of the specific heat of the 

human body, along with information 

regarding how much heat is produced 

and lost from the body during exercise, 

permits the calculation of how much 

body temperature will increase during 

an exercise session. To better under-

stand how to perform these calculations, 

let’s consider the following ex ample of 

an athlete performing an endurance 

training workout. For ex ample, a well-

trained distance runner performs a train-

ing session on an outdoor track. The 

weather on this day is relatively hot 

(30° C) and humid (60% relative humid-

ity). The runner weighs 60 kg and per-

forms a 40-minute workout at a V̇O2 of 

3.0 liters min⫺1 (i.e., energy expenditure 

of 15 kcal per minute). If this runner is 

20% efficient and can lose only 60% of 

the heat produced during exercise, how 

much will her or his body temperature 

increase during this exercise session? 

The total heat storage and body tem-

perature in crease during exercise can 

be calculated in the following steps:

1. Total energy expenditure

 ⫽ 40 min ⫻ 15 kcal/min

 ⫽ 600 kcal

2. Total heat produced

 ⫽ 600 kcal ⫻ 0.801

 ⫽ 480 kcal

3. Total heat stored during exercise

 ⫽ 480 kcal ⫻ 0.402

 ⫽ 192 kcal

4.  Amount of heat storage required 

to increase body temperature by 

1° C

 ⫽ 0.83 kcal/kg ⫻ 60 kg3

 ⫽ 49.8 kcal

The increase in body temperature 

resulting from this exercise session can 

now be calculated as follows:

5.  Increase in body temperature 

(°C) during exercise ⴝ Total heat 

stored during exercise (specifi c 

heat ⴛ body mass)

 ⫽ 192 kcal/49.8  kcal/°C

 ⫽ 3.86° C

In the current example, this exercise 

bout would result in an increase in 

body temperature by 3.86⬚ C—that is, 

192 kcal/(0.83 kcal/kg ⫻ 60 kg). There-

fore, if the athlete began the training 

session with a body temperature of 

37⬚ C, the post-exercise body tempera-

ture would increase to 40.86⬚ C (i.e., 

37⬚ C ⫹ 3.86⬚ C).

1 If the efficiency is 20%, then 80%, or 0.80, of the to-

tal energy expenditure must be released as heat.
2 If the athlete can lose only 60% of the heat pro-

duced during exercise, the remaining 40%, or 0.40, of 

the heat produced must be stored as heat energy.
3 The amount of heat required to increase body 

temperature by 1° C ⫽ (specific heat ⫻ body mass).
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BODY’S THERMOSTAT—
HYPOTHALAMUS

Again, the body’s temperature regulatory center is 
located in the hypothalamus. The anterior hypothal-

amus is primarily responsible for dealing with 
increases in body heat, whereas the posterior hypo-

thalamus is responsible for reacting to a decrease in 
body temperature. In general, the hypothalamus oper-
ates much like a thermostat in your home—that is, it 
attempts to maintain a relatively constant core tem-
perature around some “set point.” The set-point tem-
perature in humans is approximately 37° C.
 The input to the temperature-regulating centers 
in the hypothalamus comes from receptors in both 
the skin and the core. Changes in environmental 
temperature are first detected by thermal receptors 
(both heat and cold) located in the skin. These skin 
temperature receptors transmit nerve impulses to 
the hy pothalamus, which then initiates the appro-
priate response in an effort to maintain the body’s 
set-point temperature. Further, heat-/cold-sensitive 
neurons are located in both the spinal cord and 
the hypothalamus itself, sensing changes in the core 
temperature.
 An increase in core temperature above the set 
point results in the hypothalamus initiating a series 
of physiological actions aimed at increasing the 
amount of heat loss. First, the hypothalamus stimu-
lates the sweat glands, which results in an increase in 
evaporative heat loss (29, 32). In addition, the vaso-
motor control center withdraws the normal vasocon-
strictor tone to the skin, promoting increased skin 
blood flow and therefore allowing increased heat loss. 
Figure 12.4 illustrates the physiological responses 
associated with an increase in core temperature. 
When core temperature returns to normal, the stimu-
lus to promote both sweating and vasodilation is 
removed. This is an example of a control system using 
negative feedback (see chapter 2).

 When cold receptors are stimulated in the skin or 
the hypothalamus, the thermoregulatory control cen-
ter sets forth a plan of action to minimize heat loss 
and increase heat production. First, the vasomotor 
center directs peripheral blood vessels to vasocon-
strict, which reduces heat loss (26). Second, if core 
temperature drops significantly, involuntary shivering 
begins (70). Additional responses include stimulation 
of the pilomotor center, which promotes piloerection 
(goosebumps). This piloerection reflex is an effective 
means of increasing the insulation space over the skin 
in fur-bearing animals, but is not an effective means 
of preventing heat loss in humans. Further, the hypo-
thalamus indirectly increases thyroxine production 
and release, which increases cellular heat production 
(7). Finally, the posterior hypothalamus initiates the 
release of norepinephrine, which increases the rate of 
cellular metabolism (nonshivering thermogenesis). 
The physiological responses to a drop in core temper-
ature are summarized in figure 12.5.

Shift in the Hypothalamic Thermostat 
Set Point Due to Fever

A fever is an increase in body temperature above the 
normal range, and it may be caused by a number of 
bacterial diseases or brain disorders. During a fever, 
certain proteins and other toxins secreted by bacteria 
can cause the set point of the hypothalamic thermo-
stat to rise above the normal level. Substances that 
cause this effect are called pyrogens. When the set 
point of the hypothalamic thermostat is raised to a 
higher level than normal, all the mechanisms for rais-
ing body temperature are called into play (24). Within 
a few hours after the thermostat has been set to a 

Figure 12.4 A summary illustration of the physiological 

responses to an increase in “heat load.”

Hypothalamus

Integration

Sweating

Effectors

Cutaneous
vasodilation

Heat load

Skin

Thermal receptors

Physiological response to a "Heat Load"

Core

Figure 12.5 An illustration of the physiological responses 

to cold stress.

Hypothalamus

Integrator

Catecholamine
release

Thyroxin
release

Effectors

Shivering

Cutaneous
vasoconstriction

Cold

Core

Receptors

Physiological Responses to Cold

Skin



www.mhhe.com/powers7e Chapter Twelve Temperature Regulation 249

higher level, the body core temperature reaches this 
new level due to heat conservation.

■ The body’s thermostat is located in the 
hypothalamus.

■ The anterior hypothalamus is responsible for 
reacting to increases in core temperature, while 
the posterior hypothalamus governs the body’s 
responses to a decrease in temperature.

■ An increase in core temperature results in the 
anterior hypothalamus initiating a series of 
physiological actions aimed at increasing heat 
loss. These actions include (1) the commence-
ment of sweating and (2) an increase in skin 
blood flow.

■ Cold exposure results in the posterior hypothal-
amus promoting physiological changes that 
increase body heat production (shivering) and 
reduce heat loss (cutaneous vasoconstriction).

IN SUMMARY

THERMAL EVENTS 
DURING EXERCISE

Now that an overview of how the hypothalamus 
re sponds to different thermal challenges has been 
presented, let’s examine a brief scenario of the ther-
mal events that occur during submaximal constant-
load exercise in a cool/moderate environment (i.e., 
low humidity and room temperature). Heat produc-
tion increases during exercise due to muscular con-
traction and is directly proportional to the exercise 
intensity. The venous blood draining the exercising 
muscle distributes the excess heat throughout the 
body core. As core temperature increases, thermal 
sensors in the hypothalamus sense the increase in 
blood temperature, and the thermal integration cen-
ter in the hypothalamus compares this increase in 
temperature with the set-point temperature and 
finds a difference between the two (20, 42, 44, 71). 
The response is to direct the nervous system to com-
mence sweating and to increase blood flow to the 
skin (4, 46). These acts serve to increase body heat 
loss and minimize the increase in body temperature. 
At this point, the internal temperature reaches a 
new, elevated steady-state level (see figure 12.6). 
Note that this new steady-state core temperature 
does not represent a change in the set-point tem-
perature, as occurs in fever (20, 42, 44, 75). Instead, 
the thermal regulatory center attempts to return the 
core temperature back to resting levels, but is inca-
pable of doing so in the face of the sustained heat 
production associated with exercise.

 Figure 12.6 also illustrates the roles of evapora-
tion, convection, and radiation in heat loss during 
constant-load exercise in a moderate environment. 
Notice the constant but small role of convection and 
radiation in heat loss during this type of exercise. This 
is due to a constant temperature gradient between 
the skin and the room. In contrast, evaporation plays 
the most important role in heat loss during exercise 
in this type of environment (42, 44, 48).
 During constant-load exercise, the core tempera-
ture increase is directly related to the exercise inten-
sity and is independent of ambient temperature 
over a wide range of conditions (i.e., 8°–29° C with 
low relative humidity) (47). This point is illustrated in 
figure 12.7. Notice the linear rise in core temperature 
as the metabolic rate increases. The fact that it is the 
exercise intensity and not the environmental temper-
ature that determines the rise in core temperature 

Figure 12.6 Changes in metabolic energy production, 

evaporative heat loss, convective heat loss, and radiative 

heat loss during twenty-five minutes of submaximal exer-

cise in a cool environment.
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during exercise suggests that the method of heat loss 
during continuous exercise is modified according to 
ambient conditions (35, 47). This concept is pre-
sented in figure 12.8, which shows heat loss mecha-
nisms during constant-intensity exercise. Note that 
as the ambient temperature increases, the rate of 
convective and ra diative heat loss decreases due to a 
decrease in the skin-to-room temperature gradient. 
This decrease in convective and radiative heat loss is 

matched by an increase in evaporative heat loss, and 
core temperature remains the same (see figure 12.8).
 As mentioned previously, heat production in-
 creases in proportion to the exercise intensity. This 
point is illustrated in figure 12.9. Notice the linear 
in crease in energy output (expenditure), heat produc-
tion, and total heat loss as a function of exercise work 
rate. Further, note that convective and radiative heat 
loss do not increase as a function of exercise work 

Figure 12.8 Heat exchange during exercise at 

different environmental temperatures. Notice 

the change in evaporative and convective/

radiative heat loss as the environmental tem-

perature increases. See text for discussion. 

From M. Nelson, 1938, “Die Regulation der 

Korpertemperatur bei Muskelarbeit” in Scandi-

navica Archives Physiology, 79:193. Copyright © 

1938 Blackwell Scientific Publications, Ltd., 

Oxford, England. Reprinted by permission.
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rate. This is due to a relatively constant temperature 
gra dient between the skin and the environment. In 
contrast, there is a consistent rise in evaporative heat 
loss with increments in exercise intensity. This obser-
vation reemphasizes the point that evaporation is the 
primary means of losing heat during exercise.

■ During constant intensity exercise, the increase 
in body temperature is directly related to the 
exercise intensity.

■ Body heat production increases in proportion 
to exercise intensity.

IN SUMMARY

HEAT INDEX—A MEASURE 
OF HOW HOT IT FEELS

The Heat Index (HI) is typically expressed in degrees 
Fahrenheit (F) (or Centigrade) and is a measure of 
how hot it feels when relative humidity is added to 
the actual air temperature. In other words, the HI is 
a measure of the body's perception of how hot it 
feels. The HI is calculated by combining the air tem-
perature and relative humidity to compute an appar-
ent temperature. As discussed previously, heat loss 
by evaporation is the most important means of heat 
loss during exercise (43). However, when the relative 
humidity is high (i.e., high water vapor saturation in 
the atmosphere), the evaporation rate of sweat is 
retarded. This means that heat is removed from the 
body at a lower rate, resulting in body heat storage 
and an increase in body temperature. Therefore, 
high humidity increases an individual's perception 
of how hot the environment feels. For example, if 
the air temperature is 82° F and the relative humid-
ity is 80%, the calculated HI is 89° F. In this illustra-
tion, the environment feels like 89° F rather than the 
actual air temperature of 82° F. Figure 12.10 provides 
the HI over a range of relative humidity (%) values 
and temperatures.

EXERCISE IN THE HEAT

Continuous exercise in a hot/humid environment 
poses a particularly stressful challenge to the mainte-
nance of normal body temperature and fluid homeo-
stasis. High heat and humidity reduce the body’s 
ability to lose heat by radiation/convection and evap-
oration, respectively. This inability to lose heat during 
exercise in a hot/humid environment results in a 
greater core temperature and a higher sweat rate 
(more fluid loss) when compared to the same exercise 

in a moderate environment (54–57, 59, 67). This point 
is illustrated in figure 12.11. Notice the marked differ-
ences in sweat rates and core temperatures during 
exercise between the hot/humid conditions and the 
moderate environment. The combined effect of fluid 
loss and high core temperature increases the risk of 
hyperthermia (large rise in core temperature) and 
heat injury (see Clinical Applications 12.1, Ask the 
Expert 12.1, and chapter 24).

Sweat Rates During Exercise

In an effort to increase evaporative heat loss during 
exercise, humans rely on their ability to increase sweat 
production via eccrine sweat glands (i.e., sweat glands 
under sympathetic cholinergic control) (34). In this 
regard, exercise in a hot environment greatly increases 
sweat rates during training or competitive conditions 
(3, 5, 21, 34, 63, 64). Note, however, that sweat rates 
may vary widely across different individuals. For 
example, heat-acclimatized individuals have an ear-
lier onset of sweating and a higher sweat rate during 
exercise. Further, large individuals (i.e., large body 
mass) will likely have higher sweat rates compared to 
smaller individuals. Finally, genetic variations in sweat 
rates exist such that two individuals with the same 
body size and level of heat acclimatization may also 
differ in sweat rates.
 American football players, wearing full uniforms 
and practicing in a hot and humid environment, expe-
rience some of the largest sweat rates ever recorded 
for athletes. Although several reasons exist for high 
sweat loss in these athletes, two major contributors 
are that many football players possess large body 
masses and that football uniforms retard heat loss 
(see Ask the Expert 12.1 for more information). For 
example, a recent study revealed that the average 
sweat loss in football players was approximately 4 to 
5 liters per hour during a practice session in a hot and 
humid environment (21). Further, these investigators 
reported that during preseason practice sessions 
where athletes were practicing twice a day, the daily 
sweat loss ranged from 9 to 12 liters of water. Failure 
to replace this loss of fluid on a daily basis would 
result in progressive dehydration and increase the 
risk of heat injury (3, 63, 64). For more information on 
the importance of fluid replacement during exercise, 
see The Winning Edge 12.1.

Exercise Performance 
in a Hot Environment

Performance during prolonged, submaximal exercise 
(e.g., a marathon or long triathlon) is impaired in a 
hot/humid environment (41, 68). Further, athletic per-
formance during intermittent, high-intensity exercise 
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CLINICAL APPLICATIONS 12.1

Exercise-Related Heat Injuries Can Be Prevented

Heat injury during exercise can occur 

when the level of body heat produc-

tion is high and environmental condi-

tions (e.g., high ambient temperature 

and humidity) impede heat loss from 

the body. The primary cause of heat 

injury is hyperthermia (high body tem-

perature). Increases in body tempera-

ture of 2° C to 3° C generally do not 

have ill effects (2, 7). Nonetheless, 

increases in body temperature above 

40° C to 41° C can be associated with a 

variety of heat-related problems. Note 

that heat-related problems during ex-

ercise are not “all or none,” but form a 

heat-injury continuum that can extend 

from a relatively minor problem (i.e., 

heat syncope) to a life-threatening, 

major medical emergency (i.e., heat 

stroke). The general symptoms of heat 

stress include nausea, headache, diz-

ziness, reduced sweat rate, and the 

general inability to think rationally.

 Each year in the United States, sev-

eral heat-related problems in American 

football are reported (see Ask the 

Ex pert 12.1). Nonetheless, heat-related 

illness during exercise can be pre-

vented. To prevent overheating during 

exercise, the following guidelines are 

useful:

■ Exercise during the coolest part 

of the day.

■ Minimize both the intensity and 

duration of exercise on hot/

humid days.

■ Expose a maximal surface area 

of skin for evaporation (i.e., 

removal of clothing) during 

 exercise.

■ When removal of clothing during 

exercise is not possible (e.g., 

American football), provide fre-

quent rest/cool-down breaks 

along with intermittent clothing 

shed (e.g., removal of helmet 

and upper clothing).

■ To avoid dehydration during 

exercise, workouts should per-

mit frequent water breaks (cou-

pled with rest/cool-down).

■ Rest/cool-down breaks during 

exercise should remove the 

athlete from radiant heat gain 

due to direct sunlight (e.g., sit-

ting under a tent) and offer 

exposure to circulating, cool 

air (e.g., fans).

 When an athlete develops symp-

toms of heat injury, the obvious treat-

ment is to stop exercising and im-

mediately begin cooling the body (e.g., 

cold water immersion). Cold fl uids with 

electrolytes should also be provided 

for rehydration. See chapter 24 for more 

details on the signs and symptoms of 

heat injury.

(e.g., soccer or rugby) is also compromised on a hot 
day (41). While the precise mechanisms responsible 
for this impaired exercise performance continue to be 
debated, heat stress-induced hyperthermia, along 
with changes in muscle blood flow and metabolism, 
are contributory factors (41).
 Prolonged exercise in a hot environment results 
in increased body temperatures that can lead to 
hy perthermia. Hyperthermia can directly diminish 
ex ercise performance due to central nervous system 
impairment. Specifically, hyperthermia can act upon 
the central nervous system to reduce the mental drive 
for motor performance (61).
 Although controversial, research indicates that 
muscle blood flow is reduced during prolonged exer-
cise in a hot environment (22). This reduction in muscle 
blood flow during exercise in the heat occurs due to a 
competition for blood between the working muscles 
and the skin. That is, as body temperature rises during 
exercise in a hot environment, blood flow moves away 
from the contracting muscle toward the skin to assist in 
cooling the body.
 Compared to exercise in a cool environment, work 
in the heat results in a more rapid onset of muscular 
fatigue (9, 18, 52). Numerous studies have investi-
gated factors that contribute to fatigue in the heat. 

39

38

37

—

—

—

15

10

5

—

—

—

15 30 45

  | | |

Hot/humid environment
Cool environment

Rest
Exercise time (min)

C
o
re

 t
e
m

p
e
ra

tu
re

 (
°C

)
S

w
e
a
t 
ra

te
 (

m
l •

 m
in

 -
1
)

Figure 12.11 Differences in core temperature and sweat 

rate during forty-five minutes of submaximal exercise in a 

hot/humid environment versus a cool environment



254 Section One Physiology of Exercise

Collectively, these investigations reveal that heat-
induced muscular fatigue is not due to a single factor 
but occurs because of a combination of heat-related 
changes in muscle metabolism (see Research Focus 12.1 
for more details).
 Compared to exercise in a cool environment, 
exercise in the heat increases muscle glycogen usage 
and elevates muscle lactate production (22, 65). Col-
lectively, these changes in muscle metabolism may 
also contribute to the early fatigue during prolonged 
exercise in a hot climate.
 What strategies can athletes use to improve their 
exercise tolerance in a hot environment? Athletes can 
optimize exercise performance in the heat by becom-
ing heat acclimatized and consuming fluid before 
and during exercise. The process of physiological 
adaptation to heat (heat acclimatization) will improve 
exercise tolerance and will be discussed later in this 
chapter (Heat Acclimatization). Guidelines for the 
consumption of water before and during athletic per-
formance are presented in The Winning Edge 12.1 
and are also discussed in chapter 23.

Gender and Age Differences 
in Thermoregulation

Although controversy exists about the issue, most 
women appear to be less heat tolerant than men (49). 
Factors contributing to women’s limited heat toler-
ance include lower sweat rates and generally a higher 
percentage of body fat than men (a high percentage of 
body fat reduces heat loss). However, when women 
and men are matched for the same degree of heat 
acclimatization and similar body compositions, the 
gender differences in the physiological responses to 
thermal stress are small (49).
 Does aging impair one’s ability to thermoregulate 
and exercise in the heat? This issue remains contro-
versial, with some investigators suggesting that the 
ability to exercise in the heat deteriorates with old 
age (14) and others suggesting that age per se does 
not limit one’s ability to thermoregulate (13, 33, 34, 
51). However, two well-controlled studies have con-
cluded that exercise-conditioned old and young men 
show little difference in thermoregulation during 

 ASK THE EXPERT 12.1

Why Do Some Football Players Get Too Hot?

Questions and Answers with Dr. Larry Kenney

Larry Kenney, Ph.D., a 

professor in the Depart-

ments of Kinesiology and 

Physiology at the Pennsylva-

nia State University, is an 

internationally known 

researcher in the fi eld of 

temperature regulation dur-

ing exercise and a leader in the American Col-

lege of Sports Medicine. His research has 

addressed a variety of body temperature-related 

issues, including the effects of age and gender on 

thermoregulation. Indeed, Dr. Kenney’s research 

team has performed many of the “landmark” 

studies that explore the effects of both age and 

gender on temperature regulation during exer-

cise. Further, Dr. Kenney’s laboratory has investi-

gated the infl uence of different types of clothing 

on heat loss and gain during sports activities.

During the past 15 years in the United 

States, there has been an average of three heat-

related deaths during football practice.  These 

deaths often occur during the fi rst three days of 

summer practice and interior linemen are com-

monly the victims. In this box feature, Dr. Kenney 

answers three questions related to “why some 

football players get too hot.”

QUESTION: Why do heat-related inju -

ries in football often occur during 

the fi rst three days of summer 

practice?

ANSWER: Next to a history of heat stroke, 

a lack of acclimation to hot condi-

tions is the single, most important 

predictor for heat illness. Full accli-

mation to the heat may require 

as long as two weeks, but the most 

important physiological changes oc-

cur during the fi rst three days. A 

key event is the expansion of plasma 

volume occurring on days one and 

two that allows for cardiovascular 

in tegrity and serves as the founda-

tion for the subsequent increase in 

sweating rate.

QUESTION: Most of the recent heat inju-

ries in football have occurred in line-

men (e.g., guards, tackles). Compared 

to other positions in football, why do 

some linemen get too hot during 

football practice?

ANSWER: Linemen are the most likely 

to report to training camp or pre-

season practice in a state of low heat 

acclimation and poor cardiovascular 

 fi t ness. Because a high V̇O2 max 

ac celerates acclimation and aids 

in thermoregulation (because more 

blood can be shunted to the skin), 

leaner, fi tter players typically have 

an advantage during heavy exercise 

in hot conditions.

QUESTION: Recent research in your labo-

ratory has explored the effects of 

exercise on body heat loss in players 

who wear a full football uniform ver-

sus those who wear shorts. Compared 

to exercise in shorts, how much of an 

impediment to heat loss is provided 

by a complete football uniform?

ANSWER: A full football uniform, de -

pending on the confi guration and 

type of fabric, can triple the resis-

tance to sweat evaporation over 

shorts and a tee shirt alone.

For more information about heat stress 

in football, please see Bergeron et al. 

(2005) in the Suggested Readings.
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THE WINNING EDGE 12.1

 Prevention of Dehydration During Exercise

Athletic performance can be impaired 

by sweat-induced loss of body water 

(i.e., dehydration). Indeed, dehydra-

tion resulting in loss of 1% to 2% of 

body weight is sufficient to impair 

exercise performance (8). Dehydration 

of greater than 3% of body weight fur-

ther impairs physiological function and 

increases the risk of heat injury (8). 

Therefore, prevention of de hydration 

during exercise is important to both 

maximize athletic performance and 

prevent heat injuries. Dehydration can 

be avoided by adherence to the fol-

lowing guidelines:

■ Athletes should be well 

hydrated prior to beginning a 

workout or competition. This can 

be achieved by drinking 400 to 

800 ml of fluid within three 

hours prior to exercise (38).

■ Athletes should consume 150 to 

300 ml of fluid every fifteen to 

twenty minutes during exercise 

(38). The actual volume of fluid 

ingested during each drinking 

period should be adjusted to 

environmental conditions (i.e., 

rate of sweat loss) and individ-

ual tolerances for drinking dur-

ing exercise.

■ To ensure rehydration following 

exercise, athletes should moni-

tor fluid losses during exercise 

by recording body weight prior 

to the workout and then weigh-

ing immediately after the work-

out session. To ensure proper 

rehydration following exercise, 

the individual should consume 

fluids equal to approximately 

150% of the weight loss. For 

example, if an athlete loses 

1 kg of body weight during a 

training session, he/she should 

consume 1.5 liters of fluid to 

achieve complete rehydration 

(38, 63, 64).

■ Monitoring the color of urine 

between workouts is a practical 

way to judge hydration levels in 

athletes. For example, urine is 

typically clear or the color of 

lemonade in a well-hydrated 

individual. In contrast, in 

de hydrated individuals, urine 

appears as a dark-yellow fluid.

Which is the optimal rehydration fluid-

water or a well-formulated sports drink? 

The National Athletic Trainers Associa-

tion has concluded that well-designed 

sports drinks are superior to water for 

rehydration following exercise (8). The 

rationale for this recommendation is 

that these beverages increase voluntary 

intake by athletes and allow for more 

effective rehydration. For more details 

on fluid replacement during and follow-

ing exercise, please see Cheuvront and 

Sawka (2005) and Shirreffs (2005) in the 

Suggested Readings.

RESEARCH FOCUS 12.1

Exercise in the Heat Accelerates Muscle Fatigue

It is well established that exercise in a 

hot environment results in a more rapid 

onset of muscular fatigue compared to 

exercise in cool conditions (10, 18, 23). 

It appears that heat-related muscle 

fatigue is not due to a single use but 

results from several factors in combina-

tion (10). Indeed, high temperatures 

result in several bodily changes that 

could lead to fatigue. For example, a 

large increase in brain temperature 

may result in decreased neuromuscu-

lar drive, resulting in a decrease in 

motor unit recruitment and muscular 

fatigue.

 A second potential contributor to 

heat-induced fatigue is the possibil-

ity that exercise in the heat may pro-

mote hypoglycemia (8) and accelerate 

muscle glycogen metabolism (65). 

This is significant because both hypo-

glycemia and depletion of muscle 

glycogen stores are associated with 

muscle fatigue (see chapter 4). None-

theless, this issue remains controver-

sial be cause not all studies report 

accelerated hy po glycemia and glyco-

gen depletion during exercise in a 

hot environment (52).

 Another explanation for heat-

induced muscular fatigue is that free 

radical production is increased in skel-

etal muscles during exercise in the 

heat (77). Recall from chapter 3 that 

free radicals are produced in skeletal 

muscles during aerobic metabolism. 

Free radicals are molecules with an 

unpaired electron in their outer orbital. 

This is significant because molecules 

with un paired electrons are highly 

reactive. That is, free radicals bind 

quickly with other molecules, and this 

combination results in damage to the 

molecule combining with the radical. 

Therefore, ac celerated production of 

free radicals during exercise in the 

heat could contribute to muscle fatigue 

because of damage to muscle contrac-

tile proteins (77).

 In summary, exercise in the heat 

accelerates muscle fatigue. It seems 

likely that heat-induced fatigue is 

not due to a single factor but proba-

bly results from a combination of 

metabolic events (10). Two impor-

tant factors that could contribute to 

heat-related muscle fatigue are de-

creased neuromuscular drive and an 

increase in muscle production of free 

radicals.
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exercise (51, 69). Further, a recent review of the litera-
ture on this subject has concluded that heat tolerance 
does not appear to be compromised by age in healthy 
and physically active older subjects (33, 34). Based 
upon the collective evidence, it appears that decon-
ditioning (i.e., decline in V̇O2 max) and a lack of heat 
acclimatization in older subjects may explain why 
some of the earlier studies reported a decrease in 
thermotolerance with age.

Heat Acclimatization

Regular exercise in a hot environment results in a 
series of physiological adjustments designed to mini-
mize disturbances in homeostasis due to heat stress 
(this is referred to as heat acclimatization). Impor-
tantly, individuals of all ages are capable of acclimat-
ing to a hot environment (33, 69). The end result 
of heat acclimatization is a lower heart rate and 
core temperature during submaximal exercise (13). 
Al though partial heat acclimatization can occur by 
training in a cool environment, it is essential that ath-
letes exercise in a hot environment to obtain maximal 
heat acclimatization (1). Because an elevation in core 
temperature is the primary stimulus to promote heat 
acclimatization, it is recommended that the athlete 
perform strenuous interval training or continuous 
exercise at an intensity exceeding 50% of the athlete’s 
V̇O2 max in order to promote higher core tempera-
tures (50) (see Research Focus 12.2).

 The primary adaptations that occur during heat 
acclimatization are an increased plasma volume, ear-
lier onset of sweating, higher sweat rate, reduced salt 
loss in sweat, a reduced skin blood flow, and increased 
synthesis of heat shock proteins (19, 37, 60). It is inter-
esting that heat adaptation occurs rapidly, with almost 
complete acclimatization being achieved by seven to 
fourteen days after the first exposure (4, 75).
 Heat acclimatization results in a 10% to 12% 
increase in plasma volume (6, 19, 72). The increase in 
plasma volume is due to an increase in plasma pro-
teins. This increased plasma volume maintains cen-
tral blood volume, stroke volume, and sweating 
ca pacity, and allows the body to store more heat with 
a smaller temperature gain.
 New research indicates that an important part of 
heat acclimatization includes the cellular production 
of heat shock proteins. Heat shock proteins are mem-
bers of a large family of proteins called “stress pro-
teins”; they were introduced in chapter 2. As the name 
implies, these stress proteins are synthesized in 
response to stress (e.g., heat) and are designed to pre-
vent cellular damage due to heat or other stresses. 
Details of how heat shock proteins protect cells 
against heat stress are found in Research Focus 12.3.
 As stated previously, heat adaptation results in 
an earlier onset of sweating. This means that sweat-
ing begins rapidly after the commencement of exer-
cise, which translates into less heat storage at the 
beginning of exercise and a lower core temperature. 

RESEARCH FOCUS 12.2

Can Exercise Training in Sweat Clothing in Cool Conditions 

Promote Heat Acclimatization?

Athletes who train in cool environments 

often travel to warmer climates to com-

pete. Without adequate heat acclimati-

zation, these athletes will be at a 

disadvantage compared to athletes who 

have developed a high level of heat 

adaptation by training in a hot/humid 

environment. Therefore, a key question 

is “Can training in sweat clothing in a 

cool environment promote heat accli-

matization?” The answer to this question 

is yes, but the magnitude of the heat 

acclimatization that is obtained by this 

method is generally less than the maxi-

mal level of acclimatization that can

be achieved by daily training in a hot/

humid environment (1, 12). Nonethe-

less, “artifi cial” heat training in sweat 

clothing in cool conditions appears to be 

better than attempting no heat acclima-

tization measures (12). See reference 12 

for a review on this topic.

 On a related topic, most of us have 

witnessed individuals exercising in a 

rubber suit. These exercise suits are 

typically made of a rubberized vinyl 

that covers the entire body and pre-

vents evaporative heat loss from the 

skin. While exercise in these suits will 

promote increased body temperature 

and therefore will contribute to heat 

acclimatization, prolonged exercise in

a rubber suit is a high-risk endeavor 

that could lead to high body tempera-

tures and heat injury. Therefore, wear-

ing a rubber suit during exercise is not 

recommended because of the risk of 

hyperthermia associated with the pre-

vention of evaporative heat loss. Also, 

note that while exercise in a rubber 

suit will encourage body water loss, 

exercise in a rubber suit does not nec-

essarily result in the loss of body fat 

because to lose body fat, you must cre-

ate an energy (i.e., caloric) deficit. 

Indeed, while a sweat-induced loss of 

body water does reduce your body 

weight, as soon as you replace these 

fluids by drinking, your body weight 

will return to normal. See chapter 18 

for details on loss of body fat.
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RESEARCH FOCUS 12.3

Heat Acclimatization and Heat Shock Proteins

Repeated bouts of prolonged exercise 

in a warm or hot environment result in 

many physiological adaptations that 

minimize disturbances in homeostasis 

due to heat stress. Collectively, these 

adaptations improve exercise toler-

ance in hot environments and reduce 

the risk of heat injury. Evidence indi-

cates that an important part of this 

adaptive process is the synthesis of 

heat shock proteins in numerous tis-

sues, including skeletal muscle and 

the heart (53). Heat shock proteins 

represent a family of “stress” proteins 

that are synthesized in response to 

cellular stress (i.e., heat, acidosis, tis-

sue injury, etc.). Although heat shock 

proteins perform a variety of cellular 

functions, it is clear that these proteins 

protect cells from thermal injury by 

stabilizing and refolding damaged pro-

teins. In deed, heat shock proteins play 

an important role in the development 

of thermotolerance and protect body 

cells from the heat loads associated 

with prolonged exercise (37).

1. Increased plasma volume

2. Earlier onset of sweating

3. Higher sweat rate

4. Reduced sodium chloride loss in sweat

5. Reduced skin blood fl ow

6. Increased heat shock proteins in tissues

TABLE 12.2   A Summary of the Primary 

Adaptations That Occur as a 

Result of Heat Acclimatization

In addition, heat acclimatization may increase the 
sweating capacity almost threefold above the rate 
achievable prior to heat adaptation (60, 76). There-
fore, much more evaporative cooling is possible, 
which is a major advantage in minimizing heat stor-
age during prolonged work. Finally, sweat losses of 
sodium and chloride are reduced following heat 
acclimatization due to an increased secretion of 
aldosterone (75). While this adaptation results in a 
reduction of electrolyte loss and aids in reducing 
electrolyte disturbances during exercise in the heat, 
it does not minimize the need to replace water loss, 
which is higher than normal (see chapters 23 and 24). 
A summary of heat-adaptive responses is presented 
in table 12.2.

Loss of Acclimatization

The rate of decay of heat acclimatization is rapid, with 
reductions in heat tolerance occurring within a few 
days of inactivity (i.e., no heat exposure) (36). In this 
regard, studies have shown that heat tolerance can 
decline significantly within seven days of no heat 
exposure, and complete loss of heat tolerance can 
occur following twenty-eight days of no heat exposure 
(1). Therefore, repeated exposure to heat is required 
to maintain heat acclimatization (74).

■ During prolonged exercise in a moderate envi-
ronment, core temperature will increase gradu-
ally above the normal resting value and will 
reach a plateau at approximately thirty to forty-
five minutes.

■ During exercise in a hot/humid environment, 
core temperature does not reach a plateau, but 
will continue to rise. Long-term exercise in this 
type of environment increases the risk of heat 
injury.

■ Heat acclimatization results in (1) an increase 
in plasma volume, (2) an earlier onset of sweat-
ing during exercise, (3) a higher sweat rate, (4) a 
reduction in the amount of electrolytes lost in 
sweat,  (5) a reduction in skin blood flow, and 
(6) increased levels of heat shock protein in 
tissues.

IN SUMMARY

EXERCISE IN A COLD 
ENVIRONMENT

Exercise in a cold environment enhances an athlete’s 
ability to lose heat and therefore greatly reduces the 
chance of heat injury. In general, the combination of 
metabolic heat production and warm clothing prevents 
the development of hypothermia (large decrease in 
core temperature) during short-term work on a cold 
day. However, exercise in the cold for extended periods 
of time (e.g., a long triathlon), or swimming in cold 
water, may overpower the body’s ability to prevent heat 
loss, and hypothermia may result. In such cases, heat 
production during exercise is not able to keep pace 
with heat loss. This is particularly true during swim-
ming in extremely cold water (e.g., ⬍15° C). Severe 
hypothermia may result in a loss of judgment, which 
increases the risk of further cold injury.
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 Individuals with a high percentage of body fat 
have an advantage over lean individuals when it 
comes to cold tolerance (26, 49). Large amounts of 
subcutaneous fat provide an increased layer of insula-
tion from the cold. This additional insulation reduces 
the rate of heat loss and therefore improves cold tol-
erance. It is for this reason that women generally tol-
erate mild cold exposure better than men (49).
 Participation in sports activities in the cold may 
present several other types of problems for the ath-
lete. For example, hands exposed to cold weather 
become numb due to the reduction in the rate of neu-
ral transmission and reduced blood flow due to vaso-
constriction. This results in a loss of dexterity and of 
course affects such skills as throwing and catching. In 
addition, exposed flesh is susceptible to frostbite, 
which may present a serious medical condition (6). 
Further details of the effects of a cold environment on 
performance will be presented in chapter 24.

Cold Acclimatization

Three major physiological adaptations occur when 
humans are chronically exposed to cold temperatures 
(15, 25, 28). First, cold adaptation results in a reduction 
in the mean skin temperature at which shivering begins. 
That is, people who are cold acclimatized begin shiver-
ing at a lower skin temperature when compared to 
unacclimatized individuals. The expla nation for this 
observation is that cold-acclimatized people maintain 
heat production with less shivering by increasing non-
shivering thermogenesis. They increase the secretion 
of norepinephrine, which results in an increase in met-
abolic heat production (6, 7, 25).

 A second physiological adjustment that occurs 
due to cold acclimatization is that cold-adjusted indi-
viduals can maintain a higher mean hand-and-foot 
temperature during cold exposure when compared to 
unacclimatized persons. Cold acclimatization appar-
ently results in improved intermittent peripheral vaso-
dilation to increase blood flow (and heat flow) to both 
the hands and feet (66).
 The third and final physiological adaptation to 
cold is the improved ability to sleep in cold environ-
ments. Unacclimatized people who try to sleep in cold 
environments will often shiver so much that sleep is 
impossible (6). In contrast, cold-acclimatized individ-
uals can sleep comfortably in cold environments due 
to their elevated level of nonshivering thermogenesis. 
The exact time course of complete cold acclimatiza-
tion is not clear. However, subjects placed in a cold 
chamber begin to show signs of cold acclimatization 
after one week (50).

■ Exercise in a cold environment enhances an 
athlete’s ability to lose heat and therefore 
greatly reduces the chance of heat injury.

■ Cold acclimatization results in three physiologi-
cal adaptations: (1) improved ability to sleep in 
cold environments, (2) increased nonshivering 
thermogenesis, and (3) a higher intermittent 
blood flow to the hands and feet. The overall 
goal of these adaptations is to increase heat 
production and maintain core temperature, 
which will make the individual more comfort-
able during cold exposure.

IN SUMMARY

STUDY QUESTIONS

 1.  Define the following terms: (1) homeotherm, (2) hyperther-
mia, and (3) hypothermia.

 2.  Why does a significant increase in core temperature 
represent a threat to life?

 3.  Explain the comment that the term body temperature is a 
misnomer.

 4.  How is body temperature measured during exercise?
 5.  Briefly discuss the role of the hypothalamus in tem-

perature regulation. How do the anterior hypothalamus 
and posterior hypothalamus differ in function?

 6.  List and define the four mechanisms of heat loss. Which 
of these avenues plays the most important part during 
exercise in a hot/dry environment?

 7.  Discuss the two general categories of heat production 
in people.

 8.  What hormones are involved in biochemical heat 
production?

 9.  Briefly outline the thermal events that occur during 
prolonged exercise in a moderate environment. In-
clude in your discussion information about changes 
in core temperature, skin blood flow, sweating, and skin 
temperature.

10.  Calculate the amount of evaporation that must occur to 
remove 400 kcal of heat from the body.

11.  How much heat would be removed from the skin if 
520 ml of sweat evaporated during a thirty-minute 
period?

12.  List and discuss the physiological adaptations that 
oc cur during heat acclimatization.

13.  How might exercise in a cold environment affect dexter-
ity in such skills as throwing and catching?

14.  Discuss the physiological changes that occur in 
re sponse to chronic exposure to cold.
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■ Objectives

By studying this chapter, you should be able to do the following:

The Physiology of Training: 
Effect on V

.
O2 Max, Performance, 

Homeostasis, and Strength

13

 1.  Explain the basic principles of training: 
overload and specificity.

 2.  Contrast cross-sectional with longitudinal 
research studies.

 3.  Indicate the typical change in VO2 max with 
endurance training programs and the effect of 
the initial (pretraining) value on the mag-
nitude of the increase.

 4.  State typical VO2 max values for various 
sedentary, active, and athletic populations.

 5.  State the formula for VO2 max using heart 
rate, stroke volume, and the a-v

 
O2 difference; 

indicate which of the variables is most 
im portant in explaining the wide range of VO2 
max values in the population.

 6.  Discuss, using the variables identified in 
ob jective 5, how the increase in VO2 max 
comes about for the sedentary subject who 
partici pates in an endurance training program.

 7.  Define preload, afterload, and contractility, and 
discuss the role of each in the increase in 
the maximal stroke volume that occurs with 
endurance training.

 8.  Describe the changes in muscle structure 
that are responsible for the increase in the 

maximal a-v O2 difference with endurance 
training.

 9.  Describe the underlying causes of the 
decrease in VO2 max that occurs with 
cessation of endurance training.

 10.  Describe how the capillary and mitochondrial 
changes that occur in muscle as a result of 
an endurance training program are related 
to the following adaptations to submaximal 
exercise:
a) a lower O2 deficit
b)  an increased utilization of FFA and a 

sparing of blood glucose and muscle 
glycogen

c) a reduction in lactate and H  formation
d) an increase in lactate removal

 11.  Discuss how changes in “central command” 
and “peripheral feedback” following an 
endurance training program can lower the 
heart rate, ventilation, and catecholamine 
responses to a submaximal exercise bout.

 12.  Contrast the role of neural adaptations with 
hypertrophy in the increase in strength that 
occurs with resistance training.
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A theme that has been used throughout this book is 
that there are automatic regulatory mechanisms 

operating at rest and during exercise to maintain 
homeostasis. Figure 13.1 identifies some of the vari-
ables that are maintained within narrow limits during 
exercise in spite of the tremendous demands placed 
on various tissues and organ systems. What has 
be come clear is that participation in regular endur-
ance exercise increases the cardiovascular system’s 
ability to deliver blood to the working muscles, and 
increases the muscle’s capacity to produce energy 
aerobically. These parallel changes result in less dis-
ruption of the internal environment during exercise. 
This, of course, leads to improved performance.
 The purpose of this chapter is to tie together 
much of what has been presented previously, because 

most tissues and organ systems are either directly or 
indirectly affected by training programs. There is a 
need to discuss separately those physiological changes 
causing an increase in VO2 max from those associated 
with improvements in prolonged submaximal perfor-
mance. VO2 max is most closely linked to the func-
tional capacity of the cardiovascular system to deliver 
blood to the working muscles during maximal and 
supramaximal ( 100% VO2 max) work, while main-
taining mean arterial blood pressure. The ability to 
sustain long-term, submaximal exercise is linked 
more to the maintenance of homeostasis due to spe-
cific structural and biochemical properties of working 
muscles (8, 54, 96). Finally, we will explore the physi-
ology of strength development. Strength training 
causes adaptations in muscle that are potentially in 
conflict with those adaptations associated with run-
ning or cycling training programs. This raises ques-
tions about whether the effects of the two training 
programs actually interfere with each other. Before we 
begin a discussion of these topics, information about 
the principles of training and the design of research 
studies is presented.

PRINCIPLES OF TRAINING

The three principles of training are overload, 

specificity, and reversibility. These principles will be 
applied in chapters 16 and 17 for those training for 

Figure 13.1 Homeostatic variables maintained within 

 narrow limits in spite of the challenge presented by 

exercise.

Exercise:
A Challenge to Homeostasis

Temperature regulation
(10–25 kcal/min)

Mean arterial blood pressure
(Vasodilation of muscle)

PCO2
(  VCO2)

PO2
( VO2)

[Glucose]
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pH
[Lactate]

˙ ˙
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IN SUMMARY

■ The principle of overload states that for a train-
ing effect to occur, a system or tissue must be 
challenged with an intensity, duration, or fre-
quency of exercise to which it is unaccustomed. 
Over time the tissue or system adapts to this 
load. The reversibility principle is a corollary to 
the overload principle.

■ The principle of specificity indicates that the 
training effect is limited to the muscle fibers 
involved in the activity. In addition, the muscle 
fiber adapts specifically to the type of activity: 
mitochondrial and capillary adaptations to 
endurance training, and contractile protein 
adaptations to resistive weight training.

RESEARCH DESIGNS 
TO STUDY TRAINING

The effect of exercise training on various physiological 
systems has been studied using two different designs: 
cross-sectional and longitudinal. In cross-sectional 
studies the investigator examines groups differing in 
physical activity (e.g., cardiac patients, sedentary stu-
dents, and world-class endurance athletes) and re cords 
the differences that exist in VO2 max, cardiac output, or 
fiber-type distribution. These studies are relatively inex-
pensive to conduct and provide good descriptive infor-
mation about differences that exist among various 
populations. They are also useful in developing ques-
tions about how these differences came about, including 
hypotheses about the relative role of genetics versus 
training. Longitudinal studies examine changes in VO2 
max, cardiac output, or fiber-type distribution occurring 
over the course of a training program. These studies con-
trol for the genetic factor, because the same subject is 
repeatedly tested, and allow one to investigate the rate at 
which the variables respond to training or detraining. 
Longitudinal studies are expensive and difficult to con-
duct due to the potential for subjects to drop out and the 
demand for all equipment and procedures to be held 
constant at all testing points in the study. Because of 
these constraints, only small numbers of subjects are 
used in these studies. The investigator must take special 
care that the subjects are representative of the popula-
tion, and that they do not alter other lifestyle patterns 
(diet, smoking, etc.) that might influence the outcome of 
the study (5).
 As we mentioned in the introduction, the effects 
of training on VO2 max will be discussed separately 
from the effects on performance and homeostasis. 
The application of this information in the design of 
training programs for fitness and performance is 
found in chapters 16, 17, 21, and 22.

fitness, and in chapters 21 and 22 for those training 
for performance.

Overload

Overload refers to the observation that a system or 
tissue must be exercised at a level beyond which it is 
accustomed in order for a training effect to occur. 
The system or tissue gradually adapts to this over-
load. This pattern of progressively and systemati-
cally overloading a system or tissue as adaptations 
occur results in improved function over time. The 
typical variables that constitute the overload include 
the intensity, duration, and frequency (days per 
week) of exercise. The corollary of the overload prin-
ciple, the principle of reversibility, simply indicates 
that the gains are quickly lost when the overload is 
removed.

Specifi city

The training effect is specific to the muscles involved, 
the fiber types recruited, the principal energy sys-
tem involved (aerobic versus anaerobic), the veloc-
ity of contraction, and the type of muscle contraction 
(eccentric, concentric, or isometric). This may seem 
like an obvious statement in that one should not 
expect the arms to become trained during a ten-
week jogging program. However, this also means 
that if an individual participates in a long, slow, dis-
tance running program that utilizes the slow-twitch 
muscle fibers, there is little or no training effect tak-
ing place in those fast-twitch fibers in the same 
muscle (54, 105). A good example of specificity is 
found in a study in which subjects did either cycle or 
run training, but had their lactate threshold (LT) 
evaluated before and after training on both the cycle 
and treadmill. Run training increased the LT 58% 
and 20% for the treadmill and cycle, respectively. 
The cycle training increased the cycle LT 39%, with 
no measured improvement in the treadmill LT (86). 
Training effects were clearly specific to the type of 
training.
 Specificity also refers to the types of adapta-
tions occurring in muscle as a result of training. If a 
muscle is engaged in endurance types of exercise, 
the primary adaptations are in capillary and mito-
chondria number, which increase the capacity of the 
muscle to produce energy aerobically (54, 104). If a 
muscle is engaged in heavy resistance training, the 
primary adaptation is an increase in the quantity of 
the contractile proteins; the mitochondrial and cap-
illary densities may actually decrease (71). This high 
degree of specificity in the training effect is related 
to a point raised earlier, that one type of training 
may interfere with the adaptations to the other (see 
later discussion).
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IN SUMMARY

■ Cross-sectional training studies contrast the 
physiological responses of groups differing in 
habitual physical activity (e.g., sedentary indi-
viduals versus runners).

■ Longitudinal training studies examine the 
changes taking place over the course of a train-
ing program.

ENDURANCE TRAINING 
AND VO2 MAX

Maximal aerobic power, V̇ O2 max, is a reproducible 
measure of the capacity of the cardiovascular system 
to deliver oxygenated blood to a large muscle mass 
involved in dynamic work (96). Chapter 4 introduced 
this concept, and chapters 9 and 10 showed how 
specific cardiovascular and pulmonary variables 
respond to graded exercise up to V̇ O2 max. The follow-
ing sections discuss the effect of endurance exercise 
programs on the increase in V̇ O2 max and the physio-
logical changes bringing about that increase.

Training Programs and 

Changes in V O2 Max

Endurance training programs that increase V̇ O2 max 
involve a large muscle mass in dynamic exercise (e.g., 
running, cycling, swimming, or cross-country skiing) for 
twenty to sixty minutes per session, three to five times 
per week at an intensity of about 50% to 85% VO2 max 
(2). Details about how to design a training program for 
the average individual and the athlete are presented in 
chapters 16 and 21, respectively. While endurance train-
ing programs of two to three months’ duration cause 
an increase in VO2 max of about 15%, the range of 
improvement can be as low as 2% to 3% for those who 
start the program with high VO2 max values (32), and as 
high as 30% to 50% for those with low initial VO2 max 
values (32, 38, 53, 96, 101). In addition, those with low 
VO2 max values prior to training experience improve-
ments with training intensities of 40% to 70% VO2 max, 
whereas those with high values may have to include 
training intensities of 95% to 100% of VO2 max (78).
 Table 13.1 shows that VO2 max can be less than 
20 ml   kg 1   min 1 in patients with severe cardio-
vascular and pulmonary disease, and more than 
80 ml   kg 1   min 1 in world-class distance runners 
and cross-country skiers. The extremely high VO2 max 
 values measured in elite male and female endurance 
athletes have been ascribed to a genetic gift of a large 
cardiovascular capacity (5). Early work by Klissouras et 
al. (66) supported this idea with the observation that 
identical twins have very similar VO2 max values, 

whereas fraternal twins do not. Given that identical 
twins have identical genes, it was suggested that 93% of 
the variation in V̇ O2 max values in the general popula-
tion was due to genetics. On the surface, that high esti-
mate appears to be consistent with the small changes 
in V̇ O2 max that occur with the training programs just 
mentioned. However, questions were raised about this 
conclusion. It is now generally accepted that we need to 
revise that estimate downward to a figure somewhat 
closer to 40% to 66% (13, 16, 40). Although some scien-
tists feel that these estimates are still too high (14), it is 
clear that a genetic predisposition for possessing a high 
V̇ O2 max value is still a prerequisite for values in the 
range of 60 to 80 ml   kg 1   min 1. Further, there is evi-
dence that the sensitivity of the individual to the effect 
of a training program is also genetically determined (13, 
90). That is, even when one controls for a variety of pre-
training measures, there will still be a great deal of vari-
ation in the degree of improvement (12). Evidence 
points to differences in mitochondrial DNA as being 
important in the individual differences in VO2 max 
and its response to training (16, 17, 34). See A Closer 
Look 13.1 for more on this exciting topic.
 Consistent with these lower estimates of the 
genetic contribution to V̇ O2 max are the observations 
that training for two to three years (38) or participa-
tion in severe interval training (53) can increase V̇ O2 
max by as much as 44%. The results of the latter study 
showed a linear increase in V̇ O2 max over ten weeks of 
training, whereas most studies show a leveling off of 
the V̇ O2 max values after only a few weeks of training. 
The much larger increase in V̇ O2 max with this ten-
week training program was due to a much higher 
intensity, frequency, and duration than are usually 
used in endurance exercise programs. We’ll next dis-
cuss what causes the V̇ O2 max to increase as a result 
of an endurance exercise program.

TABLE 13.1    VO2 Max Values Measured 

in Healthy and Diseased 

Populations

Population Males Females

Cross-country skiers 
Distance runners
Sedentary: young
Sedentary: middle-
 aged adults
Post myocardial
 infarction patients
Severe pulmonary
 disease patients

84 
83
45

35

22

13

72
62
38

30

18

13

Values are expressed in ml   kg 1   min 1.

Taken from Saltin and Åstrand (102), Åtrand and Rodahl (5), and 
Howley and Franks (58).
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IN SUMMARY

■ Endurance training programs that increase 
VO2 max involve a large muscle mass in 
dynamic activity for twenty to sixty minutes 
per session, three to five times per week, at 
an intensity of 50% to 85% VO2 max.

■ Although VO2 max increases an average of 
about 15% as a result of an endurance training 
program, the largest increases are associated 
with deconditioned or patient populations hav-
ing very low pretraining  VO2 max values.

■ Genetic predisposition accounts for 40% to 
66% of one’s  VO2 max value. Very strenuous 
and/or prolonged training can increase VO2 
max in normal sedentary individuals by more 
than 40%.

VO2 MAX: CARDIAC OUTPUT 
AND THE ARTERIOVENOUS 
O2 DIFFERENCE

Because oxygen uptake is the product of systemic 
blood flow (cardiac output) and systemic oxygen 
extraction (arteriovenous oxygen difference), changes 

in VO2 max would have to be due to changes in one or 
more of the following variables on the right side of the 
equal sign:

 VO2 max   HR max   SV max 
   (a-v O2 difference) max

Cross-sectional comparisons of groups differing in 
their level of habitual physical activity have allowed 
scientists to identify the most important of these vari-
ables as the prime determinant of V̇ O2 max. Such a 
comparison is presented in table 13.2, where values 
for V̇ O2 max, maximal heart rate, maximal stroke 
volume, and the maximal a-v O2 difference are pre-
sented for three groups of subjects: mitral stenosis 
patients (heart valve problem limiting stroke volume), 
normally active subjects, and finally, world-class 
endurance athletes (96). The V̇ O2 max is more than 
100% greater for the normally active subjects com-
pared to those with mitral stenosis, and again, almost 
100% higher for the athletes as compared to the 
normally active subjects. What variable explains the 
tremendous differences in V̇ O2 max values? Given 
that the maximal heart rate and the maximal a-v O2 
difference were virtually identical for the three groups, 
the only variable explaining the difference in VO2 max 
is the maximal stroke volume (43 ml versus 112 ml ver-
sus 205 ml). Consistent with this, 68% of the var iation 

A CLOSER LOOK 13.1

 The HERITAGE Family Study

The HERITAGE Family Study was 

de signed “to study the role of the 

 genotype in cardiovascular, metabolic, 

and hormonal responses to aerobic 

exercise training and the contribution of 

regular exercise to changes in several 

 car dio vascular disease and diabetes 

risk  factors.” Two-generational, nuclear 

 fami lies of Caucasian and African-

 American descent were recruited for the 

study. All participants had to be seden-

tary and had to pass a variety of screen-

ing tests for inclusion (15). The results of 

these studies have already appeared in 

the literature, and will continue to 

appear in the literature. The following 

summaries relate to the role of the 

 genotype on VO2 max, and changes in 

VO2 max due to endurance training.

1. The maximum heritability estimate 

for  VO2  max among sedentary adults 

(adjusted for age, sex, body compo-

sition, and body mass) was found to 

be at least 50%, but the authors 

acknowledge that the value might be 

infl ated due to inclusion of nonge-

netic familial factors in this estimate 

(16). The maternal contribution, 

potentially associated with mitochon-

drial inheritance, was about 30%.

2. The authors found considerable 

variation in the changes in  

VO2 max to a carefully controlled, 

twenty-week endurance exercise 

program, even though the average 

response (15%–20% increase in 

VO2  max) was as expected. At one 

extreme, some subjects showed a 

small decrease in  VO2  max, while at 

the other, some subjects experi-

enced an increase of more than 

1 L/min. The fact that there was 

2.5 times more variability between 

families than within families in the 

change in  VO2  max due to training 

indicated the presence of a genetic 

factor in this response. The maxi-

mal heritability estimate of the 

change in  VO2  max due to train-

ing was found to be 47%, with 

a substantial part of that due to 

maternal transmission (17).

3. A follow-up study examined the 

regions of the genome that might 

be linked to the variability in  VO2  

max in sedentary individuals and 

the change in  VO2  max due to a 

training intervention. Although 

none of the linkages was found to 

be very strong, the study did show 

that the genes that might be tied 

to the variability in  VO2  max in 

sedentary individuals were differ-

ent from those associated with the 

gain in  VO2 max due to training 

(18). Given the focus on the human 

genome as it relates to health and 

disease, we are sure to hear more 

on this topic in the near future.
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in V̇ O2 max between men and women was ascribed to 
left ventricular mass, a measure of heart size (60).
 Longitudinal studies provide a slightly different 
picture of how training causes an increase in V̇ O2 
max. Generally, maximal heart rate either remains 
the same or decreases with endurance training 
(38, 39, 96). As a result, the increase in V̇ O2 max is 
shared between the increase in the stroke volume 
and the systemic a-v O2 difference. Studies reported 
by Saltin (101) in which young sedentary subjects 
trained for two to three months show that the sharing 
is about equal, half the gain due to SV changes and 
half to an increased oxygen extraction. In older men 
and women, endurance training has been shown 
 to in crease V̇ O2 max by 19% and 22%, respectively. 
However, while changes in stroke volume ( 15%) 
ac counted for most of the gain in V̇ O2 max in the men, 
the entire increase in V̇ O2 max in the women was due 
to an increase in the a-v

 
O2 difference (109). Simi-

larly, when training is extended for years, the contin-
ued increase in VO2 max can be due to an increase in 
one factor more than the other. Data from Ekblom 
(38), shown in table 13.3, make this point. Subject 
LM’s increase in VO2 max from the start of training 

was due primarily to an increase in stroke volume. 
The a-v O2 difference changed only 9 milliliters of 
O2 per liter of blood over the eighteen months of 
training. In contrast, subject IS, whose V̇ O2 max 
increased 44% over fifty-one months, showed no 
change in maximal cardiac output from sixteen to 
fifty-one months; the entire increase in VO2 max was 
due to an expanded a-v O2 difference. What causes 
the maximal stroke volume and the maximal arterio-
venous oxygen difference to increase as a result of 
endurance training? The answers are provided in the 
next two sections.

TABLE 13.2   Physiological Basis for Differences in  VO2 Max in Different Populations

Population

VO2 max

(ml   min 1)  

Heart Rate

(beats   min 1)  

Stroke Volume

(ᐉ   beat 1)  

a-vv– O2 Difference

(ml O2   ᐉ
 1)

Athletes 6,250  190  .205  160
Normally active 3,500  195  .112  160
Mitral stenosis 1,400  190  .043  170

 From L. B. Rowell, Human Circulation Regulation During Physical Stress. Copyright © 1986 Oxford University Press, New York N. Y. Reprinted by 
permission.

TABLE 13.3   Longitudinal Data on Changes in Maximal Oxygen Uptake

VO2 max

(ᐉ   min 1)

HR max

(b   min 1)

Stroke Volume

(ml   beat 1)

Cardiac Output

(ᐉ   min 1)

a-vv– O2 Difference

(ml   ᐉ 1)

Subject LM

Before training 3.58 206 124 25.5 140
Four months 4.38 210 143 28.1 142
Eighteen months 4.53 205 149 30.5 149

Subject IS

Before training 3.07 205 122 23.9 126
Four months 3.87 205 134 26.2 131
Thirty-two months 4.36 185 151 27.6 158
Fifty-one months 4.41 186 146 26.6 166

From B. Ekblom, “Effect of Physical Training on Oxygen Transport System in Man,” in Acta Physiologica Scandinavica. Supplement 328. Copyright © 
1969 Blackwell Scientifi c Publications, Ltd., Oxford, England. Reprinted by permission.

IN SUMMARY

■ In young sedentary subjects, approximately 
50% of the increase in VO2 max due to training 
is related to an increase in maximal stroke vol-
ume (maximal heart rate remains the same), 
and 50% is due to an increase in the a-v O2 
difference.

■ The large differences in V̇ O2 max in the normal 
population (2 versus 6 liters/min) are due to 
differences in maximal stroke volume.
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Stroke Volume

Stroke volume is equal to the difference between end 
diastolic volume (EDV) and end systolic volume (ESV). 
Figure 13.2 summarizes the factors increasing stroke 
volume: an increase in EDV due to an increase in ventri-
cle size or an increase in venous return (“preload”), an 
increase in myocardial contractility (the force of con-
traction at a constant muscle fiber length, with other 
factors controlled), and a decrease in resistance to 
blood flow out of the heart (“afterload”). Each of these 
will be discussed relative to the increase in the maximal 
stroke volume that occurs with en durance training.

End Diastolic Volume (EDV) There is evidence 
that left ventricle size increases as a result of endur-
ance training with little change in ventricular wall 
thickness, while isometric exercises cause an increase 
in wall thickness with little or no change in ventricu-
lar volume (37, 82, 92). The endurance-training effect 
is believed to be due to the “volume loading” experi-
enced by the heart during exercise. However, Rowell 
(96) raises the question that the increase in stroke 
volume that occurs with endurance training may 
 simply be due to the chronic stretch of the myocar-
dium at rest because of the increased filling time asso-
ciated with the slower resting heart rate (bradycardia). 
Plasma volume increases with endurance training. 
Experimental expansion of the plasma volume (200–
300 ml) causes a 4% increase in V̇ O2 max, and the loss 
of plasma volume is the primary reason for the decrease 
in V̇ O2 max in the first two weeks of detraining (27, 28). 
Overall, EDV increases as a result of an endurance train-
ing program, and according to the Frank-Starling mech-
anism (see chapter 9), an in creased stretch of the 
ventricle leads to an increase in stroke volume (96). 
These changes can be brought about rapidly. A six-day 
training program (2 hr/day at 65% V̇ O2 max) elicited a 7% 
increase in V̇ O2 max. This was associated with an 11% 
increase in plasma volume and an increase in stroke 
volume. The latter was due to an increase in end dia-
stolic volume (46). Have you ever wondered why some 
individuals have very high V̇ O2 max values, even though 
they do not train? See A Closer Look 13.2 for answers.

Figure 13.2 Factors increasing stroke volume.
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A CLOSER LOOK 13.2

 Why Do Some Individuals Have High V


O2 max Values, 

Even Though They Do Not Train?

If you test enough sedentary individu-

als for maximal oxygen uptake (VO2 

max), you will encounter some who 

have surprisingly high VO2 max values. 

Researchers at York University in 

To ronto decided to investigate this 

phenomenon and determine how it was 

possible (75).

 Over a two-year period, these inves-

tigators tested more than 1,900 indi-

viduals for VO2 max. They found 6 of 

the 1,900 with extraordinarily high VO2 

max values and absolutely no history 

of training. These six (“high” group) 

were matched with six sedentary 

 subjects (“low” group) who had normal 

VO2 max values and no history of train-

ing. Measurements of blood, plasma, 

and red blood cell volume were deter-

mined at rest, and measurements of 

cardiac output, heart rate, blood pres-

sure, and VO2 were obtained at rest 

and at 25%, 50%, 75%, and 100% VO2 

max in all individuals.

 VO2 max was 65.3 ml   kg 1   min 1 

for the “high” group, compared to 

46.2 ml   kg 1   min 1 for the “low” 

group. The higher value (similar to 

what you would measure in endurance-

trained athletes) was due to a higher 

maximal cardiac output and stroke 

 volume, and lower total peripheral 

resistance (afterload). There was no 

difference between groups in maximal 

heart rate or the arteriovenous O2 dif-

ference. What accounted for the higher 

maximal stroke volume?

 The authors offer two explanations. 

The higher stroke volume in four of 

the six subjects was directly linked to 

higher blood volume and red cell vol-

ume. The other two subjects, who also 

had high stroke volume and VO2 max 

values, had blood volumes not differ-

ent from the “low” group’s average 

value. The authors hypothesized that 

these two subjects might have been 

able to redistribute a greater percent-

age of their total blood volume during 

exercise, so as to increase venous return 

and maximal stroke volume.
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Cardiac Contractility Cardiac contractility refers spe-
cifically to the strength of the cardiac muscle contrac-
tion when the fiber length (EDV), afterload (peripheral 
resistance), and heart rate are constant (because all 
affect contractility). Although an acute exercise bout 
increases cardiac contractility due to the action of the 
sympathetic nervous system on the ventricle, it is 
difficult to conclude whether the inherent contractility 
of the heart changes with endurance training. The rea-
son for this is that the factors that directly affect con-
tractility (EDV, heart rate, and afterload) are themselves 
affected by endurance training (96). Blomqvist and 
Saltin (8) suggest that changes in contractility proba-
bly are not too important in ex plaining the increase in 
maximal stroke volume with en durance training. This 
was based on the observation that the fraction of 
the EDV ejected from the heart per beat (ejection 

fraction) is already so high in sedentary subjects prior 
to an endurance exercise program that there is not 
much to be gained by increasing contractility.

Afterload Afterload refers to the peripheral resis-
tance against which the ventricle is contracting as it 
tries to push a portion of the EDV into the aorta. If 
the heart contracts with the same force while the 
peripheral resistance decreases, a greater stroke vol-
ume will be realized. What is clear is that following 
an endurance training program, trained muscles offer 
less resistance to blood flow during maximal work. This 
decrease in resistance parallels the increase in maxi-
mal cardiac output so that mean arterial blood pres-
sure is unchanged (MAP   Q   TPR). How does 
endurance training cause a lower resistance in the 
working muscle to facilitate a higher blood flow?
 One might think that the increased blood flow 
through the trained muscle is due to an increase in the 
local factors (H , CO2, etc.) associated with the higher 
work rates achieved after an endurance training pro-
gram, but it is not. This can be seen in the following 
example. Prior to training, a subject takes a graded exer-
cise test while maximal values for V̇ O2 max and Q are 
measured. On another day the same subject takes an 
exercise test set at a work rate equal to 120% of the V̇ O2 
max achieved on the pre vious test and, of course, mea-
sures the same value for VO2 max. This supramaximal 
( 100% V̇ O2 max) test should have caused a higher con-
centration of local factors in the working muscles that 
would have facilitated vasodilation and increased mus-
cle blood flow. However, if this vasodilation were to 
happen with the cardiac output already at its maximal 
value, mean arterial blood pressure would fall, with dire 
consequences (96). How is this fall in blood pressure 
prevented?
 When an additional muscle mass is recruited to 
do the supramaximal work rate, other vascular beds 
would have to be vasoconstricted by the sympathetic 
nervous system to maintain blood pressure. Because 

the renal and splanchnic vascular beds are already 
maximally constricted at maximal work, the only possi-
bility is to vasoconstrict some vascular beds in already 
active muscle when additional muscle groups are 
recruited to do the supramaximal work (96). Conse-
quently, the increase in muscle blood flow during the 
maximal exercise test following an endurance training 
program is due to a reduction in the sympathetic vaso-
constrictor activity to the arterioles of the trained mus-
cles. This occurs simultaneously with the increase in 
maximal cardiac output. This combination allows for 
the higher V̇ O2 max at a constant mean arterial blood 
pressure, the homeostatic variable that appears to be 
closely regulated in maximal work (96).
 Evidence supporting this explanation is found in 
studies in which one-legged exercise is conducted. 
V̇ O2 max measured during one-legged exercise on a 
cycle ergometer is equal to about 75% to 80% of that 
measured during the regular two-legged test (26, 65). 
This is due to the greater arteriolar dilation and higher 
blood flow achieved in the working muscles during 
one-legged exercise. If the same degree of vasodila-
tion were to occur in each leg when both were exercis-
ing maximally, the muscle’s capacity for blood flow would 
exceed the heart’s ability to provide it, and blood pres-
sure would fall. To counter this tendency during maxi-
mal two-legged work, some of the muscle mass must 
be vasoconstricted to maintain blood pressure (65, 96). 
This is why the two-legged VO2 max value is not the 
sum of the VO2 max values of each leg. In conclusion, 
during maximal work with trained muscles following an 
endurance training program, there is a decrease in the 
resistance of that vascular bed to match the increase in 
maximal cardiac output to maintain blood pressure.

Arteriovenous O2 Difference

Stroke volume causes 50% of the increase in VO2 max 
associated with an endurance exercise program in 
young, sedentary subjects; O2 extraction is responsible 
for the other 50%. The increase in the arteriovenous O2 
difference could be due to an elevation of the arterial 
oxygen content (higher hemoglobin or PO2), or a 
decrease in the mixed venous oxygen content. Given 
that the hemoglobin concentration does not change 
with training and that the arterial PO2 is usually 
sufficient to maintain arterial saturation of hemoglobin 
(see chapter 10), the increase in the a-v

  
O2 difference is 

not due to an increase in the arterial O2 content (96).
 The increased capacity of the muscle to extract O2 
following training is believed to be due to the increase 
in capillary density, with the mitochondrial number 
being of secondary importance (8, 54, 96). The in crease 
in capillary density in trained muscle accommodates 
the increase in muscle blood flow during maximal 
exercise, decreases the diffusion distance to the mito-
chondria, and slows the rate of blood flow to allow 
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time for diffusion to take place. Changes in capillary 
density parallel changes in leg blood flow and V̇ O2 max 
with training (96). The increases in mitochondria fol-
lowing endurance training favor O2 transport from the 
capillary and contribute to the expanded a-v O2 differ-
ences. However, the capacity of the mitochondria to 
use O2 far exceeds the  capability of the heart to deliver 
O2, making mitochondrial  number not the factor limit-
ing VO2 max (8, 54, 96). Figure 13.3 provides a sum-
mary of the factors causing an increase in VO2 max 
with an endurance training program.

DETRAINING AND VO2 MAX

When highly trained individuals stop training, V̇ O2 max 
decreases over time. Why? Basically, because maximal 
cardiac output and oxygen extraction de crease. Fig -
ure 13.4 shows changes in maximal oxygen uptake, car-
diac output, stroke volume, heart rate, and oxygen 
extraction over an eighty-four-day period of no training 
(30). The initial decrease (first twelve days) in V̇ O2 max 
was due entirely to the decrease in stroke volume, since 
the heart rate and a-v O2 difference re mained the same 
or increased. This sudden de crease in maximal stroke 
volume appears to be due to the rapid loss of plasma 
volume with detraining (27). When plasma volume was 
artificially restored by infusion, V̇ O2 max increased 
toward pre-detraining values (27). This was confirmed 
in a study in which a 200 to 300 ml expansion of plasma 
volume was shown to increase V̇ O2 max, even though 
the hemoglobin concentration was reduced (28). 
Figure 13.4 shows that between the 21st and 84th days 
of detraining, the decrease in V̇ O2 max is due to the 
decrease in the a-v O2 difference. This was associated 
with a decrease in muscle mitochondria; capillary 
density remained the same. The overall oxidative 
capacity of skeletal muscle was reduced, with the 
percentage of type IIa fibers decreasing from 43% to 
26% and the percentage of type IIx fibers increasing 
from 5% to 19% (29, 30). It is clear that changes in 
V̇ O2 max, due to training or detraining, are caused by 

Figure 13.3 Summary of factors causing an increase in 

VO2 max with endurance training.
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Figure 13.4 Time course of changes in VO2 max and asso-

ciated cardiovascular variables with detraining. From E. F. 
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IN SUMMARY

■ The training-induced increase in maximal 
stroke volume is due to both an increase in pre-
load and a decrease in afterload.

 a.  The increased preload is primarily due to an 
increase in end diastolic ventricular volume 
and the associated increase in plasma volume.

 b.  The decreased afterload is due to a decrease 
in the arteriolar constriction in the trained 
muscles, increasing maximal muscle blood 
flow with no change in the mean arterial 
blood pressure.

■ In young, sedentary subjects, 50% of the 
increase in VO2 max is due to an increase in 
the systemic a-v O2 difference. The increased 
a-v O2 difference is due to an increase in the 
capillary density of the trained muscles that 
is needed to accept the increase in maximal 
muscle blood flow. The greater capillary density 
allows for a sufficiently slow red blood cell tran-
sit time through the muscle, providing enough 
time for oxygen diffusion, which is facilitated by 
the increase in the number of mitochondria.
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changes in stroke volume and the capacity of the 
muscle to extract oxygen. For a review of the meta-
bolic and cardiovascular effects of detraining in 
humans, see Mujika and Padilla’s article in the Sug-
gested Readings.
 Two individuals who have made major contribu-
tions to our understanding of the physiological 
effects of exercise training are John O. Holloszy and 
Bengt Saltin. See A Look Back— Important People in 
Science for more on these outstanding scientists.

IN SUMMARY

■ The decrease in VO2 max with cessation of 
training is due to both a decrease in maximal 
stroke volume and a decrease in oxygen extrac-
tion, the reverse of what happens with training.

ENDURANCE TRAINING: 
EFFECTS ON PERFORMANCE 
AND HOMEOSTASIS

The ability to continue prolonged, submaximal work is 
dependent on the maintenance of homeostasis during 
the activity. Endurance training results in a more rapid 
transition from rest to the steady-state metabolic 
re quirement, a reduced reliance on the limited liver and 
muscle glycogen stores, and numerous cardiovascular 
and thermoregulatory adaptations that increase the 
chance that homeostasis will be maintained. Part of 
these training-induced adaptations are due to structural 
and biochemical changes in muscle, and we will discuss 
those in detail in the next few pages. However, a portion 
of these adaptations is related to factors external to the 
muscle. For example, in chapter 5 you saw how rapidly 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 Dr. John O. Holloszy, M.D. and Dr. Bengt Saltin, M.D., Ph.D.—Olympic Prize Winners

The International Olym-

pic Committee (IOC) 

established the IOC 

Olympic Prize in Sports 

Sciences to recognize 

international leaders in 

research in the sport 

sciences. The awardee 

receives $500,000 and an Olympic 

medal. The prize is awarded every two 

years.

In 2000 the International Olympic 

Committee awarded its IOC Prize in 

Sport Sciences to Dr. John O. Holloszy. 

He received his medical degree 

from Washington University School of 

Medicine in 1957. After serving in 

the United States Public Health Service, 

he returned to Washington  University 

School of Medicine as a National Insti-

tute of Health Research Fellow in 1963 

and began his prolifi c career. The prize 

recognizes his outstanding contribu-

tions to our understanding of the effects 

of endurance training on muscle and 

metabolism, and how they affect endur-

ance performance, heart disease, dia-

betes, and aging. That simple sentence 

cannot do justice to the more than 350 

studies he has published in the very 

best research journals or the impact he 

has had on the broad areas of exercise 

science and preventive medicine. 

Throughout his career, Dr. Holloszy has 

trained several generations of scientists 

to follow in his footsteps. His list of 

postdoctoral fellows, beginning in the 

l960s, reads like the who’s who in exer-

cise  science. The research contributions 

of his post- doctoral fellows multiply 

many times over the effect Dr. Holloszy 

has had on the fi eld of exercise science. 

Dr. Holloszy continues his active research 

career at Washington University School 

of Medicine in the areas of caloric restric-

tion and aging, and carbohydrate and fat 

metabolism. Search under his name at 

the  following website to see a list of his 

publications (http://hcr3.isiknowledge

.com/home.cgi).

 In 2002 the Interna-

tional Olympic Com-

mittee awarded its 

IOC Prize in Sport Sci-

ences to Dr. Bengt 

Saltin, Director of the 

Copenhagen Muscle 

Research Center at 

Rigshospitalet in Switzerland. He 

received his medical degree in 1962 

and his Ph.D. in 1964, and held faculty 

positions at the Karolinska Institute in 

Stockholm and the August Krogh Insti-

tute in Copenhagen. Dr. Saltin has 

made major contributions to our under-

standing of maximal oxygen uptake; 

how genetics and exercise affect mus-

cle; carbohydrate utilization during in-

tense exercise; and based on his classic 

bed-rest studies, the importance of 

physical activity when recovering from 

accident or disease. Dr. Saltin’s research 

has used unique experimental models 

to study the roles of the heart and skel-

etal muscle as factors limiting maximal 

aerobic power. His Knee Extensor 

Model allowed him to study a small 

muscle mass during exercise of vari-

ous intensities through maximum lev-

els and examine the factors limiting 

endurance exercise and the mecha-

nisms of adaptations to training. It is 

clear that the impact of his research is 

felt throughout society, from the med-

ical fi eld to the elite athlete. He has 

published more than 300 research 

articles and 150 reviews or chapters in 

books. He continues his productive 

career at the Copenhagen Muscle 

Research Center. If you go to the 

 center’s website, you can access a 

list of his research articles (http://

www.cmrc.dk/people.htm).
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the plasma epinephrine and norepinephrine response 
to exercise was decreased with training. These hor-
mones directly or indirectly affect numerous metabolic 
responses to exercise and may be involved in some of 
the adaptations to muscle associated with endurance 
training (89). This needs to be stated at the beginning of 
this section because, while we focus on the link between 
changes in skeletal muscle and performance, there is 
clear evidence that some improvements in performance 
occur rapidly and might precede structural or biochemi-
cal changes in skeletal muscle (47). This suggests that 
the initial metabolic adaptations to endurance training 
might consist of neural, or neural-hormonal-receptor, 
adaptations, which are followed by structural adapta-
tions. If so, this would not be unlike the adaptations to 
strength training (see later discussion).
 In the introduction to this chapter, we mentioned 
that the increase in performance following an en durance 
training program was due more to biochemical and 
structural changes in the trained skeletal muscle than 
to a small increase in V̇ O2 max. En dur ance training 
causes rather large changes in the biochemical and 
structural characteristics of the working muscles (see 
Hood’s review of mitochondrial biogenesis due to con-
tractile activity in the Suggested Readings). The typical 
changes include increases in the number of mitochon-
dria (up to fourfold for type II fibers) and capillary den-
sity (54). The increase in mitochondria is associated 
with increases in the enzymes involved in oxidative 
metabolism: Krebs cycle, fatty-acid (␤-oxidation) cycle, 
and the electron transport chain. Changes also occur in 
the “shuttle system” that is used for moving NADH from 
the cytoplasm, where it is produced in glycolysis, to the 
mitochondria, where it is used in the electron transport 
chain to produce ATP. Finally, changes occur in the type 
of LDH enzyme, which is involved in the conversion of 
pyruvate to lactate. It is the changes in these character-
istics of muscle that “drive” or determine the overall 
physiological responses to a given submaximal exercise 
bout. Table 13.4 presents data on succinate dehydroge-
nase activity, a measure of the oxidative capacity of 
muscle, for each of the three major fiber types for  people 

differing in fitness. An important ob servation is that the 
oxidative capacity is not different among the fibers of 
the endurance athlete. In contrast, these values are 
twice that of the type I fibers of individuals who have 
been exercising for months, and four times that of sed-
entary individuals. How long does it take for these 
changes to occur?
 It is a common experience for most individuals 
who do run, swim, or cycle training that a break of only 
two weeks can dramatically affect performance. This is 
due primarily to the changes in the mitochondria’s 
oxidative enzymes (57, 73, 113). In fact, mitochon drial 
oxidative capacity undergoes rapid changes at the 
onset and termination of exercise training. Figure 13.5 
shows how quickly muscle mitochondria increase at 
the onset of training, doubling in about five weeks of 
training. However, only one week of detraining (shown 
by the letter “a”) results in a loss of about 50% of what 
was gained during the five weeks of training (10, 109). 
Three to four weeks of retraining were required to 

TABLE 13.4    Succinate Dehydrogenase Activity in Thigh Muscle Fiber Types in Response to 

Conditioning and Deconditioning

Fitness Level

Range of V
  
O2 max 

(ml   kg 1   min 1) Type I

Muscle Fiber Type 

Type IIa 

( mol   g 1   min 1) Type IIx

Deconditioned 30–40 5.0 4.0 3.5
Sedentary 40–50 9.2 5.8 4.9
Conditioning (months) 45–55 12.1 10.2 5.5
Endurance athletes  70 23.2 22.1 22.0

Adapted from Saltin and Gollnick (105)
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Figure 13.5 Time-course of training/detraining adapta-

tions in mitochondrial content of skeletal muscle. Note 

that about 50% of the increase in mitochondrial content 

was lost after one week of detraining (a) and that all of the 

adaptation was lost after five weeks of detraining. Also, it 

took four weeks of retraining (b) to regain the adaptation 

lost in the first week of detraining.
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come into play to meet the ATP demands of the cross-
bridges. Phosphocreatine responds im mediately to this 
ATP need, followed by glycolysis and mitochondrial oxi-
dative phosphorylation. The latter process provides all 
the ATP aerobically during the steady-state phase of the 
work, with the mitochon drial oxygen consumption 
driven by the ADP concentration. Muscle cells with few 
mitochondria must have a high ADP concentration to 
stimulate the limited number of mitochondria to con-
sume oxygen at a given rate (54). How does endurance 
training affect these oxygen uptake responses at the 
onset of submaximal steady-state work?
 The steady-state V̇ O2 measured during a submaxi-
mal work test is not affected by endurance training. The 
mitochondria are still consuming the same number of 
O2 molecules per minute. What is different, due to the 
large increase in mitochondria, oxidative en zymes, and 
the number of capillaries per muscle fiber, is how the 
ATP-producing chore is shared among the mitochon-
dria. Figure 13.7 shows schematically that if a muscle 

achieve the former levels (shown by the letter “b” in 
figure 13.5). A recent study (21) showed that only six 
sessions of four to seven 30-second all-out exercise 
bouts on a cycle ergometer resulted in a 38% increase in 
mitochondria activity and a 100% increase in cycle 
endurance capacity. The old adage “use it or lose it” is 
very true for the oxidative capacity of muscle (see A 
Closer Look 13.3). The following sections will describe 
how this greater capacity for oxidative metabolism 
results in less disruption of physiological (e.g., plasma 
glucose and H  concentrations) variables maintained 
by homeostatic mechanisms.

Biochemical Adaptations 

and the Oxygen Defi cit

At the onset of exercise, ATP is converted to ADP and Pi 
by the cross-bridges in order to develop tension. The 
increase in the ADP concentration in the cytoplasm is 
the immediate stimulus for ATP-producing systems to 

A CLOSER LOOK 13.3

Role of Exercise Intensity and Duration on Mitochondrial Adaptations

A muscle fi ber’s oxidative capacity can 

improve only if the muscle fi ber is 

recruited during the exercise session. 

Figures 13.6a and 13.6b show chan ges 

in citrate synthase (CS) activity, a marker 

of mitochondrial oxidative capacity, due 

to exercise programs differing in dura-

tion (thirty, sixty, and ninety minutes) 

and intensity (⬃55%, ⬃65%, and ⬃75% 

VO2 max). Figure 13.6a shows that CS 

activity increased in the red gastrocne-

mius (primarily type IIa fi bers) for all 

treatments, but the magnitude of the 

change was independent of the inten-

sity and duration of the activity. In con-

trast, Figure 13.6b shows that for the 

white gastrocnemius (primarily type IIx 

fi bers) CS activity increased due to both 

intensity and duration of activity. Why 

the difference? The type IIa fi bers were 

easily recruited by the lowest exercise 

intensity, while very strenuous exercise 

was required to recruit the type IIx 

fi bers (88). These observations sup-

port our understanding of the speci-

fi city of exercise—light to moderate 

exercise will improve or maintain the 

oxidative capacity of high oxidative 

fi bers (type I and type IIa), whereas 

strenuous  exercise is needed to 

change low oxidative (type IIx) fi bers 

(35, 110). Given the rapid loss of a 

muscle’s oxidative  capacity with ces-

sation of training, it is no  surprise that 

high-level endurance performances, 

which require the re cruitment of type 

IIx fi bers, fall off quickly when training 

ceases.

FIGURE 13.6 Changes 

in citrate synthase activity 

with different intensities 

and durations of exercise.
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cell has only one mitochondrion, an increase of 100 units 
in the ADP concentration is needed for the muscle to 
consume 2.0 liters of O2 per minute. After training, when 
the number of mitochondria has doubled, the ADP con-
centration increases only half as much, because each 
mitochondrion needs only half the stimulation to take 
up 1.0 liter of O2 per minute. The increase in the capil-
lary density in the muscle cell after endurance training 
is a parallel change that supports this process. In 
essence, after an endurance training program, it takes 
less change in the ADP concentration to stimulate the 
mitochondria to take up the oxygen (20, 54). Because 
less of a change in the ADP concentration is needed to 
stimulate the mitochondria, the rising ADP concentra-
tion at the onset of work (due to cross-bridges causing 
ATP → ADP   Pi) will cause oxidative phosphorylation 
to be activated earlier. This translates into a faster rise 
in the oxygen uptake curve at the onset of work, result-
ing in the steady-state V̇ O2 being achieved earlier (see 
figure 4.2) (51, 87). This faster rise in oxygen uptake at 
the onset of work means that the O2 deficit is less: less 
creatine phosphate depletion and less lactate and H  
formation (23, 49).
 The reductions in lactate and H  formation and 
phosphocreatine depletion are also linked to the 
lower ADP concentration in the muscle cell after 

the endurance training program. The lower ADP con-
centration results in less phosphocreatine depletion 
because the reaction for this is [ADP]   [PC] → 
[ATP]   [C]. The lower ADP concentration in the cell 
also results in less stimulation of glycolysis. Chapter 
3 indicated that phosphofructokinase (PFK) is the 
en zyme in glycolysis that controls the rate at which 
glucose is metabolized, and that high levels of ADP 
and low levels of PC in the cell stimulate this enzyme 
to process glucose through the pathway. The reduced 
stimulation of glycolysis due to the lower ADP and 
higher PC concentrations following endurance train-
ing results in less reliance on anaerobic glycolysis 
to provide ATP at the onset of exercise (41, 49). The 
net result is a lower oxygen deficit, less depletion of 
phosphocreatine, and a reduction in lactate and H  
formation. Figure 13.8 shows that the biochemical 
adaptations following endurance training result in a 
faster rise in the oxygen uptake curve at the onset of 
work, with less disruption of homeostasis.

Biochemical Adaptations and the 

Plasma Glucose Concentration

Plasma glucose is the primary fuel of the nervous sys-
tem and, as described in chapter 5, the majority of 
hormonal changes associated with fasting or exercise 
are aimed at maintaining this important homeostatic 
variable. How do the biochemical changes in muscle 
that occur as a result of endurance training help main-
tain the blood glucose concentration during pro-
longed submaximal exercise? The answer is again 
found in the increases in mitochondrial number and 
capillary density that occur with endurance training.
 The increased number of mitochondria increases 
a muscle fiber’s capacity to oxidize both carbohydrate 
and fat. However, the most dramatic change in muscle 
metabolism following training is the increased utiliza-
tion of fat, and the sparing of carbohydrate. This is 
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due to an improved capacity to take up FFA from 
the circulation, an increased ability to transport FFA 
from the cytoplasm to the mitochondria of the mus-
cle, and an increase in the fatty-acid (␤-oxidation) 
cycle en zymes needed to degrade the FFA to acetyl-
CoA units for the Krebs cycle (54). These points will 
now be discussed.

Transport of FFA into Muscle Intramuscular fat 
provides about 50% of the lipid oxidized during exer-
cise; plasma FFA provide the rest (56, 112). The uptake 
of FFA by muscle is proportional to the FFA concentra-
tion in the plasma (85). An enhanced mobilization of 
FFA would favor the maintenance of the plasma FFA 
concentration at a time when the muscle is using FFA 
at a faster rate. However, that does not occur, and the 
plasma FFA concentration is actually lower following 
training (19, 73). How does the endurance-trained 
muscle compensate for this? Plasma FFA must be 
transported from the capillary, across the cell mem-
brane to the cytoplasm, and then into the mitochon-
dria before oxidation can occur. It has been generally 
accepted that the first step, from capillary to cyto-
plasm, was accomplished by passive diffusion, and 
the higher the plasma FFA concentration, the greater 
the rate of FFA uptake by the cell. There is now evi-
dence that the transport of FFA into the muscle cell 
involves a carrier molecule whose capacity to trans-
port FFA can become saturated at high plasma FFA 
concentrations (103). Endurance training has been 
shown to increase the capacity to transport FFA such 
that a trained individual can transport more FFA at 
the same plasma FFA concentration, compared to an 
untrained individual (63). This is due to the dramatic 
training-induced increase in both fatty acid binding 
protein and fatty acid translocase (FAT) (located in 
the sarcolemma) that are involved in transporting the 
fatty acids from outside to inside the sarcolemma 
(61). This increased ability to transport FFA is facili-
tated by a greater capillary density in the trained mus-
cle, which slows the rate of blood flow past the cell 
membrane, allowing more time for the FFA to be 
transported into the cell (103).

Transport of FFA from the Cytoplasm to the 

Mitochondria The rate-limiting step in FFA trans-
port into the mitochondria was thought to be carni-
tine palmitoyltransferase I (CPT-I). This enzyme catalyzes 
the reaction of FFA and the carrier molecule, carnitine, 
which moves quickly across the mitochondrial mem-
brane where the reaction is reversed, yielding the FFA 
for oxidation. However, it is now clear that a mito-
chondrial version of fatty acid translocase (FAT) is 
also involved. CPT-I and FAT work together to increase 
FFA entry into the mitochondria, and much of the 
training-induced increase in fat oxidation is linked to 
changes in mitochrondrial FAT (106). The increase in 

the mitochondrial number with endurance training 
increases the surface area of the mitochondrial mem-
branes and the amount of CPT-I and FAT such that FFA 
can be transported at a faster rate from the cytoplasm 
to the mitochondria for oxidation (105). The faster 
rate of transport from the cytoplasm to the mitochon-
dria favors the movement of more FFA into the muscle 
cell from the plasma.

Mitochondrial Oxidation of FFA Endurance train-
ing causes an increase in both types of  mitochondria—
those located just under the sarcolemma (subsar- 
colemmal) and those located between the contractile 
fi laments (intermyofi brillar) (67). These increases in 
mitochondria number increase the enzymes involved in 
FFA oxidation, specifically, the fatty-acid (␤-oxidation) 
cycle. This results in an increased rate at which acetyl-
CoA molecules are formed from FFA for entry to the 
Krebs cycle, where citrate (the first molecule in the cycle) 
is formed. The high citrate level inhibits PFK activity in 
the cytoplasm and therefore reduces carbohydrate 
metabolism (54). The result of all these adaptations is 
an increase in lipid oxidation and less reliance on carbo-
hydrate metabolism during exercise, thus preserving the 
limited liver glycogen store.

IN SUMMARY

■ The combination of the increase in the density 
of capillaries and the number of mitochondria 
per muscle fiber increases the capacity to trans-
port FFA from the plasma → cytoplasm → 
mitochondria.

■ The increase in the enzymes of the fatty acid 
cycle increases the rate of formation of acetyl-
CoA from FFA for oxidation in the Krebs cycle. 
This increase in fat oxidation in endurance-
trained muscle spares both muscle glycogen 
and plasma glucose, the latter being a focal 
point of homeostatic regulatory mechanisms. 
These points are summarized in Figure 13.9.

Biochemical Adaptations and Blood pH

The pH of blood is maintained near 7.40   0.02 at 
rest. As de scribed in chapter 11, acute and long-term 
challenges to the pH are met by intracellular buffers 
and responses of both the pulmonary and renal sys-
tems. There is evidence that muscle buffering capacity 
can be increased with training, but the training may 
have to be of the high-intensity interval type to bring 
that about (36). In contrast, regular endurance train-
ing results in less disruption of the blood pH during 
submaximal work. How does it do this? The answer 
relates to the re duced lactate and H  formation fol-
lowing endurance training.
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 Lactate formation occurs when there is an ac cu-
mulation of NADH and pyruvate in the cytoplasm of the 
cell where lactate dehydrogenase (LDH) is present:

[pyruvate]   [NADH] → [lactate]   [NAD]
   LDH

 Anything that affects the concentration of pyru-
vate, NADH, or the type of LDH in the cell will affect 
the rate of lactate formation. We have already seen 
that the increased number of mitochondria can have a 
dramatic effect on pyruvate formation: the lower ADP 
concentration stimulates PFK less at the onset of work, 
and the increased capacity to use fats reduces the need 

for carbohydrate oxidation during prolonged work. If 
less carbohydrate is used, less pyruvate is formed. In 
addition, the increase in mitochondria number increases 
the chance that pyruvate will be taken up by the mito-
chondria for oxidation in the Krebs cycle, rather than 
being bound to LDH in the cytoplasm. All of these adap-
tations favor a lower pyruvate concentration and a 
reduction in lactate formation.
 There are two additional biochemical changes in 
muscle due to endurance training that reduce lactate 
and, consequently, H  formation. The NADH produced 
during glycolysis can react with pyruvate, as shown in 
the previous equation, or it can be transported into 
the mitochondrion to be oxidized in the electron trans-
port chain to form ATP (see chapter 3). Endurance 
training increases the number of “shuttles” used to 
transport NADH from the cytoplasm into the mito-
chondrion (54). If the NADH formed in glycolysis is 
more quickly transported to the mitochondria, there 
will be less lactate and H  formation. Lastly, en durance 
training causes a change in the type of LDH present in 
the muscle cell. This enzyme exists in five forms (iso-
zymes): M4, M3H, M2H2, MH3, and H4. The H4, or heart 
form of LDH, has a low affinity for the available pyru-
vate. Endurance training shifts the LDH toward the H4 
form, making lactate and H  formation less likely and 
the uptake of pyruvate by the mitochondria more 
likely. Figure 13.10 summarizes the effects these bio-
chemical changes have on lactate formation and the 
production of H  during submaximal work.
 Exercise challenges homeostasis in many ways, as 
described at the beginning of the chapter. What has 
become clear over the past 15 years is that strenuous 
exercise can increase the risk of respiratory infection—
something counter to the performance gains one 
expects from training. See A Closer Look 13.4 for more 
on this interesting topic.
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A CLOSER LOOK 13.4

Exercise and Resistance to Infection

In 1994, Nieman (83) described the risk 

of an upper respiratory tract infection 

(URTI) to follow a “J”-shaped relation-

ship with the amount and intensity of 

exercise (see fi gure 13.11). For those 

who participated in moderate exercise, 

the risk of an URTI was less than either 

sedentary individuals or those who 

did very large amounts of exercise. 

 Marathon runners represent those at 

the high end of the intensity and 

amount scale, not just because of the 

amount of training they do, but because 

of the race they run (26  miles). It is 

clear that doing a marathon increases 

the risk of an URTI in the weeks follow-

ing the run.

 In a recent review article, Nieman 

(84) summarized the impact of a mara-

thon run on changes in markers of 

immune function. The following pre-

sents a few of those changes:

■ Elevated neutrophils, reduced 

lymphocytes, and a steep drop 

in natural killer (NK) cells.

■ Decreases in blood and spleen 

NK cell cytoxic activity and 

T-cell function.

■ Decreases in nasal neutrophil 

phagocytosis.

■ Decreases in nasal and salivary 

IgA concentrations.

■ Increases in pro-and anti-

infl ammatory cytokines and 

chemokines.

Some believe this immune suppres-

sion following a marathon (compared 

to that observed after moderate exer-

cise) provides an “open window,” dur-

ing which time viruses and bacteria 

might gain a foothold and increase the 

risk of infection (see fi gure 13.12). How-

ever, there is a need for additional 

research to determine the strength of 

this link (45, 84).

 Part of the reason investigators 

believe that more support is needed 

for the “open window” hypothesis is the 

small fraction of marathon runners who 

actually experience an URTI in the weeks 

following a marathon (as low as 3%). 

Some believe that it is the other factors 

associated with running a marathon 

that must be considered when assess-

ing blame for the URTI. For example, 

the amount of travel, the loss of sleep, 

altered diet, and mental stress can all 

contribute to the increased risk of an 

URTI (45, 84).

 A considerable amount of research 

has been done to determine if the 

immune function of marathon runners 

can be enhanced; however, the news is 

not great. Use of vitamins (C and E), 

minerals (zinc), amino acids, drugs such 

as ibuprofen, and herbs such as ginseng 

and echinacea do not improve immune 

function in exercise-induced immune 

suppression. In addition, although car-

bohydrate ingestion during marathon 

running appeared to be effective in 

reducing stress hormones (cortisol and 

epinephrine), there was no difference 

in the number of URTIs when compared 

to marathon runners who ingested a 

placebo (2, 84). For those interested in 

how immune function responds to envi-

ronmental extremes, see the review 

by Walsh and Whitham in the Suggested 

Readings.
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Biochemical Adaptations 

and Lactate Removal

Lactate accumulation in the blood is dependent 
on the balance between lactate production by work-
ing muscle and lactate removal by liver and other 
tissues. The blood lactate concentration stays at 
1 mmol/liter at rest and during light exercise when 
there is a balance between production and removal. 
As the exercise intensity increases, the blood lac-
tate could rise due to an acceleration of lactate pro-
duction or to a reduction in the rate of removal by 
the liver and other tissues (22). As described in 
chapter 9, blood flow to nonworking muscles, kid-
ney, liver, and GI tract decreases as exercise inten-
sity increases, reducing the rate of lactate removal. 
How does endurance training affect blood flow to 
these tissues?
 Endurance training causes an increase in the cap-
illary density of the working muscles. This results in 
two changes favorable for oxygen transport to the 
mitochondria: a decrease in the distance from capil-
lary to mitochondrion, and a decrease in the rate of 
blood flow through each capillary, allowing more time 
for the diffusion of oxygen to the mitochondria. As a 
result, the same submaximal work rate demands less 
blood flow to the working muscles after training. The 
muscle can extract more oxygen from each liter of 
blood (larger a-v O2 difference across the muscle) to 
achieve the same steady-state V̇ O2, with a lower blood 
flow.
 Because the cardiac output for a given submaxi-
mal work rate is unchanged or only slightly decreased 
after training (38), where is the blood flow now dis-
tributed that was formerly going to the working mus-
cles? Two vascular beds that receive an increase in 
blood flow following training are the liver and the kid-
neys. Because the liver is a major site for lactate 
removal for gluconeogenesis, the blood lactate level 
is lower following an endurance training program, in 
part due to the liver’s increased ability to remove lac-
tate. Figure 13.13 summarizes these events.

ENDURANCE TRAINING: 
LINKS BETWEEN MUSCLE 
AND SYSTEMIC PHYSIOLOGY

We have just described the importance of the local 
changes occurring in endurance-trained muscle on the 
maintenance of homeostasis during prolonged submax-
imal work. However, these same changes are also related 
to the lower heart rate, ventilation, and catecholamine 
responses measured during submaximal work following 
an endurance training program. What is the link between 
the changes in muscle and the improved heart rate and 
ventilation responses to exercise?
 The following endurance training study illustrates 
the importance of the trained muscle in the body’s over-
all response to a submaximal work bout. In this study, 
each subject’s left and right legs were tested separately 
on a cycle ergometer at a submaximal work rate prior to 
and during an endurance training program. Heart rate 
and ventilation were measured at the end of the sub-
maximal exercise test, and a blood sample was obtained 
to monitor changes in lactate, epinephrine, and norepi-
nephrine. During the study, each subject trained only 

Decreased lactate production

Increased lactate removal

Cardiac output
Blood [lactate]Working Muscle

Decreased blood flow
and

Increased oxygen extraction

Liver

Increased blood flow

Figure 13.13 Effect of endurance training on the redistribution of blood flow and lactate removal during exercise at a 

fixed submaximal workload.

IN SUMMARY

■ Mitochondrial adaptations to endurance train-
ing include an increase in the enzymes involved 
in oxidative metabolism: Krebs cycle, fatty-acid 
(␤-oxidation) cycle, and the electron transport 
chain.

■ Those mitochondrial adaptations result in the 
following:

 a.  a smaller O2 deficit due to a more rapid 
in crease in oxygen uptake at the onset of work

 b.  an increase in fat metabolism that spares 
muscle glycogen and blood glucose

 c.  a reduction in lactate and H  formation that 
helps to maintain the pH of the blood

 d.  an increase in lactate removal
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one leg for thirteen sessions, fifteen minutes a session, 
at an exercise intensity causing a heart rate of 170 beats 
per minute. At the end of each week of training, the sub-
ject was tested at the same submaximal work rate used 
prior to starting the training program. This procedure 
allowed the investigator to determine how fast the “train-
ing effect” occurred. Figure 13.14 shows that heart rate, 
ventilation, blood lactate, and plasma epinephrine and 
norepinephrine responses decreased throughout the 

study. Results such as these have been used to support 
the idea that the cardiovascular, pulmonary, and sympa-
thetic nervous systems have each adapted to the exer-
cise. However, that may not be quite true. At the end of 
this training program, the “untrained” leg was trained for 
five consecutive days at the same submaximal work rate 
used for the “trained leg.” Physiological  measurements 
were obtained during the ex ercise  session on the first, 
third, and fifth days. If the cardiovascular, pulmonary, 
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and sympathetic nervous systems had become “trained” 
as a result of the thirteen exercise sessions with the 
other leg, you might expect some “transfer” of the train-
ing effect when the untrained leg was tested. Interest-
ingly, figure 13.14 shows that all the systems responded 
as if they had never been exposed to exercise training 
(26). There was no transfer of the training effect from one 
leg to the other. This example shows that the heart rate, 
ventilation, and plasma catecholamine responses to 
prolonged submaximal exercise are determined, not by 
the specific adaptation of each organ or system, but by 
the training state of the specific muscle groups engaged 
in the exercise. How is this possible?
 In chapter 10, the control of ventilation during exer-
cise required a discussion of central and peripheral neu-
ral influences that could help explain the precise 
matching of ventilation to the increased oxygen demands 
of incremental exercise. This same approach will be 
taken here to explain how endurance training of specific 
muscle groups results in the decrease in cardiorespira-
tory and sympathetic nervous system responses to the 
same submaximal work rate. The output of the cardio-
vascular and respiratory control centers is influenced by 
input from higher brain centers, where the motor task 
originates, as well as from the muscles carrying out the 
task. A decrease in motor unit recruitment or a reduction 
in output from the receptors in the working muscles to 
the brain reduces these physiological responses to the 
work task. Following a brief summary of “peripheral” and 
“central” control mechanisms, an attempt will be made 
to show how both are involved in the reduced physiolog-
ical responses to submaximal exercise.

Peripheral Feedback

Rowell (96) indicates that Zuntz and Geppert were the 
originators of the idea that reflexes in working muscles 
might control or “drive” cardiovascular or pulmonary 
systems in proportion to the metabolic rate. A number 
of receptors have been examined that respond to chem-
ical or physical changes in muscle that might signify 
work rate. The involvement of the muscle spindle and 
Golgi tendon organ received considerable attention as 
possible sites for these reflexes, given their ability to 
monitor changes in muscle length and tension develop-
ment, respectively. However, blocking the afferent 
nerves from these receptors did not eliminate specific 
cardiovascular responses to muscle tension develop-
ment (81, 96). Attention has now been directed to small-
diameter nerve fibers (group III and group IV fibers) that 
are responsive to tension, temperature, and chemical 
changes in muscle. These fibers increase their rate of 
firing action potentials in proportion to changes in met-
abolic rate. Figure 13.15 shows schematically the neuro-
nal circuitry for the reflex regulation of the cardiovascular 
and respiratory responses to exercise by these group III 
and group IV fibers.

Central Command

The general idea surrounding central control of the 
physiological response to exercise is presented in 
figure 13.16. Higher brain centers (motor cortex, basal 
ganglia, cerebellum—see chapter 7) prepare to execute 
a motor task and send action potentials through lower 
brain centers and spinal nuclei to influence the cardio-
respiratory and sympathetic nervous system responses 
to exercise. As more motor units are recruited to 
develop the greater tension needed to accomplish a 
work task, larger physiological re sponses are required 
to sustain the metabolic rate of the muscles (80, 96). 
For example, if some muscle fibers are prevented from 
contracting, additional muscle fibers must be recruited 
to maintain tension. This generates higher heart rate 
responses to the work task (4). How are these periph-
eral and central controls related to the decreases in 
sympathetic nervous system activity, heart rate, and 

Working Muscle

Cardiorespiratory
control centersSpinal Cord

Liver and kidney
blood flow

Work rate

Work rate

HR   VE

Temperature, tension
and local factors

Group III
fibers

Group IV
fibers

(–)  (+)        (–)  (+)

(+)

(–)

Figure 13.15 Peripheral control mechanisms in muscle 

influence the heart rate, ventilation, and kidney and liver 

blood flow responses to submaximal work.
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ventilation observed during submaximal exercise fol-
lowing an endurance training program?
 The ability to perform a fixed submaximal exercise 
bout for a prolonged period of time is dependent on 
the recruitment of a sufficient number of motor units 
to meet the tension (work) requirements through oxi-
dative phosphorylation. Prior to endurance training, 
more mitochondria-poor motor units must be recruited 
to carry out a work task at a given V̇ O2. This results in a 
greater “central” drive to the cardiorespiratory control 
centers, which causes higher sympathetic nervous sys-
tem, heart rate, and ventilation responses. The feed-
back from chemoreceptors at the untrained muscle 
would also stimulate the cardiorespiratory control 
center. With the increase in mitochondrial number fol-
lowing endurance training, local factors (H , adeno-
sine compounds, etc.) do not change as much. This 
leads to less local stimulation of blood flow and a 
reduced chemoreceptor input to the cardiorespiratory 
centers. In addition, the higher number of mitochon-
dria allows the tension to be maintained with fewer 
motor units involved in the activity. This reduced “feed 
forward” input from the higher brain centers and 
reduced “feedback” from the muscle re sults in lower 
sympathetic nervous system output, heart rate, and 
ventilation responses to exercise (80, 96, 97).

PHYSIOLOGICAL EFFECTS 
OF STRENGTH TRAINING

The basic principles of training related to improving 
strength have been around for thousands of years, and 
Morpurgo’s observation that gains in strength were 
associated with increases in muscle size was made over 
one hundred years ago (6). Despite this history, most 
recent research on the effects of training has focused on 
V̇ O2 max and endurance performance, possibly because 
of their link to the prevention and treatment of heart dis-
ease. However, times and circumstances change, and in 
1990 the American College of Sports Medicine (ACSM) 
added strength training for muscular fitness to that and 
subsequent position stands. In addition, the ACSM 
released another position stand in 2002 outlining pro-
gression models for resistance training (3). See A Closer 
Look 13.5 for background on why strength training is 
important as we age.
 Before we begin, some terms need to be defined 
and some basic principles need to be restated. Mus-
cular strength refers to the maximal force that a mus-
cle or muscle group can generate and is commonly 
expressed as the one-repetition maximum or 1-RM, 
the maximum load that can be moved through a range 
of motion once in good form. Muscular endurance 
refers to the ability to make repeated contractions 
against a submaximal load. Consistent with our ear-
lier discussion of training and VO2 max, large individ-
ual differences exist in the response to strength 
training programs, and the percent gain in strength is 
inversely related to the initial strength (68). These 
observations imply a genetic limitation to the gains 
that can be realized due to training, similar to what we 
have seen for gains in VO2 max. Finally, the basic 
principles of training, overload, and specificity apply 
here as well. For example, high-resistance training 
(2–10 RM loads) results primarily in gains in muscular 
strength; in contrast, low-resistance training (20  RM 

A CLOSER LOOK 13.5

Aging, Strength, and Training

Aging is associated with a decline in 

strength, with most of the decline occur-

ring after age fi fty. The loss of strength is 

due, in part, to a loss of muscle mass 

(sarcopenia), which is related to the 

loss of both type I and II fi bers, atrophy 

of existing type II fi bers, and an increase 

in intramuscular fat and connective tis-

sue (59). The loss of muscle fi bers is a 

result of loss of their motor neurons, so 

whole motor units are lost with aging. In 

addition, the remaining type I or type II 

muscle fi bers cluster in homogeneous 

groups, in contrast to the heteroge-

neous distribution of fi ber types seen 

in a muscle cross-section from younger 

individuals (33, 59).

 That is the bad news. The good news 

is that a progressive resistance training 

program causes muscle hypertrophy 

and very large gains in strength in older 

individuals, including those in their 90s 

(42, 43). Such strength training pro-

grams are important, not only for being 

able to carry out activities of daily liv-

ing, but also for improved balance and 

reducing the risk of falls (55, 59). For 

those interested in more detail, see 

the review by Hunter et al. (59).

IN SUMMARY

■ The biochemical changes in muscle due to 
endurance training influence the physiological 
responses to exercise. The reduction in “feed-
back” from chemoreceptors in the trained mus-
cle and a reduction in the need to recruit motor 
units to accomplish a work task results in 
reduced sympathetic nervous system, heart 
rate, and ventilation responses to submaximal 
exercise.
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loads) results in gains in muscular endurance, with 
less of a change in strength (68). What physiological 
changes occur with resistance training that result in 
improvements in muscular strength and endurance?

PHYSIOLOGICAL 
MECHANISMS CAUSING 
INCREASED STRENGTH

Chapter 8 described the roles that motor unit recruit-
ment, stimulus frequency, and synchronous firing of 
motor units play in the development of muscle 
 tension, as well as the fact that type II motor units 
develop more tension than type I motor units. In addi-
tion, we described how stimulatory (muscle spindle) 
and inhibitory (Golgi tendon organ) muscle reflexes 
affect tension development. These factors are very 
much involved in the improvement of strength with 
training.
 Figure 13.17 provides a schematic to follow that 
will facilitate our discussion of muscular and neural 
factors related to gains in strength (98). In training 
studies of short duration (eight to twenty weeks), neu-
ral adaptations related to learning, coordination, and 
the ability to recruit prime movers play a major role in 
the gain in strength. In contrast, in long-term training 
programs an increase in the size of the prime movers 
plays the major role in strength development. How-
ever, there is evidence that with high-intensity resis-
tance training, changes in muscle size are detectable 

by three weeks (⬃10 sessions) of training (107). The 
role of anabolic steroids (see chapter 5) relates to this 
latter point (98). We will now consider neural and 
muscular factors in more detail.

Neural Factors

It has become clear that a portion of the gains in 
strength that occur with training, especially early in a 
program, is due to neural adaptations and not an 
enlargement of muscle (98). Some of these observa-
tions show that neural adaptations to strength train-
ing are different from those that occur with running or 
cycling training. In figure 13.14 we showed that when 
one leg was trained on a cycle ergometer, the training 
effect did not “carry over” to the untrained leg. In con-
trast, when one arm is strength trained, a portion of the 
training effect is “transferred” to the other arm. In this 
case, the gain in strength in the trained arm was related 
to both muscle hypertrophy and an increased ability to 
activate motor units, whereas in the untrained arm the 
improvement was due solely to the latter factor—a 
neural adaptation (98). A study confirmed this when 
gains of muscular strength and endurance of a trained 
leg were transferred to the untrained leg (62). The neu-
ral adaptations related to strength training include an 
improved ability to recruit motor units to enable a 
 person to match the strength elicited by electrical 
stimulation (98). For a detailed review of possible 
mechanisms underlying the transfer of strength gains 
from a resistance-trained limb to its untrained coun-
terpart, see the reviews by Lee and Carroll; Folland 

(Steroids)

Progress
Strength

Most
training
studies Most serious

strength trainers

Neural

Hypertrophy

Time

Figure 13.17 Relative roles of neural and muscular adaptations to resistance training.
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and Williams; and Gabriel, Kamen, and Frost in the 
Suggested Readings. Strength and conditioning spe-
cialists are always looking for the “best” programs to 
increase muscular strength. The Winning Edge 13.1 
presents a recent review of how conventional programs 
compare to periodized strength training programs.

Muscular Enlargement

Recall that type II muscle fibers develop slightly 
more specific tension (i.e., force/cross-sectional 
area) than type I fibers (105); however, an enlarge-
ment of either fiber results in gains in strength. 
Strength training causes an enlargement of both 
type I and type II fibers, with the latter changing more 
than the former (68, 111). However, bodybuilders 
who train with low-intensity (high RM) and large-
 volume workouts have smaller type II fibers than 
powerlifters who train with heavy resistance (low 
RM) workouts (68, 111). It must be added that while 
bodybuilders have a higher percentage of slow-twitch 
fibers than do elite powerlifters, there are questions 
about whether the dif fer ence is due to training or 
self-selection based on a genetic predisposition for 
success (111). Interestingly, differences between 
bodybuilders and powerlifters carry over to other 
muscular adaptations.

 In contrast to the skeletal muscle adaptations that 
accompany running and cycling training, there is no 
increase in capillary density with heavy resistance 
training. As a result of the muscle’s enlargement, 
 capillary density may actually decrease (68, 111), but 
not without exception (76). However, bodybuilders 
who use low-resistance, high-volume workouts show 
in creases in the capillary-to-fiber ratio such that the 
capillary density is similar to that of nonathletes, 
despite the muscle enlargement. Short-term strength 
training programs do not change capillary density, but 
mitochondrial density is decreased in proportion to 
the degree of hypertrophy (111). The interested reader 
is referred to a comprehensive review by Wernbom, 
Augustsson, and Thomeé in the Suggested Readings, 
which examines the effect of the training variables of 
frequency, intensity, volume, and mode of training on 
muscle hypertrophy. The muscle’s ability to adapt is 
much greater than what is observed from conventional 
exercise training (see Pette’s review in the Suggested 
Readings).

Hypertrophy and Hyperplasia During normal 
human development, from birth until adulthood, 
muscle size increases manyfold, with no change in the 
number of muscle fibers—a true hypertrophy. It is 
therefore not surprising that muscle enlargement 

THE WINNING EDGE 13.1

Periodization of Strength Training

The most common resistance training 

workouts are structured around the 

ex ercise intensity and “sets” and “reps.” 

Sets are the number of times a speci -

fic exercise is done, and reps refer to 

the number of times a movement is 

repeated within a set. Intensity refers to 

the weight lifted and may be ex pressed 

in terms of the “repetitions maximum” 

(RM), where 1RM is the greatest weight 

that can be lifted one time in good form. 

In chapter 16 we provide a brief sum-

mary of the debate on whether one set 

is as good as multiple sets in develop-

ing muscular fitness (see Clinical Appli-

cations 16.4). However, when working 

with athletic populations interested in 

performance, a strength coach may also 

specify the rest periods between exer-

cises and sets, the type of muscle action 

(eccentric or concentric), the number of 

training sessions per week, and pos-

sibly, the training volume (the total 

number of reps done in a workout). 

Periodized strength training uses 

these variables (and more) to develop 

 work -outs to achieve optimal gains in 

strength, power, motor performance, 

and/or hypertrophy over the course of a 

season, year, or athletic career (44, 69). 

Periodization describes a systematic 

process in which the volume and inten-

sity of training are varied over time. For 

example, in “linear periodization” the 

individual is progressed from high vol-

ume/low intensity to low volume/high 

intensity over a certain time period 

(e.g., months). In “undulating” periodiza-

tion the changes in volume and inten-

sity occur more frequently (e.g., weekly 

or even daily). Are periodized programs 

better than nonperiodized programs?

 A recent literature review (a meta-

analysis) suggests that they are. Rhea 

and Alderman (93) found periodized 

programs to be more effective than 

nonperiodized programs for men 

and women, individuals with varying 

backgrounds in resistance training (i.e., 

untrained, athletes), and for all age 

groups. Consistent with the overload 

principle, additions to volume, inten-

sity, and frequency resulted in addi-

tional adaptations. In addition, it has 

been shown that gradually increasing 

volume and decreasing intensity (re verse 

linear periodization) is more effective 

than linear or undulating periodization in 

increasing local muscle endurance (95), 

whereas daily undulating programs 

are more effective for strength develop-

ment (94).
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associated with strength training is also due to a 
hypertrophy of existing fibers, not the generation of 
new fibers (hyperplasia), an observation Morpurgo 
made over one hundred years ago (6, 105). However, a 
variety of observations have raised questions that 
perhaps some of the muscle enlargement due to train-
ing is the result of hyperplasia. Some studies report 
that elite bodybuilders have more fibers per motor 
unit than the average person, raising the point that 
hyperplasia might occur with long-term training 
(70, 72). In addition, when resistance training resulted 
in a 24% increase in muscle mass but only an 11% 
increase in fiber cross-sectional area, scientists sug-
gested that hyperplasia might have played a role in 
the muscle enlargement (79). Although there is some 
support for hyperplasia, the vast majority of evidence 
favors the age-old proposition that hypertrophy is 
responsible for the expansion of the muscle’s cross-
sectional area due to resistance training (31).

Concurrent Strength 

and Endurance Training

At this point in the chapter it may have occurred to 
you that strength training might interfere with the 
adaptations associated with endurance training. 
For example, cycle training increases mitochondrial 
proteins, and strength training increases contractile 
proteins. Does one type of training really interfere 
with the effects of the other? To date, a definite answer 
to this question is not available; nonetheless, let’s 
examine studies on this issue.
 In 1980, Hickson (50) showed that a ten-week 
combined strength and endurance training program 
resulted in similar gains in VO2 max compared to an 
endurance-only group, but there was some interfer-
ence with the gains in strength. The strength-only 
group increased strength throughout the entire ten 
weeks, but the combined strength and endurance 
group showed a leveling off and a decrease in strength 
at nine and ten weeks. In contrast to this, when a ten-
week (three-day-per-week) strength training program 
was added to a run-and-cycle training program after 
the group had leveled off in endurance performance, 
the group experienced a 30% gain in strength, but 
without hypertrophy. VO2 max was unaffected, but 
cycle time to exhaustion at 80% VO2 max was increased 
from seventy-one to eighty-five minutes. This suggests 
that strength training can improve the performance of 
prolonged heavy endurance exercise (53).
 Sale et al. (100) found that relative to gains in 
strength (S) and endurance (E), when E-training was 
added to S-training (S   E), more improvements 
oc curred in endurance than were generated by S-
 training alone. However, strength measures were 
unaffected. When S-training was added to E- training 
(E   S), more gains were made in strength than were 

generated by E-training alone; endurance measures 
were unaffected. The authors concluded that con-
current S- and E-training did not interfere with S- or 
E-development in comparison to S- or E-training 
alone. They suggest that the effectiveness of added 
training may depend on a variety of factors, such as 
intensity, volume, and frequency of training, status 
of the subjects, and how the training modes are 
integrated (99).
 Consistent with this proposition, Putman et al. 
(91) found that the S group, which exercised three 
days per week, experienced a greater gain in strength 
than the combined S   E group that exercised six 
days per week. The cross-sectional area (CSA) of type 
IIa fibers was increased similarly in S and S   E, but 
not so for the type I fibers. The S groups experienced 
a threefold greater change than the S   E group. In 
contrast, a study that required the S   E group to do 
only two endurance workouts and two strength work-
outs per week (versus three each) showed gains in 
strength and an increased hypertrophy in all fibers 
(48). Clearly the frequency of training has an impact 
on the potential for one type of training to interfere 
with the other (77).
 Scientists have observed that crews on the Inter-
national Space Station lose muscle mass and 
strength despite doing a program of S E exercise 
while on board the station. That raised the possibil-
ity that the E-exercise might be interfering with the 
adaptations to S-exercise, because S-exercise alone 
has been shown to be effective in preventing loss of 
muscle mass. Investigators tested this proposition 
by comparing myofi brillar protein synthesis in one 
leg that did E S exercise versus the other that did 
S-exercise alone. Interestingly, there was no differ-
ence in protein synthesis, suggesting that E-exercise 
does not interfere with adaptations to S-exercise 
(25). For those interested in a detailed discussion of 
the molecular mechanisms that might be associated 
with endurance training’s negative impact on adap-
tations to strength training, see Baar in the Selected 
Readings for the lead paper from a symposium on 
this topic.

IN SUMMARY

■ Increases in strength due to short-term (eight 
to twenty weeks) training are the result of neu-
ral adaptations, whereas gains in strength in 
long-term training programs are due to an 
increase in the size of the muscle.

■ There is evidence both for and against the prop-
osition that the physiological effects of strength 
training interfere with the physiological effects 
of endurance training.
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STUDY QUESTIONS

 1.  Define the following principles of training: overload and 
specificity.

 2.  Give one example of a cross-sectional study and a lon-
gitudinal study.

 3.  What are typical V̇ O2 max values for young men and 
women? Cardiac patients?

 4.  Given the formula for V̇ O2 max using heart rate, stroke 
volume, and the a-v O2 difference, which variable is most 
important in explaining the differences in V̇ O2 max in 
different populations? Give a quantitative example.

 5.  Describe how the increase in VO2 max comes about for 
the sedentary subject who undertakes an endurance 
training program.

 6.  Explain the importance of preload, afterload, and con-
tractility in the increase of the maximal stroke volume 
that occurs with endurance training.

 7.  What are the most important changes in muscle 
structure that are responsible for the increase in the 
maximal a-v O2 difference that occurs with endurance 
training?

 8.  What causes the VO2 max to decrease following termi-
nation of an endurance training program?

 9.  Describe how the capillary and mitochondrial changes 
that occur in muscle as a result of an endurance 
training program are related to the following adapta-
tions to submaximal exercise:
a. a lower O2 deficit
b.  an increased utilization of FFA and a sparing of blood 

glucose and muscle glycogen
c.   a reduction in lactate and H  formation that helps to 

maintain the pH of the blood
d. an increase in lactate removal

10.  Define central command and peripheral feedback and explain 
how changes in muscle as a result of endurance train-
ing can be responsible for the lower heart rate, ventila-
tion, and catecholamine responses to a submaximal 
exercise bout.

11.  In short-term training programs, what neural factors 
may be responsible for the increase in strength?

12.  Contrast hyperplasia with hypertrophy, and explain the 
role of each in the increase in muscle size that occurs 
with long-term strength training.

13.  Does strength training interfere with the physiological 
effects of endurance training?
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In many areas of inquiry, scientists look for connec-

tions between facts (e.g., cigarette smoking and lung 

cancer) and try to determine whether the linkage is a 

causal one or is due simply to chance. This chapter 

will describe the way two scientific disciplines, epide-

miology and physiology, go about the business of 

moving from simple observations to the point of 

establishing that events are causally connected. Such 

a process allows us to understand the manner in 

which a disease develops and points the way toward 

intervention programs.

EPIDEMIOLOGY

In the mid-1850s in London there was a major out-

break of cholera, a disease characterized by vomiting 

and diarrhea that can lead to death (44). Although it 

was generally accepted in the medical community of 

that time that the disease was caused by “bad air” 

derived from decaying organic matter, Dr. John Snow 

thought otherwise. He systematically contacted the 

families of those who had died of cholera and found 

an association between the source of their drinking 

water and the death rate. People supplied by the 

Southwark water company experienced a cholera 

death rate of 5.0 per 1,000 population, compared to a 

rate of 0.9 per 1,000 for those supplied by other water 

companies (6, 44). About 100 years later, a study of 

British doctors showed a linear increase in lung 

cancer with the average number of cigarettes smoked 

per day. These studies are examples of the science of 

epidemiology in action (6, 44). In the first case, Snow 

looked for connections between an environmental 

factor (water supply) and a communicable disease 

(cholera) by studying subgroups of the London popu-

lation. The second study built on clinical observations 

linking a behavior (smoking) to a chronic disease 

(lung cancer) to see if the two might be causally 

connected.

 Epidemiology is defined as the “study of the dis-

tribution and determinants of health-related states or 

events in specified populations, and the application 

of this study to control of health problems” (24). Epi-

demiology is used in a number of ways (6):

■ To establish cause—It is important to know 

whether the cause of a disease is due to 

genetic or environmental factors, or more 

likely, an interaction between the two (e.g., 

smoking and lung cancer). This can lead to 

strategies to prevent the disease (e.g., don’t 

smoke).

■ To trace the natural history of a disease—

Epidemiologists try to understand the normal 

course of a disease from a healthy state to a 

presymptomatic stage that leads to clinical 

signs and symptoms and finally to death or 

recovery. The progress of the disease can be 

detected and treated at any stage, but the 

effectiveness of the treatment can be deter-

mined only if the natural history of the dis-

ease, in the absence of treatment, is known.

■ To describe the health status of populations—

By knowing the total burden of disease in a 

population, health authorities can establish 

priorities in the use of health-care dollars to 

have the greatest benefit.

■ To evaluate an intervention—Studies are 

done to determine the success or failure of 

programs established to prevent or treat a 

disease.

 One of the major goals of epidemiology is to pre-

vent and control diseases by understanding what 

causes them, but it is easier said than done, even for 

infectious diseases (6). Figure 14.1 describes an epi-

demiological model called the epidemiologic triad 

that shows connections among the environment, the 

agent, and the host that cause disease (15, 44). If we 

use the cholera example mentioned earlier, the bac-

terium Vibrio cholerae is the agent that was transmitted 

via a poorly treated water supply (environment) to 

the population (host). The model also indicates that 

social factors such as poor housing and malnutrition 

can decrease natural protective mechanisms and 

make the host more susceptible to disease. In the 

cholera example, the disease was controlled by mak-

ing the drinking water safe. An important point to 

recognize is that disease control was achieved 

decades before the bacterium that causes cholera 

was discovered (6).

Figure 14.1 Epidemiologic triad: an epidemiologic model 

showing the interaction of the environment, host, and 

agent as a cause of disease.
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in 2004 heart disease, cancer, and stroke were 

the top three causes of death, accounting for about 

1.36 million deaths. Heart disease and stroke accounted 

for 33% of all deaths, with cancer responsible for 23% 

more (26). The problem of establishing the cause of a 

disease is much more difficult when dealing with chronic, 

degenerative diseases such as cardiovascular disease, 

because genetic, environmental, and behavioral factors 

are involved in a very complex  manner. The difficulty of 

establishing “cause” in these complex diseases is best 

described by another epidemiologic model, called the 

web of causation (25, 44). 

 By way of explanation, a web of causation for the 

sinking of the Titanic is shown in Figure 14.2 (45, p. 6). 

Everyone knows that an iceberg sank the Titanic and 

resulted in the death of a large number of people, but 

what "caused" that to happen is more complicated. 

■ Epidemiology is the study of the distribution 

and determinants of health states and the use 

of this information in the control of  disease.

■ Disease control can be achieved by (1) de -

stroying or removing the agent at its source, 

(2) altering the environment to reduce trans-

mission of the agent, or improving the host’s 

resistance to the agent, and (3) altering the 

host’s behaviors such as improved nutrition, 

immunization, and exercise (15).

IN SUMMARY

 Over the past 100 years, attention has shifted from 

infectious diseases (e.g., tuberculosis and pneumonia) 

as the major causes of death to degenerative diseases 

such as cancer and cardiovascular diseases. For example, 

Figure 14.2 Web of causation: profi le of the Titanic disaster. Source Deb Fell Carlson, Julie Norton, Sandee Holmes, and 

Tony Brace.
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syndrome). Trying to tease out the effect that one fac-

tor has on another and on the final disease process is 

a difficult task that makes work in epidemiology inter-

esting and challenging. The factors in the web of cau-

sation are positively associated with the development 

of cardiovascular diseases, but are not sufficient in 

and of themselves to cause them. These factors are 

called “risk factors,” and they play a major role in pre-

vention programs aimed at reducing disease and pre-

mature death associated with degenerative diseases. 

This has led to public health programs to educate the 

population about risk factors and the need for each of 

us to take personal responsibility for our health (6, 21). 

See A Closer Look 14.1 for differences between leading 

and actual causes of death.

■ Epidemiologists show that the major causes 

of death in the United States are degenerative 

diseases such as heart disease and cancer. The 

development and progress of these diseases 

are affected by the interaction of environmental 

and behavioral risk factors.

IN SUMMARY

You can see in the diagram that management deci-

sions to not provide an adequate number of lifeboats, 

practice emergency procedures, or attend to an ice-

berg warning contributed to the high death rate. In 

addition, equipment factors (quality of the steel, small 

rudder, poor watertight doors), human factors (feel-

ings that the ship could not sink), and environmental 

factors (water temperature) all contributed to the high 

death rate, especially for those of low socioeconomic 

status (SES) who were trapped in the lower decks. The 

various factors acted alone, but also interacted with 

each other to contribute to the high death rate. 

 In like manner, the web of causation for cardiovas-

cular disease is very complex. In an oversimplifi cation, 

Figure 14.3 shows three major classes of risk factors: 

genetic (gender, race), environmental (access to inex-

pensive high-fat foods; access to convenient places to 

walk, cycle, and play), and behavioral (diet, smoking, 

inadequate physical activity, too much physical inac-

tivity [TV, video, computer]) (44, 46). They act alone 

and interact with each other to cause atherosclerosis. 

Many interact to cause overweight, obesity, and type 2 

diabetes—problems that are connected to cardiovas-

cular disease (see the later discussion on the metabolic 

Figure 14.3 Simplifi ed web of causation showing how genetic, environmental, and behavioral factors interact to cause 

artherosclerosis.
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 In 1979, the surgeon general of the United States 

published a report, Healthy People (47), indicating that 

even though degenerative diseases have more com-

plex causes than infectious diseases, the onset of 

these diseases can be delayed or prevented (47). 

 Figure 14.4 shows the three major risk factor catego-

ries associated with health and disease, with specific 

risk factors identified under each. Although some dis-

eases (hemophilia and sickle-cell anemia) are primar-

ily inherited, the vast majority of diseases result from 

an interaction of genetics and the individual’s envi-

ronment (47). The inherited/biological factors include age, 

gender, race, and the ease with which one might 

develop a disease. Nothing can be done about these 

risk factors; they are fixed and some people simply 

have a higher risk of certain degenerative diseases 

than others. However, what has become clear over 

the past fifty years is the fact that environmental and 

behavioral risk factors are most influential in the early 

onset of degenerative diseases or death. Fortunately, 

these risk factors are most susceptible to change, and 

this brings us back to the issue of personal responsi-

bility as a major force determining one’s well-being. 

Personal responsibility means more than getting 

sufficient exercise, or eating the proper foods. There is 

a need for people to speak out for clean air and water, 

to support community-wide blood pressure and 

serum cholesterol screenings, and to not drink and 

drive. To expand on this risk factor concept, we will 

focus on coronary heart disease.

CORONARY HEART DISEASE

Coronary heart disease (CHD) is associated with a 

gradual narrowing of the arteries serving the heart due 

to a thickening of the inner lining of the artery. This 

process, atherosclerosis, is the leading contributor to 

heart attack and stroke deaths (3, 13). It is now widely 

accepted that some people are at a greater risk of 

developing CHD than others. Our understanding of the 

risks associated with atherosclerotic disease is based 

primarily on the epidemiological investigation con-

ducted in Framingham, Massachusetts (13). When this 

study began in 1949, cardiovascular disease al ready 

accounted for 50% of all deaths in the United States. 

The Framingham Study is an observational prospec-

tive (longitudinal) study designed to determine how 

those who develop cardiovascular disease differ from 

those who do not. Approximately 5,000 men and 

A CLOSER LOOK 14.1

Leading Versus Actual Causes of Death

As mentioned earlier, the leading cause 

of death is heart disease. This is followed 

by cancer (malignant neoplasm), stroke 

(cerebrovascular disease), chronic lung 

disease, unintentional injuries, and dia-

betes (26). However, such a list does not 

provide information about what caused 

the deaths. The leading actual cause of 

death is tobacco, accounting for 18% of 

all deaths. This is followed by poor diet 

and physical inactivity, alcohol consump-

tion, infection (microbial agents), toxic 

agents, motor vehicle accidents, and 

firearms (27). Although these investiga-

tors had to correct their estimate of the 

number of deaths due to poor diet and 

physical inactivity (28), it did not affect 

the order and only slightly lowered 

the percent contribution—from 16.6% to 

15.2%—to the death rate. In contrast to 

smoking and poor diet and physical 

inactivity, the next leading cause of 

death, alcohol, was only 3.5%. What is 

clear is the role that improved health 

behaviors can have on this picture—an 

important message for those entering 

the allied health professions.

Figure 14.4 Major catego-

ries of risk factors with 

examples of each. 
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women were examined every other year, and measures 

such as blood pressure, electrocardiographic abnor-

malities, serum cholesterol, smoking, and body weight 

were obtained. The investigators were then able to 

relate the different measures to the progression of the 

coronary heart disease (13). Early in the study, investi-

gators found that about 20% of the population experi-

enced a heart attack before sixty years of age, and of 

them, 20% resulted in sudden death. The natural his-

tory of this disease indicated that prevention was an 

important goal, and the Framingham Study is recog-

nized for identifying the risk factors to predict subse-

quent disease and allow early intervention (21).

 The Framingham Study found that the risk of CHD 

increases with the number of cigarettes smoked, the 

degree to which the blood pressure is elevated, and the 

quantity of cholesterol in the blood (21). In addition, the 

overall risk of CHD increases with the number of risk fac-

tors; that is, a person who has a systolic blood pressure 

of 160 mm Hg, has a serum cholesterol of 250 mg/dl, and 

smokes more than a pack of cigarettes a day has about 

six times the risk of CHD as a person who has only one 

of these risk factors (12). It is important to remember 

that risk factors interact with each other to increase the 

overall risk of CHD. This has implications for prevention 

as well as treatment. In this regard, getting a hyperten-

sive patient to quit smoking confers more immediate 

benefit than any antihypertensive drug (21). Further, reg-

ular physical activity reduces the risk of CHD, even in 

those who smoke and are hypertensive (see chapter 16). 

See A Look Back—Important People in Science for 

information on two individuals who have had a major 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Jeremy N. Morris and Ralph S. Paffenbarger, Jr.—Olympic Prize Winners

In 1996, the Interna-

tional Olympic Com-

mittee (IOC) awarded 

its fi rst IOC Olympic 

Prize in Sport Sci -

ences to Drs. Jeremy 

N. Morris and Ralph 

S. Paffenbarger, Jr., for their pioneer-

ing studies showing how exercise 

reduces the risk of heart disease.

 Dr. Morris, D.Sc., D.P.H, Fellow of 

the Royal College of Physicians, is pro-

fessor emeritus of public health at the 

University of London, England. He was 

one of the fi rst epidemiologists to pro-

vide scientifi c support showing the 

impact of occupational and leisure- 

time physical activity on the risk of 

heart disease. In one study, he com-

pared conductors on London's double-

decker buses who climbed 500–750 

stairs per work day with drivers who sat 

for 90% of their shift. In another study, 

postal letter carriers who walked or 

cycled their routes were compared to 

sedentary telephonists and clerks. In 

both cases, those in the more active 

occupations had fewer heart attacks 

(29). In another set of studies he exam-

ined the effect of different amounts 

and types of leisure-time physical 

activities on the risk of coronary heart 

disease (CHD) in those who held natu-

rally sedentary jobs. He found that 

only those doing vigorous activity 

during their leisure time experienced 

protection against CHD (30). For more 

information on Dr. Morris, please see 

Paffenbarger, Blair, and Lee in the Sug-

gested Readings.

Dr. Ralph S. Paffen-

barger, Jr., received his 

medical degree from 

Northwestern Univer-

sity in Chicago in 1947 

and became a com-

missioned offi cer in 

the U.S. Public Health 

Service. During this time he completed 

his M.P.H. and Dr. P.H. degrees at Johns 

Hopkins. He worked on the polio epi-

demic until the fi rst vaccine became 

available in 1955, and then shifted his 

attention to issues related to physical 

activity and health. The fi ndings of one 

of Dr. Paffenbarger’s studies on long-

shoremen (37) confi rmed the fi ndings 

of Dr. Morris, showing that strenuous 

occupational physical activity was 

associated with a lower risk of CHD. 

However, Dr. Paffenbarger is best 

known for the Harvard Alumni Study 

(begun in 1960), which tracked alumni 

who matriculated between 1916 and 

1950. The investigators had access 

to medical and other records when 

the alumni were students, and they 

were able to follow the alumni over 

the years with questionnaires to obtain 

information about current behaviors 

 (e.g., physical activity, diet, smoking) 

and examine the link between those 

behaviors and health problems (e.g., 

heart disease, hypertension, stroke), 

and cause of death. More than 100 

publications have been published 

from the study.

 Dr. Paffenbarger's research showed 

that alumni who participated in greater 

amounts of physical activity had a 

lower risk of a heart attack (38). In addi-

tion, he was able to show that those 

who increased physical activity from 

one time period to the next had a 23% 

reduction in death from all causes—

showing that it is never too late to 

begin an exercise program (39).

 Dr. Paffenbarger practiced what he 

preached, being a successful marathon 

and ultra-marathons runner. He had a 

major impact on the 1995 public health 

physical activity recommendation from 

the Centers for Disease Control and Pre-

vention, and in the development of 

Physical Activity and Health: A Report of 

the Surgeon General (see chapter 16). 

Dr. Paffenbarger died in 2007, but his 

legacy as a scientist, mentor, and role 

model will live on for years to come.

Information for this biographical sketch taken 

from cited articles, publicly available curriculum 

vita, and following websites: http://www.lboro.ac

.uk/service/publicity/degree_days/degree_2002/

winter2002/jeremy_morris.html, and http://www

.amaasportsmed.org/paffenbarger.html.
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impact on our understanding of physical activity and 

heart disease.

■ Risk factors can be divided into three catego-

ries: genetic/biological, environmental, and 

behavioral.

■ The risk factors of smoking, high cholesterol, and 

hypertension interact to magnify the risk of CHD. 

Similarly, elimination of one of them causes a 

disproportionate reduction in the risk of CHD.

IN SUMMARY

Physical Inactivity as a Risk Factor

After looking at the web of causation for cardiovascu-

lar disease in figure 14.3, one can understand how 

difficult it is to determine whether an observed asso-

ciation between a risk factor and a disease is a causal 

one or is due simply to chance. To facilitate the pro-

cess of determining cause, epidemiologists apply the 

following guidelines (6):

■ Temporal association—Does the cause 

precede the effect?

■ Plausibility—Is the association consistent 

with other knowledge?

■ Consistency—Have similar results been 

shown in other studies?

■ Strength—What is the strength of the 

association (relative risk) between the cause 

and the effect? Relative risk is sometimes 

expressed as the ratio of the risk of disease 

among those exposed to the factor to the risk 

of those unexposed. The greater the ratio, the 

stronger the association.

■ Dose-response relationship—Is increased 

exposure to the possible cause associated 

with increased effect?

■ Reversibility—Does the removal of the 

possible cause lead to a reduction of the 

disease risk?

■ Study design—Is the evidence based on 

strong study design?

■ Judging the evidence—How many lines of 

evidence lead to the conclusion?

 The concern about whether a risk factor is causally 

related to cardiovascular disease has special signifi-

cance for physical activity. For many years, physical 

inactivity was believed to be only weakly associated 

with heart disease and was not given much attention as 

a public health concern. However, in the late 1980s and 

early 1990s that view changed rather dramatically. In 

1987, Powell et al. (40) did a systematic review of the 

literature dealing with the role of physical activity in the 

primary prevention of coronary heart disease, applying 

the just-listed guidelines to establish causation. They 

found that the majority of studies indicated that the 

level of physical inactivity predated the onset of CHD, 

thus meeting the temporal requirement. They also 

found a dose-response relationship in that as physical 

activity increased, the risk of CHD decreased, and the 

association was stronger in the better studies. The latter 

results met the consistency and study de sign criteria for 

causality. The review found the association to be plausi-

ble given the role of physical activity in improving glu-

cose tolerance, increasing fibrinolysis (breaking of 

clots), and reducing blood pressure. The investigators 

calculated the relative risk of CHD due to inactivity to be 

about 1.9, meaning that sedentary people had about 

twice the chance of experiencing CHD that physically 

active people had. The relative risk was similar to smok-

ing (2.5), high serum cholesterol (2.4), and high blood 

pressure (2.1). When the authors controlled for smok-

ing, blood pressure, cholesterol, age, and sex (all of 

which are associated with CHD), the association 

of physical activity and CHD remained, indicating 

that physical activity was an independent risk factor for 

CHD (2). See A Closer Look 14.2 for more on risk factors 

and heart disease.

 To estimate the real impact a risk factor may have 

on a population, epidemiologists try to balance the 

relative risk with the number of people in the popula-

tion that have the risk factor. This balancing act is 

summed up in the calculation of the population attribut-

able risk for each risk factor (9). Figure 14.5 describes 

the relative risk for selected risk factors and the per-

centage of the population affected. Given the large 

Figure 14.5 Percentages of U.S. population at risk for 

recognized risk factors related to coronary heart disease 

and risk ratio for each risk factor.
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of what causes cardiovascular disease. Physiologists 

study how tissues and organs function to maintain 

homeo stasis and try to uncover the source of a prob-

lem when homeostasis is not maintained. A good 

example of a failure to maintain homeostasis is 

hypertension, a problem that affects more than 

73 million Americans (3). Interestingly, investigators 

have found that hypertension does not generally 

occur in isolation. It is not uncommon for hyperten-

sive individuals to also have multiple metabolic 

abnormalities such as:

■ obesity—especially abdominal obesity

■ insulin resistance—tissues do not take up 

glucose easily when stimulated with insulin, 

and muscle is the primary site of the insulin 

resistance

■ dyslipidemia—abnormal levels of triglycerides

 The fact that these abnormalities often occur as a 

group suggests a common, underlying cause that 

might give us a better understanding of the disease pro-

cesses associated with hypertension. The coexistence 

A CLOSER LOOK 14.2

Risk Factors for Coronary Heart Disease (CHD)

Historically, risk factors for CHD were 

divided into primary or major and 

secondary or contributing. Primary 

meant that a factor in and of itself 

increased the risk of CHD, and 

secondary meant that a certain factor 

increased the risk of CHD only if one 

of the primary factors was already 

present, or that its significance had 

not been precisely de termined (11). 

Lists of risk factors have evolved over 

time as more epidemiological evi-

dence has accumulated showing the 

association between various behav-

iors (e.g., physical inactivity) or char-

acteristics (e.g., obesity) and CHD. 

Consequently, a practical approach 

used to classify risk factors is to list 

those that can be changed and those 

that can’t, no matter whether they are 

primary or secondary. 

 It should be noted that the American 

College of Sports Medicine (ACSM) (1) 

lists one of the subfractions of choles-

terol (high-density lipoprotein choles-

terol [HDL-C]) as an additional risk 

factor. There is good evidence that the 

risk of CHD is lower for those with higher 

concentrations of HDL-C, and the ratio 

of total cholesterol to HDL-C is viewed 

by some as a better index of risk than 

total cholesterol alone (21). In fact, the 

ACSM considers HDL-C to be a “nega-

tive risk factor” when levels exceed 

60 mg/dl. Further, over the years evi-

dence accumulated showing that obe-

sity may be a major risk factor (10, 22, 

41), and now both the ACSM and the 

American Heart Association list it as 

such. Lastly, you may have noticed that 

a high-fat diet is not even cited on the 

list of risk factors for CHD. The reason for 

this is that the detrimental effect of a 

high-fat diet is already represented 

in the obesity and serum cholesterol 

risk factors. However, it is generally 

believed that controlling the type and 

amount of dietary fat would reduce the 

risk of CHD in the American population 

(see chapter 18).

 As we have come to understand 

that physical inactivity, diet, and stress 

are risk factors for obesity, glucose 

intolerance (diabetes), hypertension, 

and high serum cholesterol, we have 

developed a new and potent view of 

how to intervene. Health promotion 

programs deal directly with physical 

inactivity, diet, and stress to prevent 

other risk factors from occurring. In 

addition, the primary nonpharmaco-

logical treatment of these primary 

risk factors revolves around recom-

mendations for a low-fat diet (see 

chapter 18), regular physical activity 

(see chapter 16), and stress reduction 

(5, 8, 9). To estimate your or your par-

ent’s 10-year risk of having a heart 

attack, go to http://hin.nhlbi.nih.gov/

atpiii/calculator. asp?usertype⫽pub.

Can’t Be Changed Can Be Changed

Heredity Cigarette smoking Blood glucose

Gender High serum cholesterol Obesity

Age High blood pressure Stress

Race Physical inactivity

number of people who are inactive, changes in physi-

cal activity habits have a great potential to reduce CHD 

(see chapter 16). The publication of Physical Activity and 

Health: A Report of the Surgeon General emphasized the 

critical need to address these issues now (50).

■ Physical inactivity is an independent risk factor 

for CHD.
■ The relative risk of CHD due to inactivity (1.9) is 

similar to that of hypertension (2.1) and high 

cholesterol (2.4). The fact that about 59% of the 

population is inactive indicates the enormous 

impact a change in physical activity habits can 

have on the nation’s risk for CHD.

IN SUMMARY

PHYSIOLOGY

Epidemiologists are not the only scientists interested 

in looking at potential relationships between vari-

ables in an attempt to have a greater understanding 
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of  insulin resistance, dyslipidemia, and hypertension 

has been called Syndrome X (42); those who add 

obesity to the model call it the Deadly Quartet (23). 

However, Metabolic Syndrome is currently the pre-

ferred term.

 Figure 14.6 shows hypothesized connections be-

 tween and among these abnormalities. The central 

focus of the model is on insulin resistance, with 

skeletal muscle being the predominant tissue 

involved. Insulin resistance is commonly associ-

ated with obesity, especially upper body (abdomi-

nal) obesity (23). However, as the arrows in fig-

ure 14.6 indicate, insulin resistance can be caused 

by a combination of genetic and environmental 

influences independent of obesity (16, 42). For 

example, it has been demonstrated that a high-fat, 

refined-sugar diet can cause insulin resistance (4). 

Insulin resistance is characterized by a reduced 

ability to take up glucose at a given insulin concen-

tration. In response to this resistance, the pancreas 

secretes more insulin to promote blood glucose 

uptake into tissues to return the blood glucose con-

centration to normal. If the pancreas cannot secrete 

enough insulin, the blood glucose remains elevated 

and a condition known as type 2 diabetes results. A 

drug may be required to stimulate the pancreas to 

secrete additional insulin to correct the problem 

(see chapter 17).

 When the pancreas secretes additional insulin to 

deal with the insulin resistance, the plasma insulin 

level becomes elevated (hyperinsulinemia); this can 

elevate blood pressure and lead to hypertension. 

Figure 14.6 shows that elevated insulin levels can:

■ increase sympathetic nervous system (SNS) 

activity leading to elevation of epinephrine and 

norepinephrine levels, which can increase heart 

rate, stroke volume, and blood pressure. The 

elevated E and NE levels can also interfere with 

insulin release from the pancreas and interfere 

with glucose uptake at the tissue, which aggra-

vates the problem (see chapter 5),

■ increase sodium and water retention, which 

increases plasma volume and blood pressure, 

and

■ increase the proliferation of smooth muscle 

cells in small blood vessels, which can 

increase resistance to blood flow and drive up 

blood pressure.

 Figure 14.6 also shows the connection between 

insulin resistance and altered blood lipids. Individu-

als with insulin resistance and/or abdominal obesity 

tend to have a higher free fatty acid (FFA) level, which 

can lead to an increase in plasma triglycerides. The 

higher FFA level could be due to the inability of insu-

lin to suppress FFA (42), or the abdominal obesity, 

which is associated with an increased ability to mobi-

lize FFA (23).

 In this model, scientists hypothesized that the 

cause of the hypertension is the insulin resistance, 

with skeletal muscle being the primary tissue involved. 

However, alternative hypotheses have been offered in 

what may be viewed as a chicken-and-egg question; 

that is, “Which came fi rst?” For example, it has been 

proposed that:

■ hypertension causes the insulin resistance 

and not the reverse. The hypertension is 

believed to cause a decrease in the small 

blood vessels in muscle, leading to a 

reduction in the delivery of glucose and 

insulin, both of which are needed for normal 

glucose uptake (19).

■ it is the increased level of sympathetic 

nervous system activity that increases the 

blood pressure and blood glucose by 

increasing cardiac output (see chapter 9) 

and the mobilization of blood glucose (see 

chapter 5), respectively (18).

■ obesity is the cause, given adipose tissue's 

role as an endocrine gland (see chapter 5), 

whose secretions can have a direct effect on 

insulin resistance (34, 52).

 Given the seriousness of this problem, it is impor-

tant to know how many people have the Metabolic 

Syndrome.

Figure 14.6 The insulin-resistance and hypertension 

hypothesis: Syndrome X.
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 To establish the prevalence of the Metabolic Syn-

drome in the population, scientists first es tablished 

an operational definition of the syndrome—a person 

had to have three or more of the following to be con-

sidered as having the syndrome (33):

■ abdominal obesity: waist circumference 

⬎102 cm in men and ⬎88 cm in women

■ hypertriglyceridemia: ⱖ150 mg/dl

■ low high-density lipoprotein (HDL) cholesterol: 

⬍40 mg/dl in men and ⬍50 mg/dl in women

■ high blood pressure: ⱖ130/85 mm Hg

■ high fasting blood glucose: ⱖ110 mg/dl

The prevalence of the Metabolic Syndrome increased 

from 6.7% in those 20 to 29 years of age to more than 

40% in those over 60 years. Adjusting for age, 23.7% of 

the population was identified as having this syn-

drome, with Mexican-Americans having the highest 

age-adjusted prevalence, 31.9% (17).

 Independent of whether the insulin resistance 

precedes or follows the hypertension, there is consid-

erable evidence that exercise can benefit people with 

insulin resistance. This may be due to increases in the 

capillary density or oxidative capacity of muscle that 

occurs with exercise training (see chapter 13) or an 

increase in glucose transporters in muscle (see 

chapter 5). As the model indicates, two of the most 

A CLOSER LOOK 14.3

The Metabolic Syndrome—Is It a Real Syndrome?

Given what has just been presented 

in the text on the metabolic syndrome, 

this question may be a surprise—

but there is a good reason to raise it. 

Kahn (20) points out that although the 

metabolic syndrome has generated 

thousands of studies examining the 

various connections between obesity, 

hypertension, dyslipidemia, insulin re-

sistance and diabetes, there are some 

clear inconsistencies:

■ Only one-half to two-thirds of 

people diagnosed with the met-

abolic syndrome are insulin 

resistant, and a smaller propor-

tion of those with insulin resis-

tance meet the criteria for the 

metabolic syndrome.

■ Although obesity often results in 

insulin resistance, and type 2 

diabetes almost always requires 

the existence of insulin resis-

tance, both hypertension and 

dyslipidemia can exist without 

the presence of these other risk 

factors.

On the basis of this and other infor-

mation, Kahn raises questions about 

whether  the existence of the metabolic 

syndrome conveys any additional infor-

mation that results in a differential treat-

ment of patients beyond what would 

happen for the treatment of the individ-

ual risk factors themselves.

 A rebuttal to this article by practic-

ing clinicians states that the existence 

of the metabolic syndrome in a patient 

helps direct health care toward life-

style changes and a coordinated effort 

to reduce all the key risk factors. In 

 addition, the fact that the metabolic 

syndrome is a recognized “disease” 

allows additional testing to be covered 

by insurance, which might not be 

possible if the individual risk factors, 

alone, were being addressed in a pre-

ventive fashion (7). Although this did 

not directly address the major con-

cerns Kahn raised in his article, there 

has been a concern that this dispute 

might compromise efforts to deal with 

the major cardiovascular and meta-

bolic risk factors associated with obe-

sity. To counter this, a joint statement 

released by the American Heart Asso-

ciation and the American Diabetes 

Association emphasized the need 

to aggressively address both risk 

factor assessment and management 

to reduce the morbidity and mortality 

associated with these risk factors (14). 

We are sure to hear more on this 

debate in the future.

important factors related to insulin resistance are 

physical activity (exercise) and obesity. These latter 

issues will be discussed in detail in chapters 16 and 

18, respectively. After all that has been said about the 

Metabolic Syndrome, you might be surprised that 

some question whether it is a syndrome in the fi rst 

place (see A Closer Look 14.3).

■ The Metabolic Syndrome model describes 

potential causative connections between and 

among obesity, peripheral insulin resistance, 

hypertension, and dyslipidemia.
■ The insulin resistance is located primarily 

in skeletal muscle, being greater in type II 

muscles with their limited capillary supply.
■ Exercise can both directly and indirectly 

decrease the risk of CHD by infl uencing obesity, 

insulin resistance, and hypertension.

IN SUMMARY

SYNTHESIS

A common theme coming from both the web of cau-

sation for cardiovascular disease and the Metabolic 

Syndrome is the importance of dealing with obesity 
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A CLOSER LOOK 14.4

Overweight and Obesity

The Body Mass Index (BMI—kg/m2) 

has been accepted as a standard 

to characterize overweight (BMI ⫽ 

25.0⫺29.9) and obesity (BMI ⱖ 30.0) 

(32, 53). Based on 2004 data, 66.3% 

of U.S. adults are overweight and 32.2% 

are obese (35). The concern is not 

just about the magnitude of the prob-

lem, but how fast obesity has in-

creased in this country. The Centers 

for Disease Control and Prevention 

(CDC) has been tracking changes in 

obesity, and the news is not good 

(see http://www.cdc.gov/nccdphp/dnpa/

obesity/trend/maps/index.htm for maps 

of the United States that trace changes 

in obesity since 1985). Unfortunately, 

whereas the prevalence of overweight

 and obesity of adult women leveled 

off between 2000 and 2004, the prev-

alence of  obesity in men continues 

to increase (35). To make matters 

worse, the prevalence of overweight 

in children and adolescents aged 6 

to 19 years, which tripled between 

1980 and 2002, continues to increase, 

with 16% of females and 18.2% of 

males now considered overweight 

(35). Further, the prevalence of 

abdominal obesity in children has 

also continued to increase (36). For 

the reasons mentioned earlier about 

the connections of obesity to other 

problems an increase in the number 

of people with diabetes has paral-

leled the increase in obesity. Physi-

cians are reporting cases of type 2 

diabetes in middle school children—

something un heard of just a few 

years ago.

 It is no surprise that the Surgeon 

General has issued a “Call to Action” to 

prevent and decrease the problems 

of overweight and obesity (see Sug-

gested Readings). Healthy People 2010 

has re leased a publication, Leading Health 

Indicators, to bring additional focus on the 

problems of obesity and inactivity, to 

motivate action, and to measure pro-

gress (see http://www.healthypeople

.gov/LHI). Finally, the 2005 Dietary Guide-

lines for Americans (see Suggested Read-

ings) provides advice on both dietary 

and physical activity to address this 

problem. The personal and economic 

consequences of not solving these prob-

lems are considerable.

through appropriate physical activity and nutrition. 

Following the publication of Healthy People in 1979 

(47), the U.S. Department of Health and Human 

Services published Promoting Health/Preventing Disease: 

Objectives for the Nation (48), Healthy People 2000 (49), 

and most recently, Healthy People 2010 (51). The health 

objectives listed in these reports were based on the 

analysis of health problems in the United States and 

a recognition of what can be done to reduce their 

magnitude. Considerable progress has been made 

over the years. For example, even though heart dis-

ease is still the number one killer, the death rate from 

cardiovascular disease has decreased 25% over the 

past 10 years (3). Unfortunately, it is still higher than 

the Healthy People 2010 target. These improvements 

are due to a wide variety of factors, including a decline 

in smoking, better blood pressure control, awareness 

of blood cholesterol, a decrease in fat intake, and 

better medical interventions. That is the good news. 

The bad news is that we have grown fatter as a soci-

ety, and our level of participation in physical activity 

is well below the objectives set in 1990 (51) (see A 

Closer Look 14.4).

 It is beyond the scope of this text to go into detail 

regarding the 2010 objectives, which are numerous and 

very specific (i.e., they state exact percentage of people 

who should achieve a specific behavior or target). How-

ever, we feel that examples of a few objectives from the 

areas of Nutrition and Physical Activity and Fitness will 

point the way to later chapters. A concern in both of 

these areas is the need to control the growing problem 

of overweight and obesity that permeates our society. 

The nutrition objectives call for more people to:

■ achieve a healthy body weight.

■ eat less than 30% of total calories from fat and 

less than 10% from saturated fat.

■ eat at least five servings of fruits and 

vegetables and six servings of grain products 

daily.

 The physical activity objectives stress the need 

for more people to:

■ engage in any leisure-time physical activity.

■ participate in sustained physical activity (e.g., 

brisk walking) for at least thirty minutes per 

day.

■ engage in physical activity that promotes 

the development and maintenance of 

cardiovascular fitness three or more days per 

week for twenty minutes or more per occasion.

■ participate in physical activity to enhance and 

maintain muscular strength, endurance, and 

flexibility.

 Chapter 16 provides recommendations for exer-

cise programs to improve health (e.g., lower blood 

pressure) as well as improve cardiovascular fitness. 

Chapter 18 presents information on the proper diet 

needed for good health, as well as extensive detail 

about measuring body composition and how to 

achieve and maintain weight loss.
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STUDY QUESTIONS

1. There is a sudden increase in the number of birth defects in 
one section of a large city. Describe what an epidemiolo-
gist might do to determine what is causing this problem.

2. Why is a web of causation model needed to study the 
causes of degenerative diseases, in contrast to infectious 
diseases?

3. Physical inactivity was long considered only a secondary 
risk factor. What “proof” did investigators have to offer to 
convince the scientific community otherwise?

4. What is the difference between primary and secondary 
risks for coronary heart disease (CHD)? Why does a high-
fat diet not appear as a risk factor for CHD?

5. Draw a diagram of the hypothesized connections be tween 
and among obesity, insulin resistance, hypertension, and 
dyslipidemia. Indicate the primary site of insulin resis-
tance, and explain how exercise training might reduce 
this problem.
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Work Tests to Evaluate 
Cardiorespiratory Fitness

■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Identify the sequence of steps in the 
procedures for evaluating cardiorespiratory 
fitness (CRF).

 2.  Describe one maximal and one submaximal 
field test used to evaluate CRF.

 3.  Explain the rationale underlying the use of 
distance runs as estimates of CRF.

 4.  Identify the common measures taken during a 
graded exercise test (GXT).

 5.  Describe changes in the ECG that may take 
place during a GXT in subjects with ischemic 
heart disease.

 6. List three criteria for having achieved V̇ O2 max.

 7.  Estimate V̇ O2 max from the last stage of a GXT 
and list the concerns about the protocol that 
may affect that estimate.

 8.  Estimate V̇ O2 max by extrapolating the 
HR/V̇ O2 relationship to the person’s age-
adjusted maximal HR.

 9. Describe the problems with the assumptions 
made in the extrapolation procedure used in 
objective 8, and name the environmental and 
subject variables that must be controlled to 
improve such estimates.

10. Identify the criteria used to terminate the GXT.

11. Explain why there are so many different GXT 
protocols and why the rate of progression 
through the test is of concern.

12. Describe the YMCA’s procedure to set the rate 
of progression on a cycle ergometer test.

13. Estimate V̇ O2 max with the Åstrand and 
Ryhming nomogram given a data set for the 
cycle ergometer or step.
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In chapter 14 we discussed the risk factors that limit 
health and contribute to coronary heart disease 

(CHD). One of those risk factors was a sedentary life-
style. According to Healthy People 2010: Understanding and 

Improving Health, there is a need to increase phy sical 
activity to improve cardiorespiratory function (CRF). 
This implies that changes in CRF can be mea sured. 
Although most scientists believe that the function of 
the cardiorespiratory system is represented best by the 
measurement of V̇ O2 max, others feel that the monitor-
ing of heart rate (HR) and blood pressure (BP) at sev-
eral submaximal work rates provides a more sensitive 
indicator of changes in CRF (51). You are already famil-
iar with the use of a graded exercise test (GXT) to mea-
sure V̇ O2 max; this chapter picks up on that theme and 
discusses the types of tests used to evaluate CRF. The 
type of test used depends on the fitness of the person 
being tested, the purpose of the test (experimental or 
epidemiological investigation), and the facilities, equip-
ment, and personnel available to conduct the test. The 
choice of the GXT would be different for a young healthy 
child as compared to a sixty-year-old person with coro-
nary heart disease (CHD) risk factors. The GXT might be 
used as a CRF test prior to entry into a fitness program, 
or it could be used as a diagnostic test by a cardiologist 
who evaluates a twelve-lead electrocardiogram for evi-
dence of heart disease. Clearly, the type of personnel 
and equipment, and of course the cost, would be very 
different in these two situations.
 Part of the reason for such diversity in exercise test-
ing procedures is the risk associated with exercise 
testing. The risk of cardiac events during exercise testing 
is low in previously healthy individuals, but in creases as 
the number of risk factors increases. In general, the over-
all risk of severe cardiovascular complications or death 
is about 6/10,000 tests in a mixed population (3).

TESTING PROCEDURES

Figure 15.1 shows a sequence of steps in a “decision 
tree,” leading to participation in a fitness program. 
The first step in the evaluation of CRF is to identify 
those who might need a physician’s clearance prior to 
taking an exercise test or participating in an exercise 
program. These procedures include obtaining written 
informed consent from the potential participant, a 
review of the person’s health history, the administra-
tion of selected resting physiological measures, and 
the use of submaximal or maximal GXTs (51). The 
exercise test can be stopped by the subject at any 
time, and the tester has the right to terminate any of 
the procedures if the subject displays abnormal 
responses or experiences symptoms suggestive of an 
inappropriate adaptation to the GXT (3). Depending 
on the outcome at each of these steps, the person 
might be admitted to a fitness program with little or 

no supervision, or referred for additional tests that 
might lead to an exercise program in which the partic-
ipants are monitored and supervised.

Screening

In chapter 14 we indicated the role that risk factors 
play in an overall profile of health status with regard 
to CHD. The health histories used to screen people for 
GXTs or fitness programs can be as simple as the 
Physical Activity Readiness Questionnaire (PAR-Q) 
shown in figure 15.2, or a detailed form such as the 
PARmed X, which highlights absolute and relative 
contraindications for participating in exercise (see 
appendix C). An additional question added to various 
modifications of the PAR-Q asks about medications 
that might affect a person’s response to exercise (e.g., 
an insulin-dependent diabetic or a cardiac patient tak-
ing the beta-adrenergic blocker propranolol) (34, 89). 
These forms are used to determine if a person needs 
consultation with a physician before taking a GXT 
or before entering a fitness program (3). Based on 
symptoms and risk-factor information, subjects can 
be  classifi ed into the following categories: low-risk 
(men  45 yrs. and women  55 yrs. who are asymp-
tomatic and have  1 risk factor), moderate-risk  
(men  45 and women  55 or those with  2 risk-
factors), or high-risk (individuals with  1 sign or symp-
tom for, or have known cardiovascular, pulmonary, or 

Figure 15.1 Decision tree in the evaluation of 

cardiorespiratory fitness.
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Figure 15.2 Physical Activity Readiness Questionnaire (PAR-Q). A questionnaire for people aged 15 to 69. The original 

PAR-Q was developed by the British Columbia Ministry of Health. It has been revised by an Expert Advisory Committee 

assembled by the Canadian Society of Exercise Physiology and Fitness Canada (2002).
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metabolic  disease) (3). See ACSM's Guidelines for Exercise 

Testing and Prescription for additional information on 
screening individuals in each of these categories (3).

Resting and Exercise Measures

Following the screening, measurements of heart rate 
and blood pressure are taken at rest prior to the exer-
cise test. Additional measurements such as a blood 
sample for serum cholesterol and an electrocardio-
gram (ECG) may also be obtained, with the latter one a 
necessity if the GXT is to be a diagnostic test. The exer-
cise tests used to evaluate CRF may require a submaxi-
mal or maximal effort by the subject. They may be 
conducted in a lab containing sophisticated equip-
ment, or on a running track with nothing more compli-
cated than a stopwatch. In a submaximal GXT, HR is 
measured at each stage of the test that progresses from 
light work (⬃3 METs) to a predetermined end point 
such as 70% to 85% of predicted maximal heart rate. A 
treadmill, cycle ergometer, or a bench can be used to 
impose the work rates, and these tests will be described 
in detail in subsequent sections. Instead of stopping 
the submaximal GXT at some predetermined end point 
(70% to 85% maximal HR), the GXT can be taken to the 
point of volitional exhaustion, or to where specific 
signs (ECG or BP changes) or symptoms like chest pain 
(angina pectoris) or breathlessness (dyspnea) occur. 
In these cases CRF is based on the last work rate 
achieved. However, there are some maximal tests of 
CRF that are not “graded” and for which physiological 
measurements are not made during the test [e.g., 
Cooper’s 12-minute or 1.5-mile run (23), and the AAH-
PERD’s 1-mile run (2)]. These latter field tests will now 
be considered in more detail, along with the Canadian 
Home (Aerobic) Fitness Test (91) and a one-mile walk 
test (58). This will be followed by a discussion of GXTs 
using the treadmill, cycle ergometer, and bench step.

■ The steps to follow before conducting an 
 exercise test to evaluate CRF include:

 a. signing of a consent form,
 b. screening, and
 c.  obtaining resting HR and BP as well as 

 cholesterol and ECG measures.

IN SUMMARY

FIELD TESTS FOR 
ESTIMATING CRF

Maximal Run Tests

Some field tests for CRF involve a measurement of 
how far a person can run in a set time (twelve to 
fifteen minutes), or how fast a person can run a set 

distance (one to two miles). The advantages of such 
field tests include their moderately high correlation 
with V̇ O2 max, the use of a natural activity, the large 
numbers of people who can be tested at one time, 
and the low cost. The disadvantages of using field 
tests include the difficulty of monitoring physiologi-
cal responses, the importance that motivation plays 
in the outcome, and the fact that the test is not 
graded but is a maximal effort. These field tests 
should be used only after a person has progressed 
through a program of exercise at lower intensities. 
The most popular field test for adults is Cooper’s 
12-minute or 1.5-mile run (23), and for school children, 
the AAHPERD’s one-mile walk/run (2). The aim is to 
determine the average velocity that can be main-
tained over the time or distance. These tests repre-
sent evolutionary changes from the original work of 
Balke (10), who showed that running tests of ten to 
twenty minutes provide reasonable estimates of V̇ O2 
max. The basis for the field tests is the linear rela-
tionship that exists between V̇ O2 (ml ⴢ kg 1 ⴢ min 1) 
and running speed, as shown in chapter 6. The dura-
tion of ten to twenty minutes represents a compro-
mise that attempts to maximize the chance that the 
person is running at a speed demanding 90% to 95% 
V̇ O2 max while minimizing the contribution of energy 
from anaerobic sources. In distance runs of five min-
utes or less, anaerobic sources would provide rela-
tively large amounts of energy, and V̇ O2 max would 
probably be overestimated. An interesting alternative 
to the one-mile run test for children is the PACER 
test (see A Closer Look 15.1).
 The method of calculating the V̇ O2 when the 
running speed is known was described in detail in A 
Closer Look 6.2, and the formula is presented here 
again:

V̇ O2 ⴝ 0.2 (ml ⴢ kgⴚ1 ⴢ minⴚ1 per m ⴢ minⴚ1)

ⴙ 3.5 (ml ⴢ kgⴚ1 ⴢ minⴚ1)

This formula provides reasonable estimates of V̇ O2 
max for adults, but would underestimate values for 
young children because of their relatively poor econ-
omy of running (28). On the other hand, this formula 
would overestimate the value for V̇ O2 max for those 
who walk, because the net cost of walking is half that 
of running (see A Closer Look 6.1):

V̇ O2 ⴝ 0.1 (ml ⴢ kgⴚ1 ⴢ minⴚ1 per m ⴢ minⴚ1)

ⴙ 3.5 (ml ⴢ kgⴚ1 ⴢ minⴚ1)

Although Cooper (23) provides categories of V̇ O2 max 
values by age and sex (see table 15.1), estimates of V̇ O2 
max based on distance runs are most useful when com-
pared over time for the same individual, rather than 
between individuals. Variation in economy of running, 
motivation, and other factors makes such comparisons 
of estimated V̇ O2 max values between individuals 
unreasonable (6, 90). In this light, distance swim and 
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bicycle riding tests provide useful information about 
changes in an individual’s CRF over time, even though 
estimates of V̇ O2 max are not available (22, 24).
 The formulas used for estimating V̇ O2 max from a 
twelve-minute run are not very useful for prepubes-
cent children because their economy of running is 
less than that of an adult (28). Investigators (60) 
worked around this problem by testing first-, second-, 
and third-grade boys and girls with 800-, 1,200-, and 

1,600-meter runs, and related performance to the 
measured V̇ O2 max scores. They found the 1,600-meter 
run was the best predictor with good test/retest 
reliability (r   0.82 to 0.92) in children who were given 
instruction on paced running (60). While performance 
in a run test is obviously a function of V̇ O2 max, both 
running economy and the ability to run at a high 
% V̇ O2 max also play a role (12, 13). It has been shown 
in young children of six to eleven years of age that 

A CLOSER LOOK 15.1

Progressive Aerobic Cardiovascular Endurance Run (PACER)

An alternative test of aerobic fitness for 

school children is the Progressive Aer-

obic Cardiovascular Endurance Run, or 

PACER. This test, developed by Leger 

et al. (62, 63), is a 20-meter shuttle run 

test done to the sound of a “beep” 

as the student moves between the 

boundary lines. The speed required at 

the start is 5.3 mph (8.5 km/hr) and it 

increases 0.3 mph (0.5 km/hr) with each 

level. Three rapid beeps signal pro-

gression to the next level, where the 

time between beeps becomes shorter. 

The test is terminated when the stu-

dent cannot keep up with the beeps, 

and the number of 20-meter laps com-

pleted is used to estimate aero bic 

fitness. Verbal feedback during the 

test appears to improve performance 

(72). Criterion-referenced standards for 

aero bic fitness (see A Closer Look 15.2) 

have been validated for this test (21). 

The PACER test is part of the fitness 

testing battery in the FITNESSGRAM, 

developed by the Cooper Institute for 

Aerobics (see http://www.fitnessgram

.net for more information). This proto-

col has also been used as a field test to 

estimate V̇ O2 max in adults (71, 97). 

However, recently the reliability of this 

test has been called into question, 

which can compromise its capability to 

detect changes in V̇ O2 max (61).

TABLE 15.1   Men’s and Women’s Aerobics Fitness Classifi cations

Men’s

AGE (YEARS)
Category 13–19 20–29 30–39 40–49 50–59 60ⴙ

1. Very Poor    35.0*  33.0  31.5  30.2  26.1  20.5

2. Poor 35.0–38.3 33.0–36.4 31.5–35.4 30.2–33.5 26.1–30.9 20.5–26.0

3. Fair 38.4–45.1 36.5–42.4 35.5–40.9 33.6–38.9 31.0–35.7 26.1–32.2

4. Good 45.2–50.9 42.5–46.4 41.0–44.9 39.0–43.7 35.8–40.9 32.3–36.4

5. Excellent 51.0–55.9 46.5–52.4 45.0–49.4 43.8–48.0 41.0–45.3 36.5–44.2

6. Superior    56.0  52.5  49.5  48.1  45.4  44.3

Women’s

AGE (YEARS)
Category 13–19 20–29 30–39 40–49 50–59 60ⴙ

1. Very Poor    25.0*  23.6  22.8  21.0  20.2  17.5

2. Poor 25.0–30.9 23.6–28.9 22.8–26.9 21.0–24.4 20.2–22.7 17.5–20.1

3. Fair 31.0–34.9 29.0–32.9 27.0–31.4 24.5–28.9 22.8–26.9 20.2–24.4

4. Good 35.0–38.9 33.0–36.9 31.5–35.6 29.0–32.8 27.0–31.4 24.5–30.2

5. Excellent 39.0–41.9 37.0–40.9 35.7–40.0 32.9–36.9 31.5–35.7 30.3–31.4

6. Superior    42.0  41.0  40.1  37.0  35.8  31.5

*Values for oxygen uptake in ml   kg 1   min 1

Data from Kenneth H. Cooper, 1977. The Aerobics Way. New York: Bantam Books, Inc.
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% V̇ O2 max is more closely related to performance of 
the one-mile walk/run than is V̇ O2 max (70). (See A 
Closer Look 15.2.)
 V̇ O2 max (ml ⴢ kg 1 ⴢ min 1) estimated in an endur-
ance run test is influenced by cardiovascular function 
and body fatness. It has been shown that differences in 
estimated V̇ O2 max values between males and females 
can be explained, in part, by differences in % body fat 
(25, 28, 95). In a twelve-minute run test, performance 
was decreased 89 meters when body weight was exper-
imentally increased to simulate an additional 5% fat 
(27). One should expect, then, that with a combined 
exercise and weight reduction program, CRF will 
increase due to both an increase in cardiovascular 
function and a decrease in % body fat. In table 15.1, 
categories for V̇ O2 max values are adjusted for age due 
to the observation that in the general population V̇ O2 
max decreases with age. However, studies (51, 100) 
have shown that V̇ O2 max does not decrease as fast in 
males who maintain their physical activity program 
and body weight. This observation provides additional 
rationale for a regular evaluation of CRF to keep track 
of small changes before they become big changes.

Walk Tests

An alternative to the maximal run tests used to evalu-
ate CRF is a one-mile walk test in which the HR is 
monitored during the test (58). The equation used to 
predict V̇ O2 max was based on one population of men 
and women, aged thirty to sixty-nine, and was then 
validated on another comparable population. The 
subject walks as fast as possible for one mile on a flat, 

measured track, and HR is measured at the end of the 
last lap. The following equation can be used to esti-
mate V̇ O2 max (ml ⴢ kg 1 ⴢ min 1):

V̇ O2 max ⴝ 132.853 ⴚ 0.0769 (wt)

ⴚ 0.3877 (age) ⴙ 6.315 (sex)

ⴚ 3.2649 (time) ⴚ 0.1565 (HR)

where (wt) is body weight in pounds, (age) is in 
years, (sex) equals 0 for female and 1 for male, (time) 
is in minutes and hundredths of minutes, and (HR) is 
in beats   min 1 measured at the end of the last quar-
ter mile.
 This test appears to fill a void in the field tests 
available to estimate V̇ O2 max, because it uses a com-
mon activity and requires the simple measurement 
of HR. As a participant’s fitness improves, the time 
required for the mile and/or the HR response 
decreases, increasing the estimated V̇ O2 max. A simi-
lar study using a two-kilometer walk test supports 
this proposition (79).

Canadian Home Fitness Test

In contrast to the Cooper 1.5-mile run test and the 
one-mile walk test, which require an all-out effort, the 
Canadian Home Fitness Test (CHF  T) is a submaximal 
step test that uses the lowest two 8-inch steps found 
in a conventional staircase (91). The stepping cadence 
in this test is maintained by an audio tape. Prior to the 
test, the person completes the Physical Activity Readi-
ness Questionnaire (PAR-Q) (figure 15.2) to determine 
if he or she should proceed. The first stage of the test 
requires the individual to step for three minutes at a 

A CLOSER LOOK 15.2

Cardiovascular Fitness Standards for Children

The best way to evaluate fi tness in chil-

dren has been a concern for educators 

and scientists for the past century 

(81). The most recent controversy has 

revolved around the question of what 

kind of standards to use in making judg-

ments about a child’s level of fi tness. 

Normative standards such as percentile 

scores have traditionally been used to 

describe where a child stands relative to 

his or her peers. (e.g., 75th percentile). The 

current thinking, especially for health-

related fi tness tests (one-mile walk/

run test and the skinfold test) is that 

criterion-reference standards might be 

more appropriate. Criterion-reference 

standards attempt to describe the mini-

mum level of fi tness consistent with good 

health, independent of what percentile 

that might be in a normative data set. For 

example, Blair (16) showed that in adults, 

V̇ O2 max values associated with a low risk 

of disease were not that high, e.g.,  35 

ml   kg 1   min 1 for men and  30 ml   

kg 1   min 1 for women 20 to 39 years of 

age. This information was used in setting 

the criterion-reference standards for the 

FITNESSGRAM, the fi tness evaluation 

program developed by the Institute 

for Aerobics Research. V̇ O2 max stan-

dards were set at 42 ml   kg 1   min 1 for 

boys 5 to 17 years of age. For girls, the 

values were set at 40 ml   kg 1   min 1 for 

ages 5 to 9 years of age, with a decrease 

of 1 ml   kg 1   min 1 per year until age 14, 

where the 35 ml   kg 1   min 1 value held 

until age 17 years. After the criterion-

reference standards were set, the designers 

of the test had to translate those ml   kg 1 

  min 1 values into equivalent one-mile 

run times—the actual test the children 

would take. The test designers had to 

consider the % V̇ O2 max the children 

would perform at during the run, and the 

fact that economy of running improves 

with age. These steps, although compli-

cated, have led to standards that are now 

used nationwide to classify children as to 

whether they have a suffi cient level of 

cardiorespiratory fi tness consistent with 

a low risk of disease (26).
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rate equivalent to 65% to 70% of the average V̇O2 max 
of the next oldest age group (remember V̇ O2 max gen-
erally decreases with age). An immediate ten-second 
recovery pulse is counted, and if it does not exceed the 
maximum allowable, another three-minute step test 
at 65% to 70% of the average V̇O2 max of the person’s 
own age group is completed. Another pulse rate is 
then taken. Table 15.2 shows how physical fitness can 
be estimated as “undesirable, minimum, or recom-
mended” (91). V̇ O2 max can be estimated from the 
CHF  T results (14, 53, 92). A modified version of this 
test, which provides an improved estimate of V̇O2 max, 
is available (101, 102 ).

■ Field tests for CRF use natural activities such as 
walking, running, and stepping in which large 
numbers of people can be tested at low cost. 
However, for some, physiological responses are 
diffi cult to measure, and motivation plays an 
important role in the outcome.

■ V̇ O2 max estimates from all-out run tests are 
based on the linear relationship between 
 running speed and the oxygen cost of running.

■ The Canadian Home Fitness Test is a step test 
that uses conventional 8-inch steps to evaluate 
cardiorespiratory fi tness.

IN SUMMARY

GRADED EXERCISE TESTS: 
MEASUREMENTS

Cardiorespiratory fitness is commonly measured us ing 
a treadmill, a cycle ergometer, or a stepping bench. 
These tests are usually incremental, in which the work 
rate changes every two to three minutes until the sub-
ject reaches some predetermined end point, or when 
some pathological sign or symptom occurs. These 
GXTs can be maximal or submaximal, and the variables 
measured during the test can be as simple as HR and 
BP, or as complex as V̇O2; it depends on the purpose of 
the test, and the facilities, equipment, and personnel 
involved (47). What follows is a brief summary of com-
mon measurements made during a GXT.

Heart Rate

Heart rate can be measured by palpation of the radial 
or carotid artery, using a stethoscope with the micro-
phone on the chest wall, or by using surface electrodes 
that transmit the signal to an oscilloscope, an electro-
cardiograph, or a monitor that can display heart rate 
directly. In palpating the carotid artery, care must be 
taken not to use too much pressure because this could 
slow the HR by way of the baroreceptor reflex. However, 
when people are trained in this procedure, reliable 

TABLE 15.2   Physical Fitness Evaluation Chart for the Canadian Home Fitness Test

TEN-SECOND PULSE RATE

 After First Three After Second Three
Age (yr) Minutes of Exercise Minutes of Exercise

15–19 If 30 or more, stop. If 27 or more, you have a minimum personal fitness level.

  You have an undesirable personal  If 26 or less, you have the recommended personal fitness level.

  fitness level.

20–29 If 29 or more, stop. If 26 or more, you have a minimum personal fitness level.

  You have an undesirable personal  If 25 or less, you have the recommended personal fitness level.

  fitness level.

30–39 If 28 or more, stop. If 25 or more, you have a minimum personal fitness level.

  You have an undesirable personal  If 24 or less, you have the recommended personal fitness level.

  fitness level.

40–49 If 26 or more, stop. If 24 or more, you have a minimum personal fitness level.

  You have an undesirable personal  If 23 or less, you have the recommended personal fitness level.

  fitness level.

50–59 If 25 or more, stop. If 23 or more, you have a minimum personal fitness level.

  You have an undesirable personal  If 22 or less, you have the recommended personal fitness level.

  fitness level.

60–69 If 24 or more, stop. If 23 or more, you have a minimum personal fitness level.

  You have an undesirable personal  If 22 or less, you have the recommended personal fitness level.

  fitness level.

From R. J. Shephard et al., “Development of the Canadian Home Fitness Test,” originally published in Canadian Medical Association Journal, 114:675–79, 

1976. Copyright © 1976 Canadian Medical Association, Ottawa, Canada. Reprinted by permission.
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measurements can be obtained (80, 88). Heart rate is 
measured over a fifteen- to thirty-second time period 
during steady-state exercise to obtain a reliable esti-
mate of the HR. If using a post-exercise HR as an indica-
tion of the HR during exercise, the HR should be 
measured for ten seconds within the first fifteen sec-
onds after stopping exercise, because the HR changes 
rapidly at this time. The ten-second count is multiplied 
by six to express the HR in beats ⴢ min 1 (88).

Blood Pressure

Blood pressure is measured by auscultation as de-
scribed in chapter 9. It is important to use the proper 
cuff size and a sensitive stethoscope to obtain cor-
rect values at rest and during work. In addition, if 
using an aneroid sphygmomanometer, it is impor-
tant to calibrate it on a regular basis against the mer-
cury sphygmomanometer (56). During the walking or 
cycling exercise test (BP cannot be reliably measured 
during a running test), the microphone of the stetho-
scope is placed below the cuff and over an area where 
the sound is the loudest (in many cases this will be in 
the intramuscular space on the medial side of the 
arm). The subject should not be holding onto the 
handlebar of the cycle or treadmill during the mea-
surement. The first Korotkoff sound is taken as sys-
tolic BP, and the fourth sound (change in tone or 
muffling) is taken as diastolic BP (82).

ECG

GXTs are used to diagnose CHD because exercise 
causes the heart to work harder and challenges the 
coronary arteries’ ability to deliver sufficient blood to 
meet the oxygen demand of the myocardium. An 
estimate of the work (and O2 demand) of the heart is 
the double product—the product of the HR and the 
systolic BP (57, 78). As you already know, HR and sys-
tolic BP increase with exercise intensity such that 
myocardial oxygen demand increases throughout 
the test. The ECG is used as an indicator of the abil-
ity of the heart to function normally during these 
times of imposed work. During exercise the ECG can 
be mea sured with a single bipolar lead (e.g., CM5), 
but a full twelve-lead arrangement is preferred (3). 
The ECG is evaluated for arrhythmias, conduction 
disturbances, and myocardial ischemia. Arrhythmias 
are irregularities in the normal electrical rhythm 
of the heart that can be localized to the atria (e.g., 
atrial fibrillation), the AV node (e.g., premature junc-
tional contraction), or in the ventricles (e.g., prema-
ture ventricular contractions—PVCs). Conduction 

disturbances describe a defect in which depolariza-
tion is slowed or completely blocked (e.g., first-
degree AV block, or bundle branch block). Myocardial 

ischemia is defined as an inadequate perfusion of 

the myocardium relative to the metabolic demand of 
the heart. Because oxygen uptake by the myocardium 
is almost completely flow depen dent, a flow limita-
tion causes an oxygen insuffi ciency. A symptom of 
myocardial ischemia is angina pectoris, which is pain 
or discomfort caused by a temporary ischemia; the 
pain could be located in the center of the chest, neck, 
jaw, or shoulders, or could radiate to the arms and 
hands (66). A sign associated with myocardial ische-
mia is a depression of the ST segment on the 
electrocardiogram (see chapter 9). Figure 15.3 shows 
three types of ST segment depression. People with 
upsloping or horizontal ST segment depression have 
similar life expectancies, but the prognosis for those 
with downsloping ST segment is worse (32). Inter-
ested readers are referred to Dubin’s introductory 
text on ECG analysis (see Suggested Readings), and 
Ellestad’s text on exercise electrocardiography (32). 
For individuals who cannot perform an exercise 
test to evaluate cardiovascular function, a pharma-
cologic stress test may be substituted (see Ask the 
Expert 15.1).

Rating of Perceived Exertion

Another common measurement made at each stage of 
the GXT is Borg’s (17) Rating of Perceived Exertion 
(RPE). Table 15.3 lists his original and revised scales. 
The original scale used the rankings 6 to 20 to approxi-
mate the HR values from rest to maximum (60–200). 
The revised scale represents an attempt to provide 
a ratio scale of the RPE values. The RPE scores are 
good indicators of subjective effort, if used regularly, 
and provide a quantitative way to track a person’s 
progress through a GXT or an exercise session 
(19, 20, 41). This is helpful in knowing when a subject 
is approaching exhaustion, and the values can be 
used to predict V̇O2 max (33) and prescribe exercise 

Upsloping
ST segment
depression

Horizontal
ST segment
depression

Downsloping
ST segment
depression

Figure 15.3 Three types of ST segment depression. From 

A. D. Martin, “ECG and Medications” in E. T. Howley and 

B. D. Franks, Health/Fitness Instructor’s Handbook. Copyright © 

1986 Human Kinetics Publishers, Inc., Champaign, IL. 

Used by permission.
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intensity (see chapter 16). However, it is important to 
provide clear and standardized instructions to the 
individual to maximize the usefulness of the RPE scale. 
What follows is a suggested statement from the ACSM 
Guidelines (3, p. 78):

During the exercise test we want you to pay close 
attention to how hard you feel the exercise work 
rate is. This feeling should reflect your total 
amount of exertion and fatigue, combining all 
sensations and feelings of physical stress, effort, 
and fatigue. Don’t concern yourself with any one 
factor such as leg pain, shortness of breath or 
exercise intensity, but try to concentrate on 
your total, inner feeling of exertion. Try not to 
underestimate or overestimate your feeling of 
exertion; be as accurate as you can.

Termination Criteria

The reasons for stopping a GXT vary with the type of 
population being tested and the purpose of the test. 
Table 15.4, from the ACSM’s Guidelines for Exercise Testing 

and Prescription, is appropriate for nondiagnostic GXTs 
in apparently healthy adults (3).

■ Typical measurements obtained during a 
graded exercise test include heart rate, blood 
pressure, ECG, and rating of perceived exertion.

■ Specific signs (e.g., fall in systolic pressure with 
an increase in work rate) and symptoms (e.g., 
dizziness) are used to stop GXTs.

IN SUMMARY

 ASK THE EXPERT 15.1

Pharmacologic Testing to Diagnose Heart Disease
Questions and Answers with Dr. Barry Franklin

Since 1985, Barry A. 

Franklin, Ph.D., has been 

Director of the Cardiac 

Rehabilitation and Exercise 

Laboratories, William Beau-

mont Hospital, Royal Oak, 

Michigan. He is a past 

 president of the American 

Association of  Cardiovascular and Pulmonary 

Rehabilitation (AACVPR) and the American 

College of Sports Medicine (ACSM). He is the 

editor of the sixth edition of the ACSM’s Guide-

lines for Exercise Testing and Prescription and 

is an internationally known speaker on topics 

related to cardiac rehabilitation.

QUESTION: Could you briefly describe 

what a pharmacologic stress test is, 

what kinds of drugs are used, and 

likely candidates for such testing?

ANSWER: The need for noninvasive as -

sessments of cardiac function for 

patients who are unable to exercise 

has led to the development of phar-

macologic stress test for identifying 

coronary artery disease.

  During these medically super-

vised tests, the patient lies quietly 

on a padded stretcher or table. Car-

diac perfusion imaging (with techne-

tium 99-m sestamibi [Cardiolite] or 

thallium chloride–201) is ob tained with 

a gamma camera after intravenous 

dipyridamole or adenosine infusion. 

These potent vaso dilators enhance 

blood flow to normally per fused heart 

tissue, whereas heart muscle fed by 

ob structed coronary arteries demon-

strates relative hypoperfusion.

  Another popular pharmacologic 

test uses dobutamine, which, in con-

trast to dipyridamole or adenosine 

stress, causes cardiac ischemia by 

modestly increasing heart rate and 

myocardial contractility. Echocar dio -

graphic images, which involve a 

recording sensor to bounce ultra-

sound waves off the heart to create 

an image of the muscle at work, are 

obtained throughout the infusion. A 

new or worsening wall motion abnor-

mality suggests underlying coronary 

artery disease.

QUESTION: What kinds of measure-

ments are obtained to evaluate 

cardiac function?

ANSWER: Heart rate, blood pressure, and 

electrocardiographic measurements 

are routinely made every minute dur-

ing these drug infusions, which gener-

ally last about six minutes. Perfusion 

imaging under resting conditions is 

then compared with imaging obtained 

after coronary vasodilation. Patients 

are also queried regarding adverse 

side effects, which may include light-

headedness, chest pain or pressure, 

and nausea. Echocardiographic images 

(in contrast to perfusion images) are 

made during dobutamine infusions. In 

some cases, like exercise stress tests, 

pharmacologic studies may be prema-

turely terminated due to the develop-

ment of worsening symptoms or 

significant heart rhythm irregularities.

QUESTION: Can the results of these tests

be used to develop an exercise pre-

scription?

ANSWER: It is difficult to use the results 

of these tests to develop an exercise 

prescription. This is primarily because 

the rises in heart rate and oxygen con-

sumption during pharmacologic test-

ing are far lower than those achieved 

with exercise stress. These tests sim-

ply suggest whether there is underly-

ing myocardial ischemia and coronary 

artery disease. Consequently, many 

clinicians recommend an initial exer-

cise heart rate that is twenty to thirty 

beats above standing rest, as the pre-

scribed training intensity, using per-

ceived exertion as an adjunctive 

intensity modulator.
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work rate is achieved (99), a post-exercise blood lac-
tate level of  8 mmoles   liter 1(5), and the R exceed-
ing 1.15 (52). Some investigators use heart rate (e.g., 
a value within 10 b/min of age-predicted maximal 
heart rate) as a criterion for having achieved V̇ O2 max. 
However, due to the relatively large potential error 
(1 SD   10–12 b/min) in estimating maximal heart 
rate with the age-predicted formulas (e.g., 220   age), 
its usefulness as a criterion for having achieved V̇ O2 
max has been questioned (49). Although many sub-
jects will meet these criteria, some, especially the 
elderly (94), children (5), and postcoronary subjects 
(55), will not. In addition, one should not expect a 
subject to meet all of these standards (55, 94). For 
example, in one study (94), 20 percent of the women 
subjects who met the “leveling off” criterion did not 
even achieve an R of 1.00! The R values have been 
shown to vary with age and the training status of the 
subjects (1). In general, these criteria are useful 
because they give the investigator an objective indica-
tor of the subject’s effort. However, subjects should 
not be expected to meet all the criteria on any single 
test (30, 49). (See A Closer Look 15.3 for an update on 
the plateau or leveling-off criterion.)
 V̇ O2 max is a very reproducible measure on sub-
jects tested with the same test protocol on the same 
piece of equipment. The value for V̇ O2 max does not 
seem to be dependent on whether the test is a con-
tinuous GXT or a discontinuous GXT, as long as it is 
conducted with the same work instrument (30, 35, 
67, 96). However, when V̇ O2 max values are compared 
across protocols, some systematic differences appear 
(9). The highest value for V̇ O2 max is usually measured 
with a running test up a grade on a treadmill, followed 
by a walking test up a grade on a treadmill, and then 
on a cycle ergometer. In American populations, walk 
test protocols yield values about 6% lower than those 
for a run test (67), while cycle test protocols yield 
values about 10% to 11% lower than those for a run 
test (30, 36, 59). Europeans show only a 5% to 7% 

TABLE 15.3   Rating of Perceived 
Exertion Scales

Original Rating Scale Revised Rating Scale

 6  0  Nothing at all

 7 Very, very light  0.5  Very, very light 

 (  just noticeable)

 8  1  Very light

 9 Very light  2  Light (weak)

10  3  Moderate

11 Fairly light  4  Somewhat hard

12  5  Heavy (strong)

13 Somewhat hard  6

14  7  Very heavy

15 Hard  8

16  9

17 Very hard 10   Very, very heavy 

 (almost max)

18  •  Maximal

19 Very, very hard

20

From: G. A. U. Borg. “Psychological Bases of Physical Exertion” in 

Medicine and Science in Sports and Exercise, 14:377–81, 1982. 

Copyright ©1982 American College of Sports Medicine, 

Indianapolis, IN. Reprinted by permission.

V̇O2 MAX

The measurement of V̇ O2 max represents the standard 
against which any estimate of CRF is compared (see 
chapters 6 and 20 for procedures). V̇ O2 increases with 
increasing loads on a GXT until the maximal capacity 
of the cardiorespiratory system is reached; attention 
to detail is crucial if one is to obtain accurate values 
(68). Commonly used criteria for having achieved V̇ O2 
max include a leveling off of the V̇ O2 ( 150 ml   kg 1   
min 1 or  2.1 ml   kg 1   min 1) even though a higher 

TABLE 15.4   General Indications for Stopping an Exercise Test in Low-Risk Adults*

• Onset of angina or angina-like symptoms

• Drop in systolic blood pressure of  10 mm Hg from baseline blood pressure despite an increase in workload

• Excessive rise in blood pressure: systolic pressure  250 mm Hg or diastolic pressure  115 mm Hg

• Shortness of breath, wheezing, leg cramps, or claudication

• Signs of poor perfusion: light-headedness, confusion, ataxia, pallor, cyanosis, nausea, or cold and clammy skin

• Failure of heart rate to increase with increased exercise intensity

• Noticeable change in heart rhythm

• Subject requests to stop

• Physical or verbal manifestations of severe fatigue

• Failure of the testing equipment

*Assumes that testing is nondiagnostic and is being performed without direct physician involvement or ECG monitoring.
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difference in this latter comparison (9, 45). An arm 
ergometer test will yield values equal to about 70% of 
the V̇ O2 max measured with the legs (39, 87). It is 
important to recognize these differences when com-
paring one test to another, or when comparing the 
same subject over time with different modes of exer-
cise. These differences among tests have led to the 
convention to call V̇ O2 max the value measured on a 
graded running test; V̇ O2 peak is the term used to 
describe the highest V̇ O2 achieved on walk, cycle, or 
arm ergometer protocol (86). However, these terms 
can cause confusion when applied to highly trained 
athletes, such as cyclists, as they have higher V̇ O2 max 
values when measured on a cycle, compared to a 
treadmill (98). The actual mea surement of V̇ O2 max 
is crucial for research studies and in some clinical 

settings. However, it is unreasonable to expect the 
actual measurement of V̇ O2 max to be used as the CRF 
standard in fitness programs.

Estimation of V̇O2 Max 

from Last Work Rate

Given the complexity and cost of the procedures 
in volved in the measurement of V̇ O2 max, it is no sur-
prise that in many fitness and clinical settings V̇ O2 
max is estimated with equations that allow the calcu-
lation of V̇ O2 max from the last work rate achieved on 
the GXT. The equations for estimating the oxygen cost 
of running and walking outlined in chapter 6 allow 
such calculations and, in general, the estimates are 
reasonable (74, 75). What is important in the use of 

A CLOSER LOOK 15.3

V
.
  O2 Max and the Plateau—Needed or Not?

The concept of V̇ O2 max and its depen-

dence on cardiac output was described 

by Hill and Lupton in 1923 (46). Over 

the following decades investigators 

had to deal with a central issue in the 

measurement of V̇ O2 max: how can one 

be certain that a true V̇ O2 max had 

 actually been obtained? The concept 

of a plateau in oxygen uptake with 

in creasing intensities of exercise (using 

a discontinuous format) was central 

to Hill and Lupton’s description of 

V̇ O2 max. However, in practice, great 

variation exists in the percentage of 

subjects who achieve a plateau. This 

led to the development of a variety of 

secondary criteria for having achieved 

V̇ O2 max (e.g., post-exercise blood 

lactate  8 mM; respiratory exchange 

ratio  1.15) as mentioned in the text. 

The fact that continuous (incremental) 

exercise tests have become the most 

common protocol complicates the issue.

 In a recent paper, Hawkins et al. (44) 

used 52 well-trained distance runners 

as subjects to reevaluate the issue of 

the plateau. The investigators showed 

clearly that the V̇ O2 max achieved in an 

incremental running test was not dif-

ferent from that achieved in a subse-

quent running test requiring a V̇ O2 30% 

higher that that measured in the incre-

mental test. This study clearly sup-

ported the underlying proposition of 

Hill and Lupton—that is, there really is 

an upper limit to oxygen uptake.

 In contrast to the clarity of the 

results of this study by Hawkins et al. 

(44), most investigators are continu-

ously faced with the dilemma of fi nd-

ing only a small percentage of subjects 

experiencing a plateau in V̇ O2 during 

an incremental exercise test. Work by 

Day et al. (29) may offer some relief 

from this problem. They measured V̇ O2 

on 71 subjects during an incremental 

ramp-type protocol taken to the point 

of fatigue. At test termination only 12 

of 71 subjects had demonstrated a pla-

teau in V̇ O2 (relative to a V̇ O2 max value 

extrapolated from submaximal V̇ O2 

measurements). Thirty-eight of the 71 

subjects subsequently completed a 

constant load test at a power output 

⬃90% of the peak power attained in the 

incremental test. Subjects terminated 

the test due to fatigue in 4 to 10 min-

utes. The V̇ O2 max achieved in the con-

stant load test was not different from 

that measured during the incremental 

test. Additional tests on six subjects 

were conducted at a variety of higher 

power outputs and confi rmed the 

V̇ O2 max values. The central point was 

that even though a plateau was not 

observed in the vast majority of the 

cases in the incremental test, the V̇ O2 

max was not different from that 

obtained in a follow-up constant load 

test. Even though the power output in 

the follow-up test was lower than that 

achieved in the incremental test, the 

oxygen demand of the peak power 

achieved in a ramp protocol is well 

above the measured V̇ O2 as shown by 

the subjects fatiguing in 4 to 10 min-

utes at a load ⬃90% of peak power. 

 Another study (85) from the same 

group used a follow-up constant load 

test 5 minutes after the subjects had 

fatigued in a standard incremental ramp 

protocol test. The follow-up tests were 

done at 95% and 105% of the peak power 

achieved on the incremental test. For 

fi ve subjects, who completed both con-

stant load protocols, fatigue occurred at 

an average of 130 and 89 seconds, 

respectively. The V̇ O2 max achieved in 

each constant load test was the same as 

that measured at the end of the incre-

mental ramp protocol in  which no sub-

ject had demonstrated a plateau. This 

study showed that one could obtain 

confi rmation of V
. 
O2 max within the 

same testing session. Foster et al. (38) 

supported these fi ndings.

 The issue of “being sure” about the 

V̇ O2 max value will be with us for some 

time; however, Day et al. (29) and 

Rossiter et al. (85) showed that a pla-

teau is not a prerequisite for being 

able to measure a true V
. 
O2 max (48).
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these equations is that the work test is suited to the 
individual. If the increments in the GXT from one 
stage to the next are too large relative to a person’s 
CRF, or if the time for each stage is so short that a per-
son might not be able to achieve the steady-state oxy-
gen requirement for that stage, then the equations 
will overestimate the person’s V̇ O2 max (37, 43, 74). As 
described in chapter 4, poorly fit individuals take lon-
ger to achieve the steady state at moderate to heavy 
work rates, and this increases the chance of an overes-
timation of V̇ O2 max when using these formulas. This 
suggests that a more conservative protocol be used 
for low-fit individuals to allow them to reach a steady 
state at each stage. A recommended procedure is to 
use only the last completed stage of a test. However, 
independent of the proper matching of the protocol 
with the individual, it must be remembered that these 
are only estimations (see A Closer Look 15.4).

Estimation of V̇O2 Max from 

Submaximal HR Response

Another common procedure used with GXT protocols 
is to estimate V̇ O2 max on the basis of the subject’s 
HR response to a variety of submaximal work rates 
(40). In these tests the HR is plotted against work rate 
(or estimated V̇ O2) until the termination criterion of 

70% to 85% of age-adjusted maximal HR is reached. 
Figure 15.4 shows the HR response for a twenty-year-
old who has taken a submaximal GXT on a cycle 
ergometer. Heart rate was measured at each work rate 
until a value equal to 85% of estimated maximal HR 
was reached (170 b   min 1). A line was drawn through 

A CLOSER LOOK 15.4

Error in Estimating V
.
  O2 max

It is important to remember that the 

estimation of V̇ O2 max by any of the 

methods described in this chapter is 

associated with an inherent “error” 

compared to the directly measured 

V̇ O2 max value. When investigators try 

to determine the validity of an exercise 

test to estimate V̇ O2 max, they must 

first test large numbers of subjects in 

the laboratory to actually measure each 

subject’s V̇ O2 max. On another day, the 

investigators may have the subjects 

complete a distance run for time, or a 

standardized graded treadmill or cycle 

ergometer test to determine the high-

est percent grade/speed or work rate 

that the subject can achieve. That infor-

mation is then used to develop an 

equation to predict the measured V̇ O2 

max value from the time of the distance 

run, the last grade/speed achieved on a 

treadmill test, or the final work rate on 

the cycle ergometer test.

 The predicted value will not usu-

ally equal the measured V̇ O2 max 

value, and a term called the standard 

error (SE) is used to describe how far 

off (higher or lower) the predicted 

value might be from the true value 

when using the prediction equation. 

One standard error ( SE) describes 

where 68% of the estimates are com-

pared to the true value. If the SE were 

 1 ml   kg 1   min 1, then 68% of the 

predicted V̇ O2 max  values would fall 

within  1 ml   kg 1   min 1 of the true 

value. Typically, the SE is larger than 

that (3, 82). For example:

■ If V̇ O2 max is estimated from the 

last stage of a maximal test, the 

SE   3 ml   kg 1   min 1.

■ If V̇ O2 max is estimated from 

heart rate values measured dur-

ing a submaximal test, the SE   

4–5 ml   kg 1   min 1.

■  If V̇ O2 max is estimated from the 

one-mile walk test or the twelve- 

minute run test described ear-

lier, the SE   5 ml   kg 1   min 1.

The relatively large standard errors 

might suggest that these tests have 

little value, but that is not the case. 

The tests are reliable, and when the 

same individual takes the same test 

over time, the change in estimated 

V̇ O2 max monitored by the test is 

a reasonable reflection of improve-

ments in cardiorespiratory fitness. 

This can serve as both a moti vational 

and educational tool when working 

with fitness clients.

Figure 15.4 Estimation of V̇ O2 max from heart rate values 

measured during a series of submaximal work rates on a 

cycle ergometer. The test was stopped when the subject 

reached 85% of maximal HR. A line is drawn through the 

HR points measured during the test and is extrapolated 

to the age-adjusted estimate of maximal HR. Another line 

is dropped from that point to the x-axis, and the V̇ O2 max 

is identified.

Estimated
VO2 max

200

180

160

140

120

—

—

—

—

—

300 450 600 750 900 1,050 1,200

 0.9 1.2 1.5 1.8 2.1 2.4 2.7

   | | | | | | |

Age = 20
Estimated max HR = 200
85% HR max = 170 b/min

Stop test at 85%
HR max 

Extrapolate to
200 b/min

H
e
a
rt

 r
a
te

 (
b
/m

in
)

VO2 (  /min)

Work rate (kpm/min)

˙



www.mhhe.com/powers7e Chapter Fifteen Work Tests to Evaluate Cardiorespiratory Fitness 315

■ The measurement of V̇ O2 max is the gold 
 standard measure of cardiorespiratory fitness.

■ V̇ O2 max can be estimated based on the final 
work rate achieved in a graded exercise test.

■ V̇ O2 max can be estimated from heart rate 
responses to submaximal exercise by extrapo-
lating the relationship to the subject’s age-
adjusted estimate of maximal heart rate. 
Careful attention to environmental factors that 
can affect the heart rate response to submaxi-
mal exercise is an important aspect of the pro-
cedures for these tests.

IN SUMMARY

GRADED EXERCISE TEST: 
PROTOCOLS

The GXT protocols can be either submaximal or maxi-
mal, depending on the end points used to stop the 
test. The choice of the GXT should be based on the 
population (athletes, cardiac patients, children), pur-
pose (estimate CRF, measure V̇ O2 max, diagnose 
CHD), and cost (equipment and personnel) (47, 51). 
This section will discuss the selection of the test 
based on these factors and provide examples of com-
mon GXT protocols.
 When choosing a GXT protocol, the population 
being tested must be considered, given that the last 
stage in a GXT for cardiac patients might not even be 
a warm-up for a young, athletic subject. Test proto-
cols should vary in terms of the initial work rate, how 
large the increment in work rate will be between 
stages, and the duration of each stage. In general, the 
GXT for a sedentary subject might start at 2 to 3 METs 
(1 MET   3.5 ml   kg 1   min 1) and progress at about 
1 MET per stage, with each stage lasting two to three 
minutes to allow enough time for a steady state to be 
reached. For young, active subjects, the initial work 
rate might be 5 METs, with increments of 2 to 3 METs 
per stage (82). Table 15.5 shows four well-known 
treadmill protocols and the populations for which 
they are suited. The National Exercise and Heart Dis-
ease protocol (77) is usually used with poorly fit sub-
jects, with the work rate increasing only 1 MET each 
three minutes. The Standard Balke protocol (11) 
starts at about 4 METs and progresses 1 MET each 
two minutes, and is suitable for most average seden-
tary adults. The Bruce protocol for young, active sub-
jects (18) starts at about 5 METs and progresses at 2 
to 3 METs per stage. This protocol includes walking 
and running up a grade, and may not be suitable for 
those at the low end of the fitness continuum. The 
last protocol shown is used by the fit and athletic 
populations, with the speed dependent on the fitness 
of the subject (7).

the HR points and extrapolated to the estimated max-
imal HR, which is calculated by subtracting age from 
220. Another line is dropped from that point to the x-
axis, and the work rate or V̇ O2 (in this case, 2.7 L   
min 1) that would have been achieved if the individ-
ual had worked until maximal HR was reached is 
recorded (40). Although this is a simple and com-
monly used procedure to estimate V̇ O2 max, it has 
several potential problems.
 The first problem relates to the formula used for 
estimating the maximal HR. These estimates have a 
standard deviation (SD) of about 11 b   min 1 (64). A 
twenty-year-old’s maximal HR might be estimated to 
be 200 b   min 1, but if a person were out at  2 SD, the 
value would be 178 or 222 b   min 1. For those who do 
maximal testing, one will occasionally observe sub-
jects having measured maximal HRs  20 b   min 1 away 
from their age-adjusted estimate of maximal heart 
rate. Taking this as an example, what if the subject in 
figure 15.4 had a true maximal HR of only 180 b   min 1 
instead of the estimated 200 b   min 1? The estimated 
V̇ O2 max would be an overestimation of the correct 
value.
 Further, a submaximal end point such as 85% of 
estimated maximal heart rate may be very light work 
for one person and maximal work for another. The rea-
son for this is related to the estimate of maximal heart 
rate (220   age) mentioned earlier. If a thirty-year-old 
has a real maximum heart rate of 160 b   min 1 and 
the GXT takes the person to 85% of estimated maxi-
mal HR (220   30   190; 85% of 190   161 b   min 1), 
then the person would be taken to maximal HR.
 Another problem with submaximal GXT protocols 
using the HR response as the primary indicator of 
fitness is that any variable that affects submaximal 
heart rate will affect the slope of the HR/V̇ O2 line and, 
of course, the estimate of V̇ O2 max. These variables 
would include eating prior to the test, dehydration, 
elevated body temperature, temperature and humid-
ity of the testing area, emotional state of the subject, 
medications that affect HR, and previous physical 
activity (7, 90). Clearly, many environmental variables 
must be controlled if one is to use such protocols to 
estimate V̇ O2 max.
 Despite these problems, this estimate of V̇ O2 max 
is useful in providing appropriate feedback to partici-
pants in fitness programs. Following training, the HR 
response to any fixed submaximal work rate is lower, 
suggesting an increase in V̇ O2 max when the HR/V̇ O2 
line is drawn through those HR points to the age-
adjusted maximal HR. In this case, because the same 
individual is being tested over time, the 220   age 
formula introduces only a constant and unknown 
error that will not affect the projection of the HR/V̇ O2 
line. Further, the low cost, ease of measurement, and 
high reliability make it a good test that can be used 
for education and motivation (89).
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Nagle et al. (76) and Montoye et al. (74) have shown 
that apparently healthy individuals reach the new 
steady-state requirement by approximately 1.5 min-
utes of each stage up to moderately heavy work. These 
formulas give reasonable estimates of CRF if the test 
has been suited to the individual (43, 74). However, if 
the increments in the stages are too large, or if the 
time at each stage is too short, then the person might 
not be able to reach the oxygen requirement associ-
ated with that stage of the GXT. In these cases the for-
mulas will overestimate the subject’s V̇ O2 max. This 
problem is more common with low-fit individuals 
and suggests that the more conservative tests be used 
to estimate the V̇ O2 max based on grade and speed 
achieved.

■ When selecting a GXT, the population being 
tested must be considered. The initial work 
rate and the rate of change of work rate need 
to accommodate the capabilities of the 
population.

IN SUMMARY

Treadmill

Treadmill GXT protocols can accommodate most 
people, from those least fit to those most fit, and use 
the natural activities of walking and running. Treadmills 
set the pace for the subject and provide the greatest 
potential load on the cardiovascular system. However, 
they are expensive, not portable, and make some mea-
surements (BP and blood sampling) difficult (90). As 
mentioned previously, the type of treadmill test does 
influence the magnitude of the measured V̇ O2 max, 
with the graded running test giving the highest value, 
the running test at 0% grade the next highest, and the 
walking test protocols the lowest (9, 67). There are also 
some limitations in the types of measurements that 
can be made, depending on whether walking or run-
ning is used. For example, during running tests, the 
measurement of BP is not convenient and may be less 
accurate, and there is more potential for artifact in the 
ECG tracing.
 For estimates of V̇ O2 to be obtained from grade 
and speed considerations, the grade and speed set-
tings must be correct (47). In addition, the subject 
must follow instructions carefully and not hold onto 
the treadmill railing during the test. If this is not done, 
estimates of V̇ O2 max based on either the HR/V̇ O2 
extrapolation procedure or the formula that uses the 
last speed/grade combination achieved will not be 
reasonable (6, 84). For example, when a subject who 
was walking on a treadmill at 3.4 mph and 14% grade 
held onto the railing, the HR decreased 17 b   min 1 
(6). This would result in an overestimation of the V̇ O2 
max using either of the submaximal procedures just 

TABLE 15.5   Treadmill Protocols

A–NATIONAL EXERCISE AND HEART DISEASE 
PROTOCOL FOR POORLY FIT SUBJECTS (69)

Stage* METs Speed (mph) % Grade

1  2.5 2   0

2  3.5 2  3.5

3  4.5 2  7.0

4  5.5 2 10.5

5  6.5 2 14.0

6  7.5 2 17.5

7  8.5 3 12.5

8  9.5 3 15.0

9 10.5 3 17.5

*Stage lasts three minutes.

B–STANDARD BALKE PROTOCOL FOR 
NORMAL SEDENTARY SUBJECTS (11)

Stage* METs Speed (mph) % Grade

1  4.3 3  2.5

2  5.4 3  5.0

3  6.4 3  7.5

4  7.4 3 10.0

5  8.5 3 12.5

6  9.5 3 15.0

7 10.5 3 17.5

8 11.6 3 20.0

9 12.6 3 22.5

*Stage lasts two minutes.

C–BRUCE PROTOCOL FOR YOUNG, 
ACTIVE SUBJECTS (18)

Stage* METs Speed (mph) % Grade

1  5 1.7 10

2  7 2.5 12

3     9.5 3.4 14

4 13 4.2 16

5 16 5.0 18

*Stage lasts three minutes.

D–ÅSTRAND AND RODAHL PROTOCOL 
FOR VERY FIT SUBJECTS (7)

Stage* METs Speed (mph) % Grade

1 12.9/18 7/10  2.5

2 14.1/19.8 7/10  5.0

3 15.3/21.5 7/10  7.5

4 16.5/23.2 7/10 10.0

5 17.7/24.9 7/10 12.5

*Stage lasts two minutes; vigorous warm-up precedes test.

 As mentioned earlier, one of the most common 
approaches used in estimating V̇ O2 max is to take the 
final stage in the test and apply the formula for con-
verting grade and speed to V̇ O2 in ml   kg 1   min 1. 
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mentioned, and special equations would have to be 
developed if holding onto the handrail were allowed 
(69). Finally, with the treadmill there is no need to 
make adjustments to the V̇ O2 calculation due to dif-
ferences in body weight. Treadmill tests require the 
subject to carry his or her own weight, and the V̇ O2 is 
therefore proportional to body weight (73).
 In the following example of a submaximal GXT, a 
forty-five-year-old male takes a Balke Standard Pro-
tocol (3 mph, 2.5% each two minutes) and the test is 
terminated at 85% of age-adjusted maximal HR 
(149 b   min 1). Heart rate was measured in the last 
thirty seconds of each stage, and V̇ O2 max was esti-
mated by the HR/V̇ O2 extrapolation to age-adjusted 
maximal HR (175 b   min 1). Figure 15.5 shows the 
plot of the HR response at each stage, and the 
extrapolation to the person’s estimated maximal 
heart rate. In the early stages of the test, the HR does 
not increase in a predictable manner with increasing 
grade. This may be due to the changes in stroke volume 
that occur early in upright work (see chapter 9). The 
beginning stages also act as a warm-up and adjust-
ment period for the subject. The HR response is usu-
ally quite linear between 110 b   min 1 and 85% 
maximal HR (8). The HR/V̇ O2 line is extrapolated to 
175 b   min 1, and a vertical line is dropped to the 
x-axis where the estimated V̇ O2 max is identified: 
11.6 METs, or 40.6 ml   kg 1   min 1.

 A single-stage submaximal treadmill test has 
been validated for use with low-risk subjects who 
are likely to have average values for V̇ O2 max (31). In 
this test the treadmill is set at 0% grade, and a walk-
ing speed is set between 2 and 4.5 mph to elicit a 
heart rate between 50% and 70% of age-adjusted 
maximal HR. Following this four-minute warm-up, 
the grade is elevated to 5% for four minutes. HR is 
measured in the last minute and used with speed 
(S in mph), age (A in years), and gender (G, with 
female   0 and male   1) in the following regres-
sion equation to predict V̇ O2 max:

V̇ O2 max   15.1   21.8 (S)   0.327 (HR)   0.263
(S   A)   0.00504 (HR   A)   5.98 (G)

 Finally, investigators have adapted the one-mile 
walk test mentioned earlier under “field test” so it 
could be done on a treadmill. Subjects completed a 
questionnaire to rate their level of physical activity 
and then walked on the treadmill at a self-selected 
speed that they classified as “brisk.” The investigators 
had to develop a new prediction equation, different 
from the outdoor test, and it was shown to provide a 
valid estimate of V̇ O2 max (83). To learn more about 
an individual who had a major impact on fi tness test-
ing, see A Look Back—Important People in Science.

Cycle Ergometer

Cycle ergometers are portable, moderately priced 
work instruments that allow measurements to be 
made easily. However, they are self-paced and result 
in some localized fatigue (90). On mechanically braked 
cycle ergometers (e.g., Monark), the work rate can be 
increased by increasing the pedal rate or the resis-
tance on the flywheel. Generally, the pedal rate is 
maintained constant during a GXT at a rate suitable 
to the populations being tested: 50 to 60 rpm for the 
low to average fit, and 70 to 100 for the high fit and 
competitive cyclists (42). The pedal rate is maintained 
by having the subject pedal to a metronome, or by 
providing some other source of feedback (visual ana-
log or digital display of the rpm). The load on the 
wheel is increased in a sequential fashion to system-
atically overload the cardiovascular system. The start-
ing work rate and the increment from one stage to the 
next depend on the fitness of the subject and the pur-
pose of the test. The V̇ O2 can be estimated from an 
equation that gives reasonable estimates of the V̇ O2 
up to work rates of about 1,200 kgm   min 1 (3):

V̇ O2 (ml   min 1)   1.8 ml   kgm 1   kgm   min 1

  (7 ml   kg 1   min 1   kg body wt.)

 The cycle ergometer is different from the tread-
mill in that the body weight is supported by the seat, 
and the work rate is dependent primarily on the crank 
speed and the load on the wheel. This means that for 

Figure 15.5 Estimation of V̇ O2 max from the heart rate 

values measured during different stages of a treadmill 

test. From E. T. Howley and B. D. Franks, Health/Fitness 

Instructor’s Handbook. Copyright © 1986 Human Kinetics 

Publishers, Inc., Champaign, IL. Used by permission.
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a small person, the relative V̇ O2 at any work rate is 
higher than that for a big person. For example, if a 
work rate requires a V̇ O2 of 2,100 ml   min 1, this rep-
resents a relative V̇ O2 of 35 ml   kg 1   min 1 for a 
60-kg person, and only 23 ml   kg 1   min 1 for a 90-kg 
person. In addition, the increments in the work rate, 
by demanding a fixed increase in the V̇ O2 (e.g., an 
increment of 150 kgm   min 1 is equal to a V̇ O2 change 
of 270 ml   min 1), force a small and unfit subject to 
make larger cardiovascular adjustments than a large 
or high-fit subject. These facts have been taken into 
consideration by the YMCA (40) in recommending 
submaximal GXT protocols. The idea is to provide a 
means of obtaining a variety of HR responses to sev-
eral submaximal work rates in a way that reduces the 
duration of the test.
 Figure 15.6 shows the different “routes” followed 
in the YMCA protocol depending on the subject’s HR 
response to a work rate of 150 kgm   min 1. The YMCA 
protocol makes use of the observation that the rela-
tionship between V̇ O2 and HR is a linear one between 
110 and 150 b   min 1. For this reason the YMCA pro-
tocol requires the subject to exercise at only one more 
work rate past the one that yields an HR   110 b   
min 1. As a general recommendation for all cycle 
ergometer tests, seat height is adjusted so that the 

knee is slightly bent when the foot is at the bottom of 
the pedal swing and parallel to the floor; the seat 
height is recorded for later testing. In the YMCA pro-
tocol, each stage lasts three minutes and heart rate 
values are obtained in the last thirty seconds of the 
second and third minutes. If the difference in HR is 
 5 b   min 1 between the two time periods, a steady 
state is assumed; if not, an additional minute is added 
to that stage. A line then connects the two HR values 
and is extrapolated to the subject’s estimated maxi-
mal HR. A vertical line is dropped to the x-axis and the 
estimated V̇ O2 max value is obtained as described for 
the submaximal treadmill protocol.
 Figure 15.7 shows the YMCA protocol for a thirty-
year-old female who weighs 60 kg. The first work rate 
chosen was 150 kgm   min 1, and a heart rate of 103 b   
min 1 was measured. Following the YMCA protocol, the 
next loads were 300 and then 450 kgm   min 1, and the 
measured HR values were 115 and 128 b   min 1, respec-
tively. A line was drawn through the two HR points 
greater than 110 b   min 1 and extrapolated to age-
predicted max HR (190 b   min 1). The estimated V̇ O2 
max for this woman was approximately 2.58 liters   min 1 
or 43 ml   kg 1   min 1, using the previous equation.
 In addition to this extrapolation procedure for 
estimating V̇ O2 max, Åstrand and Ryhming (8) provide 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Bruno Balke, M.D., Ph.D.—The  “Father” of  ACSM Certifi cation Programs

As we mentioned in 

chapter 1, the history of 

exercise physiology in 

the United States dur-

ing the twentieth cen-

tury had a very strong 

European fl avor. This 

was certainly the case for the develop-

ment of fi tness testing and cardiac reha-

bilitation. Dr. Bruno Balke (1907–1999) 

received his training in physical edu-

cation, medicine, and physiology in 

Germany and was invited to this country 

by Dr. Ulrich Luft in 1950.

 During the 1950s, Dr. Balke con-

ducted research on high-altitude toler-

ance and high-speed fl ight for the U.S. 

Air Force at the School of Aviation 

Medicine in San Antonio, Texas, and 

later, for the Federal Aviation Agency 

in Oklahoma City. His research on 

work-capacity testing on the treadmill 

led to the development of the exer-

cise test protocols that bear his name 

(discussed earlier in this chapter). In 

addition, his distance-run fi eld test to 

evaluate cardiovascular fi tness (maxi-

mal aerobic power) was modifi ed by 

Dr. Ken Cooper for use in his well-

known Aerobics books (see Field Tests 

for Estimating CRF in this chapter). 

 Dr. Balke left government service in 

1963 to create the Biodynamics Labora-

tory at the University of Wisconsin, 

Madison. Francis J. Nagle, Ph.D., whom 

he had worked with in Oklahoma City, 

followed in 1964, and both had joint 

appointments with the physical edu-

cation and physiology departments. 

Dr. Balke’s quantitative approach to 

exercise physiology questions, espe-

cially as they related to fi tness and per-

formance, set the standard for other 

graduate exercise physiology programs. 

He regarded his time in Madison as the 

most productive in his career.

 Dr. Balke left Wisconsin for Aspen, 

Colorado, in 1973. It was during this time 

that he invested himself in the develop-

ment of American College of Sports 

Medicine (ACSM) certifi cation programs 

for exercise leaders of fi tness and car-

diac rehabilitation programs. Special 

meetings were held in Aspen to develop 

the certifi cation programs and ACSM’s 

Guidelines for Exercise Testing and Prescription. 

The fi rst workshops associated with 

these certifi cation programs were held 

in Aspen as well. Many consider him the 

“father” of ACSM certifi cation programs.

 Dr. Balke was active in the early days 

of the ACSM and served as its presi-

dent in 1966. Balke also took the lead 

in the creation of ACSM’s research jour-

nal, then known as Medicine and Science in 

Sports, and was its fi rst editor-in-chief. 

He enjoyed teaching others how to do 

things, and he viewed as his greatest 

accomplishment the graduation of the 

Ph.D. students from his lab who would 

now teach others. Dr. Balke died in 

1999 at the age of 92, but his legacy will 

live on for years to come. For more on 

this interesting man, see his autobiog-

raphy in the Suggested Readings.
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Figure 15.6 YMCA protocol used to select work rates for 

submaximal cycle ergometer tests. From the YMCA Fitness 

Testing and Assessment Manual. Copyright © 2000 YMCA of 

the USA. Reprinted by permission.
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Figure 15.7 Example of the YMCA protocol used to esti-

mate V̇ O2 max. From E. T. Howley and B. D. Franks, Health/

Fitness Instructor’s Handbook. Copyright © 1986 Human Kinetics 

Publishers, Inc., Champaign, IL. Used by permission.
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a method that requires the subject to complete one 
work bout of approximately six minutes, demanding 
an HR between 125 and 170 b   min 1. These investiga-
tors observed that at 50% V̇ O2 max, males had an aver-
age HR of 128, and females, 138 b   min 1, and at 70% 
V̇ O2 max the average HRs were 154 and 164 b   min 1, 
respectively. These data were collected on young men 
and women, ages eighteen to thirty. The basis for the 
test is that if you know from an HR response that a 
person is at 50% V̇ O2 max at a work rate equal to 1.5 L 
  min 1, then the estimated V̇ O2 max would be twice 
that, or 3.0 L   min 1. A nomogram (see figure 15.8) is 
used to estimate the V̇ O2 max based on the subject’s 
HR response to one six-minute work bout. Because 
maximal HR decreases with increasing age, and the 
data were collected on young subjects, Åstrand 
(4) established correction factors to multiply the 
 estimated V̇ O2 max values taken from the nomogram 
in order to correct for the lower maximal HR.
 Siconolfi et al. (93) presented a submaximal cycle 
ergometer test for epidemiological investigations that 
is a modification of the YMCA protocol that uses the 
Åstrand and Ryhming (8) nomogram. It is presented 
here because the advantages of this test include 
(1) the requirement that the subject achieve only 70% 
of the estimated maximal HR, and (2) the procedure 
was validated on men and women of ages twenty to 
seventy years. Men over age thirty-five and all women 
start the test at 150 kgm   min 1, and the work rate is 
increased that amount each two minutes until an HR 
 70% of estimated maximal HR is achieved; the sub-
ject continues for two or more minutes until a steady-
state HR is measured. Men under age thirty-five begin 
at 300 kgm   min 1 and increase that amount each 
two minutes as above. However, when the HR is 
between 60% and 70% of maximal HR, the work rate is 
increased only 150 kgm   min 1. The Åstrand and 
Ryhming (8) nomogram is used as before (without the 
age correction), and the estimated V̇ O2 max values are 
used in the following equations (93):

For males:
V̇ O2 (liters   min 1)   0.348 (X1)   0.035 (X2)   3.011

For females:
V̇ O2 (liters   min 1)   0.302 (X1)   0.019 (X2)   1.593

where X1   V̇ O2 max from Åstrand and Ryhming 
nomogram, and X2   age in years. The test yields 
acceptable estimates of V̇ O2 max and puts the subject 
under less stress by requiring that an HR of only 70% 
of the age-adjusted maximal HR be achieved.

Step Test

A step-test protocol is used to estimate V̇ O2 max 
in the same way that treadmill and cycle ergometer 
protocols are used. The step test does not require 
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Figure 15.8 Nomogram for the estimation of V̇ O2 max from submaximal HR values measured on either a cycle ergometer 

or step test. For the cycle ergometer, the work rate in watts (1 watt   6.1 kgm ⴢ min 1) is shown on the two rightmost col-

umns, one for men and one for women. The results of a cycle ergometer test for a man who worked at 200 watts is shown. 

A dashed line is drawn between the 200-watt work rate and the HR value of 166 measured during the test. The estimated 

V̇ O2 max is 3.6 liters ⴢ min 1. The step test uses a rate of 22.5 lifts ⴢ min 1, and two different step heights, 33 cm for women 

and 40 cm for men. The step test scale lists body weight for the subject, and the results of a test on a 61-kg woman are 

shown. A dashed line is drawn between the 61 kg on the 33-cm scale and the HR value of 156 b ⴢ min 1 measured during 

the test. The estimated V̇ O2 max is 2.4 liters ⴢ min 1. These estimates of V̇ O2 max are influenced by the person’s maximal 

HR, which is known to decrease with age. A correction factor chosen from the accompanying table corrects these V̇ O2 max 

values when either the maximal HR or age is known. Simply multiply the V̇ O2 value by the correction factor.

max VO2
    min-1170

166

162
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150

146
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138

134
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126
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40

50

60
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100
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156
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148

144
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2.2

3.0

3.8

1.6

2.0

1.8

2.4

2.8

3.2

3.6
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4.4

4.8

5.2

5.6
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2.6

3.4

4.2

4.6

5.0

5.4

5.8

Step test

Pulse rate

Work rate
watts

"33    "40
cm"   cm"

kg     kg
weight

VO2 liters  min-1

 15 1.10 210 1.12
 25 1.00 200 1.00
 35 0.87 190 0.93
 40 0.83 180 0.83
 45 0.78 170 0.75
 50 0.75 160 0.69 
 55 0.71 150 0.64
 60 0.68
 65 0.65

    Correction
Age  Factor HR MAX Factor
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expensive equipment, the step height does not have 
to be calibrated, everyone is familiar with the step-
ping exercise, and the energy requirement is propor-
tional to body weight, as with the treadmill (65). The 
work rate can be increased by increasing the step 
height while keeping the cadence the same, or by 
increasing the cadence while keeping the step height 
the same. The step height can be varied with a hand-
cranking device (76) or by using a series of wooden 
steps with increments in step height of 10 cm. The 
rate of stepping is established with a metronome, and 
the stepping ca dence has four counts: up, up, down, 
down. The subjects must step all the way up and down 
in time with the metronome. Figure 15.9 shows the 
results of a step test on a sixty-year-old female. In this 
step test the height of the step was kept constant at 
16 centimeters and the rate of stepping increased 
6 lifts ⭈ min⫺1 each two minutes. The line drawn 
through the HR points is extrapolated to the esti-
mated maximal HR, 160 b ⭈ min⫺1, and a line is 

dropped to the horizontal axis to estimate the V̇ O2 
max using the following equation (3):

V̇ O2 ⫽ 0.2 (step rate) ⫹ 1.33 ⫻ 1.8 
⫻ (step height [m]) ⫻ (step rate) ⫹ 3.5

The equation yields values in ml ⭈ kg⫺1 ⭈ min⫺1, which 
are converted to METs by dividing by 3.5.
 The Åstrand and Ryhming (8) nomogram (fig-
ure 15.8) also accommodates a step test, using a rate 
of 22.5 lifts per minute (metronome ⫽ 90) and step 
heights of 40 cm for men and 33 cm for women. The 
principle is the same as described for their cycle 
ergometer protocol.
 The introduction of step ergometers (i.e., StairMas-
ter) allows a graded exercise test to be conducted in a 
manner similar to that of a treadmill. The work rates are 
independent of step rate, and the HR responses are 
slightly higher than those measured on the treadmill at 
any V̇ O2 (50). Such a test has been shown to measure 
changes in V̇ O2 max that result from either treadmill or 
step-ergometer training, indicating more commonality 
than specificity among step and treadmill tests (15).
 In summary, a variety of tests can be used to esti-
mate CRF. The usefulness of a test is a function of both 
the accuracy of the measurement and the ability to 
repeat the test on a routine basis to evaluate changes 
in CRF over time. It is this latter point that decreases 
the need that the test be able to estimate the true V̇ O2 
max to the nearest ml ⭈ kg⫺1 ⭈ min⫺1. In effect, if a per-
son is taking a submaximal GXT on a regular basis and 
the HR response to a fixed work rate is decreasing over 
time, one can reasonably conclude that the person is 
making progress in the intended direction, indepen-
dent of how accurate the estimate of V̇ O2 max is.

■ V̇ O2 max can be estimated with the extrapola-
tion procedure using the treadmill, cycle 
ergometer, or step.

■ The subject must follow directions carefully and 
environmental conditions must be controlled if 
the estimate of V̇ O2 max is to be  reasonable 
and reproducible.

IN SUMMARY

Figure 15.9 Use of a step test to predict V̇ O2 max from a 

series of submaximal HR responses. From E. T. Howley 

and B. D. Franks, Health/Fitness Instructor’s Handbook. Copy-

right © 1986 Human Kinetics Publishers, Inc., Champaign, 

IL. Used by permission.
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 Data:
Subject:  female, age = 60 years Step rate Heart rate
Estimated HR max = 160 b/min (lifts/min) (b/min)
85% HR max = 136 b/min 15 112
 21 124
 27 136

STUDY QUESTIONS

 1.   What is the sequence of steps used in evaluating car-
diorespiratory fitness?

 2.   What is a health or cardiac risk inventory? Name one 
currently in use and explain its purpose.

 3.   A forty-year-old man runs 1.5 miles (2,415 meters) in 
ten minutes. What is his estimated V̇ O2 max? Is his 
value “normal”?

 4.   Draw an example of ST segment depression and describe 
its significance in the diagnosis of heart disease.

 5.   You are monitoring a GXT in which V̇ O2 max is measured. 
How would you know if a person achieved V̇ O2 max?

 6.   Given the following information collected during a tread-
mill test on a fifty-year-old man, estimate his V̇ O2 max.

 Work Rate Heart Rate
 3 METs 110
 5 METs 125
 7 METs 140
 7.   Given the assumption that the formula 220 ⫺ age 

can be used to estimate maximal heart rate, how far 
off could you be in your estimate of V̇ O2 max in 
question 6?

 8.   What information do you gain by monitoring the RPE 
during a GXT?

 9.  List five reasons for stopping a GXT.
10.   Should you use the same GXT protocol on all subjects? 

Why or why not?
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Exercise Prescriptions 
for Health and Fitness

■ Objectives

By studying this chapter, you should be able to do the following:

1. Characterize physical inactivity as a coronary 

heart disease risk factor comparable to 

smoking, hypertension, and high serum 

cholesterol.

2. Contrast exercise with physical activity; explain 

how both relate to a lower risk of CHD and 

improvement in cardiorespiratory fitness (CRF).

3. Describe the physical activity recommendation 

by the American College of Sports Medicine 

and the Centers for Disease Control and 

Prevention to improve the health status of 

sedentary U.S. adults.

4. Explain what screening and progression mean for a 

person wanting to initiate an exercise program.

5. Identify the optimal range of frequency, 

intensity, and duration of activity associated 

with improvements in CRF; why is more not 

necessarily better than less?

6. Calculate a target heart rate range by either the 

heart rate reserve or percent of maximal HR 

methods.

7. Explain why the appropriate sequence of 

physical activity for sedentary persons is 

walk → walk  /jog → jog → games.

8. Explain how the target heart rate (THR) helps 

adjust exercise intensity in times of high heat, 

humidity, or while at altitude.

■ Key Terms

dose
effect (response)
exercise
physical activity (PA)
physical fitness
target heart rate (THR) range
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In chapter 14 we discussed a variety of risk factors 

related to cardiovascular and other diseases. Physi-

cal inactivity had long been considered only a second-

ary risk factor in the development of CHD—that is, an 

inactive lifestyle would increase a person’s risk for 

CHD only if other primary risk factors were present. 

However, as explained in chapter 14, this is no longer 

the case. Numerous studies (47, 48, 59, 68) suggest 

that physical inactivity is a primary risk factor for coro-

nary heart disease (CHD), similar to smoking, hyper-

tension, and high serum cholesterol. These studies 

also show that regular vigorous physical activity is 

instrumental in reducing the risk of CHD in those who 

smoke or are hypertensive (41, 49). Based on this 

growing body of evidence, the American Heart Asso-

ciation (AHA) recognized physical inactivity as a pri-

mary or major risk factor (5). Finally, epidemiological 

studies show that increases in physical activity (50) 

and fitness (9) are associated with a reduced death 

rate from all causes as well as from CHD. This means 

that physical activity should be used along with other 

therapies to reduce the risk of CHD in those possess-

ing other risk factors. Consequently, there is little dis-

agreement that regular physical activity is a necessary 

part of a healthy lifestyle (76). The only question is, 

how much?

 Before we answer this question we need to distin-

guish among the terms physical activity, exercise, and 

fitness. Physical activity (PA) is defined as any form 

of muscular activity. Therefore physical activity results 

in the expenditure of energy proportional to mus-

cular work  and is related to physical fitness. Physical 

fitness is defined as a set of attributes that people 

have or develop that relate to the ability to perform 

physical activity. Exercise represents a subset of 

physical activity that is planned, with a goal of improv-

ing or maintaining fitness (12). These distinctions, 

while subtle, are important to understand in our dis-

cussion of the role of physical activity as a part of a 

healthy lifestyle. For example, there is no question 

that a planned exercise program will improve V̇ O2 

max, and that a higher V̇ O2 max is associated with a 

lower death rate (8). However, we must emphasize 

that physical activity, including that done at a moder-

ate intensity, is beneficial. The reduction in the risks 

of CHD due to the latter types of activity may be medi-

ated through changes in the distribution of choles-

terol, or an increase in fibrinolysis (clot dissolving) 

activity (27). It should be no surprise that the Ameri-

can College of Sports Medicine, in the ACSM’s Guide-

lines for Exercise Testing and Prescription, and Physical Activity 

and Health: A Report of the Surgeon General, state the need 

for increased participation in moderate-intensity 

exercise (e.g., brisk walking) throughout the life span 

(4, 76). Such a recommendation is consistent with 

exposing the general population to low-risk physical 

activity to achieve health-related benefits aimed at 

reducing cardiovascular and metabolic diseases. In 

contrast to this general recommendation for every-

one, there is a need to follow a variety of guidelines in 

prescribing moderate to strenuous exercise that is 

aimed at improving V̇ O2 max. We will address both 

concerns in this chapter. For information on training 

for performance, see chapter 21.

■ Physical inactivity has been classifi ed as a 

 primary risk factor for coronary heart disease.

■ Regular participation in physical activity can 

reduce the overall risk for those who smoke or 

who are hypertensive.

■ Those who increase their physical activity and/

or cardiorespiratory fi tness have a lower death 

rate from all causes compared to those who 

remain sedentary.

IN SUMMARY

PRESCRIPTION 
OF EXERCISE

The concern about the proper dose of exercise needed 

to bring about a desired effect (response) is similar to 

the physician’s need to know the type and quantity of 

a drug, as well as the time frame over which it must be 

taken, to cure a disease. Clearly, there is a difference in 

what is needed to cure a headache compared to what 

is needed to cure tuberculosis. In the same way there 

is no question that the dose of physical activity needed 

to achieve high-level running performance is different 

from that required to improve a health-related out-

come (e.g., lower blood pressure) or fitness (e.g., an 

increase in V̇O2 max). This dose-response relationship 

for medications is described in figure 16.1 (21).

Figure 16.1 The relationship between the dose of a drug 

(expressed as the log of the dose) and the effect. Data 

from L. S. Goodman and A. Gilman, eds., 1975, The Phar-

macological Basis of Therapeutics. New York: Macmillan Pub-

lishing Company.
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■ Potency. The potency of a drug is a relatively 

unimportant characteristic of a drug in that it 

makes little difference whether the effective dose 

of a drug is 1 µg or 100 mg as long as it can be 

administered in an appropriate dosage. Applied 

to exercise, walking four miles is as effective in 

expending calories as running two miles.

■ Slope. The slope of the curve gives some 

information about how much of a change in 

effect is obtained from a change in dose. Some 

physiological measures change quickly for a 

given dose of exercise, while some health-

related effects require the application of exercise 

over many months to see a desired outcome.

■ Maximal effect. The maximal effect (efficacy) of a 

drug varies with the type of drug. For example, 

morphine can relieve pain of all intensities, 

while aspirin is effective against only mild to 

moderate pain. Similarly, strenuous exercise 

can cause an increase in V̇ O2 max as well as 

modify risk factors, while light-to-moderate 

exercise can change risk factors with only a 

minimal impact on V̇ O2 max (an important 

point we will return to later).

■ Variability. The effect of a drug varies between 

individuals, and within individuals depend-

ing on the circumstances. The intersecting 

brackets in figure 16.1 indicate the variability 

in the dose required to bring about a par-

ticular effect, and the variability in the effect 

associated with a given dose. For example, gains 

in V̇ O2 max due to endurance training show 

considerable variation, even when the initial V̇ O2 

max value is controlled for (18). See A Closer 

Look 13.1 for more on the issue of variability.

■ Side effect. A last point worth mentioning that 

can also be applied to our discussion of 

exercise prescription is that no drug produces 

a single effect. The spectrum of effects might 

include adverse (side) effects that limit the 

usefulness of the drug (e.g., for exercise the 

side effects might include increased risk of 

injury or sudden death).

 In contrast to drugs that individuals stop taking 

when a disease is cured, there is a need to engage in 

some form of physical activity throughout one’s life to 

experience the health-related and fitness effects.

Dose-Response

The exercise dose is usually characterized by the 

in tensity, frequency, duration, and type of activity. The 

in tensity can be described in terms of:

■ % V̇ O2 max,

■ % maximal heart rate,

■ rating of perceived exertion, and

■ the lactate threshold.

The frequency could include:

■ number of days per week and

■ number of times per day.

The duration of exercise for each exercise session can 

be given as the:

■ number of minutes of exercise,

■ total kilocalories (kcal) expended, and

■ total kcal expended per kilogram body weight.

 The type of exercise relates to whether resis-

tance exercises or cardiovascular endurance exer-

cises are used in the training program. For the latter, 

we would also distinguish among the effects of walk-

ing vs. jogging/ running vs. swimming. Although we 

know a considerable amount about the role that 

each of these variables may play in a gain in V̇ O2 

max, relatively less is known about the minimum or 

optimal quantities of each variable related to health 

outcomes (25).

 The response (effect) generated by a particular 

dose of exercise can include changes in V̇ O2 max, rest-

ing blood pressure, insulin sensitivity, body weight 

(percent fat), and depression. Haskell (24, 25) pro-

vided an important insight into how we should rethink 

our understanding of cause and effect when we study 

how a dose of physical activity is related to the 

responses, physical fitness, and health. Physical activ-

ity could bring about favorable changes by:

■ improving fitness (especially cardiovascular 

fitness) and thereby, improving health, or

■ improving fitness and health simultaneously 

and separately, or

■ improving fitness, but not a specific health 

outcome, or

■ improving some specific health outcome, but 

not fitness.

 It has become clear that improvements in a vari-

ety of health-related concerns are not dependent on 

an increase in V̇ O2 max. This is important and pro-

vides a transition to our next section.

■ An exercise dose refl ects the interaction of the 

intensity, frequency, and duration of exercise.

■ The cause of the health-related response may 

be related to an improvement in V̇ O2 max 

or may act through some other mechanism, 

making health-related outcomes and gains in 

V̇ O2 max independent of each other.

IN SUMMARY
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Physical Activity and Health

The issue of the proper dose of exercise to bring about 

a desired effect is a crucial one in the prescription of 

exercise for both prevention and rehabilitation. Over 

the past two decades we have learned that the proper 

dose differs greatly, depending on the outcome. For 

example, an improvement in some health-related vari-

able (e.g., resting blood pressure) might be accom-

plished with an exercise intensity lower than that 

required to achieve an increase in V̇ O2 max. In addition, 

the frequency with which the exercise must be taken to 

have the desired effect varies with the intensity and the 

duration of the session (see later discussion).

 Certain physiological variables respond very 

quickly to a “dose” of exercise. For example, we have 

shown how rapidly the sympathetic nervous system, 

blood lactate, and heart rate (see chapter 13) adapt to 

exercise training, taking only days to see changes in 

response. In contrast to these rapid responses to 

exercise training, a variety of physiological variables 

such as the capillary number change more slowly (65). 

Similarly, when Haskell describes the potential asso-

ciation between physical activity and health, he dis-

tinguishes between short-term (acute) and long-term 

(training) responses (25). The following terms are 

used to describe the patterns of responses in the 

weeks following the initiation of a dose of exercise:

■ acute responses—occur with one or several 

exercise bouts but do not improve further

■ rapid responses—benefits occur early and 

plateau

■ linear—gains are made continuously over 

time

■ delayed—occur only after weeks of training

 The need for such distinctions can be seen in fig-

ure 16.2, which shows proposed dose-response rela-

tionships between physical activity, defined as minutes 

of exercise per week at 60% to 70% of maximal work 

capacity, and a variety of physiological responses (36): 

(1) blood pressure and insulin sensitivity are most 

responsive to exercise, (2) changes in V̇ O2 max and 

resting heart rate are intermediate, and (3) serum lipid 

changes such as high-density lipoprotein (HDL) are 

delayed. For an update on dose-response issues, see 

Clinical Applications 16.1.

 By this time it should be clear that it is difficult to 

provide a single exercise prescription that addresses 

all issues related to prevention and/or treatment of 

various diseases. However, in spite of this difficulty, 

there was a pressing need to spell out a general public 

health physical activity recommendation to improve 

the health status of all U.S. adults. In 1995 the Ameri-

can College of Sports Medicine and the Centers for 

Disease Control and Prevention (CDC) responded to 

this need. Their guidelines were based on a compre-

hensive review of the literature dealing with the 

health-related aspects of physical activity (51). The 

dose-response curve in figure 16.3 summarizes their 

CLINICAL APPLICATIONS 16.1

Dose-Response: Physical Activity and Health

A special symposium examined the links 

between physical activity and health 

using an “evidence-based ap proach” in 

which the quality of the evidence bear-

ing on an issue was included as an impor-

tant part of the analysis (40). Researchers 

found, in general, that higher levels of 

physical activity were associated with:

■ lower rates of all-cause mortal-

ity, total cardiovascular disease 

(CVD), and coronary heart dis-

ease incidence and mortality;

■ a lower incidence of obesity and 

type 2 diabetes, and a lower risk 

of CVD and all-cause mortality 

in those with type 2 diabetes;

■ a lower risk of colon cancer and 

osteoporosis;

■ improvement in the ability of 

older adults to do activities of 

daily living;

■ a reduction in depression and 

anxiety in those with a mild-to-

moderate condition; and

■ favorable changes in cardio-

vascular risk factors, including 

blood pressure, blood lipid 

 profile, and clotting time.

The inability to establish a clear dose-

response relationship between physi-

cal activity and a number of health 

outcomes was linked to lack of appro-

priate studies; methods of measuring 

physical activity not being sensitive 

enough to accurately characterize the 

“dose”; the small effect of physical 

activity on some health outcomes; 

un controlled factors such as genetic 

variability; and simultaneous changes 

in body weight, which confounded the 

data analysis. Clearly, there is a great 

need for additional, well-designed 

studies that use more sophisticated 

measurements of physical activity on a 

larger and more diverse population to 

be able to describe whether a dose-

response relationship exists between 

physical activity and a spe  cific health 

outcome. In that regard, some recent 

articles have shown a dose-response 

relationship for physical activity re-

lated to prostate cancer in men (37) 

and cardiovascular disease risk in 

women (46).
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days of the week. This recommendation was based on 

the finding that caloric expenditure and total time of 

physical activity are associated with reduced cardio-

vascular disease and mortality. Further, doing the 

activity in intermittent bouts as short as ten minutes 

was a suitable way of meeting the thirty-minute goal 

(3, 51, 76). 

 In 2007, the ACSM and the AHA provided an 

update to the 1995 CDC/ACSM public health PA rec-

ommendation (28). By and large, it was consistent 

with the 1995 version, but provided greater clarity in 

how moderate and/or vigorous PA can be used to 

meet the goal: To promote and maintain health, all healthy 

adults aged 18 to 65 years need moderate-intensity aerobic 

(endurance) physical activity for a minimum of 30 min on fi ve 

days each week or vigorous-intensity aerobic physical activity  

for a minimum of 20 min on three days each week. They note 

that combinations of moderate and vigorous intensity 

activity can be done to meet the recommendation 

and, consistent with the 1995 version, greater gains 

can be made by exceeding these minimums. This rec-

ommendation is to do PA over and above the routine 

activities of daily living. Finally, they include resis-

tance training (8–10 exercises, 8–12 reps, two or more 

non-consecutive days per week) as a part of the PA 

recommendation. Even though there is an emphasis 

on moderate-intensity PA because this type of activity 

can be more easily taken (e.g., a brisk walk), much can 

be gained from participation in vigorous-intensity PA 

(see Clinical Application 16.2).

■ In 2007, the ACSM and AHA updated the 

public health PA recommendation: To pro-

mote and maintain health, all healthy adults 

aged 18 to 65 years need moderate-intensity 

aerobic (endurance) physical activity for a 

minimum of 30 min on fi ve days each week or 

vigorous-intensity aerobic physical activity 

for a minimum of 20 min on three days 

each week.

■ Resistance training (8–10 exercises, 8–12 reps, 

two or more non-consecutive days per week) was 

added as a formal part of the recommendation.

IN SUMMARY

GENERAL GUIDELINES 
FOR IMPROVING FITNESS

An increase in moderate physical activity is an impor-

tant goal for reducing health-related problems in 

sedentary individuals. These benefits occur at a point 

where the overall risk associated with physical activ-

ity is relatively small. However, even though the risk 

of cardiac arrest in habitually active men is higher 

during vigorous activity, the overall (rest   exercise) 

findings. By having the most sedentary group move 

up to the “A” level of physical activity shown in fig-

ure 16.3, the greatest gains in health-related benefits 

can be realized. Their recommendation was that every 

U.S. adult should accumulate thirty minutes or more of moderate-

intensity (3–6 METs) physical activity on most, preferably all, 

Figure 16.2 Proposed dose-response relationships 

between amount of exercise performed per week at 60% 

to 70% maximum work capacity and changes in several 

variables. Blood pressure (BP) and insulin sensitivity 

(curve to the left side) appear to be most sensitive to 

exercise. Maximum oxygen consumption (V̇ O2 max) and 

resting heart rate, which are parameters of physical  

fitness (middle curve), are next in sensitivity, and lipid 

changes such as high-density lipoprotein (HDL) (right-

hand curve) are least sensitive.
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Figure 16.3 The dose-response curve represents the 

best estimate of the relationship between physical 

activity (dose) and health benefit (response). The lower 

the baseline physical activity status, the greater will be 

the health benefit associated with a given increase in 

physical activity (arrows A, B, and C). From R. R. Pate et al., 

1995, “Physical Activity and Public Health” in Journal 

of the American Medical Association, 273:402–7. Chicago, IL: 

 American Medical Association.

Dose-response curve

B
e

n
e

fi
t

A = Sedentary
B = Moderately active
C = Active

Low High

Baseline activity status

A B C



330 Section Two Physiology of Health and Fitness

CLINICAL APPLICATIONS 16.2

Achieving Health-Related Outcomes: Is Vigorous Exercise 

Better than Moderate Activity?

 There has been an ongoing debate over 

this question since the ACSM/CDC 

released their public health PA recom-

mendation in 1995, with its emphasis on 

moderate-intensity PA. Prior to that, 

the emphasis was on vigorous-intensity 

exercise as described in the classic 

position stands of the ACSM (1). It 

must be noted that although moderate-

intensity PA was emphasized, the 1995 

statement also indicated that more exer-

cise was better and encouraged vigorous 

exercise. That said, is vigorous-intensity 

PA better than moderate-intensity PA for 

health-related outcomes? 

 Swain and Franklin (73) addressed 

this question in a systematic review of 

the literature examining the relation-

ship of PA to the incidence of coronary 

heart disease (CHD) and risk factors for 

CHD. What was important in this review 

was that the total energy expenditure 

associated with the PA had to be con-

trolled for to allow a fair comparison of 

moderate-intensity versus vigorous-

intensity PA (since for any duration of 

vigorous PA, more energy would be 

expended compared to moderate-

intensity PA). Their fi ndings follow.

■ The vast majority of epide-

miological studies showed that 

vigorous-intensity PA was asso-

ciated with a reduced the risk of 

CHD, whereas lower intensities 

were not. In addition, CHD risk 

factors were lower with higher 

exercise intensities.

■ Clinical intervention studies 

showed that vigorous-intensity 

PA was more benefi cial than 

moderate-intensity PA in alter-

ing  1 CHD risk factor, but 

sometimes produced no 

 greater benefi t than moderate-

intensity PA.

 Clearly, more health-related bene-

fi ts are realized, independent of the 

larger gains in V̇ O2 max, due to par-

ticipating in vigorous-intensity exercise. 

O’Donovan et al. (45) supported these 

fi ndings by showing that even when 

training groups are doing vigorous-

intensity exercise, the higher the 

intensity the better the impact on 

CHD risk factors. In addition, regular 

participation in vigorous-intensity PA 

was shown to be associated with 

less sick leave, whereas moderate-

intensity PA appeared to have no 

effect (60). This raises other ques-

tions: What is moderate-intensity PA? 

Vigorous-intensity PA?

 The 1995 and 2007 public health 

recommendations defi ned moderate-

intensity PA as being equal to an 

energy expenditure of 3–6 METs, but 

surprising as it may seem, moderate-

intensity exercise may actually be 

vigorous for a large segment of the 

population.

 In Haskell’s keynote address at the 

1999 Health and Fitness Summit (26), 

he emphasized that the two recom-

mendations (moderate activity on one 

hand and vigorous on the other) may 

not be as incompatible as they might 

at first appear. Given that maximal 

oxygen uptake (V̇ O2 max) decreases 

with age, moderate activities in the 

range of 3 to 6 METs that require only 

25% and 50% of V̇ O2 max for someone 

with a 12 MET capacity require 33% 

and 66% of V̇ O2 max for someone with 

a 9 MET capacity (33). Therefore, 

“moderate” activities, coupled with 

the lower threshold of training in 

deconditioned individuals, may be 

sufficient to elevate the metabolic rate 

and heart rate to the appropriate lev-

els needed to achieve the various 

fitness (V̇ O2 max) and health benefits 

that were a part of the original ACSM 

fitness recommendation.

risk of cardiac arrest in vigorously active men is only 

40% of the risk in sedentary men (67). Lastly, there is 

a growing body of evidence indicating that achieve-

ment of an average to high level of cardiorespiratory 

fitness (V̇ O2 max) confers additional health benefits, 

as well as increasing one’s ability to engage in a 

broad range of recreational activities. The purpose of 

this section is to review the general guidelines for 

exercise programs aimed at increasing V̇ O2 max. In 

chapter 13 the concepts of overload and specificity 

were presented relative to the adaptations that take 

place with different training programs. Although 

these principles apply here, what is important to 

remember is that little exercise is needed to achieve 

a health-related effect. This stands in marked con-

trast to the intensity of exercise needed to achieve 

performance goals (see chapter 21).

■ In previously sedentary subjects, small changes 

in physical activity result in large health 

benefits with only minimal risk.

■ Strenuous exercise increases the risk of a heart 

attack during the activity, but reduces the over-

all (rest   exercise) risk of such an event.

■ Moderate to high levels of cardiorespiratory 

 fitness reduce the risk of death from all causes.

IN SUMMARY

Screening

The first thing to do, if not already done in the evalua-

tion of CRF, is to carry out some form of health status 

screening to decide who should begin an exercise 

program and who should obtain further consultation 
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with a physician (see chapter 15 for details). The risk 

of cardiovascular complications during exercise is 

directly related to the degree of pre-existing cardiac 

disease. In young people the risk of sudden death is 

about 1/133,000 and 1/769,000 per year in men and 

women, respectively, due primarily to congenital or 

acquired heart disease. In adults the risk is one per 

year for every 15,000 to 18,000 individuals (4).

Progression

The emphasis in any health-related exercise program, 

for those who are sedentary, is to do too little rather 

than too much. By starting slowly and progressing 

from the easily accomplished activities to those that 

are more difficult, the chance of causing muscle sore-

ness and of aggravating old injuries is reduced. The 

emphasis on moderate-intensity activities such as 

walking at 3 to 4 mph early in the fitness program is 

consistent with this recommendation, and the partici-

pant must be educated not to move too quickly into 

the more demanding activities. When the person can 

walk about four miles without fatigue, the progression 

to a walk-jog and jogging program is a reasonable rec-

ommendation (34).

Warm-Up, Stretch, 

and Cool-Down, Stretch

Prior to the actual activity used in the exercise ses-

sion, a variety of very light exercises and stretches are 

done to improve the transition from rest to the exer-

cise state. The emphasis at the onset of an exercise 

session is to gradually increase the level of activity 

until the proper intensity is reached. Stretching exer-

cises to increase the range of motion of the joints 

involved in the activity, as well as specific stretches to 

increase the flexibility of the lower back, are included 

in the warm-up. At the end of the activity session, 

about five minutes of cool-down activities—slow 

walking and stretching exercises—are recommended 

to gradually return HR and BP toward normal. This 

part of the exercise session is viewed as important in 

reducing the chance of a hypotensive episode after 

the exercise session (34).

EXERCISE PRESCRIPTION 
FOR CRF

The exercise program includes dynamic, large muscle 

activities such as walking, jogging, running, swim-

ming, cycling, rowing, and dancing. The CRF training 

effect of exercise programs is dependent on the proper 

frequency, duration, and intensity of the exercise ses-

sions. The ACSM recommends three to five sessions 

per week, for twenty to sixty minutes per session, at 

an intensity of about 40/50% to 85% heart rate reserve 

(HRR) or oxygen uptake reserve (V̇ O2R) (4). The latter 

term, % V̇ O2R, is being used in place of the traditional 

% V̇ O2 max, but for those of average to high fitness the 

terms are quite similar (see later discussion). The 

combination of duration and intensity should result 

in the expenditure of about 200 to 300 kcal per ses-

sion. This program is consistent with achieving weight-

loss goals and reducing the risk factors associated 

with CHD (4, 27, 53, 54, 55, 76). See A Look Back—

Important People in Science for information on some-

one who had a major impact on exercise testing and 

prescription.

Frequency

Improvements in CRF increase with the frequency 

of exercise sessions, with two sessions being the 

minimum, and the gains in CRF leveling off after 

three to four sessions per week (4, 77). Gains in CRF 

can be achieved with a two-day-per-week program, 

but the intensity has to be higher than the three-

day-per-week program, and participants might not 

achieve weight-loss goals (54). In addition, the 

high-intensity exercise associated with a two-day-

per-week frequency may not be appropriate for pre-

viously sedentary individuals. The schedule of three 

to four days per week includes a day off between 

sessions and reduces the scheduling problems 

associated with planned exercise programs. Fig-

ure 16.4 shows that higher frequencies are associ-

ated with higher rates of injuries (16, 56).

Duration

The duration has to be viewed together with intensity, 

in that the total work accomplished per session 

(200–300 kcal) is an important variable associated 

with improvements in CRF once the minimal thresh-

old of intensity is achieved (4). A good example show-

ing the role that duration plays (at constant exercise 

intensity) in the increase in CRF is a recent study by 

Church et al. (16). Sedentary, postmenopausal over-

weight or obese women were randomly assigned into 

either a control group or one of three moderate-

intensity (⬃50% V̇ O2 peak) physical activity groups to 

achieve an energy expenditure of 4, 8, or 12 kcal/kg per 

week. The increase in V̇ O2 peak was 4.2%, 6%, and 8.2% 

in these groups, respectively, indicating a dose-

response relationship with exercise duration (16). 

This is important, given that many sedentary persons 

could more easily accomplish an exercise session of 

low intensity and long duration than the reverse, and 

achieve the health-related benefits of physical activity 

with minimal risk. Obviously, if the participants 

choose to exercise at higher intensities, it would take 
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less time to achieve an energy expenditure goal. 

For example, an 80-kg (176 lb) person walking at about 

3.5 mph would consume O2 at the rate of 1 liter per 

minute. Given 5 kcal per liter of O2, the person is using 

5 kcal   min 1, and sixty minutes of walking would be 

required to expend 300 kcal. As the intensity of 

 exercise increases, the duration needed to expend 

300 kcal decreases. Given that “lack of time” is often 

cited as a principal reason for not exercising, doing 

vigorous-intensity PA would help address that prob-

lem. Figure 16.4 shows that doing strenuous exercise 

(75% V̇ O2 max) for more than thirty minutes per ses-

sion increases the risk of orthopedic problems.

Intensity

Intensity describes the overload on the cardiovascular 

system that is needed to bring about a training effect. 

It should be no surprise that the intensity threshold 

for a CRF training effect is lower for the less fit 

and higher for the more fit. Swain and Franklin (72) 

found that the threshold for an improvement in 

Figure 16.4 Effects of increasing the fre-

quency, duration, and intensity of exercise 

on the increase in V̇ O2 max in a training 

program. This figure demonstrates the 

increasing risk of orthopedic problems due 

to exercise sessions that are too long or 

conducted too many times per week. The 

probability of cardiac complications 

increases with exercise intensity beyond 

that recommended for improvements in 

cardiorespiratory fitness.
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A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Michael L. Pollock, Ph.D., Laid the Foundation for Exercise Prescription

Michael L. Pollock 

received his Ph.D. at

the University of Illinois

under the di rection of 

Dr. Thomas K. Cureton 

(see chapter 1’s A Look 

Back—Important Peo-

ple in Science). In so many ways, 

Dr. Pollock built on Dr. Cureton’s com-

mitment to fi tness, but raised it to a 

much higher level. Mike Pollock’s 

research laid the foundation for much 

of the quantitative aspects of exercise 

prescription that were established in 

the 1970s and are little changed today. 

When we read about the optimal inten-

sity, frequency, and duration of exercise 

to achieve fi tness goals and health 

benefi ts, we have Dr.  Pollock to thank 

for providing the foundation for much 

of that. In 1972 he published a chap-

ter, “Quantifi cation of Endurance Train-

ing Programs,” in the fi rst volume of 

Exercise and Sports Sciences Reviews. This 

chapter led the way for the American 

College of Sports Medicine’s fi rst posi-

tion stand in 1978: “Recommended 

Quantity and Quality of Exercise for 

Developing and Maintaining Fitness,” 

of which Dr. Pollock was the lead author. 

His research on the importance of 

strength training was instrumental in 

including resistance training in a later 

revision of that position stand. In addi-

tion, Mike Pollock’s name is attached to 

one of the most popular equations for 

converting the sum of skinfolds into 

percentage of body fat. The fact that 

these equations are still used on a daily 

basis, many years after their develop-

ment, speaks well of the quality of his 

work in so many areas.

 Dr.  Pollock also had a major impact 

on the development, maturation, and 

recognition of cardiopulmonary exer-

 cise testing and training. His research 

 publications and textbooks (Heart Disease

and Rehabilitation and Exercise in Health 

and Disease) in this area provided clear 

guidance for the delivery of safe and 

effective exercise programs in the car-

diopulomnary rehabilitation environ-

ment (see Suggested Readings for a 

textbook written in his honor: Pollock’s 

Textbook of Cardiovascular Disease and Rehabil-

itation). He was a founding member of the 

American Association of Cardiovascular 

and Pulmonary Rehabilitation (AACVPR) 

and was the founder of the Journal of Car-

diopulmonary Rehabilitation. In addition to 

these valuable contributions, Dr. Pollock 

served as President of the American Col-

lege of Sports Medicine.

 Mike Pollock accomplished all this 

work while suffering (quietly) from an-

kylosing spondylitis—a degenerative 

infl ammatory disease that impairs the 

mobility of the spinal column. He died 

of a stroke in 1998, but his legacy is with 

us each day we do exercise testing, 

write an exercise prescription, and talk 

about “how much exercise is enough?”

Note: Special thanks to Barry Franklin and 

William Haskell for information for this box.
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V̇ O2 max was only 30% of oxygen uptake reserve (V̇ O2R) 

for those with V̇ O2 max values less than 40 ml   kg 1 
  

min 1, and only 46% V̇ O2R for those with a V̇ O2 max 

greater than 40 ml   kg 1   min 1. However, in general, 

they found that higher-intensity exercise was better for 

increasing V̇ O2 max. As mentioned at the beginning of 

this section, the range of exercise intensities associ-

ated with an increase in V̇ O2 max is 40/50% to 85% 

V̇ O2R, which is similar to 40/50% to 85% V̇ O2 max for 

people of average or better fitness (see Clinical Appli-

cations 16.3). However, for most people, 60% to 80% 

V̇ O2 max seems to be a range sufficient to achieve CRF 

goals (34). It appears that for this information to be 

useful, the exercise leader has to know the energy 

requirements (V̇ O2) of all the fitness activities so that a 

correct match can be made between the activity and 

CLINICAL APPLICATIONS 16.3

Prescribing Exercise Intensity by the V̇O2 Reserve (V̇O2R) Method

Historically, the intensity portion of an 

exercise prescription was given as a 

% V̇ O2 max, percent of maximal HR, or 

percent of the HR reserve (HRR). The 

linear relationship between HR and 

V̇ O2 allowed the former to predict the 

latter. In this regard, some preferred 

the use of the HRR method because 

the percent values used in the calcu-

lation of the target heart rates were 

believed to be similar to the % V̇ O2 

max values (i.e., 60% HRR ⬇ 60% V̇ O2 

max). Research by Swain and col-

leagues (70, 71) questioned that close 

association, especially for subjects at 

the low end of the fitness scale. They 

found that the % HRR was more closely 

linked to the % V̇ O2R (the difference 

between maximal V̇ O2 and resting 

V̇ O2) than to % V̇ O2 max. In the most 

recent version of the ACSM’s position 

stand on the quantity and quality of 

exercise needed for fitness (1), this 

new approach was adopted. As Swain 

points out (69), the calculation of the 

% V̇ O2R is similar to that of the HHR. 

For example, the target V̇ O2 of a person 

with a V̇ O2 max of 35 ml   kg 1   min 1 

who works at 60% HRR is:

Target V̇ O2   (0.60)(35 ml   kg 1   min 1

  3.5 ml   kg 1   min 1)

  3.5 ml   kg 1   min 1 

Target V̇ O2  18.9 ml   kg 1   min 1

  3.5 ml   kg 1   min 1

Target V̇ O2   22.4 ml   kg 1   min 1

The advantage of this approach is that 

the % HRR and % V̇ O2R values are 

directly coupled over the entire range 

of fitness (V̇ O2 max values) and exer-

cise intensities, but it is most useful 

for those at the low end of the scale, 

where large discrepancies exist be-

 tween % HRR and % V̇ O2 max (69, 70, 

71). On the other hand, for those with 

average to high fitness levels, the dif-

ference between the % V̇ O2 max and 

% V̇ O2R is not very great. The following 

table gives a brief summary of the 

expected % V̇ O2 max values across 

a broad range of V̇ O2 max values 

(in METs) when exercise intensities are 

set at a % HRR:

As you can see, for those at the high 

end of the fitness spectrum and at 

higher intensities of exercise, the dif-

ference between the % HRR and % V̇ O2 

max is not too great. This was recently 

shown to be the case for the elite 

cyclist, where for intensities greater 

than 75% of maximum, there was no 

difference between % HRR, % V̇ O2R or 

% V̇O2 max (43). However, for those at 

the low end of the fitness scale (e.g., 

6 METs), there is a large (e.g., 10%) dif-

ference between the % V̇ O2 max and 

% HRR at 40% HRR.

Special Notes

■ When using an exercise heart 

rate value to estimate the % V̇ O2 

max or % V̇ O2R at which the 

 individual is working, the error 

is about   6% (i.e., 60% HRR   

60   6% V̇ O2R) for two-thirds of 

the population when the measured 

maximal heart rate is known.

■ If we use an age-predicted maxi-

mal heart rate to set the target 

heart rate range, the error 

involved in estimating the maxi-

mal heart rate value (one stan-

dard deviation is   11 b   min 1) 

adds to the error in estimating 

% V̇ O2 max or % V̇ O2R.

Percent V· O2 Max at Different Percent Heart Rate Reserve (HRR) 

and Cardiorespiratory Fitness (V· O2 Max) Values

V
· O2 max

(METs) 40% HRR 50% HRR 60% HRR 70% HRR 80% HRR

18 43.3 52.8 62.2 71.7 81.1 

16 43.8 53.1 62.5 71.9 81.3 

14 44.3 53.6 62.9 72.1 81.4 

12 45.0 54.2 63.3 72.5 81.7 

10 46.0 55.2 64.3 73.0 82.5 

 8 47.5 56.3 65.0 73.8 82.5 

 6 50.0 58.3 66.7 75.0 83.3
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the participant. Fortunately, because of the linear rela-

tionship between exercise intensity and HR, the exer-

cise intensity can be set by using the HR values 

equivalent to 60% to 80% V̇ O2 max. The range of heart 

rate values associated with the exercise intensity 

needed to have a CRF training effect is called the 

target heart rate (THR) range. How do you deter-

mine the THR range?

Direct Method Figure 16.5 shows the HR response 

of a twenty-year-old subject during a maximal GXT on 

a treadmill. The subject’s V̇ O2 max was 12 METs, so 

that 60% and 80% V̇ O2 max is equal to about 7.2 and 

9.6 METs, respectively. A line is drawn from each of 

these work rates up to the HR/V̇ O2 line, and over to 

the y-axis where the HR values equivalent to these 

work rates are obtained. These HR values, 138 to 

164 b   min 1, represent the THR range, the proper 

intensity for a CRF training effect (1, 34).

Indirect Methods The THR range can also be esti-

mated by some simple calculations, knowing that the 

relationship between HR and V̇ O2 is linear. The heart 

rate reserve, or Karvonen, method of calculating a 

THR range has three simple steps (38, 39):

1. Subtract resting HR from maximal HR to obtain 

HR reserve (HRR).

2. Take 60% and 80% of the HRR.

3. Add each HRR value to resting HR to obtain the 

THR range.

For example:

1. If a subject has a maximal HR of 200 b   min 1 

and a resting HR of 60 b   min 1, then the HRR is 

140 b   min 1 (200   60).

2. 60%   140 b   min 1   84 b   min 1 and 80%   

140 b   min 1   112 b   min 1.

3. 84 b   min 1   60 b   min 1   144 b   min 1

112 b   min 1   60 b   min 1   172 b   min 1. 

The THR range is 144 to 172 b   min 1.

This method gives reasonable estimates of the exer-

cise intensity because 60% to 80% of the HRR is equal 

to about 60% to 80% V̇ O2 max for those with average 

or high fitness (see Clinical Applications 16.3).

 The other indirect method of calculating the THR 

range is the percentage of maximal HR method. In this 

method you simply take 70% and 85% of maximal HR 

to obtain the THR range. In the following example, the 

subject has a maximal HR of 200 b   min 1. The THR 

range for this person is 140 to 170 b   min 1 (70%   

200   140 b   min 1; 85%   200   170 b   min 1). 

Seventy percent of maximal HR is equal to about 55% 

V̇ O2 max, and 85% of maximal HR is equal to about 

75% V̇ O2 max, both within the intensity range needed 

for CRF gains (29, 30, 31, 42).

 The intensity of exercise can be prescribed by the 

direct method or by either of the indirect methods. 

Both of the indirect methods require knowledge of the 

maximal HR. If the maximal HR is measured during a 

maximal GXT, use it in the calculations. However, if you 

have to use the age-adjusted estimate of maximal 

HR (220   age), remember the potential error, with 

the standard deviation of the estimate equal to 

 11 b   min 1. Tanaka, Monahan, and Seals (74) evalu-

ated the validity of the classic “220   age” equation to 

estimate maximal heart rate. They carried out an analy-

sis of 351 published studies and cross-validated the 

findings with a well-controlled laboratory study. They 

found almost identical results using both approaches: 

HR max   208   0.7   age. This new equation yields 

maximal heart rate values that are 6 b   min 1 lower for 

twenty-year-olds and 6 b   min 1 higher for sixty-year-

olds. A recent longitudinal study confi rmed the above, 

with their equation being HR max   207   0.7   age 

(20). Although the new formula yields better estimates 

of HR max on average, the investigators emphasize the 

fact that the estimated HR max for a given individual is 

still associated with a standard deviation of 10 b   min 1. 

Consequently, the estimated THR range is a guideline for 

exercise intensity and is meant to be used with other 

information (abnormal symptoms or signs) to deter-

mine if the exercise intensity is reasonable.

 In this regard, Borg’s RPE scale can be used as an 

adjunct to HR in prescribing exercise intensity for 

apparently healthy individuals. The RPE range of 12 to 

16 on the original Borg scale covers the range of exer-

cise intensities similar to 40/50% to 85% HRR (1, 4, 7, 

15, 22, 23, 57). The RPE scale is helpful because the 

participant learns to associate the THR range with a 

certain whole-body perception of effort, decreasing 

the need for frequent pulse rate measurements. The 

Figure 16.5 Target heart rate range determined from the 

results of an exercise stress test. The heart rate values 

measured at work rates equal to 60% and 80% V̇ O2 max 

constitute the THR range.
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RPE scale has been shown to have a high test-retest 

reliability (14), and it is closely linked to the % V̇ O2 

max and lactate threshold, independent of the mode 

of exercise and fitness of the subject (32, 63, 66). 

Remember, the intensity threshold needed to achieve 

CRF goals is lower for the less fit, and vice versa.

■ A sedentary person needs to go through a 

health status screening before participating in 

exercise.

■ Exercise programs for previously sedentary 

 persons should start with low-intensity 

 activities (walking), and the person should not 

progress until he or she can walk about four 

miles comfortably.

■ The optimal characteristics of an exercise 

 program are intensity   60% to 80% V̇ O2 max; 

frequency   three to four times per week; 

 duration   minutes needed to expend about 

200 to 300 kcal.

■ The THR range, taken as 60% to 80% HRR, or 

70% to 85% of maximal HR, is a reasonable 

estimate of the proper exercise intensity.

IN SUMMARY

 To determine if the subject is in the THR range 

during the activity, HR should be checked immediately 

after stopping, taking a ten-second pulse count within 

the first fifteen seconds. The pulse can be taken at the 

radial artery or the carotid artery; if the latter is used, 

the participant should use only light pressure, since 

heavy pressure can actually slow the HR (34, 57).

 The proper intensity, frequency, and duration of 

exercise needed to have a CRF training effect were 

discussed in the previous section. It is important that 

sedentary individuals start slowly before exercising at 

the recommended intensities specified in the THR 

range. The next section provides some directions to 

make that transition.

SEQUENCE OF PHYSICAL 
ACTIVITY

The old adage that you should “walk before you run” is 

consistent with the way exercise should be recom-

mended to sedentary persons, be they young or old.

After the person demonstrates an ability to do pro-

longed walking without fatigue, then controlled fitness 

exercises conducted at a reasonable intensity (THR) 

can be introduced. After that, and depending on the 

interest of the participant, a variety of fitness activi-

ties that are more game-like can be included. This 

section will deal with this sequence of activities that 

can lead to a fit life (34).

Walking

The primary activity to recommend to someone who has 

been sedentary for a long period of time is walking. This 

recommendation is consistent with the in troductory 

material on health benefits, and it deals with the issue 

of injuries associated with more strenuous physical 

activity. In addition, there is good reason to believe that 

some subjects, especially the obese and the elderly, may 

use walking as their primary form of exercise. The empha-

sis at this stage is to simply get people active by provid-

ing an activity that can be done anywhere, anytime, and 

with anyone, young or old. In this way, the number of 

possible interfering factors that can result in the discon-

tinuance of the exercise is reduced.

 The person should choose comfortable shoes that 

are flexible, offer a wide base of support, and have a 

fitted heel cup. There are a great number of “walking” 

shoes available, but a special pair of shoes is not usu-

ally required. The emphasis is on getting started; if 

walking becomes a “serious” activity, or leads to hiking, 

then the investment would be reasonable. If weather is 

not to interfere with the activity, then proper selection 

of clothing is necessary. The participant should wear 

light, loose-fitting clothing in warm weather, and layers 

of wool or polypropylene in cold weather. For those 

who cannot bear the extremes in temperature and 

humidity out of doors, various shopping malls provide 

a controlled environment with a smooth surface. Walk-

ers should choose the areas in which they walk with 

care in order to avoid damaged streets, high traffic 

zones, and poorly lighted areas. Safety is important in 

any health-related exercise program (34).

 A walking program is presented in table 16.1 (34). 

The steps are rather simple in that progression to the 

next stage does not occur unless the individual feels 

comfortable at the current stage. The HR should be 

recorded as described previously, but the emphasis is 

not on achieving the THR. Later on in the walking pro-

gram when higher walking speeds are used, the THR 

zone will be attained. Remember that walking, in spite 

of not being very strenuous by the THR zone scale, 

when combined with long duration is an effective part 

of a weight-control and CHD risk factor reduction pro-

gram (48, 58). Walking is an activity that many people 

find they can do every day, providing many opportuni-

ties to expend calories.

Jogging

Jogging begins when a person moves at a speed and 

form that results in a period of flight between foot strikes; 

this may be 3 or 4 mph, or 6 or 7 mph, depending on 

the fitness of the individual. As described in chapter 6, 

the net energy cost of jogging/running is about twice 

that of walking (at slow to moderate speeds), and 

requires a greater cardiovascular response. This is not 
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TABLE 16.1   Walking Program

Rules Stage Duration Heart Rate Comments

1.  Start at a level that is   1 15 min  

comfortable for you.  2 20 min  

2.  Be aware of new aches   3 25 min  

or pains.  4 30 min  

3.  Don’t progress to the next   5 30 min  

level if you are not   6 30 min  

comfortable.  7 35 min  

4.  Monitor your heart rate and   8 40 min  

record it.  9 45 min  

5.  It would be healthful to walk  10 45 min  

at least every other day. 11 45 min  

 12 50 min  

 13 55 min  

 14 60 min  

 15 60 min  

 16 60 min  

 17 60 min  

 18 60 min  

 19 60 min  

 20 60 min  

Reprinted, by permission, from B. D. Franks and E. T. Howley, 1989, Fitness Leader’s Handbook, Champaign, IL: Human Kinetics Publishers, 136. This form 

may be copied by the fitness leader for distribution to participants.

the only reason for the jogging program to follow a walk-

ing program; there is also more stress on joints and 

muscles due to the impact forces that must be tolerated 

during the push off and landing of jogging (13).

 The emphasis at the start of a jogging program is 

to make the transition from the walking program in 

such a way as to minimize the discomfort associated 

with the introduction of any new activity. This is accom-

plished by beginning with a jog-walk-jog program that 

eases the person into jogging by mixing in the lower 

energy cost and trauma associated with walking. The 

jogging speed is set according to the THR, with the aim 

to stay at the low end of the THR zone at the beginning 

of the program. As the participant adapts to jogging, 

the HR response for any jogging speed will decrease 

and jogging speed will have to be increased to stay in 

the THR zone. This is the primary marker that a training 

effect is taking place. Table 16.2 presents a jogging 

program with some simple rules to follow. Special 

attention is made to completing the walking program 

first, staying in the THR zone, and not progressing to 

the next level if the participant is not comfortable with 

the current level. Jogging is not for everyone, and 

for those who are obese, or have ankle, knee, or hip 

problems, it might be a good activity to avoid. Two 

activities that reduce such stress are cycling (stationary 

or outdoor) and swimming (34). More on exercise for 

special populations will be presented in chapter 17.

Games and Sports

As a person becomes accustomed to exercising in the 

THR range while jogging, swimming, or cycling, more 

uncontrolled activities can be introduced that require 

higher levels of energy expenditure, but do so in a 

more intermittent fashion. Games (paddleball, rac-

quetball, squash), sports (basketball, soccer), and 

various forms of exercise to music can keep a person’s 

interest and make it more likely that the person will 

maintain a physically active life. These activities 

should be built on a walk-and-jogging base to reduce 

the chance that the participant will make poor adjust-

ments to the activity. In addition, by having the habit 

of walking or jogging (swimming or cycling), the par-

ticipant will still be able to maintain his or her habit 

of physical activity when there is no one to play with 

or lead the class. In contrast to jogging, cycling, or 

swimming, it will be more difficult to stay in the THR 

range with these intermittent activities. It is more 

likely that the HR will move from below the threshold 

value to above the top end of the THR from time to 

time. This is a normal response to activities that are 

intermittent in nature. It must be stressed, however, 

that when playing games it is important that the par-

ticipants have some degree of skill and be reasonably 

well matched. If one is much better than the other, 

neither will have a good workout (44).
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TABLE 16.2   Jogging Program

Rules

1.  Complete the Walking Program before starting this program.

2.  Begin each session with walking and stretching.

3.  Be aware of new aches and pains.

4.  Don’t progress to the next level if you are not comfortable.

5.  Stay at the low end of your THR zone; record your heart rate for each session.

6.  Do the program on a work-a-day, rest-a-day basis.

Stage 1  Jog 10 steps, walk 10 steps. Repeat five times and take your heart rate. Stay within THR zone by increasing or 

decreasing walking phase. Do 20–30 minutes of activity.

Stage 2  Jog 20 steps, walk 10 steps. Repeat five times and take your heart rate. Stay within THR zone by increasing or 

decreasing walking phase. Do 20–30 minutes of activity.

Stage 3  Jog 30 steps, walk 10 steps. Repeat five times and take your heart rate. Stay within THR zone by increasing or 

decreasing walking phase. Do 20–30 minutes of activity.

Stage 4  Jog 1 minute, walk 10 steps. Repeat three times and take your heart rate. Stay within THR zone by increasing 

or decreasing walking phase. Do 20–30 minutes of activity.

Stage 5  Jog 2 minutes, walk 10 steps. Repeat two times and take your heart rate. Stay within THR zone by increasing 

or decreasing walking phase. Do 30 minutes of activity.

Stage 6  Jog 1 lap (400 meters, or 440 yards) and check heart rate.  Adjust pace during run to stay within the 

THR zone. If heart rate is still too high, go back to the Stage 5 schedule. Do 6 laps with a brief walk 

between each.

Stage 7  Jog 2 laps and check heart rate.  Adjust pace during run to stay within the THR zone. If heart rate is still too 

high, go back to Stage 6 activity. Do 6 laps with a brief walk between each.

Stage 8  Jog 1 mile and check heart rate. Adjust pace during the run to stay within THR zone. Do 2 miles.

Stage 9  Jog 2 to 3 miles continuously. Check heart rate at the end to ensure that you were within THR zone.

 Reprinted, by permission, from B. D. Franks and E. T. Howley, 1989, Fitness Leader’s Handbook, Champaign, IL: Human Kinetics Publishers, 137.  This 

form may be copied by the fitness leader for distribution to participants.

STRENGTH AND FLEXIBILITY 
TRAINING

The focus in this chapter has been on training to 

improve cardiorespiratory fitness. However, both the 

ACSM position stand on fi tness (1) and the recent 

update on the public health PA guidelines (28) recom-

mend both strength and flexibility exercises as part of 

the complete fitness program. Maintenance of the 

muscle mass has implications related to weight con-

trol (see chapter 18) and the integrity of the skeletal 

system. Further, the combination of adequate flexibility 

and strength allows individuals to do the activities of 

daily living comfortably and safely. The ACSM recom-

mendation emphasizes dynamic exercises done on a 

routine basis, but there is some debate about how 

much is enough (see Clinical Applications 16.4).

 The Activity Pyramid provides a nice summary 

of the overall recommendations for health and fitness 

(see figure 16.6). It is beyond the scope of this text 

to go into detail regarding strength and flexibility 

programs aimed at improving or maintaining these 

fitness components. We recommend the Suggested 

Readings by Faigenbaum and McInnis, for muscular 

strength and endurance, and by Liemohn, for flexibility 

and low-back function, as good starting points.

■ A logical progression of physical activities is 

from walking to jogging to games. The progres-

sion addresses issues of intensity, as well as the 

risk of injury. For many, walking may be their 

only aerobic activity.

■ Strength and flexibility activities should be in-

cluded as a regular part of an exercise  program.

IN SUMMARY

ENVIRONMENTAL CONCERNS

It is important that the participant be educated about 

the effects of extreme heat and humidity, altitude, 

and cold on the adaptation to exercise. The THR range 

acts as a guide in that it provides feedback to the 
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CLINICAL APPLICATIONS 16.4

Strength Training: Single Versus Multiple Sets

The ACSM recommends resistance 

train ing as a part of a well-rounded  fit-

ness program. The goals are to in crease 

or maintain muscular strength and 

en durance, the fat-free mass, and bone 

mineral density (1). To accomplish this, 

the ACSM recommends:

■ one set of eight to ten exercises 

that conditions the major 

 muscle groups,

■ eight to twelve reps per set (ten 

to fifteen for older people), and

■ two to three sessions per week.

Although the position stand acknowl-

edges that “multiple-set regimes may 

provide greater benefits,” the review 

of literature supported the use of one 

set to achieve the health-related and 

fitness goals. This conclusion received 

additional support from a compre-

hensive review by Carpinelli and Otto 

(11), but not without reaction and re ply 

to that reaction (10). 

 The debate was raised to a higher 

level when the ACSM published a sec-

ond Position Stand in 2002 with a focus 

on progression models of resistance 

training for improving strength. This 

position stand recommended a variety 

of approaches to achieve strength goals, 

including using multiple sets. Since the 

appearance of that position stand, a 

number of systematic analyses of the 

research literature dealing with the 

issue of single set versus multiple sets 

have been published. They revealed 

the following:

■ Prior to 1998 the evidence was 

split, and suggested that there 

was no difference in strength 

gains when a single set was com-

pared to multiple sets. However, 

the use of small sample sizes, 

very short duration studies, and 

different methods for measuring 

strength gains complicated the 

interpretation of the data. After 

1998 most studies showed that 

multiple sets were better than 

single sets relative to strength 

gains, in both short- and long-

term studies (19).

■ Scientists re-examined all of the 

literature on this topic by pool-

ing the data from the various 

studies (to deal with the issues 

of small sample sizes and short 

duration studies). This analysis 

showed that multiple sets were 

better than single sets, and in 

the better controlled studies the 

differences between the two 

were greater (61).

■ Multiple sets were shown to be 

more effective in increasing 

strength in trained individuals 

and over long-duration training 

programs (78).

These review articles, as well as the 

most recent studies (35, 64), indicate 

that multiple sets are better than one 

set at increasing strength. However, 

“when maximal strength gain is not the 

principal goal of the training program, 

a single-set protocol may be sufficient 

to significantly improve upper- and 

lower-body strength as well as being 

time efficient” (19). This would appear 

to support both the “one-set” recom-

mendation for improving and main-

taining muscular fitness in the average 

individual as well as the “multiple set” 

recommendation for those interested 

in achieving higher strength goals.

 The issue of dose-response was 

discussed earlier in this chapter rela-

tive to health-related outcomes and 

increases in V̇ O2 max. For strength 

and conditioning programs, two recent 

comprehensive analyses of the litera-

ture suggest the following for maximal 

gains in strength:

■ For untrained subjects: do four 

sets at 60% 1-RM, three days a 

week (62).

■ For trained subjects: do four 

sets at 80% 1-RM, two days a 

week (62).

■ For athletes: do eight sets 

at 85% 1-RM, two days a 

week (52).

participant about the interaction of the environment 

and the exercise intensity. As the heat and humidity 

increase, there is an increased need to circulate 

 additional blood to the skin to dissipate the heat. 

As altitude increases, there is less oxygen bound to 

hemoglobin, and the person must pump more blood 

to the muscles to have the same oxygen delivery. In 

both of these situations the HR response to a fixed 

work bout will be higher. To counter this tendency 

and stay in the THR range, the subject should de-

crease the work rate. Exercise in most cold environ-

ments can be refreshing and safe if a person plans in 

advance and dresses accordingly. However, there are 

some  temperature/wind combinations that should be 

avoi ded because of the inability to adapt to them. As 

mentioned previously, some people simply plan exer-

cise indoors (shopping malls, health spas, home exer-

cise) during those occasions so that their routine is 

not interrupted. These environmental factors will be 

considered in more detail in chapter 24.

■ The THR acts as a guide to adjust exercise 

intensity in adverse environments such as high 

temperature and humidity, or altitude.
■ A decrease in exercise intensity will counter 

the effects of high environmental temperature 

and humidity to allow one to stay in the target 

HR zone.

IN SUMMARY
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STUDY QUESTIONS

1. What are the practical implications of classifying physi-
cal inactivity as a primary risk factor?

2. From a public health standpoint, why is there so much 
attention paid to increasing a sedentary person’s physi-
cal activity by a small amount rather than recommending 
strenuous exercise?

3. What is the risk of cardiac arrest for someone who partic-
ipates in a regular physical activity program?

4. What is the difference between “exercise” and “physical 
activity”?

5. List the optimal frequency, intensity, and duration of 
exercise needed to achieve an increase in cardiorespira-
tory function.

6. For a person with a maximal heart rate of 180 b   min 1 
and a resting heart rate of 70 b   min 1, calculate a target 
heart rate range by the Karvonen method and the per-
cent of maximal HR method.

7. Recommend an appropriate progression of activities for 
a sedentary person wanting to become fit.

8. Why is it important to monitor heart rate frequently dur-
ing exercise in heat, in humidity, and at altitude?

Figure 16.6 The physical activity pyramid.

Level 1

Level 2

Level 3

Level 4

F = Infrequent
I = Low
T = Short

F = 3–7 days/week
I = Stretching
T = 15–60 sec., 1–3 sets

F = 2–3 days/week
I = Muscle overload
T = 8–12 reps, 1–3 sets

F = 3–6 days/week          I = Moderate to vigorous          T = 20+ min

F = All or most days/week          I = Moderate          T = 30+ min

Lifetime physical activity
Walk rather than ride

Climb the stairs
Do yard work

Active sports
and recreation

Tennis
Basketball
Canoeing

Aerobic activity
Aerobics
Jogging
Biking

Exercise for
flexibility
Stretching

Rest or
Inactivity

Watching TV
Reading

Exercise for
strength &
muscular

endurance
Weight training

Calisthenics



340 Section Two Physiology of Health and Fitness

SUGGESTED READINGS

American College of Sports Medicine. 2006. ACSM’s Resource 
Manual for Guidelines for Exercise Testing and Prescription. 5th 
ed. Baltimore: Lippincott Williams & Wilkins.

Baechle, T. R., and R. W. Earle. 2000. Essentials of Strength 
Training and Conditioning. Champaign, IL: Human Kinetics.

Durstine, J. L., G. E. Moore, M. J. LaMonte, and Barry A. 
Franklin. 2008. Pollock’s Textbook of Cardiovascular Disease and 
Rehabilitation. Champaign, IL: Human Kinetics.

Faigenbaum, A. D., and K. J. McInnis. 2007. Guidelines for 
muscular strength and endurance training. In Health 
Fitness Instructor’s Handbook. 5th ed. E. T. Howley and B. D. 
Franks (eds). Champaign, IL: Human Kinetics.

Howley, E. T., and B. Don Franks. 2007. Health Fitness Instruc-
tor’s Handbook. 5th ed. Champaign, IL: Human Kinetics.

Liemohn, W. P. 2007. Exercise prescription for flexibility 
and low-back function. In Health Fitness Instructor’s Hand-
book. 5th ed. E. T. Howley and B. D. Franks (eds). Cham-
paign, IL: Human Kinetics.

U.S. Department of Health and Human Services. 1996. 
Physical Activity and Health: A Report of the Surgeon General. 
Atlanta, GA: U.S. Department of Health and Human 
Services, Centers for Disease Control and Prevention, 
National Center for Chronic Disease Prevention and 
Health Promotion.

REFERENCES

 1. American College of Sports Medicine. 1998. Position 
stand: The recommended quantity and quality of exer-
cise for developing and maintaining cardiorespiratory 
and muscular fitness and flexibility in healthy adults. 
Medicine and Science in Sports and Exercise 30:975–91.

 2. American College of Sports Medicine. 2002. Progres-
sion models in resistance training for healthy adults. 
Medicine and Science in Sports and Exercise 34:364–80.

 3. ———. 1993. Summary statement: Workshop on physi-
cal activity and public health. Sports Medicine Bulletin 28:7.

 4. ———. 2006. ACSM’s Guidelines for Exercise Testing and 
Prescription. 7th ed. Baltimore: Lippincott Williams & 
Wilkins.

 5. American Heart Association. 1992. Statement on exer-
cise. Circulation 86:340–44.

 6. Badenhop, D. T. et al. 1983. Physiologic adjustments to 
higher- or lower-intensity exercise in elders. Medicine and 
Science in Sports and Exercise 15:496–502.

 7. Birk, T. J., and C. A. Birk. 1987. Use of ratings of perceived 
exertion for exercise prescription. Sports Medicine 4:1–8.

 8. Blair, S. N., H. W. Kohl III, R. S. Paffenbarger, Jr., D. G. 
Clark, K. H. Cooper, and L. W. Gibbons. 1989. Physical 
fitness and all-cause mortality. Journal of the American 
Medical Association 262:2395–2401.

 9. Blair, S. N. et al. 1995. Changes in physical fitness and 
all-cause mortality. Journal of the American Medical Associa-
tion 273:1093–98.

 10. Byrd, R. et al. 1999. Strength training: Single versus 
multiple sets. Sports Medicine 27:409–16.

 11. Carpinelli, R. N., and R. M. Otto. 1998. Strength training: 
Single versus multiple sets. Sports Medicine 26: 73–84.

 12. Caspersen, C. J., K. E. Powell, and G. M. Christenson. 
1985. Physical activity, exercise, and physical fitness: 
Definitions and distinctions for health-related research. 
Public Health Reports 100:126–31.

 13. Cavanagh, P. R. 1980. The Running Shoe Book. Mountain 
View, CA: Anderson World.

 14. Ceci, R., and P. Hassmen. 1991. Self-monitored exer-
cise at three different RPE intensities in treadmill and 
field running. Medicine and Science in Sports and Exercise 23: 
732–38.

 15. Chow, R. J., and J. H. Wilmore. 1984. The regulation of 
exercise intensity by ratings of perceived exertion. Jour-
nal of Cardiac Rehabilitation 4:382–87.

 16. Church, T. S. et al. Effects of different doses of physical 
activity on cardiorespiratory fi tness among sedentary, 
overweight or obese postmenopausal women with ele-
vated blood pressure. JAMA 297:2081–91.

 17. Dehn, M. M., and C. B. Mullins. 1977. Physiologic effects 
and importance of exercise in patients with coronary 
artery disease. Cardiovascular Medicine 2:365.

 18. Dionne, F. T. et al. 1991. Mitochondrial DNA sequence 
polymorphism, V̇ O2 max, and response to endurance 
training. Medicine and Science in Sports and Exercise 
23:177–85.

 19. Galvão, D. A., and D. R. Taaffe. 2004. Single- vs. multiple-
set resistance training: Recent developments in the 
controversy. Journal of Strength & Conditioning Research 
18:660–67.

 20. Gellish, R. L. et al. 2007. Longitudinal modeling of the 
relationship between age and maximal heart rate. Medi-
cine and Science in Sports and Exercise 39:822–29.

 21. Goodman, L. S., and A. Gilman (eds). 1975. The Pharma-
cological Basis of Therapeutics. New York: Macmillan Pub-
lishing Company, Inc.

 22. Gutmann, M. C. et al. 1981. Perceived exertion-heart 
rate relationship during exercise testing and training in 
cardiac patients. Journal of Cardiac Rehabilitation 1:52–59.

 23. Hage, P. 1981. Perceived exertion: One measure of 
exercise intensity. The Physician and Sportsmedicine 9(9):
136–43.

 24. Haskell, W. L. 1985. Physical activity and health: Need 
to define the required stimulus. American Journal of Cardi-
ology 55:4D–9D.

 25. ———. 1994. Dose-response issues from a biological 
perspective. In Physical Activity, Fitness, and Health, ed. C. 
Bouchard, R. J. Shephard, and T. Stevens. 1030–39. 
Champaign, IL: Human Kinetics.

 26. ———. 1999. The issue of dose-response for physical 
activity and health: Getting the most out of what you 
put in. Keynote address presented at the ACSM Health 
and Fitness Summit and Exposition.

 27. Haskell, W. L., H. J. Montoye, and D. Orenstein. 1985. Physi-
cal activity and exercise to achieve health-related physical 
fitness components. Public Health Reports 100:202–12.

 28. Haskell, W. L. et al. 2007. Physical activity and public 
health: Updated recommendation for adults from the 
American College of Sports Medicine and the American 
Heart Association. Medicine and Science in Sports and Exer-
cise 39:1423–34.

 29. Hellerstein, H. K., and R. Ader. 1971. Relationship 
between percent maximal oxygen uptake (% max V̇ O2) 
and percent maximal heart rate (% MHR) in normals 
and cardiacs (ASHD). Circulation 43–44 (Suppl. II):76.

 30. Hellerstein, H. K. et al. 1973. Principles of exercise pre-
scription for normals and cardiac subjects. In Exercise 



www.mhhe.com/powers7e Chapter Sixteen Exercise Prescriptions for Health and Fitness 341

Training in Coronary Heart Disease, ed. J. P. Naughton and 
H. K. Hellerstein, 129–67. New York: Academic Press.

 31. Hellerstein, H. K., and B. A. Franklin. 1984. Exercise 
testing and prescription. In Rehabilitation of the Coronary 
Patient, 2d ed., N. K. Wenger and H. K. Hellerstein. 
197–284. New York: Wiley.

 32. Hetzler, R. K., R. L. Seip, S. H. Boutcher, E. Pierce, D. 
Snead, and A. Weltman. 1991. Medicine and Science in 
Sports and Exercise 23:88–92.

 33. Howley, E. T. 2001. Type of activity: Resistance, aerobic 
and leisure versus occupational physical activity. Medi-
cine and Science in Sports and Exercise 33:S364–69.

 34. Howley, E. T., and B. D. Franks. 2007. Health Fitness 
Instructor’s Handbook. 5th ed. Champaign, IL: Human 
Kinetics.

 35. Humburg, H. et al. 2007. 1-set vs. 3-set resistance train-
ing: A crossover study. J. Strength Cond. Res. 21:578–82.

 36. Jennings, G. L. et al. 1991. What is the dose-response 
relationship between exercise training and blood pres-
sure? Annals of Medicine 23:313–18.

 37. Jian, L., Z. J. Shen, A. H. Lee, and C. W. Binns, 2005. Mod-
erate physical activity and prostate cancer risk: A case-
control study in China. European Journal of Epidemiology 
20:155–60.

 38. Karvonen, J., and T. Vuorimaa. 1988. Heart rate and 
exercise intensity during sports activities: Practical 
application. Sports Medicine 5:303–12.

 39. Karvonen, M. J., E. Kentala, and O. Mustala. 1957. The 
effects of training heart rate: A longitudinal study. 
Annales of Medicinae Experimentalis et Biologiae Fenniae 35: 
307–15.

 40. Kasaniemi, Y. A., E. Danforth, Jr., M. D. Jensen, P. G. 
Kopelman, P. Lefebvre, and B. A. Reeder. 2001. Dose-
response issues concerning physical activity and health: 
An evidenced-based symposium. Medicine and Science in 
Sports and Exercise 33 (Supp):S351–58.

 41. Lee, I-M., C. Hsieh, and R. S. Paffenbarger. 1995. Exer-
cise intensity and longevity in men. Journal of the Ameri-
can Medical Association 273:1179–84.

 42. Londeree, B. R., and S. A. Ames. 1976. Trend analysis of 
the % V̇ O2 max – HR regression. Medicine and Science in 
Sports 8:122–25.

 43. Lounana, J. et al. 2007. Relationship between % HR max, 
% HR Reserve, % V̇ O2 max, and % V̇ O2 Reserve in elite 
cyclists. Medicine and Science in Sports and Exercise 39:350–57.

 44. Morgans, L. F. et al. 1987. Heart rate responses during 
singles and doubles tennis competition. The Physician 
and Sportsmedicine 15(7):67–74.

 45. O’Donovan, G. et al. 2005. Changes in cardiorespiratory 
fi tness and coronary heart disease risk factors following 
24 wk of moderate- or high-intensity exercise of equal 
energy expenditure. Journal of Applied Physiology 98:1619–25.

 46. Oguma, Y., and T. Shinoda-Tagawa. 2004. Physical activ-
ity decreases cardiovascular disease risk in women: 
Review and meta-analysis. American Journal of Preventive 
Medicine 26:407–18.

 47. Paffenbarger, R. S., and W. E. Hale. 1975. Work activity 
and coronary heart mortality. New England Journal of Medi-
cine 292 (March 13):545–50.

 48. Paffenbarger, R. S., R. T. Hyde, and A. L. Wing. 1986. 
Physical activity, all cause mortality, and longevity 
of college alumni. New England Journal of Medicine 314 
(March 6):605–13.

 49. ———. 1990. Physical activity and physical fitness as 
determinants of health and longevity. In Exercise, Fitness 
and Health, ed. C. Bouchard, R. J. Shephard, T. Stevens, 
J. R. Sutton, and B. D. McPherson. 33–48. Champaign, 
IL: Human Kinetics.

 50. Paffenbarger, R. S. et al. 1993. The association of 
changes in physical-activity level and other lifestyle 
characteristics with mortality among men. New England 
Journal of Medicine 328:538–45.

 51. Pate, R. R. et al. 1995. Physical activity and public health. 
Journal of the American Medical Association 273:402–7.

 52. Peterson, M. D., M. R. Rhea, and B. A. Alvar. 2004. Maxi-
mizing strength development in athletes: A meta-
analysis to determine the dose-response relationship. 
Journal of Strength & Conditioning Research 18:377–82.

 53. Pollock, M. L. 1978. How much exercise is enough? The 
Physician and Sportsmedicine 6:50–64.

 54. Pollock, M. L. et al. 1972. Effect of training two days per 
week at different intensities on middle-aged men. Medi-
cine and Science in Sports 4:192–97.

 55. Pollock, M. L. et al. 1975. Effects of mode of training on 
cardiovascular functions and body composition of adult 
men. Medicine and Science in Sports and Exercise 7:139–45.

 56. Pollock, M. L. et al. 1977. Effects of frequency and dura-
tion of training on attrition and incidence of injury. 
Medicine and Science in Sports 9:31–36.

 57. Pollock, M. L., and J. H. Wilmore. 1990. Exercise in Health 
and Disease. 2d ed. Philadelphia: W. B. Saunders.

 58. Porcari, J. P., C. B. Ebbling, A. Ward, P. S. Freedson, and 
J. M. Rippe. 1989. Walking for exercise testing and train-
ing. Sports Medicine 8:189–200.

 59. Powell, K. E., P. D. Thompson, and C. J. Caspersen. 1987. 
Physical activity and the incidence of coronary heart 
disease. Annals Review of Public Health 8:253–87.

 60. Proper, K. I. et al. 2006. Dose-response relation 
between physical activity and sick leave. British Journal of 
Sports Medicine 40:273–78.

 61. Rhea, M. R., B. A. Alvar, and L. N. Burkett. 2002. Single 
versus multiple sets for strength: A meta-analysis to 
address the controversy. Research Quarterly for Exercise 
and Sport 73:485–88.

 62. Rhea, M. R., B. A. Alvar, L. N. Burkett, and S. D. Ball. 
2003. A meta-analysis to determine the dose response 
for strength development. Medicine and Science in Sports 
and Exercise 35:456–64.

 63. Robertson, R. J. et al. 1990. Cross-modal exercise pre-
scription at absolute and relative oxygen uptake using 
perceived exertion. Medicine and Science in Sports and 
 Exercise 22:653–59.

 64. Rønnestad, B. R. et al. 2007. Dissimilar effects of one- 
and three-set strength training on strength and muscle 
mass gains in upper and lower body in untrained sub-
jects. J. Strength Cond. Res. 21:157–63.

 65. Saltin, B., and P. D. Gollnick. 1983. Skeletal muscle 
adaptability: Significance for metabolism and perfor-
mance. In Handbook of Physiology, ed. L. D. Peachey, R. H. 
Adrian, and S. R. Geiger. Section 10: Skeletal Muscle, 
chap. 19. Baltimore: Lippincott Williams & Wilkins.

 66. Seip, R. L. et al. 1991. Perceptual responses and blood 
lactate concentration: Effect of training state. Medicine 
and Science in Sports and Exercise 23:80–87.

 67. Siscovick, D. S. et al. 1984. The incidence of primary car-
diac arrest during vigorous exercise. New England Journal 
of Medicine 311:874–77.

 68. Siscovick, D. S. et al. 1984. Habitual vigorous exercise 
and primary cardiac arrest: Effect of other risk factors 
on the relationship. Journal of Chronic Disease 37:625–31.

 69. Swain, D. P. 1999. V̇ O2 reserve—a new method for 
ex ercise prescription. ACSM’s Health and Fitness Journal 
3:10–14.

 70. Swain, D. P., and B. C. Leutholtz. 1997. Heart rate reserve 
is equivalent to % V̇ O2 reserve, not % V̇ O2 max. Medicine 
and Science in Sports and Exercise 29:410–14.



342 Section Two Physiology of Health and Fitness

 71. Swain, D. P., B. C. Leutholtz, M. E. King, L. A. Haas, and 
J. D. Branch. 1998. Relationship between heart rate 
reserve and % V̇ O2 reserve in treadmill exercise. Medicine 
and Science in Sports and Exercise 30:318–21.

 72. Swain, D. P., and B. A. Franklin. 2002. V̇ O2 reserve and the 
minimal intensity for improving cardiorespiratory fitness. 
Medicine and Science in Sports and Exercise 34:152–57.

 73. Swain, D. P., and B. A. Franklin. 2006. Comparison of 
cardioprotective benefi ts of vigorous versus moderate 
intensity aerobic exercise. American Journal of Cardiology 
97:141–47.

 74. Tanaka, H., K. D. Monahan, and D. R. Seals. 2001. Age-
predicted maximal heart rate revisited. Journal of the 
American College of Cardiology 37:153–56.

 75. U.S. Department of Health and Human Services. 1990. 
Healthy People 2000: National Health Promotion and Disease 

Prevention Objectives. Washington, D.C.: U.S. Government 
Printing Office.

 76. U.S. Department of Health and Human Services. 1996. 
Physical Activity and Health: A Report of the Surgeon General. 
Atlanta, GA: U.S. Department of Health and Human 
Services, Centers for Disease Control and Prevention, 
National Center for Chronic Disease Prevention and 
Health Promotion.

 77. Wenger, H. A., and G. J. Bell. 1984. The interactions of 
intensity, frequency and duration of exercise training in 
altering cardiorespiratory fitness. Sports Medicine 
3:346–56.

 78. Wolfe, B. L., L. M. LeMura, and P. J. Cole. 2004. Quanti-
tative analysis of single- vs. multiple-set programs in 
resistance training. Journal of Strength & Conditioning 
Research 18:35–47.



 343

Exercise for Special Populations

■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Describe the difference between type 1 and 

type 2 diabetes.

 2.  Contrast how a diabetic responds to exercise 

when blood glucose is “in control,” compared 

to when it is not.

 3.  Explain why exercise may complicate the life of 

a type 1 diabetic, while being a recommended 

and primary part of a type 2 diabetic’s lifestyle.

 4.  Describe the changes in diet and insulin that 

might be made prior to a diabetic undertaking 

an exercise program.

 5.  Describe the sequence of events leading to an 

asthma attack, and how cromolyn sodium and 

␤-adrenergic agonists act to prevent and/or 

relieve an attack.

 6.  Describe the cause of exercise-induced asthma, 

and how one may deal with this problem.

 7.  Contrast chronic obstructive pulmonary dis-

ease (COPD) with asthma in terms of causes, 

prognosis, and the role of rehabilitation 

programs in a return to “normal” function.

 8.  Identify the types of patient populations that 

one might see in a cardiac rehabilitation 

program, and the types of medications that 

these individuals may be taking.

 9.  Contrast the type of exercise test used for 

cardiac populations with the test used for the 

apparently healthy population.

10.  Describe the physiological changes in the 

elderly that result from an endurance-training 

program.

11.  Describe the guidelines for exercise programs 

for pregnant women.
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beta-receptor agonist 
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coronary artery bypass graft 
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Chapter 16 presented some recommendations for 

planning an appropriate exercise program for the 

apparently healthy individual. Exercise has also been 

used as a primary nonpharmacological intervention 

for a variety of problems, such as obesity and mild 

hypertension, and as a normal part of therapy for the 

treatment of diabetes and coronary heart disease. 

This chapter discusses the special concerns that must 

be addressed when exercise is used for populations 

with specific diseases, disabilities, or limitations. 

However, the student of exercise science should 

 recognize that this information is introductory in 

nature. More detailed accounts are cited throughout 

the chapter.

DIABETES

Diabetes is a disease characterized by hyperglycemia 

(elevated blood glucose) resulting from defects in 

insulin secretion (type 1), insulin action (type 2), or 

both (11, 128). Diabetes is a major health problem 

and leading cause of death in the United States, rep-

resenting a total (direct and indirect) annual cost of 

$132 billion in 2002. Of the more than 20.8 million 

individuals with diabetes, only 14.6 million are diag-

nosed, and the disease is not evenly distributed in 

the population. The prevalence of diabetes is greater 

in older (20.9% in those over age sixty) than younger 

(9.6% in those age twenty and older) individuals, and 

is more common in Native Americans, African Amer-

icans, Hispanic Americans, and Asian and Pacific 

Island Americans (34). Diabetes injures and kills 

indirectly by causing blindness, kidney disease, heart 

disease, stroke, and peripheral vascular disease (9, 

29, 30). Diabetics are divided into two distinct groups 

on the basis of whether the diabetes is caused by 

lack of insulin (type 1) or a resistance to insulin 

(type 2). Type 1, insulin-dependent diabetes, develops 

primarily in young persons and is associated with 

viral (flu-like) infections. The warning signs, which 

develop quickly, consist of (29, 30, 132):

■ frequent urination/unusual thirst,

■ extreme hunger,

■ rapid weight loss, weakness, and fatigue, and

■ irritability, nausea, and vomiting.

Because type 1 diabetics do not produce insulin, they 

are dependent on exogenous (injected) insulin to 

maintain the blood glucose concentration within 

normal limits. Type 2, noninsulin-dependent, diabetes 

typically develops more slowly and later in life than 

does type 1 diabetes; however, some overweight chil-

dren are diagnosed with this disease. Type 2 diabetes 

represents about 90% to 95% of all diabetics (11), and it 

is primarily linked to upper-body or android obesity. 

The increased mass of fat tissue results in a resistance 

to insulin, which is usually available in adequate 

amounts within the body. However, some type 2 dia-

betics may require injectable insulin or an oral medica-

tion that stimulates the pancreas to produce additional 

insulin. The treatment of type 2 diabetics includes diet 

(9) and exercise (10) to reduce body weight and to help 

control plasma glucose. Table 17.1 summarizes the dif-

ferences between type 1 and type 2 diabetics (18, 31).

■ Type 1, or insulin-dependent, diabetes develops 

early in life and represents 5% to 10% of the 

 diabetic population.

■ Type 2, or insulin-resistant, diabetes occurs 

later in life and is associated with upper-body 

or android obesity. Diet and exercise are impor-

tant parts of the treatment program for type 2 

diabetes to achieve weight loss and improved 

insulin sensitivity.

IN SUMMARY

TABLE 17.1   Summary of the Differences Between Type 1 and  Type 2 Diabetes

Characteristics Type I Insulin-Dependent Type 2 Noninsulin-Dependent

Another name Juvenile-onset Adult-onset

Proportion of all diabetics 5–10% 90–95%

Age at onset ⬍20 ⬎40

Development of disease Rapid Slow

Family history Uncommon Common

Insulin required Always Common, but not always

Pancreatic insulin None, or very little Normal or higher

Ketoacidosis Common Rare

Body fatness Normal/lean Generally obese

From Berg (18) and Cantu (31).
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Exercise and the Diabetic

In chapter 5 we indicated that exercise increases the 

rate at which glucose leaves the blood. In this way exer-

cise has been viewed as a useful part of the treatment to 

regulate blood glucose in the diabetic. However, this 

beneficial effect of exercise is dependent on whether 

the diabetic is in reasonable “control” before exercise 

begins. Control means that the blood glucose concen-

tration is close to normal. Figure 17.1 shows the effect 

of a prolonged exercise bout on diabetics who were in 

control versus those who had not taken an adequate 

amount of insulin. A lack of insulin causes  ketosis, a 

metabolic acidosis resulting from the accumulation of 

too many ketone bodies (due to excessive fat metabo-

lism). The type 1 diabetic who was in control shows a 

decrease in plasma glucose toward normal values dur-

ing exercise, suggesting better control. On the other 

hand, those type 1 diabetics who did not inject an ade-

quate amount of insulin before exercise show an 

increase in plasma glucose (10, 13). Why the difference 

in response? The controlled diabetic has sufficient insu-

lin such that glucose can be taken up into muscle dur-

ing exercise and can counter the normal increase in 

glucose release from the liver due to the action of cate-

cholamines and glucagon (see chapter 5). In contrast, 

the diabetic with inadequate insulin experiences only a 

small increase in glucose utilization by muscle, but has 

the normal increase in glucose release from the liver. 

This, of course, causes an elevation of the plasma glu-

cose, resulting in hyperglycemia (135).

 Figure 17.2 summarizes these effects and adds 

one more (82). If an insulin-dependent diabetic starts 

exercise with too much insulin, the rate at which 

plasma glucose is used by muscle is accelerated, 

while glucose release from the liver is decreased. This 

causes a very dangerous hypoglycemic response. This 

information is crucial to understanding how to pre-

scribe exercise for diabetics. Because the importance 

of exercise as a part of a treatment plan is different for 

type 1 and type 2 diabetics, we will discuss each type 

separately.

Type 1 Diabetes For many years, exercise was one 

part of the treatment for type 1 diabetes, with insulin 

and diet being the other two (85). However, as men-

tioned earlier, if a diabetic is not in control prior to 

exercise, the ability to maintain a reasonable plasma 

glucose concentration may be compromised. Further, 

exercise programs, by themselves, have not been 

shown to improve control of blood glucose (9). The 

greatest concern is not the hyperglycemia and ketosis 

that can lead to diabetic coma when too little insulin 

is present; rather, it is the possibility of hypoglycemia, 

which can lead to insulin shock. Richter and Galbo 

(113) and Kemmer and Berger (85) point out the 

difficulties a type 1 diabetic has starting an exercise 

program: The person must maintain a regular exercise 

schedule in terms of intensity, frequency, and dura-

tion, as well as altering diet and insulin. Such regi-

mentation is difficult for some to follow, and given the 

variability in how a diabetic’s blood glucose might 

respond to exercise on a day-to-day basis, the use of 

Figure 17.1 Effect of prolonged exercise on blood glucose 

and ketone body levels in normal subjects, diabetics in 

“control,” and diabetics taking an inadequate amount of 

insulin (ketosis). From M. Berger et al., 1977, “Metabolic 

and Hormonal Effects of Muscular Exercise in Juvenile 

Type Diabetics” in Diabetologia, 13:355–65. Copyright © 1977 

Springer-Verlag, New York, NY. Reprinted by permission.
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exercise as a primary tool in maintaining metabolic 

control has been diminished (9). Because metabolic 

control can be achieved by altering insulin and diet 

based on self-monitored blood glucose, exercise com-

plicates this picture (85, 114). However, considering 

the importance of physical activity in an individual’s 

life, and the effect of regular activity on CHD risk fac-

tors, a type 1 diabetic should not be discouraged from 

participation in regular exercise—if there are no com-

plications (9, 29, 30, 85, 113).

 A graded exercise test is recommended if the per-

son is at high risk of cardiovascular disease, based on 

the following (10, 70, 90, 131):

■ Age ⬎35 years

■ Age ⬎25 and

● Type 2 diabetes of ⬎10 years’ duration

● Type 1 diabetes of ⬎15 years’ duration

■ Presence of any additional risk factor for 

coronary artery disease

■ Presence of microvascular disease

■ Peripheral artery disease

■ Autonomic neuropathy

This recommendation is based on the observation 

that strenuous exercise may accelerate or worsen ret-

ina, kidney, or peripheral nerve damage that is already 

present. The concern for the retina is related to the 

higher blood pressures developed during exercise, 

whereas the concern for the kidney is related to the 

decrease in blood flow to that organ with increasing 

intensities of exercise. The peripheral nerve damage 

may block signals coming from the foot such that seri-

ous damage may occur before it is perceived. Proper 

shoes for exercise, as well as the choice of the activity, 

are important (9, 29, 58, 90, 131).

 The primary concern to address when exercise is 

prescribed for the type 1 diabetic is the avoidance of 

hypoglycemia. This is achieved through careful self-

monitoring of the blood glucose concentration before, 

during, and after exercise, and varying carbohydrate 

intake and insulin depending on the exercise intensity 

and duration, and the fitness of the individual (10):

■ Metabolic control before physical activity

● Avoid physical activity if fasting glucose 

levels are ⬎250 mg/dl and ketosis is 

present. Use caution if glucose levels 

are ⬎300 mg/dl without ketosis.

● Ingest added carbohydrate if glucose 

levels are ⬍100 mg/dl.

■ Blood glucose monitoring before and after 

physical activity

● Identify when changes in insulin or food 

intake are needed.

● Learn how blood glucose responds to 

different types of physical activity.

■ Food intake

● Consume added carbohydrate as needed 

to prevent hypoglycemia.

● Carbohydrate-based foods should be 

readily available during and after physical 

activity.

 Variability exists in how a type 1 diabetic responds 

to exercise and hypoglycemia (24). Consequently, fre-

quent and consistent monitoring of blood glucose 

and fi ne-tuning of the insulin dose and carbohydrate 

intake are essential for long-term success in prevent-

ing hypoglycemia.

 The exercise prescription for the type 1 diabetic 

must also consider other problems associated with 

this disease: autonomic neuropathy, peripheral 

neuropathy, retinopathy, and nephropathy. Individ-

uals with autonomic nervous system dysfunction 

may have abnormal heart rate and blood pressure 

responses to exercise. Those with peripheral nerve 

damage may experience pain, impaired balance, 

weakness, and decreased proprioception. Damage 

to the retina is common in diabetics and is aggra-

vated by increased blood pressure or any jarring 

action directed at the head. Finally, kidney damage 

is also a common experience for those with type 1 

diabetes. This can lead to altered blood pressure 

responses that can affect the retina (9, 29, 90, 131). 

It should be no surprise that the exercise prescrip-

tion for the diabetic must address these problems 

if they are present. Recommendations include (7, 9, 

29, 30, 70, 90, 131):

■ exercising three to four days per week 

(more is fine at moderate intensity); twenty 

to sixty minutes; 50% to 80% heart rate 

reserve;

■ using nonweight-bearing, low-impact 

activities (bicycle or stationary cycle, 

swimming, water exercise), if weight-bearing 

activities are contraindicated;

■ using light weights (40%–60% 1-RM) with 

fifteen to twenty repetitions and avoiding 

the Valsalva maneuver; heavy weights are 

acceptable for athletes with well-controlled 

diabetes;

■ drinking more fluid and carrying a readily 

available form of carbohydrate and adequate 

identification; and

■ exercising with someone who can help in an 

emergency.

 In conclusion, although exercise may not be 

viewed as a primary factor in maintaining the blood 

glucose concentration in the normal range, the fact 

that type 1 diabetics who stay physically active have 

fewer diabetic complications is reason enough to pur-

sue the active life (61).
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■ A sedentary type 1 diabetic has to juggle diet 

and insulin to achieve control of the blood 

 glucose concentration. An exercise program 

may complicate matters, and therefore exercise 

is not viewed as a primary means of achieving 

“control.” In spite of this, the diabetic is encour-

aged to participate in a regular exercise pro-

gram to experience its health-related  benefi ts.

■ The diabetic may have to increase carbohydrate 

intake and/or decrease the amount of insulin 

prior to activity to maintain the glucose concen-

tration close to normal during the exercise. The 

extent of these alterations is dependent on a 

number of factors, including the intensity and 

duration of the physical activity, the blood 

 glucose concentration prior to the exercise, and 

the physical fi tness of the individual.

IN SUMMARY

Type 2 Diabetes As mentioned earlier, type 2 diabe-

tes occurs later in life, and the patients have a variety of 

risk factors in addition to their diabetes: hypertension, 

high cholesterol, obesity, and inactivity (20, 135). Given 

the magnitude of this problem, more attention is be- 

ing paid to identifying persons early in the disease pro-

cess to delay or prevent the problem (see Research 

Focus 17.1). There is some epidemiological evidence 

that type 2 diabetes is linked to a lack of physical activ-

ity and low fitness, independent of obesity (8, 84, 88). In 

addition, current research supports the benefits of exer-

cise training in the prevention and treatment of insulin 

resistance and type 2 diabetes (8, 11, 72, 84). In contrast 

to the insulin-dependent diabetic whose life may be 

more complicated (in terms of blood glucose control) at 

the start of an exercise program, exercise is a primary 

recommendation for the type 2 diabetic, both to help 

deal with the obesity that is usually present and to help 

control blood glucose. The combination of exercise and 

diet may be sufficient and may eliminate the need for 

insulin or the oral medication used to stimulate insulin 

secretion (8, 11, 31, 50, 63, 84, 128). Because type 2 dia-

betics represent about 90% of the whole population of 

diabetics, and because type 2 diabetes occurs later in 

life (after forty years of age), it is not uncommon to see 

such individuals in adult fitness programs. It is impor-

tant for clear communication to exist between the par-

ticipant and the exercise leader to reduce the chance of 

a “surprise” hypoglycemic response.

 Noninsulin-dependent diabetics do not experi-

ence the same fluctuations in blood glucose during 

exercise as do the type 1 diabetics (58); however, those 

taking oral medication to stimulate insulin secretion 

may have to decrease their dosage to maintain a nor-

mal blood glucose concentration during exercise (114). 

The exercise prescription for the type 2 diabetic is sim-

ilar to that described in chapter 16 for improving V̇ O2 

max: dynamic aerobic activity, done at 50% to 90% 

maximal heart rate, for twenty to sixty minutes, four to 

seven times per week (6, 8, 29, 30, 131, 146). Strength 

training with light weights is also recommended (8, 10, 

29, 121, 131). However, some important distinctions 

need to be mentioned:

■ The frequency should be as high as four to 

seven times per week to promote a sustained 

increase in insulin sensitivity and to facilitate 

weight loss and weight maintenance.

■ Individuals should strive to achieve a minimum of 

1,000 kcal per week from all physical activities.

RESEARCH FOCUS 17.1

Prevention or Delay of  Type 2 Diabetes

Over the past decade, there has 

been an increase in the prevalence 

of type 2 diabetes that is linked to 

the increased prevalence of obesity. 

A great deal of activity has been under 

way to try to understand how to pre-

vent or slow down the development 

of type 2 diabetes. One of the first 

things is earlier identification of peo-

ple at risk of type 2 diabetes with the 

use of the fasting blood glucose and 

the oral glucose tolerance test (per-

son drinks 75 g of glucose and blood 

samples are taken at thirty minutes 

and one, two, and three hours to track 

how fast glucose is taken up into 

tissues):

■ impaired fasting glucose (IFG): if 

fasting blood glucose values are 

ⱖ100 mg/dl (5.6 mmol/l) but 

⬍126 mg/dl (7.0 mmol/l), and

■ impaired glucose tolerance (IGT): 

two-hour value in an oral glucose 

tolerance test is ⱖ140 mg/dl 

(7.8 mmol/l) but ⬍200 mg/dl 

(11.1 mmol/l).

Those with IFG or IGT are said to be 

“pre-diabetic” (11). Studies have shown 

that both drugs and lifestyle modi-

fications can slow down or prevent 

the development of type 2 diabetes. 

However, lifestyle changes—increasing 

physical activity by 150 minutes per 

week and losing 5% to 10% of body 

weight—seem to be a better approach 

than using drugs. In addition to dealing 

with the pre-diabetes problems, the 

loss of weight and increased physical 

activity reduce the risk of several car-

diovascular risk factors (12). This “good 

news” must be balanced by the reality 

that we need better and cheaper ways 

to change the eating and physical activ-

ity behaviors of the average person.
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 As with all exercise programs for deconditioned 

individuals, it is more important to do too little than 

too much at the start of a program. By starting with 

moderate activity and gradually increasing the dura-

tion, exercise can be done each day. This will provide an 

opportunity to learn how to maintain adequate con-

trol of blood glucose while minimizing the chance of a 

hypoglycemic response. In addition, a “habit” of exer-

cise will develop that is crucial if one is to realize the 

benefits, because the exercise-induced increase  in 

insulin sensitivity does not last long (114, 134). Fur-

ther, the combination of intensity, frequency, and 

duration mentioned previously has been shown to 

directly benefit those with borderline hypertension, a 

condition often associated with type 2 diabetes. Con-

sistent with the recommendations for the type 1 dia-

betic, clear identification and a readily available 

source of carbohydrate should be carried along in any 

exercise session. In addition, it would be much safer 

for a diabetic to exercise with someone who could 

help out if a problem occurred.

 Exercise is only one part of the treatment; diet 

is the other. The American Diabetes Association (9) 

states that there are four goals related to nutrition 

therapy for all diabetics:

■ Achieve and maintain

● Blood glucose levels in the normal range or 

as close to normal as is safely possible.

● A lipid and lipoprotein profi le that reduces 

the risk for vascular disease.

● Blood pressure levels in the normal range 

or as close to normal as is safely possible.

■ To prevent, or at least slow, the rate of 

development of the chronic complications of 

diabetes by modifying nutrient intake and 

lifestyle.

■ To address individual nutrition needs, taking 

into account personal and cultural preferences 

and willingness to change.

■ To maintain the pleasure of eating by only 

limiting food choices when indicated by 

scientifi c evidence.

 The emphasis in achieving optimal nutrition is 

through a high-carbohydrate diet (with little processed 

sugars) to achieve nutrient goals for protein, vitamins, 

and minerals. The low-fat diet has been shown to be 

useful in achieving weight-loss and blood lipid goals 

as well as diabetic control (9). The type 2 diabetic 

secures a variety of benefits from proper exercise 

and dietary practices: lower body fat and weight (see 

chapter 18), increased HDL cholesterol, increased sen-

sitivity to insulin (decreasing the need), improved 

capacity for work, and an improved self-concept (18, 

89, 134). These changes should not only improve the 

prognosis of the type 2 diabetic as far as control of 

blood glucose is concerned, but should also reduce 

the overall risk of coronary heart disease (113).

■ Type 2 diabetics have a variety of risk factors in 

addition to their diabetes, including hyperten-

sion, high cholesterol, obesity, and inactivity.

■ An exercise prescription emphasizing low-

intensity, long-duration activity that is done 

almost every day will maximize the benefi ts 

related to insulin sensitivity and weight loss.

■ The dietary recommendation is for a low-fat 

diet, similar to what is recommended for all 

Americans for good health, with the additional 

goals of achieving normal serum glucose and 

lipid levels.

IN SUMMARY

ASTHMA

Asthma is a respiratory problem characterized by 

a shortness of breath accompanied by a wheezing 

sound. It is due to a contraction of the smooth muscle 

around the airways, a swelling of the mucosal cells, 

and a hypersecretion of mucus. The asthma can be 

caused by an allergic reaction, exercise, aspirin, dust, 

pollutants, and emotion (99).

 Asthma is a very common disease in the United 

States. In 2003, 20 million persons were affected, 

resulting in 1.9 million emergency room visits, and 

more than 4,000 deaths. Estimated direct and indirect 

costs were $16.1 billion. The large increase in the 

prevalence of asthma over the past 20 years appears 

to be leveling off, perhaps due to better management 

of the problem (http://www.lungusa.org).

Diagnosis and Causes

The diagnosis of asthma is made using pulmonary-

function testing. If an obstruction to airflow (e.g., 

low maximal expiratory flow rate) is corrected by 

administration of a bronchodilator, then asthma is 

suspected. An asthma attack is the result of an 

orderly sequence of events that can be initiated by a 

variety of factors. These events are important if we 

are to understand how certain medications prevent 

or relieve the asthma attack. Figure 17.3 summarizes 

these events. The focus of attention is on the mast 

cell, one of the cells that is part of tissue in the bron-

chial tubes. It is believed that a variety of factors 

such as dust, chemicals, antibodies, and exercise 

initiate an asthma attack by increasing Ca⫹⫹ influx 

into the mast cell, causing a release of chemical 

mediators such as histamine, leukotrienes, and a 
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special chemical that attracts white blood cells. The 

mediators, in turn, trigger the following effects:

■ increase smooth muscle contraction (via an 

elevation of Ca⫹⫹ in the muscle cell) leading 

to bronchoconstriction,

■ initiate a bronchoconstrictor reflex via the 

vagus nerve, and

■ cause an inflammation response (swelling of 

tissue).

Given that the vast majority of people do not experi-

ence an asthma attack while being exposed to these 

factors, a “sensitivity” or hyperirritability of the respi-

ratory tract is a necessary prerequisite (99).

Prevention/Relief of Asthma

A variety of steps can be taken to prevent the occur-

rence of an asthma attack, and to provide relief should 

one occur. If a person is sensitive (allergic) to some-

thing, then simple avoidance of the allergen will pre-

vent the problem. If a person cannot avoid contact 

with the allergen, immunotherapy may be helpful in 

making the person less sensitive to the allergen while 

being treated.

 Drugs have been developed to deal with the mast 

cell, which is a focal point in the asthmatic response, 

as well as the bronchiolar smooth muscle that causes 

the decrease in airway diameter. Cromolyn sodium 

inhibits the chemical mediator release from the 

mast cell, probably by interfering with Ca⫹⫹ influx 

into the cell. Beta-receptor agonists (␤2- agonists) 

decrease chemical mediator release and cause the 

relaxation of bronchiolar smooth muscle by decreasing 

the Ca⫹⫹ concentration in mast and smooth muscle 

cells. These effects are brought about through increased 

adenylate cyclase activity leading to an elevation of 

cytoplasmic cyclic AMP (see chapter 5). Some individ-

uals who take a ␤2-agonist daily may experience prob-

lems because of desensitization of the ␤2-receptor on 

the mast cells (less of a response for the same level of 

drug). A physician can change the medication to 

achieve better control (14). Theophylline, a caffeine-

like drug, aids in bronchiolar smooth muscle relax-

ation by inhibiting phosphodiesterase, the enzyme 

that inactivates cyclic AMP. The result is higher cyclic 

AMP and lower Ca⫹⫹ concentrations in the cell. Corti-

costeroids and leukotriene inhibitors are used to 

reduce the inflammation response, which is central to 

dealing with the long-term management of asthma 

Figure 17.3 Proposed mechanism by which an asthma attack is initiated.
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(37, 102, 109).  Treatment with corticosteroids increases 

arterial blood oxygenation and time to exhaustion 

from 9.9 minutes to 14.8 minutes in a treadmill test 

done at 90% of V̇ O2 max (66). The net result is that 

both the inflammation response and the constriction 

of bronchiolar smooth muscle are blocked.

Exercise-Induced Asthma

A form of asthma that may be of particular interest 

to the reader is exercise-induced asthma (EIA). The 

asthma attack is caused by exercise and can occur five 

to fifteen minutes (Early Phase) or four to six hours 

(Late Phase) after exercise. The prevalence of EIA var-

ies from 5% to 20% in the general population, to 30% 

to 70% in elite winter athletes and elite athletes in 

summer endurance sports, and to at least 90% in indi-

viduals with persistent asthma (138). What is interest-

ing is that 61% of the 1984 U.S. Olympic team members 

with EIA won an Olympic medal. Furthermore, if one 

compares 1988 Olympic athletes who experienced EIA 

with the athletes who did not, one finds no difference 

in the percentage who won medals (82, 100, 133). 

Clearly, if anyone wondered whether EIA can be con-

trolled, those results should dispel any doubts.

 Many causes of EIA have been identified over the 

past 100 years. These include cold air, hypocapnia (low 

PCO2), respiratory alkalosis, and specific intensities and 

durations of exercise. The focus of attention is now on 

the cooling and drying of the respiratory tract that occurs 

when large volumes of dry air are breathed during the 

exercise session (48, 96, 120). Respiratory heat loss is 

related primarily to the rate of ventilation, with the 

humidity and the temperature of the inspired air being 

of secondary and tertiary importance. As you remember 

from chapter 10, when dry air is taken into the lungs it is 

moistened and warmed as it moves through the respira-

tory airways. In this way moisture is evaporated from 

the surface of the airways, which is therefore cooled.

 The proposed mechanism for how EIA is initiated 

takes us back to the mast cell mentioned earlier. When 

dry air removes water from the surface of the mast 

cell, an increase in osmolarity occurs. This increase in 

osmolarity triggers the influx of Ca⫹⫹ that leads to the 

increased release of chemical mediators and the nar-

rowing of the airways (48, 81, 120). Although the tem-

perature of the air was believed to contribute to the 

problem, recent evidence suggests otherwise (52). 

What kind of circumstances bring on EIA?

 The probability of an exercise-induced broncho-

spasm is related to the type of exercise, the time since 

the previous bout of exercise, the interval since medi-

cation was taken, and the temperature and humidity 

of the inspired air (120). It has been known since the 

late 1600s that certain types of exercise cause an attack 

more readily than others. Running was observed to 

cause more attacks than cycling or walking which, in 

turn, caused more than swimming. Interestingly, this 

old observation still finds support in studies in which 

the temperature and the humidity of the inspired 

air are controlled. Running still caused more severe 

attacks than did swimming, even with oxygen con-

sumption and ventilation matched (120).

 Generally, EIA is precipitated more with strenu-

ous, long-duration exercise compared to short-term 

moderate-intensity exercise (81, 120). One way to deal 

with this is to do short-duration exercise (⬍5 min) at 

low to moderate intensities. Further, when an exercise 

session occurs within sixty minutes of a previous EIA 

attack, the degree of bronchospasm is reduced (48). 

This suggests that a warm-up within an hour of more 

strenuous exercise would reduce the severity of an 

attack, and there is good evidence to support that 

proposition (98).

 There was special concern for the athletes of the 

1984 Olympic Games, given the pollution in Los Ange-

les, which can aggravate an EIA attack (110). As men-

tioned before, the fact that 61% of the athletes who 

experienced EIA won Olympic medals suggests that pro-

cedures for preventing EIA with medication are gener-

ally established. Voy (133) reports that a simple 

questionnaire identified 90% of the athletes with EIA, 

even though only 52% were receiving treatment prior to 

the Olympics. It must be added that there is evidence 

that self-reported symptoms of asthma and/or EIA are 

not reliable for evaluating EIA in competitive athletes 

(138). Typically, a strenuous exercise challenge (e.g., run-

ning at 85%–90% of maximal heart rate on a treadmill) 

lasting six to eight minutes is used to evaluate the pres-

ence of EIA (7). Some recommend that the air they 

breathe should be cool and dry during the test, or have 

the athlete perform the exercise challenge in the 

environment that triggers it (138). In addition, a non-

exercise test can be used in which the subject breathes 

cool, dry air containing 5% CO2 (to maintain the blood's 

CO2 level) for six minutes at 85% of predicted maximum 

voluntary ventilation. It is a test of choice for screening 

elite athletes (46, 138), but it is much too complicated to 

use on a general basis, especially for children where a 

fi eld test may be suffi cient (see A Closer Look 17.1). In 

any case, a 10% or greater decrease in forced expiratory 

flow rate in one second (FEV1) is classified as a positive 

test (138). The medications mentioned earlier were used 

to manage the condition to allow the athletes to go “all 

out.” Some non-asthmatic athletes want to be identifi ed 

as having EIA, believing that the medications might give 

them an edge. In a recent review, inhaled ␤2-agonists 

were shown to not improve performance; however, 

ingested salbutamol (a ␤2-agonist) did improve strength, 

anaerobic power, and endurance performance, but only 

at a dose 10–20 times that of what is inhaled (86).

 In a majority of cases, EIA can be prevented with 

the medications mentioned earlier, used alone or in 

combination (26, 95, 108, 125). The asthmatic who is 
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simply participating in a fitness program should also 

follow a medication plan to prevent the occurrence of an 

EIA attack. The exercise session should include the con-

ventional warm-up, with mild to moderate activity 

planned in five-minute segments. Swimming is better 

than other types of exercise, given that air above the 

water contains more moisture. A scarf or face mask can 

be used when exercising outdoors in cold weather to 

help trap moisture. The participant should carry an 

inhaler with a ␤2-agonist and use it at the first sign of 

wheezing (1, 60). As with the diabetic, the buddy system 

is a good plan to follow in case a major attack occurs.

■ An asthma attack is brought on when an agent 

causes an increased infl ux of Ca⫹⫹ into a mast 

cell in the respiratory tract, which, in turn, trig-

gers the release of chemical mediators. These 

chemical mediators cause a refl ex and calcium-

mediated constriction of bronchiolar smooth 

muscle along with an increase in  secretions 

into the airways.

■ Cromolyn sodium and ␤-adrenergic agonists 

act to prevent this by preventing the entry of 

Ca⫹⫹ into the mast cell, and by increasing the 

level of cyclic AMP in the mast and smooth 

muscle cells, respectively.

■ Drying of the respiratory tract leads to an increase 

in the osmolarity of the fl uid on the surface of a 

mast cell. This event is believed to be the central 

factor in the initiation of the asthma attack during 

exercise. Exercise of short duration, preceded by a 

warm-up, appears to reduce the chance of an 

attack. Drugs should be used prior to exercise to 

 prevent an attack, and ␤-adrenergic agonists 

should be carried along in case one occurs.

IN SUMMARY

CHRONIC OBSTRUCTIVE 
PULMONARY DISEASE

Chronic obstructive pulmonary diseases (COPD) cause 

a reduction in airflow that can have a dramatic effect on 

daily activities. These diseases include chronic bron-

chitis, emphysema, and bronchial asthma, either alone 

or in combination. These diseases are distinct from the 

exercise-induced asthma discussed earlier in that 

the airway obstruction remains in spite of continuous 

medication (39). Chronic bronchitis is characterized by 

a persistent production of sputum due primarily to a 

thickened bronchial wall with excess secretions. In 

emphysema, the elastic recoil of alveoli and bronchi-

oles is reduced and those pulmonary structures are 

enlarged (21, 118). The patient with developing COPD 

cannot perform normal activities without experiencing 

dyspnea, but, tragically, by the time this occurs the dis-

ease is already well advanced (21). COPD is character-

ized by a decreased ability to exhale, and because of 

the narrowed airways, a “wheezing” sound is made. The 

person with COPD experiences a decreased capacity for 

work, which may influence employment, but he/she 

may also experience an increase in psychological prob-

lems, including anxiety (regarding the simple act of 

breathing) and depression (related to a loss of sense of 

self-worth).

 It should be no surprise then that treatment of 

COPD includes more than simple medication and 

oxygen-inhalation therapy. A typical COPD rehabilita-

tion program focuses on the goal of the patient’s abil-

ity for self-care. To achieve that goal, a number of 

medical and support personnel are recruited to deal 

with the various manifestations of the disease pro-

cess (100, 124). The COPD patient receives education 

about the different ways to deal with the disease, 

A CLOSER LOOK 17.1

 Screening for Asthma in Children

Asthma is the leading cause of chronic 

illness and the most common respira-

tory disorder in children (41). Concern 

has been expressed about the need 

for screening programs early in life to 

identify those with a high risk of devel-

oping asthma. Jones and Bowen (76) 

measured peak expiratory flow rate 

before and after an all-out run in chil-

dren from ten primary schools. Over a 

six-year follow-up period, they com-

pared children who had a negative 

result with those who had a positive 

result (a decrease in peak expiratory 

flow rate of ⱖ15%) due to the exercise 

test. Of the 864 children not known to 

have asthma, 60 had a positive test 

result. A follow-up of 55 of these 60 

children showed 32 had developed 

clinically recognizable asthma six 

years later. These children also had 

a significantly higher prevalence of 

respiratory illnesses. Such field tests 

have much to offer in gaining control 

over this disease. In addition to 

screening, there is strong support to 

not back away from physical activity 

for asthmatic children. Most studies 

show that asthmatics can exercise 

safely and increase their cardiorespi-

ratory fitness. Some scientists believe 

that the decrease in physical activity 

in children may have played a role in 

the recent increase in the prevalence 

and severity of asthma (94). Finally, 

schoolchildren should have their 

medication available in the gym area, 

rather than in a central administrator’s 

office (101).



352 Section Two Physiology of Health and Fitness

including breathing exercises, ways to approach the 

activities of daily living at home, and how to handle 

work-related problems. The latter can be so affected 

that new on-the-job responsibilities may have to be 

assigned, or if the person cannot meet the require-

ments, retirement may be the only outcome. To help 

deal with these problems, counseling by psycholo-

gists and clergy may be needed for patient and family. 

The extent of these problems is directly related to the 

severity of the disease. Those with minimal disease 

may require the help of only a few of the professionals 

just mentioned, whereas others with severe disease 

may require the assistance of all. It is therefore impor-

tant to understand that the rehabilitation program is 

very individualized (100, 124).

Testing and Training

The consistent recommendation for anyone with 

known disease is to have a complete medical exam, 

including exercise testing, prior to beginning an exer-

cise program (7). This is especially true for COPD 

patients because the severity of the disease varies 

greatly. Common tests used to classify COPD patients 

include the FEV1, a graded exercise test to evaluate 

V̇ O2 max, maximum exercise ventilation, and changes 

in the arterial blood gases, PO2 and PCO2. Table 17.2 

shows a four-point scale used to grade the level of dis-

ability (77). It should be clear that there are great dif-

ferences between those with a V̇ O2 max greater than 

25 ml ⭈ kg⫺1 ⭈ min⫺1 and those with a V̇ O2 max less 

than 7 ml ⭈ kg⫺1 ⭈ min⫺1. You might also look to the left 

side of the table to see how little exertion is required 

of those at Grade 4 to bring on the sensation of dys-

pnea, and to the far right to see what happens to the 

blood gases. It is obvious that exercise programming 

varies with the severity of the disease. While those 

with a Grade 1 disability can follow the normal exer-

cise prescription process, those with a Grade 4 disa-

bility are probably in respiratory and cardiovascular 

failure. Goals for the latter group are very pragmatic: 

the ability to do home or work activities, to climb two 

flights of stairs, and so on, and these activities might 

require supplemental oxygen or inspiratory pressure 

support (21, 77, 83, 100). A wide range of exercises 

(e.g., walking, cycling, swimming, games, resistance 

training, breathing exercises) can be used to improve 

the patient’s functional capacity (33, 39, 77), which is 

limited, in part, by skeletal muscle abnormalities (118). 

Oxygen may be needed to maintain the oxyhemoglo-

bin saturation above 90% (38). What is clear is that the 

success of the program depends on a good match of 

the patient’s limitations with the appropriate exercises 

(27, 137).

 A variety of new approaches are being used to 

improve the function of COPD patients (123):

■ Long-acting bronchodilators can improve 

pulmonary function and facilitate performance 

in an endurance training program.

■ Supplemental oxygen can be used to improve 

exercise tolerance, even in those who do not 

have marked hypoxemia.

■ Breathing a mixture of 28% oxygen and 72% 

helium helps reduce the work of breathing 

and improve oxygen delivery to the blood.

■ Inspiratory pressure support is being used to 

help move air into the lungs and reduce the 

work of the inspiratory muscles. However, it is 

very labor intensive and the mask/mouthpiece 

can infl uence the patient's willingness to 

continue in the program.

TABLE 17.2   Guide to Grading Disability of COPD Patient (Based on 40-Year-Old Man)

  FEV1 Max   V
·
 O2 Exercise Max   V

·
 E 

Grade Cause of Dyspnea (% Predicted) (ml   min⫺1   kg⫺1) (ᐉ   min⫺1) Blood Gases

1 Fast walking and stair  ⬎60 ⬎25 Not limiting  Normal PaCO2, SaO2

  climbing

2 Walking at normal pace ⬍60 ⬍25 ⬎50 Normal PaCO2; SaO2

      above 90% at rest 

      and with exercise

3 Slow walking ⬍40 ⬍15 ⬍50 Normal PaCO2; SaO2

      below 90% with 

      exercise

4 Walking limited to less  ⬍40 ⬍7 ⬍30 Elevated PaCO2;

  than one block    SaO2 below 90% at

     rest and with exercise

From J. S. Skinner, Exercise Testing and Exercise Prescription of Special Cases. Copyright © 1987 Lea & Febiger.  A Waverly Company, Baltimore, MD. 

Reprinted by permission.
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■ Inspiratory muscle training can improve 

inspiratory muscle endurance, but it does not 

necessarily translate to improved endurance 

performance (e.g., 6-min walk distance) or 

quality of life.

■ Interval training allows the patient to work at 

a higher intensity (for a shorter duration) than 

conventional continuous training. There 

appears to be clear benefi ts to this approach, 

including a reduction in the respiratory load 

due to the short duration of the activity (27).

■ Resistance training has been shown to be very 

effective in improving muscle force in COPD 

patients, and such training can be done at a 

very high intensity (69).

 Generally, COPD patients achieve an increase in 

exercise tolerance without dyspnea and an increase 

in the sense of well-being, but without a reversal of 

the disease process (33, 77, 83, 140). The changes in 

the psychological variables are very important in the 

long run, given that the person’s willingness to 

 continue the exercise program is a major factor deter-

mining the rate of decline during the course of the 

 disease (23).

■ Chronic obstructive pulmonary disease (COPD) 

includes chronic asthma, emphysema, and 

bronchitis. These latter two diseases create 

changes in the lung that are irreversible and 

result in a gradual deterioration of function.

■ Rehabilitation is a multidisciplinary approach 

involving medication, breathing exercises, 

dietary therapy, exercise, and counseling. The 

programs are individually designed due to the 

severity of the illness, and the goals are very 

pragmatic in terms of the events of daily living 

and work.

IN SUMMARY

HYPERTENSION

As mentioned in chapter 14, the risk of coronary heart 

disease (CHD) increases with increases in resting val-

ues of systolic and diastolic blood pressure (78). Blood 

pressure (BP) classifications have changed over the 

years, with normal BP being ⬍120/⬍80 mm Hg. Prehy-

pertension exists when either the systolic BP is 120 to 

139 mm Hg or the diastolic BP is 80 to 89 mm Hg. The 

prehypertension category is not unlike the prediabetic 

category mentioned earlier in the chapter. The idea is 

to identify potential problems early and try to prevent 

or delay the development of hypertension. Stage 1 

hypertension is a systolic BP of 140 to 159 mm Hg or a 

diastolic BP of 90 to 99 mm Hg. Approximately 50 mil-

lion U.S. adults have hypertension (35). These stage 1 

individuals represent the majority of all hypertensives, 

and they account for most of the morbidity and mortal-

ity associated with hypertension (62). Although there 

is little disagreement that medication should be used 

to treat hypertension, many believe that nonpharma-

cological approaches should be used for those with 

mild or borderline hypertension (4, 17, 64, 78, 79, 145). 

The reasons nonpharmacological ap proaches are rec-

ommended include the possibility of side effects due 

to medication, and the counterproductive behavioral 

changes associated with classifying a person as a 

“patient” (64).

 Generally, the person with mild hypertension 

should have a physical exam to identify potential 

underlying problems, as well as the presence of other 

risk factors. Kannel (78) indicates that while medica-

tion might be used to control blood pressure when 

multiple risk factors (smoking, high cholesterol, inac-

tivity, etc.) are present, the simple act of stopping 

smoking confers more immediate benefit against the 

overall risk of CHD than any medication. It is within 

this context that a nonpharmacological intervention 

program focuses on the use of exercise and diet to 

control blood pressure and establish behaviors that 

favorably influence other aspects of health (17, 64).

 Dietary recommendations to control blood pres-

sure include a reduction in sodium intake for those sen-

sitive to excess sodium, and in caloric intake for those 

who are overweight (35). Kaplan’s (79) review indicates 

that salt restriction results in an average reduction in 

systolic and diastolic blood pressures of 5 and 3 mm Hg, 

while a 1-kg weight loss is associated with a 1.6 and 

1.3 mm Hg reduction, respectively. Endurance exercise 

is associated with a 10 mm Hg reduction in resting 

blood pressure in hypertensive individuals; however, 

the magnitude of the reduction is inversely related to 

the pretraining blood pressure (4, 54, 64). Although not 

all hypertensive individuals respond to endurance exer-

cise in this way, exercise is recommended for all because 

other changes occur to reduce the risk of CHD, even if 

blood pressure is not reduced (64). The question is, how 

much exercise?

 The standard American College of Sports Medi-

cine exercise prescription for improving V̇ O2 max (see 

chapter 16) is also effective in reducing blood pres-

sure in hypertensive individuals. However, exercise in 

the moderate intensity range (i.e., 40%–60% of heart 

rate reserve) is effective and can be accomplished 

with lifestyle activities as well as structured exercise 

programs. The recommendation is to do thirty min-

utes on most, preferably all, days of the week (4, 7, 62, 

64, 119, 136). Gordon (62) indicates that the combina-

tion of intensity, frequency, and duration should result 

in a weekly physical activity energy expenditure of 700 

(initially) to 2,000 (goal) kcal. In addition to using 
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pectoris is the chest pain related to ischemia of 

the ventricle due to occlusion of one or more of the 

coronary arteries. The symptoms occur when the work 

of the heart (estimated by the double product: sys-

tolic blood pressure ⫻ HR) exceeds a certain value. 

Nitroglycerin is used to prevent an attack and/or 

relieve the pain by relaxing the smooth muscle in 

veins to reduce venous return and the work of the 

heart (97). Angina patients may also be treated with a 

beta blocker like propranolol (Inderal) to reduce the 

HR and/or blood pressure such that the angina symp-

toms occur at a later stage into work. Exercise training 

supports this drug effect: As the person becomes 

trained, the HR response at any work rate is reduced. 

This allows the individual to take on more tasks with-

out experiencing the chest pain.

 Myocardial infarction (MI) patients have actual 

heart damage (loss of ventricular muscle) due to a 

prolonged occlusion of one or more of the coronary 

arteries. The degree to which left ventricular function 

is compromised is dependent on the mass of the ven-

tricle permanently damaged. These patients are usu-

ally on medications to reduce the work of the heart 

(␤-blocker) and control the irritability of the heart tis-

sue so that dangerous arrhythmias (irregular heart 

rhythms) do not occur. Generally, these patients expe-

rience a training effect similar to those who do not 

have an MI (56).

 Coronary artery bypass graft surgery (CABGS) 

patients have had surgery to bypass one or more 

blocked coronary arteries. In this procedure, either a 

saphenous vein or an internal mammary artery from 

the patient is sutured onto the existing coronary 

arteries above and below the blockage. The success 

of the surgery is dependent on the amount of heart 

damage that existed prior to surgery, as well as the 

success of the revascularization itself. In those who 

had chronic angina pectoris prior to CABGS, most 

find a relief of symptoms, with 70% having no more 

pain at five-year follow-up (57). Generally, with an 

increased blood flow to the ventricle there is an 

improvement in both left-ventricular function and 

the capacity for work (57). These patients benefit from 

systematic exercise training because most are decon-

ditioned prior to surgery as a result of activity restric-

tions related to chest pain. In addition, exercise 

improves the chance that the blood vessel graft will 

remain open (112). Finally, the cardiac rehabilitation 

program helps the patient to differentiate angina 

pain from chest wall pain related to the surgery. The 

overall result is a smoother and less traumatic transi-

tion back to normal function.

 Some CHD patients undergo percutaneous 

transluminal coronary angioplasty (PTCA) to open 

occluded arteries. In this procedure the chest is not 

opened; instead, a balloon-tipped catheter (a long, 

slender tube) is inserted into the coronary artery, 

exercise to lower elevated blood pressure, Gordon 

recommends that individuals:

■ lose weight if overweight,

■ limit alcohol intake (⬍1 ounce per day of 

ethanol—24 ounces of beer, 8 ounces of wine, 

or 2 ounces of 100-proof whiskey),

■ reduce sodium intake,

■ maintain adequate dietary potassium, 

calcium, and magnesium intake,

■ stop smoking, and

■ reduce dietary fat, saturated fat, and 

cholesterol intake.

For recreational athletes who need medication to 

control blood pressure, the preferred drugs are the 

angiotensin converting enzyme (ACE) inhibitors and 

calcium channel blockers (4, 136). Blood pressure 

should be checked frequently so that the medication 

regime can be altered by the physician, if necessary. 

See Rosendorff et al. in the Suggested Readings for an 

update on treating hypertension to prevent and man-

age ischemic heart disease.

■ Exercise can be used as a nonpharmacological 

intervention for those with hypertension. Exer-

cise recommendations include light to vigorous 

activity (40%–85% V̇ O2 max), done three or more 

days per week, and for twenty to sixty minutes 

per session. For those on medication, blood 

pressure should be checked frequently.

IN SUMMARY

CARDIAC REHABILITATION

Exercise training is now an accepted part of the ther-

apy used to restore an individual who has some form 

of coronary heart disease (CHD). The details of how to 

structure such programs, from the first steps taken 

after being confined to a bed to the time of returning to 

work and beyond, are spelled out clearly in books such 

as ACSM’s Guidelines for Exercise Testing and Prescription (7), 

ACSM’s Exercise Management for Persons with Chronic Dis-

eases and Disabilities, and ACSM’s Resource Manual for 

Guidelines for Exercise Testing and Prescription (see the 

Suggested Readings). This brief section will simply 

comment on various aspects of such programs.

Population

The persons served by cardiac rehabilitation programs 

include those who have experienced angina pectoris, 

myocardial infarctions (MI), coronary artery bypass 

graft surgery (CABGS), and angioplasty (56). Angina 
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where the balloon is inflated to push the plaque back 

toward the arterial wall (57, 129). “Stents” may be used 

in the PTCA procedure to help keep the artery open. 

These do not appear to affect the accuracy of angina 

or exercise test results in predicting closure of the 

artery (91).

Testing

The testing of patients with CHD is much more involved 

than that presented for the apparently healthy person 

in chapter 15 (49). There are classes of CHD patients 

for whom exercise or exercise testing is inappropriate 

and dangerous (7). The PARmed-X screening form 

in appendix C lists some absolute and relative contra-

indications for exercise. For those who can be tested, 

a twelve-lead ECG is monitored at discrete intervals 

during the GXT, while a variety of leads are displayed 

continuously on an oscilloscope. Blood pressure, 

RPE, and various signs or symptoms are also noted. 

The criteria for terminating the GXT go well beyond 

achieving a certain percentage of maximal HR, focus-

ing instead on various pathological signs (e.g., ST-

segment depression) and symptoms, such as angina 

pectoris. On the basis of the response to the GXT, the 

person may be referred for additional testing, such 

as the use of radioactive molecules to evaluate perfu-

sion (201thallium) and the capacity of the ventricle to 

eject blood (99technetium), or direct angiography, in 

which a dye that is opaque to X rays is injected into 

the coronary arteries to determine the blockage directly 

(111). The results of all the tests are used to classify 

the individual as a low-, intermediate-, or high-risk 

patient. The resulting classification has a major impact 

on deciding whether to use exercise as a part of the 

rehabilitation process and, if exercise is appropriate, 

determines the type and format of the exercise pro-

gram (7).

Exercise Programs

Cardiac rehabilitation includes a “Phase I” inpatient 

exercise program that is used to help the patients 

make the transition from the cardiovascular event 

(e.g., a myocardial infarction that put them in the hos-

pital) to the time of discharge from the hospital. The 

specific signs and symptoms exhibited by the patient 

are used to determine whether the patient should be 

placed in an exercise program, and if so, when to ter-

minate the exercise session (7). After the patient is 

discharged from the hospital, a “Phase II” program 

can be started. This program resembles the one men-

tioned earlier for apparently healthy persons in that 

warm-up with stretching, endurance, and strengthen-

ing exercises, and cool-down activities are included. 

However, the CHD patients, who are generally very 

deconditioned (V̇ O2 max of ⬃20 ml ⭈ kg⫺1 ⭈ min⫺1), 

require only light exercise to achieve their target heart 

rate (THR). In addition, because these patients are on 

a variety of medications that may decrease maximal 

heart rate, the THR zone is determined from their GXT 

results; the 220 ⫺ age formula cannot be used. The 

patients usually begin with intermittent low-intensity 

exercise (one minute on, one minute off) using a vari-

ety of exercises to distribute the total work output 

over a larger muscle mass. In time, the patient 

increases the duration of the work period for each 

exercise. The strengthening exercises emphasize a 

low resistance and high repetition format to involve 

the major muscle groups; free and machine weights 

can be used in a circuit program format (7, 45, 132). 

Given that CABGS and post-MI patients have had 

direct damage to their hearts, the exercise should 

facilitate, not interfere with, the healing process. As 

you might guess, given the nature of the patient and 

the risk involved, cardiac rehabilitation programs take 

place in hospitals and clinics where there is direct 

medical supervision and the capacity to deal with 

emergencies, should they occur. After a patient com-

pletes an eight- to twelve-week “Phase II” program, 

the person may continue in a “Phase III” program away 

from the hospital where there is less supervision, 

except for the ability to respond to an emergency (7, 

111). The frequency of major cardiovascular complica-

tions associated with doing exercise in cardiac reha-

bilitation programs is quite low (107, 128). What are 

the benefits of such programs to the patient with 

CHD?

Effects There is no question that CHD patients 

have improved cardiovascular function as a result of 

an exercise program. This is shown in higher V̇O2 max 

values, higher work rates achieved without ischemia 

as shown by angina pectoris or ST-segment changes, 

and an increased capacity for prolonged submaximal 

work (56, 57, 111, 116, 139). The improved lipid profile 

(lower total cholesterol and higher HDL cholesterol) 

is a function of more than the exercise alone, given 

that weight loss and the saturated fat content of the 

diet can modify these variables (13, 109). There is 

evidence that home-based cardiac rehabilitation pro-

grams for low-risk patients generate outcomes simi-

lar to hospital-based programs, but because only a 

limited number of patients have been involved in 

these home-based programs, more work needs to be 

done (75). It must be mentioned that a cardiac reha-

bilitation program should not be viewed simply as 

an exercise program. It is a multi-intervention effort 

involving exercise, medication, diet, and counseling. 

The latter characteristics are what make these pro-

grams “secondary prevention programs” aimed at 

reducing the risk of a subsequent cardiac event in 
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high-risk patient populations. See Balady et al. in  

the Suggested Readings for information on the core 

components of cardiac rehabilitationl/secondary 

prevention programs.

■ Cardiac rehabilitation programs include a vari-

ety of patients, including those having angina 

pectoris, bypass surgery, myocardial infarctions, 

and angioplasty. These patients may be tak-

ing nitroglycerin to control angina symptoms, 

␤-blockers to reduce the work of the heart, or 

anti-arrhythmia medications to control danger-

ous heart rhythms.

■ The exercise tests for CHD patients include a 

twelve-lead ECG and are used for referral to other 

tests. Exercise programs bring about large changes 

in functional capacity in these populations due 

to their low starting point. The programs are 

 gradual and are based on their entry-level exercise 

tests and other clinical fi ndings.

IN SUMMARY

A CLOSER LOOK 17.2

 Changes in V
.
  O2 Max with Age in Women

A study (55) has called into question 

some of our accepted wisdom about 

the change in V̇ O2 max with age and the 

effect of fitness on that response. 

The authors’ systematic and analytical 

review of the literature (a meta-analysis) 

showed that in endurance-trained wom-

en, V̇ O2 max fell 6.2 ml ⭈ kg⫺1 ⭈ min⫺1 per 

decade, in contrast to 4.4 ml ⭈ kg⫺1 ⭈ 

min⫺1 and 3.5 ml ⭈ kg⫺1 ⭈ min⫺1 for active 

and sedentary women, respectively. 

This was different from what had been 

observed in men, and about whom most 

of the “accepted wisdom” had been 

based. It must be noted, however, that 

when these absolute changes (ml ⭈ kg⫺1 

⭈ min⫺1) were expressed as a percent-

age of their respective V̇ O2 max values, 

the percent decline was about 10% per 

decade for all groups, which is similar to 

what has been measured in sedentary 

men. Why did the most highly fi t female 

subjects experience the largest change 

in V̇ O2 max with age?

 The investigators examined the 

decreases in maximal heart rate with 

age in these three groups to see if it 

might help explain why V̇ O2 max de-

creased fastest in the most-fi t group. 

Unfortunately, the decline in maximal 

heart rate was very similar across the 

three groups (7.0 to 7.9 beats ⭈ min⫺1 

per decade) and could not explain why 

the most-fi t group had the fastest 

de cline in V̇ O2 max. The authors sug-

gested the following  possibilities:

■ Baseline effect. Those with the 

highest V̇ O2 max values had the 

greatest decline. A parallel 

observation was found in com-

parisons between men and 

women. On average, young men 

have higher V̇ O2 max values than 

young women; the men also 

have a greater decrease in V̇ O2 

max with age. However, the per-

cent decline is about 10% per 

decade for both genders, similar 

to what has been observed for 

the three groups of women.

■ The most-fi t women were found 

to have a greater decrease in 

their training stimulus with age, 

compared with sedentary 

women (since the sedentary 

women were just that, seden-

tary, their “change” would have 

been modest at best). The large 

reduction in training volume as 

they aged would help explain 

why the most-fi t women had the 

greatest loss in V̇ O2 max.

■ An increase in body weight in 

adults with age is associated 

with a decline in V̇ O2 max 

(ml ⭈ kg⫺1 ⭈ min⫺1). The authors 

wondered if a difference in 

weight gain could help explain 

why the most-fi t (least-fat) sub-

jects had the greatest decrease 

in V̇ O2 max. Interestingly, they 

found no support for this in their 

data analysis.

 The authors remind us that, in spite 

of these observations, men and women 

of any age who participate regularly 

in endurance training have higher 

V̇ O2 max values than their less-active 

counterparts.

EXERCISE FOR 
OLDER ADULTS

The number of older individuals (over age sixty-five) 

in the United States will double between 2000 and 

2030 as the “baby boom” generation comes to full 

maturity. Older individuals are a special challenge 

from the standpoint of exercise prescription due to 

the usual presence of chronic disease and physical 

activity limitations. However, participation in physical 

activity and exercise will go a long way in preventing 

the progress of diseases and in extending the years of 

independent living (71).

 Maximal aerobic power decreases in the average 

population after the age of twenty at the rate of about 

1% per year. A report by Kasch et al. (80) shows that 

not only can this decline be interrupted by a physical 

activity program, but middle-aged men who maintain 

their activity and body weight show half the expected 

decrease in V̇ O2 max over a twenty-year period. The 

same is apparently not the case for women (see A 

Closer Look 17.2). This is consistent with an analysis 
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of cross-sectional and longitudinal data showing that 

the decrease in V̇ O2 max with age is related to a 

decrease in physical activity and an increase in per-

cent body fat (73). Unfortunately, the vast majority of 

people experience a steady decline in V̇ O2 max so 

that by sixty years of age, their ability to engage com-

fortably in normal activities is reduced. This initiates 

a vicious cycle that leads to lower and lower levels of 

cardiorespiratory fitness, which may not allow them 

to perform daily tasks. In turn, this affects elderly 

people’s quality of life and independence, which may 

necessitate reliance on others (5). See A Look Back—

Important People in Science for an individual who 

helped shape our understanding of the role of 

 exercise in slowing the physiological changes we 

typically see with aging. A physical activity program 

is useful in dealing not only with this downward spi-

ral of cardiorespiratory fitness but also with the 

osteoporosis that is related to the sudden hip frac-

tures that can lead to more inactivity and death (3).

 Osteoporosis is a loss of bone mass that primar-

ily affects women over fifty years of age and is 

responsible for 1.5 million fractures annually (3). 

Type I osteoporosis is related to vertebral and distal 

radius fractures in fifty- to sixty-five-year-olds, and 

is eight times more common in women than men. 

Type II osteoporosis, found in those aged seventy 

and above, results in hip, pelvic, and distal humerus 

fractures and is twice as common in women (22, 74). 

The problem is more common in women over age 

fifty due to menopause and the lack of estrogen. 

Hormone replacement therapy (HRT) initiated early 

in menopause prevents bone loss and can increase 

bone mineral density and reduce fracture risk 

(22, 92). However, such treatments are not without 

risks. HRT has been associated with an increase 

in   cardiovascular disease and mortality and an 

increased risk of certain cancers (105). Given that 

prevention is better than treatment, attention is 

focused on adequate dietary calcium (67) and exer-

cise throughout life (3).

 Dietary calcium is important in preventing and 

treating osteoporosis. Although the daily calcium 

requirement is 1,000 mg ⭈ d⫺1, no group of adult 

women meets that standard (104). In an attempt to 

prevent osteoporosis, attention is directed at young 

women (under age twenty-five) to maximize bone 

growth. The calcium requirement is set to 1,200 to 

1,500 mg/day to accomplish that. There is clear evi-

dence that vitamin D (800 IU/day) should be a part of 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 Dr. Fred W. Kasch's Adult Fitness Program Studied Patients Over 40 Years

Dr. Fred W. Kasch 

received his B.S. and 

M.S. degrees at the 

University of Illinois, 

Urbana, and his Ph.D. 

at New York Univer-

sity. Dr. Kasch was 

hired at San Diego State University in 

1948 and within 10 years established 

one of the fi rst adult fi tness programs 

in the country—a unique thing to do at 

a time when the medical community 

did not view the combination of exer-

cise and adults as anything but risky 

business. His adult fi tness program 

recruited cardiac patients—those with

high blood  pressure and those who 

simply wanted to become fi t. Dr. John 

Boyer, a cardiologist, began to work 

with Dr. Kasch in the early 1960s and 

together, with their students, they 

collected data on the participants at 

regular intervals over the next 40 

years to allow them to study changes 

over time. Measurements included 

an EKG, blood pressure, weight, body 

fatness, and measured V̇ O2 max (using 

classical  techniques that involved a 

Douglas Bag and Scholander gas ana-

lyzer). At regular intervals over the 40 

years, Dr. Kasch and his colleagues 

published research papers updating 

the changes (or lack thereof) that 

occurred in the program’s partici-

pants. These reports showed that, 

compared with sedentary adults, reg-

ular participation in Kasch’s program 

resulted in:

■ Decreases in blood pressure in 

those who were hypertensive

■ Maintenance of normal resting 

blood pressure over the years 

when inactive peers were 

 experiencing an “age-related” 

increase in resting blood 

 pressure values

■ Decreases in body fatness and 

the maintenance of lower per-

cent fat values over time

■ A much slower decrease in 

V̇ O2 max over the years

 Dr. Kasch’s reports provided clear 

evidence to the medical community 

that regular participation in exercise 

provided excellent health-related ben-

efi ts in adults of various ages, including 

those with diagnosed disease. His adult 

fi tness program became a model that 

was emulated by others throughout the 

1970s and beyond. Dr. Kasch published 

more than 100 articles over his career. 

For an update on his participants, see 

Age and Ageing 28:531–536, 1999.

 Dr. Kasch practiced what he 

preac hed throughout his entire life, 

remaining active as an archer and deer 

hunter into his nineties. He made his 

own long bow and arrows and began 

each day with a regime of exercise that 

each of us would do well to follow. 

Dr. Kasch passed away on April 8, 2008, a 

few days short of his ninety-fi fth birthday. 

His memory and infl uence will live on.
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any calcium supplement aimed at the prevention and 

treatment of osteoporosis (24).

 Bone structure is maintained by the force of grav-

ity (upright posture), and the lateral forces associated 

with muscle contraction. Even though the best exer-

cise prescription for bone health in adults is a work in 

progress, a recent ACSM position stand provides 

some guidance (3):

■ Mode: weight-bearing endurance activities 

(tennis, stair climbing, jogging, at least 

intermittently during walking); activities that 

involve jumping (volleyball, basketball); and 

resistance exercise.

■ Intensity: moderate to high, in terms of bone 

loading

■ Frequency: weight-bearing activities 3–5 

times/week; resistance exercise 2–3 times/week

■ Duration: 30–60 min/day of a combination of 

weight-bearing endurance activities, activities 

that involve jumping, and resistance exercise 

that targets all the muscle groups. 

 Clearly, as age increases, one would have to use 

additional care to ensure that exercises can be done 

safely. For some special insights into what is needed 

for bone health, see Ask the Expert 17.1.

 Strength declines only about 10% between 20 

and 50 years of age, but decreases at a much faster 

rate after that. The loss of strength is due, in part, to 

the lower level of physical activity in older individu-

als, but the large decrease in strength between 60 

and 80 years of age is due to the actual loss of mus-

cle mass, a condition known as sarcopenia. Chapter 8 

(pp.143–168) provides a good overview of this prob-

lem and is worth rereading at this point. The good 

news is that strength training can increase strength 

in older individuals, much like that seen in younger 

individuals.

 As is true for any special population, a complete 

medical exam is a reasonable recommendation to 

help discover problems or the presence of a combina-

tion of risk factors that might affect decisions about 

entry into an exercise program (7). There is no ques-

tion that older adults, like their younger counterparts, 

exhibit a specificity and an adaptability to training, be 

it for strength or endurance (40, 64). Consequently, 

the exercise program should provide endurance, 

flexibility, and strength activities within the capacity 

of the population being served in order to make 

improvements in these fitness components (130). A 

combination of strength training and balance training 

has been shown to reduce the risk of falls (141). The 

potential benefits are clearly worth the time and 

energy invested (see A Closer Look 17.3).

 In conclusion, the use of exercise programs for 

older adults improves cardiorespiratory fitness and 

strength, and helps to maintain the integrity of bone. 

When this is coupled with the opportunity for social-

ization, it is easy to see why exercise is an important 

part of life from youth to old age. For a more detailed 

presentation on this topic, see Spirduso in the Sug-

gested Readings.

■ The “normal” deterioration of physiological 

function with age can be attenuated or reversed 

with regular endurance and strength training. 

The benefi ts of participation in a regular exer-

cise program include an improved risk factor 

profi le (e.g., higher HDL and lower LDL choles-

terol, improved insulin sensitivity, higher V̇ O2 

max, and lower blood pressure), but the train-

ing effects may take longer to realize.

■ The guidelines for exercise training programs 

for older adults are similar to those for younger 

people, emphasizing the need for a medical 

exam and screening for risk factors. The effort 

required to bring about the training effect may 

be less than for younger individuals.

IN SUMMARY

EXERCISE DURING 
PREGNANCY

Pregnancy places special demands on a woman due to 

the developing fetus’s needs for calories, protein, min-

erals, vitamins, and of course, the physiologically stable 

environment needed to process these nutrients. It is 

against this background that the implementation of a 

fitness program must be evaluated. In much the same 

way that a diabetic, asthmatic, or cardiac patient would 

initiate an exercise program, the pregnant woman 

should begin with a thorough medical examination by 

her physician to rule out complications that would make 

exercise inappropriate, and to provide specific informa-

tion about signs or symptoms to watch for during the 

course of the pregnancy. Absolute contraindications 

for aerobic exercise during pregnancy include hemo-

dynamically significant heart disease, restrictive lung 

disease, incompetent cervix/cerclage, multiple gesta-

tion at risk for premature labor, persistent second- and 

third-trimester bleeding, placenta previa after 26 weeks 

of gestation, premature labor during the current 

pregnancy, ruptured membranes, and preeclampsia/

pregnancy-induced hypertension. Relative contraindi-

cations include severe anemia, unevaluated maternal 

cardiac arrhythmias, chronic bronchitis, poorly con-

trolled type 1 diabetes, extreme morbid obesity, extreme 

underweight (BMI ⬍12), history of extremely sedentary 

lifestyle, intrauterine growth restriction in current 
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 ASK THE EXPERT 17.1

Exercise and Bone Health

Questions and Answers with Dr. Susan A. Bloomfi eld

Dr. Susan Bloomfi eld is 

Professor in the Depart-

ment of Health and 

Kinesiology and a 

member of the Inter-

collegiate Faculty of 

Nutrition at Texas A&M 

University. Her current 

research util izes animal models to study 

bone adaptations to modeled micrograv-

ity and to prolonged caloric restriction in 

exercising females, as well as functional 

relationships of bone and muscle in 

these models. She also serves as Associ-

ate Lead for the Bone Loss Team at the 

National Space Biomedical Research 

Institute, whose mission is fi nding effec-

tive countermeasures for spacefl ight-

induced bone loss. She lives in College 

Station with her youngest daughter and 

two cats, and can be found competing at 

U.S. Masters swim meets several times 

each year.

QUESTION: What are the primary factors 

affecting bone health?

ANSWER: Optimal bone health depends 

on adequate nutritional intake of cal-

cium as well as regular exercise in the 

context of a normal hormonal profi le. 

If serum levels of estrogen or testos-

terone are low, bone mass (usually 

measured by bone mineral density, 

or BMD) tends to decline. Interest-

ingly, the primary effect of estrogen is 

to suppress activity of osteoclasts 

 (bone-resorbing cells). Hence, estro-

gen defi ciency, whether occurring at 

menopause or after prolonged amen-

orrhea in a young woman, “takes the 

brakes off” bone resorption and bone 

loss results. Glucocorticoids, be it 

endogenous cortisol or prescribed 

anti-infl ammatory medications taken 

for chronic medical conditions, can 

directly stimulate bone resorption 

activity, thereby causing a loss of 

BMD. But if the endocrine milieu 

is reasonably normal, then calcium 

intake and physical activity patterns 

are the two most important determi-

nants of bone mass and resis tance to 

fracture.

QUESTION: Is exercise and good nutri-

tion most important later in life when 

bone loss most often occurs?

ANSWER: Important as exercise and good

nutrition are after the age of fi fty,

when age-related or menopause-

induced bone loss becomes more 

apparent, the most critical years 

from a public health viewpoint actu-

ally fall right around puberty. We 

gain an incredible 30% of our even-

tual peak bone mass in the three 

years surrounding puberty; further 

increases in BMD occur until at least 

the age of twenty-fi ve. The greatest 

impact of exercise on BMD and 

op timal bone geometry occurs dur-

ing these years of rapid growth, 

with the result that the active child 

grows into an adult with a high peak 

bone mass before age-related loss 

begins. High calcium intakes (1,200–

1,500 mg/d) at this age help ensure 

the maximal benefi t. However, cal-

cium intake is declining among 

American children and, ironically, 

most dramatically in adolescent 

girls who stand to benefi t the most 

in terms of reducing their risk of 

osteoporotic fractures later in life. 

The clear public health message 

here is that we need to promote

more consumption of  calcium-rich 

foods (especially milk!) and more 

physical ac tivity for American chil-

dren and teens. In my mind this 

translates to the removal of soda 

machines from our schools’ hallways 

and the promotion of regular physi-

cal education classes through 

high school. On a popula tion wide 

basis, the prevention of osteoporo-

sis, rather than attention to treating 

established bone loss, is likely to 

be far more effective. A fi nal caveat: 

It is important to encourage calcium 

intake of 1,200 to 1,500 mg/d and 

regular weight-bearing activity in 

older individuals, too. There is 

reasonably good evidence that 

age-related bone loss can be sub-

stantially slowed by adopting these 

habits.

QUESTION: What are the general charac-

teristics of exercise programs that 

produce increments in bone mass 

and decrease the risk of osteopo-

rotic fractures later in life?

ANSWER: There are important lessons to 

learn from key experiments done in 

animal models, and these results 

are being more frequently applied to 

the human condition. For example, 

experiments by Rubin and Lanyon1 

on the ulnas of turkeys re vealed 

the importance of the magnitude of 

force applied to bone (as opposed 

to many loading cycles) as well as 

a unique distribution of loading. 

Hence, we have the current emphasis 

on either weight-training or weight-

bearing activities that in volve impact 

forces to provide adequate stimulus 

to the skeleton. In addition, a diversi-

fi ed exercise program that uses a 

wide variety of muscle groups with 

frequent and varied movement pat-

terns would be better than a monoto-

nous signal to bone like running or 

cycling. The most recent fi ndings from 

Robling and fellow researchers2 using 

external loading of rat tibiae suggest 

that two to four shorter exercise bouts 

spread over the day might be more 

osteogenic (promoting gain in bone 

mass) than one long bout. Interest-

ingly, this approach agrees well with 

the recommendations we’re hearing 

from exercise epidemiologists that 

activity accumulated over the day 

provides signifi cant health benefi ts. 

Incorporating more activity into our 

daily life (commuting by bicycle, 

physical work at home, more walking 

as well as planned exercise) holds 

much promise for improving bone 

health across the lifespan.

1Rubin, C. T., and Lanyon, L. E. 1985. Regula-

tion of bone mass by mechanical strain mag-

nitude. Calcifi ed Tissue International 37:411–17.

2Robling, A. G., Burr, D. B., and Turner, C. H. 

2000. Partitioning a daily mechanical stimu-

lus into discrete loading bouts improves the 

osteogenic response to loading. Journal of 

Bone and Mineral Research 15:1596–1602.
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pregnancy, poorly controlled hypertension, orthopedic 

limitations, poorly controlled seizure disorder, poorly 

controlled hyperthyroidism, and heavy smoking (2). 

Clearly, to protect mother and fetus, a consultation with 

a physician is a reasonable recommendation prior to 

the initiation of an exercise program.

 Interestingly, compared to our knowledge of how 

diabetics, asthmatics, and cardiac patients respond 

to exercise training, we are now only beginning to 

understand how the mother and fetus respond to such 

a program (32, 142, 144). In general, the following 

de scribe the major cardiovascular and metabolic 

adaptations to pregnancy compared to the nonpreg-

nant state (142, 143):

■ Blood volume increases 40% to 50%.

■ Oxygen uptake is slightly higher at rest and 

during submaximal exercise.

■ The oxygen cost of weight-bearing exercise is 

markedly increased.

■ Heart rates are higher at rest and during 

submaximal exercise.

A CLOSER LOOK 17.3

 Exercise and Older Individuals:  The Training Effect

Over the past twenty years, a substan-

tial body of knowledge has accumu-

lated documenting the capacity of 

older individuals to experience a train-

ing effect similar to what has been 

observed in younger men and women 

(5). This has major ramifi cations when 

one considers the increase in the num-

ber of older individuals in our popula-

tion and the need to maintain their 

health status and independence for 

as long as possible. Data on the effect 

of exercise on older individuals have 

been obtained from cross-sectional 

studies comparing older athletes to 

their sedentary counterparts and from 

longitudinal studies in which training 

programs have been carried out over 

many months. A brief summary of each 

follows (65, 106).

 Cross-sectional studies have shown 

that, in contrast to older sedentary 

individuals, endurance-trained older 

athletes have

■ higher V̇ O2 max values,

■ higher HDL cholesterol, and 

lower triglycerides, total, and 

LDL cholesterol,

■ enhanced glucose tolerance and 

insulin sensitivity, and 

■ greater strength, quicker  reaction 

time, and a lower risk of falling.

These comparisons could be biased 

due to the potential for a strong ge netic 

factor that might drive an individual to 

pursue an active life. In contrast, longi-

tudinal studies compare a trained 

group to a control group over many 

months to see how each changes; 

this minimizes the concerns raised in 

the cross-sectional studies. The results 

from these studies parallel those men-

tioned previously. Endurance training:

■ increases V̇ O2 max and the 

kinetics of oxygen uptake in a 

manner similar to younger indi-

viduals, but more time may be 

required for the training effect 

to occur (15). In men, the 

increase in V̇ O2 max is due to 

both peripheral (skeletal mus-

cle) and central (cardiovascular) 

adaptations (113). However, the 

increase in V̇ O2 max in older 

women is due solely to periph-

eral adaptations (122).

■ causes favorable changes in 

blood lipids, but the changes 

seem to be linked to a reduction 

in body fatness, rather than 

exercise, per se.

■ lowers blood pressure to the 

same degree as shown for 

younger hypertensives.

■ improves glucose tolerance and 

insulin sensitivity.

■ increases or maintains muscular 

strength and bone density. It 

must be added that resistance 

training results in large in-

creases in strength, which may 

play an important role in reduc-

ing the risk of falls.

Current physical activity recormmen-

dations for the older adult from the 

American College of Sports Medicine 

and the American Heart Association 

include the following (5):

■ Perform moderate-intensity aer-

obic (endurance) physical activ-

ity for a minimum of 30 minutes 

on fi ve days per week or vigorous-

intensity aerobic activity for a 

minimum of 20 minutes on three 

days per week, or use a combi-

nation of both.

■ Perfom 8–10 muscle strengthening 

exercises on at least two days 

per week using the major muscle 

groups. A resistance should be 

used that allows 10–15 repetitions 

for each exercise. Interestingly, 

there is evidence in older adults 

(⬎65 years) that one day per week 

of resistance training may be as 

good as two days per week in 

terms of strength gains (47). Fur-

ther, periodized programs offer no 

advantage compared to standard 

fi xed repetition programs (44).

■ Perform fl exibility exercises for 

at least 10 minutes on at least 

two days per week.

■ Community-dwelling older 

adults with substantial risk of 

falls should perform exercise 

that maintains or improves bal-

ance. In that regard, exercise 

programs using multiple modes 

appears to have an advantage 

in fall prevention (16). However, 

gains are more likely to be real-

ized in the pre-frail older adult 

than in the frail older adult (53).
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■ Cardiac output is higher at rest and during 

submaximal exercise for the first two 

trimesters; in the third trimester, cardiac 

output is lower and the potential for arterial 

hypotension is greater.

 In spite of all these changes, moderate exercise 

does not appear to interfere with oxygen delivery to 

the fetus, and the heart rate response of the fetus 

shows no signs of distress. The fetal heart rate 

in creases with the intensity and duration of exercise, 

and it gradually returns to normal during postexercise 

recovery (142, 143, 144). Cardiac output has been 

shown to be higher at twenty-six weeks gestation dur-

ing submaximal exercise than at eight weeks follow-

ing delivery. The fact that the a-v̄ O2 difference was 

lower suggests that the higher cardiac output was dis-

tributed to other vascular beds (e.g., the uterus) and 

muscle blood flow was maintained (116, 144, 145). 

Since absolute V̇ O2 max (L/min) doesn’t change much 

over the course of a pregnancy (93), what happens 

when exercise training is done during pregnancy?

 In general, there is evidence that estimated V̇ O2 

max (in L/min) is increased as a result of training in 

previously sedentary pregnant women, while relative 

V̇ O2 max (ml ⭈ kg⫺1 ⭈ min⫺1) is maintained or increased 

slightly, despite the weight gain (144). What is inter-

esting is that when well-conditioned recreational ath-

letes trained throughout and following their pregnancy, 

absolute V̇ O2 max was increased as long as thirty-six 

to forty-four weeks after delivery compared to a “con-

trol” group of women who maintained training and 

did not become pregnant (36). This suggests that the 

combination of pregnancy and training resulted in 

adaptations greater than could be achieved by train-

ing alone. What are reasonable recommendations to 

follow when a pregnant woman wants to exercise?

 Guidelines have been developing over the past 

two decades, with disagreement voiced among spe-

cialists in obstetrics and gynecology (28, 59). In an 

earlier set of guidelines from the American College of 

Obstetricians and Gynecologists, fixed criteria (e.g., 

don’t exercise over an HR of 140 b/min) were pro-

vided, with the emphasis on taking a conservative 

approach to exercise prescription. Current guidelines 

emphasize the need to avoid doing exercise in the 

supine position to avoid a reduction in venous return 

and orthostatic hypotension (2). Weight-supported 

activities are encouraged due to the lower risk of 

injury, and attention is focused on the need for hydra-

tion to maintain body temperature in the normal 

range associated with exercise. Research suggests 

that normal exercise-induced increases in body tem-

peratures carry little risk to the fetus (2, 32, 142).

 The American College of Obstetricians and Gyne-

cologists states that in the absence of either med-

ical or obstetric complications, pregnant women can 

follow the CDC/ACSM recommendation of doing 

30 minutes of moderate-intensity exercise on most, 

preferably all, days of the week.

■ Recreational and competitive athletes with 

uncomplicated pregnancies can remain active 

during pregnancy, and modify activities as 

medically indicated. Pregnant women who 

engage in strenuous exercise require close 

medical supervision.

■ Previously inactive women and those with 

medical or obstetric complications should be 

evaluated by a physician before exercise 

recommendations are made.

■ A physically active woman with a history of, 

or at risk for, preterm labor or fetal growth 

restriction should reduce her activity in the 

second and third trimesters.

 For those doing structured exercise programs, 

the Canadian Guidelines (43) suggest using the “talk 

test” (reduce intensity when conversation cannot be 

continued without pauses to catch one’s breath) or 

the RPE (12–14 on the original Borg scale) to set exer-

cise intensity. However, the following heart rate ranges 

were offered for additional guidance:

■ less than 20 years old, 140 to 155 b/min,

■ 20 to 29 years old, 135 to 150 b/min,

■ 30 to 39 years old, 130 to 145 b/min, and

■ 40 years or older, 125 to 140 b/min.

A recent study by Mottola et al. (103) examined the heart 

rate/%  V̇ O2 peak relationship in pregnant women to vali-

date the preceding heart rate recommendations. Preg-

nant women who were at 16 to 22 weeks gestation 

completed a graded treadmill test to measure the heart 

rate response and V̇ O2 peak (highest V̇ O2 achieved in the 

test). They divided the group into “fi t” (top 25th percen-

tile), “unfi t” (bottom 25th percentile), and “active” (those 

in between). For both the 20–29 and 30–39-year-old age 

groups, the heart rate range equivalent of 60% to 80% 

V̇ O2 peak was similar to the above recommendations for 

the active group and for the unfi t 30–39-year-old group. 

The fi t group’s heart rate values were 10 b/min higher 

than those recommended above. In contrast, for the 

unfi t 20–29-year-olds, the heart rate for 60% V̇ O2 peak 

was 6 b/min lower than the above recommendation. This 

information will be useful when these recommendations 

are revised. In the meantime, the authors support the 

use of the “talk test” and the RPE as additional guides to 

individualize the exercise prescription.

 In spite of the growing body of knowledge sup-

porting the appropriateness of recommending exer-

cise during pregnancy, only about 50% of private/small 

group practice obstetricians recommend physical 

activity during pregnancy (51). This is unfortunate 
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STUDY QUESTIONS

 1.  What is the difference between type 1 and type 2 
diabetes?

 2.  If a type 1 diabetic does not take an adequate amount of 
insulin, what happens to the blood glucose concentra-
tion during prolonged exercise? Why?

 3.  If exercise is helpful in controlling blood glucose, how 
could it complicate the life of a type 1 diabetic?

 4.  Provide general recommendations regarding changes in 
insulin and diet for diabetics who engage in exercise.

 5.  How is exercise-induced asthma triggered, and how do 
medications reduce the chance of an attack?

 6.  Why are exercise and diet recommended as nonphar-
macological treatments for those with borderline 
hypertension?

 7.  What is COPD, and where does exercise fit in as a part 
of a rehabilitation program?

 8.  What are angina pectoris, CABGS, and angioplasty?
 9.  What additional measurements are made during a GXT 

of a cardiac patient, as compared to an apparently 
healthy individual?

10.  How do elderly people respond to exercise training 
compared to younger subjects?

11.  What are the concerns about exercise during pregnancy, 
and what are the guidelines recommended for a preg-
nant woman who wishes to begin an exercise program?
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Body Composition and 
Nutrition for Health

■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Identify the U.S. Dietary Goals relative to 

(a) carbohydrates and fats as a percentage of 

energy intake, (b) salt and cholesterol, and 

(c) saturated and unsaturated fats.

 2.  Contrast the Dietary Goals with the Dietary 

Guidelines.

 3.  Describe what is meant by the terms 

Recommended Dietary Allowance (RDA) and Dietary 
Reference Intakes (DRIs), and how they relate to 

the Daily Value (DV) used in food labeling.

 4.  List the classes of nutrients.

 5.  Identify the fat- and water-soluble vitamins, 

describe what toxicity is, and identify which 

class of vitamins is more likely to cause this 

problem.

 6.  Contrast major minerals with trace minerals, 

and describe the role of calcium, iron, and 

sodium in health and disease.

 7.  Identify the primary role of carbohydrates, the 

two major classes, and the recommended 

changes in the American diet to improve 

health status.

 8.  Identify the primary role of fat and the 

recommended changes in the American diet 

to improve health status.

 9.  List the food groups represented in the 

MyPyramid eating plan.

10.  Describe the Dietary Approaches to Stop 

Hypertension (DASH) eating plan, and 

describe similarities to the MyPyramid plan.

11.  Describe the limitation of the height/weight 

table in determining overweight and obesity.

12.  Provide a brief description of the following 

methods of measuring body composition: 

isotope dilution, photon absorptiometry, 

potassium-40, hydrostatic (underwater 

weighing), dual energy x-ray absorptiometry, 

near infrared interactance, radiography, 

ultrasound, nuclear magnetic resonance, 

total body electrical conductivity, bioelectrical 

impedance analysis, air displacement 

plethysmography, and skinfold thickness.

13.  Describe the two-component model of body 

composition and the assumptions made 

about the density values for the fat-free mass 

and the fat mass; contrast this with the 

multicomponent model.

14.  Explain the principle underlying the 

measurement of whole-body density with 

underwater weighing, and why one must 

correct for residual volume.

15.  Explain why there is an error of  2.0% in the 

calculation of the percentage of  body fat with 

the underwater weighing technique.

16.  Explain how a sum of skinfolds can be used to 

estimate a percentage of body fatness value.

17.  List the recommended percentage of body 

fatness values for health and fitness for males 

and females, and explain the concern for both 

high and low values.

18.  Discuss the reasons why the average weight 

at any height (fatness) has increased while 

deaths from cardiovascular diseases have 

decreased.

19.  Distinguish between obesity due to 

hyperplasia of fat cells and that due to 

hypertrophy of fat cells.

20.  Describe the roles of genetics and 

environment in the development of obesity.
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Chapter 14 described factors that limit health and 

fitness. These included hypertension, obesity, 

and elevated serum cholesterol. These three risk fac-

tors are linked to an excessive consumption of salt, 

total calories, and dietary fat, respectively. Clearly, 

knowledge of nutrition is essential to our under-

standing of health-related fitness. Whereas chapters 

3 and 4 described the metabolism of carbohydrates, 

fats, and proteins, this chapter focuses on the type 

of diet that should provide them. The first part of the 

chapter  presents the nutritional goals for our nation, 

the nutrition standards and what they mean, a sum-

mary of the six classes of nutrients, and a way to 

evaluate our present diets and meet our nutritional 

goals. The second part of the chapter discusses the 

role of exercise and diet in altering body composi-

tion. Nutrition related to athletic performance is 

covered in chapter 23.

21. Explain the set point theory of obesity, and 

give an example of a physiological and 

behavioral control system.

22. Describe the pattern of change in body weight 

and caloric intake over the adult years.

23. Discuss the changes in body composition 

when weight is lost by diet alone versus diet 

plus exercise.

24. Describe the relationship of the fat-free mass 

and caloric intake to the BMR.

25. Define thermogenesis and explain how it is 

affected by both short- and long-term 

overfeeding.

26. Describe the effect of exercise on appetite and 

body composition.

27. Explain quantitatively why small differences 

in energy expenditure and dietary intake are 

important in weight gain over the years.

Nutritional Goals 368

Standards of Nutrition 370

Classes of Nutrients 371

Water 371

Vitamins 371

Minerals 372

Carbohydrates 376

Fats 377

Protein 381

Meeting the Guidelines 

and Achieving the 

Goals 382

Food Group Plans 382

Evaluating the Diet 383

Body Composition 384

Methods of Assessing 

Overweight and 

Obesity 384

Methods of 

Measuring Body 

Composition 385

Two-Component 

System of Body 

Composition 387

Body Fatness for Health 

and Fitness 390

Obesity and Weight 

Control 391

Obesity 391

Diet, Exercise, and Weight 

Control 396

Energy and Nutrient 

Balance 396

Diet and Weight 

Control 397

Energy Expenditure and 

Weight Control 398

■ Outline ■ Key Terms

Adequate Intake (AI)
anorexia nervosa
basal metabolic rate 

(BMR)
bulimia nervosa
cholesterol
Daily Value (DV)
deficiency
Dietary Guidelines for 

Americans
Dietary Reference 

Intake (DRI)
elements
energy wasteful 

systems
Estimated Energy 

Requirement (EER)
ferritin
food records
HDL cholesterol
hemosiderin
high-density 

lipoproteins (HDLs)

LDL cholesterol
lipoprotein
low-density 

lipoproteins (LDLs)
major minerals
nutrient density
osteoporosis
provitamin
Recommended 

Dietary Allowances 
(RDAs)

resting metabolic rate 
(RMR)

thermogenesis
toxicity
trace elements
transferrin
twenty-four-hour recall
underwater weighing
U.S. Dietary Goals
whole-body density

NUTRITIONAL GOALS

The American Heart Association has focused our atten-

tion on the role of diet in the elevation of serum choles-

terol, obesity, and the development of hypertension (3). 

Diet has also been linked to colon cancer and diabetes. 

In response to these problems a U.S. Senate Select 

Committee on Nutrition and Human Needs recruited 

experts to comment on and formulate U.S. Dietary 

Goals that would deal with diet-related problems (223). 

These goals, published in 1977, included the following:

■ Increase carbohydrate intake to represent 55% 

to 60% of caloric intake.

■ Decrease fat consumption to 30% of caloric 

intake.

■ Decrease saturated fat intake to represent 

only 10% of caloric intake; increase 
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polyunsaturated and monounsaturated 

fats to approximately 10% of caloric intake.

■ Reduce cholesterol intake to 300 mg per day.

■ Reduce sugar consumption to account for 

only 15% of total calories.

■ Reduce salt consumption by about 50% to 

85% to approximately 3 g per day.

 To achieve these goals, the following changes in 

food selection and preparation were suggested:

■ Increase the intake of fruits, vegetables, and 

whole grains.

■ Increase consumption of poultry and fish, and 

decrease intake of meat.

■ Decrease intake of foods high in fat, and 

partially substitute polyunsaturated fat for 

saturated fat.

■ Substitute nonfat milk for whole milk.

■ Decrease consumption of butter, fat, eggs, and 

other high-cholesterol sources.

■ Decrease consumption of sugar and foods 

high in sugar content.

■ Decrease consumption of salt and foods high 

in salt content.

Not everyone agreed with these specific quantitative 

goals and the strong statements that were made 

about the role of diet in the prevention and treatment 

of disease. The Select Committee subsequently pub-

lished responses of scientists and medical doctors 

who disagreed with the stated dietary goals (222). The 

revised document encouraged weight reduction to 

attain “ideal weight” and recommended a reduction in 

the use of alcohol.

 In 1980 the U.S. Department of Agriculture (219) 

published Dietary Guidelines for Americans. Rather 

than provide specific quantities to achieve for fat, 

cholesterol, salt, and carbohydrates as did the Goals, 

the Guidelines are more general statements aimed at 

people in good health. The Institute of Medicine (100) 

released new dietary recommendations in 2002 that 

provide a broader range of values for carbohydrate, 

fat, and protein to meet nutritional needs:

■ Adults should get 45% to 65% of their calo-

ries from carbohydrates, 20% to 35% from fat, 

and 10% to 35% from protein. Acceptable 

ranges for children are similar to those for 

adults, except that infants and younger 

children need a slightly higher proportion 

of fat (25%–40%).

 The 2005 update of the Dietary Guidelines for Americans 

(see http://www.healthierus.gov/dietaryguidelines/) re-

flects the work of the Institute of Medicine and pro-

vides guidance on how to meet those nutritional 

standards (220). Excerpts of recommendations from 

this document follow:

■ Consume a variety of nutrient-dense foods 

and beverages within and among the basic 

food groups while choosing foods that limit 

the intake of saturated and trans fats, cho-

lesterol, added sugars, salt, and alcohol.

●  Choose a variety of fruits and vegetables 

each day. In particular, select from all five 

vegetable subgroups (dark green, orange, 

legumes, starchy vegetables, and other 

vegetables) several times a week.

●  Consume three or more ounce-equivalents 

of whole-grain products per day, with the 

rest of the recommended grains coming 

from enriched or whole-grain products.

● Consume 3 cups per day of fat-free or low-

fat milk or equivalent milk products.

● Keep total fat intake between 20% and 

35% of calories, with most fats coming 

from sources of polyunsaturated and 

monounsaturated fatty acids, such as fish, 

nuts, and vegetable oils.

● Choose fiber-rich fruits, vegetables, and 

whole grains often, and prepare foods and 

beverages with little added sugars or 

caloric sweeteners.

● Choose and prepare foods with little salt. 

At the same time, consume potassium-rich 

foods, such as fruits and vegetables.

● Those who choose to drink alcoholic 

beverages should do so sensibly and in 

moderation.

■ To maintain body weight in a healthy range, 

balance calories from foods and beverages 

with calories expended, engage in regular 

physical activity, and reduce sedentary 

activities.

■ Current recommendations for the distribution 

of calories in foods include a broad range, 

rather than a single goal: carbohydrates: 45% 

to 65%, fats: 20% to 35%, and proteins: 10% 

to 35%.

■ The publication, Dietary Guidelines for Americans, 

has been revised over time to reflect new sci-

ence and to deal with nutrition (and physical 

activity) and health-related issues. The 2005 

edition provides recommendations to meet the 

new nutritional standards with special focus on 

achieving energy balance.

IN SUMMARY
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STANDARDS OF NUTRITION

Food provides the carbohydrates, fats, protein, miner-

als, vitamins, and water needed for life. The quantity 

of each nutrient needed for proper function and health 

is defined in one of the Dietary Reference Intakes 

(DRIs), an umbrella term encompassing specific stan-

dards for dietary intake (100).

 If you had a nutrition class, or even a few lec-

tures dealing with nutrition, you would have been 

introduced to the Recommended Dietary Allowance 

(RDA) standards for nutrients such as protein, vita-

mins, and minerals. With the expansion of knowl-

edge about the role of specific nutrients in preventing 

deficiency diseases and reducing the risk of chronic 

diseases, there was a need for a new approach to 

setting nutrient standards. In collaboration with 

Health Canada, the Food and Nutrition Board of the 

National Academy of Sciences has developed new 

nutrient standards. The term Dietary Reference Intakes 

(DRIs) is the umbrella term given to these new stan-

dards. The following descriptions will help us make 

the transitions from where we are to where we will 

be when the full implementation of the standards 

takes place (234).

■ Recommended Dietary Allowance (RDA). 

The average daily dietary nutrient intake level 

sufficient to meet the nutrient requirement of 

nearly all (97%–98%) healthy individuals in a 

particular group.

■ Adequate Intakes (AI). Formerly the 

Estimated Safe and Adequate Daily Dietary 

Intake, the AI describes the recommended 

average daily intake level based on observed 

or experimentally determined approximations 

or estimates of nutrient intake by a group (or 

groups) of apparently healthy people. Levels 

are assumed to be adequate and are used 

when an RDA cannot be determined. (See 

appendix E.)

■ Tolerable Upper Intake Level (UL). The 

highest average daily nutrient intake level 

that is likely to pose no risk of adverse health 

effects to almost all individuals in the general 

population. As intake increases above the 

UL, the potential risk of adverse effects may 

increase.

■ Estimated Average Requirement (EAR). The 

average daily nutrient intake level estimated 

to meet the requirement of half the healthy 

individuals in a particular group. This value is 

needed to set the RDA values.

 The values for each nutrient vary due to gender, 

body size, whether long-bone growth is taking place, 

pregnancy, and lactation (154). Given that individuals 

differ in their need for each nutrient, some requiring 

more than the average and others less, the standards 

were set high enough to meet the needs of almost 

everyone (97.5% of the population) and also account 

for inefficient utilization by the body (154). Previous 

RDA tables did not provide recommendations for car-

bohydrate and fat intake, but that has changed. We 

will provide an update from the Institute of Medicine 

report (100) when we discuss each.

 In the past, RDA tables did not have standards for 

energy intake set at the same level as for the nutrients 

like vitamins and minerals (sufficient to meet 97% to 

98% of the population). Instead, average values of 

energy intake were provided, which assumed an aver-

age level of physical activity. In the current recom-

mendations, a new standard, the Estimated Energy 

Requirement (EER), is identified: the average dietary 

energy intake that is predicted to maintain energy bal-

ance in a healthy adult of a defined age, gender, 

weight, height, and level of physical activity, consis-

tent with good health (100). The report provides 

energy intake recommendations for four levels of 

physical activity with the stated purpose of achieving 

a healthy body weight (see appendix F). When it 

comes to the RDA for specific nutrients like vitamins 

and minerals, how do we know how much is contained 

in the food we eat?

 The Daily Value (DV) is a standard used in nutri-

tional labeling. For the essential nutrients (protein, 

vitamins, and minerals) the DVs represent the highest 

1968 RDA standard for any age or gender, except for 

pregnant and lactating women (84). In addition, the 

food label contains important information about 

the calorie and fat content of the food. For example, if 

one serving of a product provides 50% of the DV for 

fat, it contains 50% of the total amount of fat recom-

mended for one day (based on a 2,000-calorie diet). 

Figure 18.1 provides an example of a food label; the 

following points are highlighted:

■ serving size information,

■ total calories and fat calories,

■ total fat grams, saturated fat grams, trans fat 

grams, cholesterol, and the percent of DV for 

each (based on a 2,000-calorie diet),

■ total carbohydrate and its sources, and

■ the percentage of the DV for vitamins and 

minerals; sodium is given special attention.

■ The Recommended Dietary Allowance (RDA) is 

the quantity of a nutrient that will meet the 

needs of almost all healthy persons. 

■ The Daily Value (DV) is a standard used in nutri-

tional labeling.

IN SUMMARY
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CLASSES OF NUTRIENTS

There are six classes of nutrients: water, vitamins, min-

erals, carbohydrates, fats, and proteins. In the follow-

ing sections each nutrient is described briefly, and the 

primary food sources of each are identified.

Water

Water is absolutely essential for life. Although we can 

go without food for weeks, we would not survive long 

without water. The body is 50% to 75% water, depend-

ing on age and body fatness, and a loss of only 3% to 

4% of body water adversely affects aerobic perfor-

mance. Larger losses can lead to death (149, 241). 

Under normal conditions without exercise, water loss 

equals about 2,500 ml/day, with most lost in urine 

(45). However, as higher environmental temperatures 

and heavy exercise are added, the water loss increases 

dramatically to 6 to 7 liters per day (85).

 Under normal conditions the 2,500 ml of water 

per day is replaced with beverages (1,500 ml), solid 

food (750 ml), and the water derived from metabolic 

processes (250 ml) (45). Most people are surprised 

by the large volume of water contributed by “solid” 

food until they consider the following percentages of 

water in “solid” food: baked potato—75%, canned 

peas—77%, lettuce—96% (45). A general recommen-

dation under ordinary circumstances is to consume 1 

to 1.5 ml of water per kcal of energy expenditure (154). 

The AI for total water intake (food   beverages) for 

women and men 19 to 70 years of age is set at 2.7 L/day 

and 3.7 L/day, respectively (101). However, to avoid 

potential problems associated with dehydration, one 

should drink water before and during exercise; thirst is 

not an adequate stimulus to achieve water balance 

(see chapter 23).

 Water weight can fluctuate depending on the body 

stores of carbohydrate and protein. Water is involved 

in the linkage between glucose molecules in glycogen 

and amino acid molecules in protein. The ratio is 

about 2.7 of water per gram of carbohydrate, and if an 

individual stores 454 g (1 lb) of carbohydrate, body 

weight would increase by 3.7 lbs. Of course, when one 

diets and depletes this carbohydrate store, the reverse 

occurs. This results in an apparent weight loss of 

3.7 lbs when only 1,816 kcal (454 g of carbohydrate 

times 4 kcal/g) have been lost. More on this later.

Vitamins

Vitamins were introduced in chapter 3 as organic cat-

alysts involved in metabolic reactions. They are 

needed in small amounts and are not “used up” in the 

Figure 18.1 An 

example of a 

food label.

Serving sizes in both
metric and household

measures allow
comparison of nutrient

content of similar
products

List of nutrients
represents those

most important for
the health of today's
consumers, many of
whom need to worry

about getting too much
of certain items,

like fat

Fat calories are listed
to help consumers
meet dietary guidelines
recommending no more
than 30% of calories
from fat

% Daily Value shows
how a food fits into
the overall daily diet

Daily Values describe
maximums (for fat –
less than 65 g) and
minimums (for
carbohydrates –
300 g or more)

Nutrition Facts
Serving Size 1/3 cup (40g)

Servings Per Container 28

Amount Per Serving

Calories 170      Calories from Fat 50

        %Daily Value*

Total Fat  6g

  Saturated Fat 1.5g

  Trans Fat 0.5g

Cholesterol 0mg

Sodium 490mg

Total Carbohydrate  25g

  Dietary Fiber less than 1g

  Sugars  1g

  Other Carbohydrate  23g

Protein  3g

Calcium

Iron

Thiamin

Riboflavin

Niacin

Not a significant source of vitamin A and vitamin C.

*Percent Daily Values are based on a 2,000
calorie diet. Your daily values may be higher or
lower depending on your calorie needs:

Total Fat
  Sat Fat
Cholesterol
Sodium
Total Carbohydrate
  Dietary Fiber

Calories per gram:  Fat 9  • Carbohydrate  4 • Protein  4

Less than
Less than
Less than
Less than

65g
20g
300mg
2,400mg
300g
25g

80g
25g
300mg
2,400mg
375g
30g

Calories: 2,000 2,500

9%

8%

0%

20%

8%

3%

4%

6%

10%

6%

8%
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metabolic reactions. However, they are degraded 

(metabolized) like any biological molecule and must 

be replaced on a regular basis to maintain body stores. 

Several vitamins are in a precursor, or provitamin, 

form in foods and are converted to the active form in 

the body. Beta-carotene, the most important of the 

provitamin A compounds, is a good example. A 

chronic lack of certain vitamins can lead to deficiency 

diseases, and an excess of others can lead to a toxicity 

condition (45). In our presentation, vitamins will be 

divided into the fat-soluble and water-soluble 

groups.

Fat-Soluble Vitamins The fat-soluble vitamins in-

clude A, D, E, and K. These vitamins can be stored in 

large quantities in the body; thus a deficiency state takes 

longer to develop than for water-soluble vitamins. How-

ever, because of their solubility, so much can be stored 

that a toxicity condition can occur. Vitamin D is regarded 

as the most toxic. It is possible to achieve a level of tox-

icity with only four to five times the recommended 

dietary allowance (45, 154). The Tolerable Upper Intake 

Level (UL) for vitamin A (3,000 g), D (50 g), and E 

(1,000 mg) have been established. Toxicity, of course, is 

far from a health-related goal. Table 18.1 summarizes 

the information on these vitamins, including the RDA/AI 

standards, dietary sources, function, and signs associ-

ated with deficiency or excess.

Water-Soluble Vitamins The water-soluble vita-

mins include vitamin C and the B vitamins: thiamin 

(B1), riboflavin (B2), niacin, pyridoxine (B6), folic acid, 

B12, pantothenic acid, and biotin. Most are involved in 

energy metabolism. You have already seen the role of 

niacin, as NAD, and riboflavin, as FAD, in the transfer of 

energy in the Krebs cycle and electron transport chain. 

Thiamin (as thiamine pyrophosphate) is involved in 

the removal of CO2 as pyruvate enters the Krebs cycle. 

Vitamin B6, folic acid, B12, pantothenic acid, and biotin 

are also involved as coenzymes in metabolic reactions. 

Vitamin C is involved in the maintenance of bone, 

cartilage, and connective tissue. Table 18.1 summa-

rizes the information on these vitamins, including the 

RDA/AI standards, functions, dietary sources, and signs 

ass ociated with deficiency or excess.

■ The fat-soluble vitamins include A, D, E, and K. 

These can be stored in the body in large quan-

tities and a toxicity can develop.

■ The water-soluble vitamins include thiamin, 

ribofl avin, niacin, B6, folic acid, B12, pantothenic 

acid, biotin, and C. Most of these are involved 

in energy metabolism. Vitamin C is involved in 

the maintenance of bone, cartilage, and con-

nective tissue.

IN SUMMARY

Minerals

Minerals are the chemical elements, other than car-

bon, hydrogen, oxygen, and nitrogen, associated with 

the structure and function of the body. We have 

already seen the importance of calcium in bone struc-

ture and in the initiation of muscle contraction, iron 

in O2 transport by hemoglobin, and phosphorus in 

ATP. Minerals are important inorganic nutrients and 

are divided into two classes: (1) major minerals 

and (2) trace elements. The major minerals include 

calcium, phosphorus, magnesium, sulfur, sodium, 

potassium, and chloride, with whole-body quantities 

ranging from 35 g for magnesium to 1,050 g for cal-

cium in a 70-kg man (45). The trace elements include 

iron, iodine, fluoride, zinc, selenium, copper, cobalt, 

chromium, manganese, molybdenum, arsenic, nickel, 

and vanadium. There are only 4 g of iron and 0.0009 g 

of vanadium in a 70-kg man. Like vitamins, some 

minerals taken in excess (e.g., iron and zinc) can be 

toxic. The following sections will focus attention on 

calcium, iron, and sodium.

Calcium Calcium (Ca  ) and phosphorus combine 

with organic molecules to form the teeth and bones. 

The bones are a “store” of calcium that helps to main-

tain the plasma Ca   concentration when dietary 

intake is inadequate (see parathyroid hormone in 

chapter 5). Bone is constantly turning over its calcium 

and phosphorus, so diet must replace what is lost. If 

the diet is deficient in calcium for a long period of 

time, loss of bone, or osteoporosis, can occur. This 

weakening of the bone due to the loss of calcium and 

phosphorus from its structure is more common in 

women than in men, is accelerated at menopause, 

and is directly related to the higher rate of hip frac-

tures in women. Three major factors are implicated: 

dietary calcium intake, inadequate estrogen, and lack 

of physical activity (90, 154, 185, 186).

 There is concern that the increase in osteoporosis 

in our society is related to an inadequate calcium intake. 

The adult AI for calcium is 1,000 mg/day, and although 

many men come close to meeting the standard, few 

women do (234). For example, men and women 20 to 

49 years of age consume 1,025 and 797 mg/day, respec-

tively (245). Part of the reason is the relatively low caloric 

intake of women compared to men. One way of dealing 

with this is to increase energy expenditure through 

exercise and, in turn, caloric intake. This should result in 

an increase in calcium intake. While menopause is the 

usual cause of a reduced secretion of estrogen, young, 

extremely active female athletes are experiencing this 

problem associated with amenorrhea (37, 44). The 

decrease in estrogen secretion is associated with the 

acce leration of osteoporosis. Estrogen therapy, with or 

without calcium supplementation, has been used suc-

cessfully in menopausal women to reduce the rate of 
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bone loss (151, 154). A third approach to dealing with 

osteoporosis is based on the observation that exercise 

slows the rate of bone loss (4, 29, 91, 148, 162, 185). This 

has been shown in runners (29), as well as tennis play-

ers (148), and is viewed as an important reason for rec-

ommending regular moderate exercise for elderly 

people (see Ask the Expert 17.1 in chapter 17).

Iron Iron is an important part of hemoglobin and 

myoglobin, as well as the cytochromes of the electron 

transport chain. To remain in iron balance, the RDA is 

set at 8 mg/day for an adult male and 18 mg/day for 

an adult female; the higher amount is needed to 

replace that which is lost in the menses. A 70-kg man 

has about 2,500 mg of iron in hemoglobin, 150 mg in 

myoglobin, 6 to 8 mg in enzymes, and about 3 mg 

bound to transferrin, the iron-transporting protein 

in plasma. In addition to this, iron is stored as ferritin 

or hemosiderin in the liver, spleen, and bone marrow. 

The serum ferritin concentration is a sensitive mea-

sure of iron status. Each microgram (g) of ferritin per 

liter of serum indicates the presence of 10 mg of 

stored iron (45, 84, 88).

 In spite of the higher need for iron, American 

women take in only 13.7 mg/day, whereas men take in 

17.7 mg/day (245). This is due to higher caloric intakes 

in males than females. Because there are only 6 mg of 

iron per 1,000 kcal of energy in the American diet, a 

woman consuming 2,000 kcal/day would take in only 

12 mg of iron. The male, consuming about 3,000 kcal/ 

day, takes in 18 mg (88, 241). The diet provides iron in 

two forms, heme (ferrous) and nonheme (ferric). Heme 

iron, found primarily in meats, fish, and organ meats, 

is absorbed better than nonheme iron, which is found 

in vegetables. However, the absorption of nonheme 

iron can be increased by the presence of meat, fish, 

and vitamin C (45, 88, 241).

 Anemia is a condition in which the hemoglobin 

concentration is low: less than 13 g/dl in men and less 

than 12 g/dl in women. This can be the result of blood 

loss (e.g., blood donation or bleeding) or a lack of 

vitamins or minerals in the diet. The most common 

cause of anemia in North America is a lack of dietary 

iron (45). In fact, iron deficiency is the most common 

nutrient deficiency. In iron deficiency anemia, more 

than hemoglobin is affected. The iron bound to trans-

ferrin in the plasma is reduced, and serum ferritin 

(an indicator of iron stores) is low (88). Although chil-

dren aged one to five, adolescents, young adult 

women, and the elderly are more apt to develop 

anemia, it also occurs in competitive athletes. This 

latter point will be discussed in detail in chapter 23.

Sodium Sodium is directly involved in the main-

tenance of the resting membrane potential and the 

generation of action potential in nerves (see chap-

ter 7) and muscles (see chapter 8). In addition, 

sodium is the primary electrolyte determining the 

extracellular fluid volume. If sodium stores fall, the 

extracellular volume, including plasma, decreases. 

This could cause major problems with the mainte-

nance of the mean arterial blood pressure (see 

chapter 9) and body temperature (see chapter 12).

 The problem in our society is not with sodium 

stores that are too small, but just the opposite. 

The average sodium intakes for men and women are 

4.2 and 3.1 g/day, respectively (30). The AI values of 

1.5 g/day and 1.3 g/day for men and women 19 to 

50 years of age are well below these values (101). 

The RDA is consistent with long-term concerns of 

both the American Heart Association and the 

National Research Council that excess sodium 

intake can contribute to hypertension in genetically 

susceptible individuals (3, 153). Recent reviews have 

confirmed the link between sodium intake and blood 

pressure, with evidence that reducing salt intake 

is feasible and will result in a reduction in cardiovas-

cular morbidity and mortality (110, 235). This is in 

concert with recommendations from the Dietary 

Guidelines for Americans (220) to avoid too much 

sodium. The following suggestions from the Dietary 

Approaches to Stop Hypertension (DASH) eating 

plan indicates the steps that can be taken to accom-

plish that goal:

■ Use reduced sodium or no-salt-added 

products. For example, choose low or reduced 

sodium, or no-salt-added versions of foods 

and condiments when available.

■ Buy fresh, plain frozen, or canned with “no-

salt-added” vegetables.

■ Use fresh poultry, fish, and lean meat, rather 

than canned, smoked, or processed types.

■ Choose ready-to-eat breakfast cereals that are 

lower in sodium.

■ Limit cured foods (such as bacon and ham), 

foods packed in brine (such as pickles, 

pickled vegetables, olives, and sauerkraut), 

and condiments (such as MSG, mustard, 

horseradish, catsup, and barbecue sauce). 

Limit even lower-sodium versions of soy sauce 

and teriyaki sauce—treat these condiments as 

you do table salt.

■ Use spices instead of salt. In cooking and at 

the table, flavor foods with herbs, spices, 

lemon, lime, vinegar, or salt-free seasoning 

blends. Start by cutting salt in half.

■ Cook rice, pasta, and hot cereals without salt. 

Cut back on instant or flavored rice, pasta, and 

cereal mixes, which usually have added salt.

■ Choose “convenience” foods that are lower in 

sodium. Cut back on frozen dinners, mixed 

dishes such as pizza, packaged mixes, canned 
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TABLE 18.1   Summary of the Vitamins, Their Functions, Defi ciency Conditions, and Food Sources

FAT-SOLUBLE

  Defi ciency
Vitamin Major Functions Symptoms People Most at Risk 

Vitamin A  Promote vision: light and color Night blindness People in poverty, especially preschool 
 (retinoids) and  Promote growth Xerophthalmia  children (still very rare in the United 
 provitamin A  Prevent drying of skin and eyes Poor growth   States) 
 (carotenoids) Promote resistance to bacterial Dry skin People with alcoholism 
  infection  People with AIDS 
    
    

D (chole- and  Facilitate absorption of calcium Rickets Breastfed infants not exposed to sunlight, 
 ergocalciferol)  and phosphorus Osteomalacia  elderly 
 Maintain optimal calcifi cation   
  of bone   
    

E (tocopherols) Act as an antioxidant: prevent Hemolysis of red blood cells People with poor fat absorption, smokers 
  breakdown of vitamin A and Nerve destruction  (still rare as far as we know) 
  unsaturated fatty acids   
    

K (phyilo- and  Help form prothrombin and Hemorrhage People taking antibiotics for months at a 
 menaquinone)  other factors for blood clotting   time (still quite rare) 
  and contribute to bone
  metabolism

WATER-SOLUBLE

  Defi ciency
Vitamin Major Functions Symptoms People Most at Risk 

Thiamin Coenzyme involved in Beriberi: nervous tingling, poor People with alcoholism or in poverty 
  carbohydrate metabolism;  coordination, edema, heart  
  nerve function  changes, weakness

Ribofl avin Coenzyme involved in energy Infl ammation of mouth and Possibly people on certain medications if 
  metabolism  tongue, cracks at corners of  no dairy products consumed 
   the mouth, eye disorders

Niacin Coenzyme involved in energy Pellagra: diarrhea, dermatitis, Severe poverty where corn is the 
  metabolism, fat synthesis, fat  dementia  dominant food; people with alcoholism 
  breakdown   

Pantothenic acid  Coenzyme involved in energy Tingling in hands, fatigue, People with alcoholism 
  metabolism, fat synthesis, fat  headache, nausea  
  breakdown

Biotin Coenzyme involved in glucose Dermatitis, tongue soreness, People with alcoholism 
  production, fat synthesis  anemia, depression  

Vitamin B6 Coenzyme involved in protein Headache, anemia, convulsions, Adolescent and adult women; people 
 pyridoxine, and  metabolism, neurotransmitter  nausea, vomiting, fl aky skin,  on certain medications; people with 
 other forms  synthesis, hemoglobin synthesis,  sore tongue  alcoholism
  many other functions

Folate (folic acid)  Coenzyme involved in DNA Megaloblastic anemia, People with alcoholism, pregnancy, people 
  synthesis, other functions  infl ammation of tongue,  on certain medications 
   diarrhea, poor growth,
   depression

Vitamin B12  Coenzyme involved in folate Macrocytic anemia, poor nerve Elderly people because of poor 
 (cobalamins)  metabolism, nerve function,  function  absorption, vegans, people with AIDS 
  other functions

Vitamin C Connective tissue synthesis, Scurvy: poor wound healing, People with alcoholism, elderly who eat 
 (ascorbic acid)  hormone synthesis,  pinpoint hemorrhages,  poorly 
  neurotransmitter synthesis  bleeding gums

Note:  Values are the Recommended Dietary Allowances (RDAs) for adults 19 to 50 years, unless marked by an asterisk (*), in which case they 

represent the Adequate Intakes (AIs). The Tolerable Upper Intake Levels (ULs) are listed under toxicity; intakes above these values can lead to 

negative health consequences.
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Dietary Sources* RDA or AI* Toxicity Symptoms or UL

Vitamin A Men: 900 micrograms Fetal malformations, hair loss, skin changes, pain
 Liver Women: 700 micrograms  in bones (UL   3,000 micrograms)
 Fortifi ed milk
 Fortifi ed breakfast cereals
Provitamin A
 Sweet potatoes, spinach, greens, carrots,
 cantaloupe, apricots, broccoli

Vitamin D-fortifi ed milk 5 micrograms* Growth retardation, kidney damage, calcium
Fortifi ed breakfast cereals   deposits in soft tissue (UL   50 micrograms)
Fish oils
Sardines
Salmon

Vegetable oils 15 milligrams Muscle weakness, headaches, fatigue, nausea,
Some greens   inhibition of vitamin K metabolism (UL  
Some fruits   1,000 mg)
Fortifi ed breakfast cereals

Green vegetables Men: 120 micrograms* Anemia and jaundice (medicinal forms only)
Liver Women: 90 micrograms*

Dietary Sources* RDA or AI* Toxicity Symptoms

Sunfl ower seeds, pork, whole and enriched Men: 1.2 milligrams None possible from food
 grains, dried beans, peas, brewers yeast Women: 1.1 milligrams 

Milk, mushrooms, spinach, liver, enriched Men: 1.3 milligrams None reported
 grains Women: 1.1 milligrams

Mushrooms, bran, tuna, salmon, chicken, Men: 16 milligrams Toxicity can begin at over 35 milligrams (UL)
 beef, liver, peanuts, enriched grains Women: 14 milligrams  (fl ushing of skin especially seen at over 100
   milligrams per day)

Mushrooms, liver, broccoli, eggs; most foods 5 milligrams* None
 have some

Cheese, egg yolks, caulifl ower, peanut 30 micrograms Unknown
 butter, liver

Animal protein foods, spinach, broccoli, 1.3 milligrams UL   100 mg; nerve destruction at doses over
 bananas, salmon, sunfl ower seeds   200 milligrams

Green leafy vegetables, orange juice, organ 400 micrograms UL   1,000 micrograms
 meats, sprouts, sunfl ower seeds

Animal foods, especially organ meats, 2.4 micrograms None
 oysters, clams (not natural in plants)

Citrus fruits, strawberries, broccoli, greens Men: 90 milligrams UL   2,000 mg
 Women: 75 milligrams
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soups or broths, and salad dressing—these 

often have a lot of sodium.

■ Rinse canned foods, such as tuna, to remove 

some sodium.

 Those involved in athletic competition or strenu-

ous exercise or who work in the heat must be con-

cerned about adequate sodium replacement. Generally, 

because these individuals consume more kcal of food 

(containing more sodium), this is usually not a prob-

lem. More on this in chapter 23.

 The previous sections have focused attention on 

three minerals—calcium, iron, and sodium—because 

of their relationship to current medical and health-

related problems. A summary of each of the miner-

als, their functions, and food sources is presented in 

table 18.2.

■ The major minerals include calcium, phospho-

rus, magnesium, sulfur, sodium, potassium, 

and chloride. The trace elements include iron, 

iodine, fl uoride, zinc, selenium, copper, cobalt, 

chromium, manganese, molybdenum, arsenic, 

nickel, and vanadium.

■ Inadequate calcium and iron intake has been 

linked with osteoporosis and anemia, respec-

tively. Those with a genetic predisposition for 

hypertension due to sodium retention benefi t 

from a reduction in salt intake.

IN SUMMARY

Carbohydrates

Carbohydrates and fats are the primary sources of 

energy in the average American diet (154) (for an 

update on recommendations on carbohydrates, fats, 

and proteins from the Institute of Medicine, see Clini-

cal Applications 18.1). Carbohydrates suffer a bad rep-

utation from those on diets, especially when you 

consider that you would have to eat over twice as much 

carbohydrate as fat to consume the same number of 

calories (4 kcal/g versus 9 kcal/g). Carbohydrates can 

be divided into two classes: those that can be digested 

and metabolized for energy (sugars and starches), and 

those that are undigestible (fiber). The sugars are 

found in jellies, jams, fruits, soft drinks, honey, syrups, 

and milk, whereas the starches are found in cereals, 

flour, potatoes, and other vegetables (219).

Sugars and Starches Carbohydrate is a major energy 

source for all tissues and a crucial source for two: red 

blood cells and neurons. The red blood cells depend 

exclusively on anaerobic glycolysis for energy, and the 

nervous system functions well only on carbohydrate. 

These two tissues can consume 180 grams of glucose 

per day (50). Given this need it is no surprise that the 

plasma glucose concentration is maintained within 

narrow limits by hormonal control mechanisms (see 

chapter 5). During strenuous exercise the muscle can 

use 180 grams of glucose in less than one hour. As a 

result of these needs, one might expect that carbohy-

drate would make up a large fraction of our energy 

intake. Currently about 50% of energy intake is derived 

from carbohydrate (84, 154, 245), within the range of 

recommended carbohydrate intakes (100). There is 

great interest not only in the amount of carbohydrate 

in the diet, but also in the type of carbohydrate as it 

relates to the prevention and management of diabetes 

(see Clinical Applications 18.2). While the goal is to 

increase carbohydrate intake, one of the Dietary Guide-

lines for Americans is to avoid too much sugar.  Consistent 

with that, the recent Institute of Medicine report rec-

ommends that a maximum of 25% of energy come from 

“added sugars”—those not derived  naturally from 

fruits. This will ensure sufficient intakes of essential 

nutrients that are low in the beverages and foods that 

are the major sources of added sugars in North Ameri-

can diets. The following are helpful suggestions on how 

to limit intake of added sugars, while meeting the over-

all carbohydrate goal (220):

■ Choose and prepare foods and beverages with 

little added sugars or caloric sweeteners, such 

as amounts suggested in the DASH eating plan.

■ Reduce the incidence of dental caries by 

practicing good oral hygiene and consuming 

sugar- and starch-containing foods and 

beverages less frequently.

Dietary Fiber Dietary fiber is an important part of 

the diet. Over the past few years, in an attempt to clar-

ify what is and is not “fiber,” fiber has been divided 

into the following classes (100):

■ Dietary fiber consists of nondigestible car-

bohydrates and lignin that are intrinsic and 

intact in plants. Examples of dietary fiber 

include plant nonstarch polysaccharides such 

as cellulose, pectin, gums, hemicellulose, 

␤-glucans, and fibers in oat and wheat bran.

■ Functional fiber consists of isolated, nondigestible 

carbohydrates that have beneficial physiological 

effects in humans. Examples of functional 

fiber include isolated, nondigestible plants 

(e.g., resistant starches, pectin, and gums) 

and animal (e.g., chitin and chitosan) or 

commercially produced (e.g., resistant starch, 

inulin, and indigestible dextrins) carbohydrates.

■ Total fiber is the sum of dietary fiber and 

functional fiber.

 Dietary fiber cannot be digested and metabolized, 

and consequently it provides a sense of fullness 
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(satiation) during a meal without adding calories (60). 

This fact has been used by bakeries that lower the 

number of calories per slice of bread by adding cellu-

lose from wood! Pectin and gum are used in food 

processing to thicken, stabilize, or emulsify the 

constituents of various food products (45).

 Dietary fiber has long been linked to optimal 

health. Fiber acts as a hydrated sponge as it moves 

along the large intestine, making constipation less 

likely by reducing transit time (45, 60). Vegetar-

ian diets high in soluble fiber have been linked to 

lower serum cholesterol due to the loss of more bile 

(cholesterol-containing) acids in the feces. However, 

the fact that vegetarian diets are also lower in the per-

centage of calories from fat, which can also lower 

serum cholesterol, makes the interpretation of the 

data more complicated (60). Although a high-fiber 

diet reduces the incidence of diverticulosis, a condi-

tion in which outpouchings (diverticula) occur in the 

colon wall, the role of fiber in preventing colon cancer 

is mixed (7, 45, 60). A recent review by the American 

Dietetic Association (ADA) indicated strong epidemi-

ological evidence that a diet rich in fiber reduces the 

risk of colon cancer. In contrast, intervention studies 

(in which individuals received added fiber) did not 

confirm the epidemiological evidence. However, on 

balance, the ADA believes that the abundance of evi-

dence supports the promotion of a diet high in fiber 

to protect against colon cancer (7).

 Given the broad role of dietary fiber in normal 

health, it is no surprise that the Dietary Guidelines for 

Americans recommends that Americans increase their 

intake of fiber (220). A new AI for total fiber, based on an 

intake level observed to protect against coronary heart 

disease, has been set at 38 and 25 g/day for men and 

women, nineteen to fifty years of age, respectively (100). 

According to Dietary Guidelines for Americans, to increase 

the intake of fiber and complex  carbohydrates, we 

should choose fiber-rich fruits, vegetables, and whole 

grains often. This can be accomplished by consuming 

whole fruit rather than fruit juices, eating dry beans and 

peas several times per week, and making sure at least 

half of the grain servings come from whole grains.

Fats

Dietary lipids include triglycerides, phospholipids, 

and cholesterol. If solid at room temperature, lipids 

are fats; if liquid, oils. Lipids contain 9 kcal/g and rep-

resent about 33% of the American diet, slightly higher 

than the dietary goal of 30%, but lower than the 42% 

recorded in 1977 (48, 84, 154, 223, 234).

 Fat not only provides fuel for energy, it is impor-

tant in the absorption of fat-soluble vitamins, and 

for cell membrane structure, hormone synthesis 

(steroids), insulation, and the protection of vital 

organs (45). Most fat is stored in adipose tissue, for 

subsequent release into the bloodstream as free 

CLINICAL APPLICATIONS 18.1

Institute of Medicine Report

At the beginning of the chapter we indi-

cated that a report from the Institute of 

Medicine (100) made a series of recom-

mendations that will impact a variety of 

existing nutritional recommendations 

from both federal agencies (e.g., U.S. 

Department of Agriculture) and pro-

fessional organizations (e.g., American 

Heart Association). What follows is a 

brief summary of information and rec-

ommendations related to the intakes 

of carbohydrate, fat, and protein.

■ An RDA for carbohydrate was 

established for the fi rst time: 

130 g/day to meet the glucose 

needs of the brain.

■ An AI for fi ber was set at 38 and 

25 g/day for men and women, 

respectively.

■ No RDA, AI, or EAR standards 

were set for saturated fat, mono-

saturated fat, and cholesterol 

because they have no known ben-

efi cial role in preventing chronic 

disease. In addition, because 

they are synthesized in the body, 

they are not required in the diet.

■ AI values were set for the 

omega-6 fatty acid, linoleic 

acid (17 and 12 g/day for young 

men and women, respectively), 

and the omega-3 fatty acid, 

 -linoleic acid (1.6 and 1.1 

g/day for men and women, 

respectively).

■ The long-held adult protein 

requirement of 0.8 g/day per 

kilogram of body weight was 

maintained.

■ The AI for water was set at 

3.7 L/day and 2.7 L/day for 

men and women, respectively.

 The Institute of Medicine’s report 

recommends a new dietary standard, 

called the Acceptable Macronutrient 

Distribution Ranges (AMDRs). These 

are defi ned as ranges of intakes for a 

particular energy source that is associ-

ated with a reduced risk of chronic dis-

ease, while providing adequate intake 

of essential nutrients. The Institute rec -

ommends ranges of 20% to 35% fat, 

45% to 65% carbohydrate, and the bal-

ance (10%–35%), protein. There is evi-

dence that at the extreme end of the 

range, diets low in fat and high in car-

bohydrate reduce HDL cholesterol and 

increase the total cholesterol:HDL cho-

lesterol ratio and plasma triglycerides. 

At the opposite end, when fat intake is 

high, weight gain occurs and the meta-

bolic consequences of obesity increase, 

as does the plasma LDL cholesterol.
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TABLE 18.2   A Summary of Minerals

 MAJOR MINERALS

  Defi ciency  
Mineral Major Functions Symptoms People Most at Risk 

Sodium Functions as a major ion of the Muscle cramps People who severely restrict 
  extracellular fl uid; aids nerve impulse   sodium to lower blood pressure 
  transmission   (250–500 milligrams) 

Potassium Functions as a major ion of intracellular Irregular heartbeat, loss People who use potassium-wasting 
  fl uid; aids nerve impulse transmission  of appetite, muscle cramps  diuretics or have poor diets, as 
    seen in poverty and alcoholism 

Chloride Functions as a major ion of the extracellular Convulsions in infants No one, probably 
  fl uid; participates in acid production in   
  stomach; aids nerve transmission   

Calcium Provides bone and tooth strength; Inadequate intake increases Women, especially those who 
  helps blood clotting; aids nerve  the risk for osteoporosis  consume few dairy products 
  impulse transmission; required for   
  muscle contractions   

Phosphorus Required for bone and tooth strength; Poor bone maintenance is a Older people consuming very 
  serves as part of various metabolic possibility  nutrient-poor diets; people with 
  compounds; functions as major ion of   alcoholism 
  intracellular fl uid   

Magnesium Provides bone strength; aids enzyme Weakness, muscle pain, poor Women, and people on certain 
  function; aids nerve and heart function  heart function  diuretics 

 KEY TRACE MINERALS

  Defi ciency  
Mineral Major Functions Symptoms People Most at Risk 

Iron Used for hemoglobin and other key Low blood iron; small, pale Infants, preschool children,  
  compounds used in respiration; used  red blood cells; low blood  adolescents, women in 
  for immune function  hemoglobin values  childbearing years 

Zinc Required for enzymes, involved in Skin rash, diarrhea, decreased Vegetarians, elderly people,  
  growth, immunity, alcohol metabolism,  appetite and sense of taste,  people with alcoholism 
  sexual development, and reproduction  hair loss, poor growth and  
   development, poor wound healing

Selenium Aids antioxidant system Muscle pain, muscle weakness, Unknown in healthy Americans 
   form of heart disease  

Iodide Aids thyroid hormone Goiter ; poor growth in infancy None in America because salt 
   when mother is iodide defi cient  is usually fortifi ed 
   during pregnancy

Copper Aids in iron metabolism; works with  many Anemia, low white blood cell Infants recovering from 
  enzymes, such as those involved in protein  count, poor growth  semistarvation, people who use 
  metabolism and hormone synthesis   overzealous supplementation of zinc

Fluoride Increases resistance of tooth enamel Increased risk of dental caries Areas where water is not fl uoridated 
  to dental caries   and dental treatments do not make 
    up for a lack of fl uoride 

Chromium Enhances blood glucose control High blood glucose after eating People on intravenous nutrition, and 
    perhaps elderly people with type 2 
    diabetes 

Manganese Aids action of some enzymes, such as None in humans Unknown 
  those involved in carbohydrate metabolism   

Molybdenum Aids action of some enzymes None in healthy humans Unsupplemented intravenous nutrition 

Note:  Values are the Recommended Dietary Allowances (RDAs) for adults 19 to 50 years, unless marked by an asterisk (*), in which case they 

represent the Adequate Intakes (AIs).  The Tolerable Upper Intake Levels (ULs) are listed under toxicity; intakes above these values can lead to 

negative health consequences.
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RDA or AI* Rich Dietary Sources Results of  Toxicity or UL

1,500 milligrams* Table salt, processed foods,  UL   2,300 mg; contributes to high blood
  condiments, sauces, soups, chips  pressure in susceptible individuals; leads
   to increased calcium loss in urine

4,700 milligrams* Spinach, squash, bananas, orange juice,  Results in slowing of the heartbeat; seen
  other vegetables and fruits, milk,   in kidney failure
  meat, legumes, whole grains

2,300 milligrams* Table salt, some vegetables, processed UL   3,600 mg; linked to high blood
  foods  pressure in susceptible people when
   combined with sodium

1,000 milligrams* Dairy products, canned fi sh, leafy UL   2,500 mg; higher intakes may cause
  vegetables, tofu, fortifi ed orange  kidney stones and other problems in
  juice (and other fortifi ed foods)  susceptible people; poor mineral
   absorption in general

700 milligrams Dairy products, processed foods, fi sh, UL   4,000 milligrams; impairs bone
  soft drinks, bakery products, meats  health in people with kidney failure; 
   results in poor bone mineralization if
   calcium intakes are low

Men: 420 milligrams Wheat bran, green vegetables,  UL   350 mg, but refers only to
Women: 320 milligrams  nuts, chocolate, legumes  pharmacologic agents

 
RDA or AI* Rich Dietary Sources Results of  Toxicity

Men: 8 milligrams Meats, spinach, seafood, broccoli,  UL   45 mg; toxicity seen when children
Women: 18 milligrams  peas, bran, enriched breads  consume 60 milligrams or more in iron
   pills; also in people with hemochromatosis

Men: 11 milligrams Seafoods, meats, greens, whole grains UL   40 milligrams; reduces copper
Women: 8 milligrams   absorption; can cause diarrhea, cramps, 
   and depressed immune function

55 micrograms Meats, eggs, fi sh, seafoods, whole grains UL   400 micrograms; nausea, vomiting, 
   hair loss, weakness, liver disease

150 micrograms Iodized salt, white bread, saltwater fi sh,  UL   1,100 micrograms; inhibition of
  dairy products  function of the thyroid gland

900 micrograms Liver, cocoa, beans, nuts, whole grains, UL   10 milligrams; vomiting; nervous
  dried fruits  system disorders

Men: 4 milligrams* Fluoridated water, toothpaste, dental UL   10 mg; stomach upset; mottling
Women: 3 milligrams*  treatments, tea, seaweed  (staining) of teeth during development; 
   bone pain

Men: 30–35 micrograms* Egg yolks, whole grains, pork, nuts,  Liver damage and lung cancer (caused by
Women: 20–25 micrograms*  mushrooms, beer  industrial contamination, not dietary
   excess)

Men: 2.3 milligrams* Nuts, oats, beans, tea UL   11 milligrams
Women: 1.8 milligrams*

45 micrograms Beans, grains, nuts UL   2,000 micrograms
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fatty acids (see chapter 4). Because of fat’s caloric 

density (9 kcal/g), we are able to carry a large energy 

reserve, with little weight. In fact, the energy content 

of one pound of adipose tissue, 3,500 kcal, is 

sufficient to cover the cost of running a marathon. 

The other side of this coin is that because of this very 

high caloric density, it takes a long time to decrease 

the mass of adipose tissue when on a diet.

 The focus of attention in the medical community 

has been on the role of dietary fat in the development 

of atherosclerosis, a process in which the arterial wall 

becomes thickened, leading to a narrowing of the 

lumen of the artery. This is the underlying problem 

associated with coronary artery disease and stroke. 

While the specific cause is not known, it is believed 

that a variety of factors can damage the protective 

endothelial lining of the artery, allowing substances to 

build up and block the artery. The factors that can 

accelerate this process include elevated serum choles-

terol and triglycerides, high blood pressure, and ciga-

rette smoking (53). In the section on dietary goals, two 

of the recommendations dealt with this problem of 

atherosclerosis: a reduction in salt intake (see miner-

als), and a reduction in fat, saturated fat, and choles-

terol. A reduction in each of the last three has been 

shown to reduce serum cholesterol, and with it, the 

CLINICAL APPLICATIONS 18.2

Glycemic Index—What Is It and Is It Important?

We all know that when we eat there is 

an increase in insulin secretion to pro-

mote the uptake, use, and storage of 

carbohydrates. The degree to which the 

blood glucose concentration increases 

and remains elevated depends on the 

kinds and amounts of carbohydrate 

ingested, as well as the person’s insulin 

response and tissue sensitivity to the 

insulin (194).

 It is well known that certain carbohy-

drates elicit a more rapid blood glucose 

response than others. The glycemic 

index (GI) has been used to describe 

the magnitude of those differences and 

help those who have difficulty process-

ing glucose make better decisions in 

planning meals. The GI quantifies the 

blood glucose response (above fasting) 

to an individual carbohydrate food over 

a two-hour period following ingestion. 

This response is compared to a refer-

ence food (glucose or white bread) of 

the same weight. Those foods with a 

low GI would provide less of a challenge 

to someone with a reduced capacity to 

take up and use glucose (e.g., type 2 

diabetic). However, because these car-

bohydrates are compared on a “per 

gram” basis, the GI does not consider 

the impact that the actual amount of 

carbohydrate in the meal has on the 

response. The “glycemic load (GL)” 

attempts to do that by multiplying the 

GI by the amount of carbohydrate in 

the serving (194).

 The simplicity of the GI and GL is 

complicated by the fact that most 

meals do not contain a single carbohy-

drate. Factors such as the amount of 

protein and fat in the diet will impact 

the blood glucose response to the car-

bohydrate ingested. In spite of that, 

studies support the use of the GI as a 

tool to help shape the selection of car-

bohydrate-containing foods to reduce 

cholesterol and improve the metabolic 

control of diabetics (158). In addition, 

there is evidence that diets with a high 

GI and/or GL contribute to vascular 

infl ammation that is tied to the devel-

opment of atherosclerosis (118, 171). 

However, focus on the GI and GL 

should not ignore the importance of 

achieving a healthy body weight in 

the prevention and management of 

diabetes (194). This is supported in 

two studies of overweight subjects who 

were placed on either a low GL or high 

GL weight-loss diet. Both groups lost 

similar amounts of weight and experi-

enced similar improvements in insulin 

dynamics (61, 165). However, there is a 

new twist to this tale of the GI and GL. 

Fructose makes up a substantial part 

of total carbohydrate intake in the 

average American’s diet. Because fruc-

tose may contribute to insulin resis-

tance, investigators suggest that we 

examine the role of the “fructose index” 

(FI) and “fructose load” (FL) on the 

development of cardiovascular dis-

ease and diabetes, rather than limit it 

to GI and GL alone (192). We are sure 

to hear more about this in the future.

risk of atherosclerosis (3). See Clinical Applications 18.3 

for more on the role of diet composition on risk factor 

development.

 Usually the cholesterol concentration in the 

serum is divided into two classes on the basis of 

what type of lipoprotein is carrying the cholesterol. 

Low-density lipoproteins (LDLs) carry more choles-

terol than do the high-density lipoproteins (HDLs). 

High levels of LDL cholesterol are directly related to 

cardiovascular risk, whereas high levels of HDL cho-

lesterol offer protection from heart disease (3). The 

concentration of HDL cholesterol is influenced by 

heredity, gender, exercise, and diet. Diets high in 

saturated fats increase LDL cholesterol. A reduction 

in the sources of saturated fats, including meats, 

animal fat, palm oil, coconut oil, hydrogenated 

shortenings, whole milk, cream, butter, ice cream, 

and cheese would reduce LDL cholesterol. Just sub-

stituting unsaturated fats for these saturated fats 

will lower serum cholesterol. The American Heart 

Association has recommended that total fat con-

sumption be limited to 30% of calories to reduce the 

risk of heart disease (3). The most recent recommen-

dation from the Institute of Medicine provides a 

range of values (20%–35%); however, most of the 

range is consistent with the older recommendation. 
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Dietary restriction of cholesterol has been shown to 

be effective in lowering serum cholesterol (3); how-

ever, this effect is influenced by the percentage of 

saturated fat in the diet and the initial level of serum 

cholesterol (i.e., those with high serum cholesterol 

levels benefit the most) (65). Based on currently 

available evidence, it is reasonable and prudent to 

recommend a decrease in cholesterol in the diet to 

300 mg/day or less (3, 153). In addition, there is a 

special emphasis on eliminating trans fats from the 

diet. These fats rival saturated fats as a contributor 

to heart disease, and substituting polyunsaturated 

fats should reduce cholesterol levels (120). The fol-

lowing suggestions were provided as part of the 2005 

Dietary Guidelines for Americans to have a diet low in fat, 

saturated fat, and cholesterol (220):

Fats and Oils

■ Consume less than 10% of calories from 

saturated fatty acids and less than 300 mg/

day of cholesterol, and keep trans fatty acid 

consumption as low as possible.

■ Keep total fat intake between 20% and 35% of 

calories, with most fats coming from sources 

of polyunsaturated and monounsaturated fatty 

acids, such as fish, nuts, and vegetable oils.

■ When selecting and preparing meat, poultry, 

dry beans, and milk or milk products, make 

choices that are lean, low fat, or fat free.

■ Limit intake of fats and oils high in saturated 

and/or trans fatty acids, and choose products 

low in such fats and oils.

Protein

Even though protein has the same energy density as 

carbohydrate (4 kcal/g), it is not viewed as a primary 

energy source, as are fats and carbohydrates. Rather, it 

is important because it contains the nine essential 

(indispensable) amino acids, without which the body 

cannot synthesize all the proteins needed for tissues, 

enzymes, and hormones. The quality of protein in a diet 

is based on how well these essential amino acids are 

represented. In terms of quality, the best sources for 

protein are eggs, milk, and fish, with good sources being 

meat, poultry, cheese, and soybeans. Fair sources of 

protein include grains, vegetables, seeds and nuts, and 

other legumes. Given that a meal contains a variety of 

foods, one food of higher-quality protein tends to 

complement another of lower-quality protein to result 

in an adequate intake of essential amino acids (45).

CLINICAL APPLICATIONS 18.3

Diet Composition and Syndrome X

In chapter 14 we introduced you to 

“syndrome X” (“the deadly quartet” or 

the “metabolic syndrome”) as an ex-

ample of how scientists have tried to 

establish links among various cardio-

vascular risk factors to better under-

stand how one affects the other. The 

risk factors included elevated levels of 

plasma insulin (hyperinsulinemia) and 

lipids (hyperlipidemia), high blood 

pressure (hypertension), and obesity. 

Some suggest that obesity, especially 

abdominal obesity, is the underlying 

cause of elevated cardiovascular dis-

ease risk, while others point to insulin 

resistance (and the resulting elevated 

insulin) as the cause. In one of a series 

of provocative studies, Barnard et al. 

(10) make a case for diet composition 

as the underlying cause of the prob-

lem. This is an important consideration 

given the potential to break up the 

deadly quartet.

 These investigators put rats on 

either a high-fat, refi ned-sugar (HFS) 

diet or a low-fat, complex carbohydrate 

(LFCC) diet for two years. Animals were 

taken from each group beginning at 

two weeks and ending at two years to 

evaluate changes in body fatness and 

fat cell size, insulin resistance (ability 

of a tissue to take up glucose), plasma 

insulin and lipid levels, and blood 

pressure. They found that:

■ Insulin resistance and elevated 

levels of plasma insulin were 

present at two weeks in the 

HFS group and, therefore, pre-

ceded all other aspects of the 

syndrome.

■ Plasma triglycerides were signif-

icantly elevated by the second 

month in the HFS group.

■ Body fatness was not different 

until six months, but fat cell size 

was already increased in those 

on the HFS diet by two months.

■ Blood pressure was not different 

until twelve months, but by 

eighteen months all of the rats 

on the HFS diet had high blood 

pressure.

 This study showed that the compo-

sition of the diet was the cause of 

the insulin resistance, and that the 

insulin resistance preceded the other 

aspects of the syndrome. However, 

the authors acknowledged that the 

obesity prob ably contributed to the 

gradual worsening of the insulin resis-

tance (demanding higher levels of 

insulin) over time. Blood pressure was 

the slowest-responding component 

of thesyndrome and may be linked to 

the insulin resistance as described 

inchapter 14. This study confi rmed 

theimportance of diet on risk factor 

development and supports the recom-

mendation of a low-fat, high-complex 

carbohydrate diet.
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 The adult RDA protein requirement of 0.8 g/kg is 

easily met with diets that include a variety of the 

aforementioned foods. Overall, most Americans meet 

either of these recommendations. However, athletes 

need more than this. The protein requirement for ath-

letes is discussed in chapter 23.

■ Carbohydrate is a primary source of energy in 

the American diet and is divided into two 

classes: that which can be metabolized (sugars 

and starches) and dietary fi ber.

■ Two recommendations to improve health status 

in the American population are to consume com-

plex carbohydrates to represent about 45% to 65% 

of the calories, and to add more dietary fi ber.

■ Americans consume too much saturated fat, and 

the recommended change is to reduce this to no 

more than 10% of the total calories. Trans fat intake 

should be reduced as much as possible, and most 

fat intake should come from sources containing 

polyunsaturated and monounsaturated fatty acids. 

■ The protein requirement of 0.8 g/kg can be met 

with low-fat selections to minimize fat intake.

IN SUMMARY

MEETING THE GUIDELINES 
AND ACHIEVING THE GOALS

A good diet would allow an individual to achieve the 

RDA/AI for protein, minerals, and vitamins, while 

emphasizing carbohydrates and minimizing fats. The 

2005 Dietary Guidelines for Americans describes a healthy 

diet as one that:

■ emphasizes fruits, vegetables, whole grains, 

and fat-free or low-fat milk and milk products;

■ includes lean meats, poultry, fish, beans, eggs, 

and nuts; and

■ is low in saturated fats, trans fats, cholesterol, 

salt (sodium), and added sugars.

A variety of food group plans have been developed to 

help plan a diet consistent with these guidelines.

Food Group Plans

One of the best-known plans, the Basic Four Food 

Group Plan, included meat and meat substitutes, milk 

and milk products, fruits and vegetables, and grains 

(breads and cereals) as the food groups. Adults chose at 

least two, two, four, and four servings per day from these 

respective groups. The emphasis was on eating a variety 

of items within each group in which nutrient density is 

relatively high. Nutrient density describes the nutrient 

content in 1,000 kcal of a food (154). Selecting foods of 

high nutrient density keeps the nutrients high and total 

kcals low. The quantity of each item within a food group 

in the Basic Four Food Group Plan was based on the 

quantity of a specific nutrient contained therein. For exam-

ple, items on the milk list had to have the calcium con-

tent in one cup of milk, and the meat portion was based 

on protein content. The U.S. Department of Agriculture 

now uses a different approach to provide guidance in 

making food selections consistent with the Dietary 

Guidelines for Americans.

The Food Guide Pyramid The Food Guide Pyramid 

was released by the U.S. Department of Agriculture in 

1992 as an approach to eating that emphasized the 

various food groups, as well as a broad range of intakes 

to satisfy a variety of caloric needs in the population 

(218). Scientists such as Walter Willett (240) argued 

that the Food Guide Pyramid had a variety of problems 

(e.g., all fats are bad; no guidance on body weight and 

physical activity) and needed to be fixed. The Food 

Guide Pyramid was completely revised and released 

with the publication of the 2005 Dietary Guidelines for 

Americans. It is one of the two food plan approaches 

recommended in the Dietary Guidelines for Americans; the 

other is the DASH eating plan (see next section).

 Table 18.3, adapted from a graphic on the U.S. 

Department of Agriculture’s website (http://www

.mypyramid.gov/), outlines the basic components of 

MyPyramid. The major food groups (grains, vegetables, 

fruits, milk, and meats and beans) are listed along with 

a tip to follow and how much is needed in each cate-

gory to meet a 2,000 kcal/day energy expenditure. As 

you can see, special attention is focused on physical 

activity as one part of achieving and maintaining a 

healthy weight. We encourage each student to log on 

to this website and work your way through the menu to 

get a feel for the user-friendly nature of the MyPyramid 

plan. A major theme is that “one size does not fit all” 

and by providing your age, gender, and level of physi-

cal activity you can print out a dietary plan that should 

meet your energy needs as well as the various RDA/AI 

standards. Two recent reports indicated that MyPyra-

mid is consistent with the dietary recommendations 

from various professional organizations and should 

help control obesity, diabetes, cardiovascular diseases, 

cancer, and osteoporosis (119). However, vitamin E 

and potassium intake may be too low for those who 

follow the 1,600 and 2,200 kcal intake plans. Attention 

to better food selection with an emphasis on nutrient 

density is recommended (73).

Dietary Approaches to Stop Hypertension 

(DASH) The DASH eating plan (221) was also 

identified in the Dietary Guidelines for Americans as a 

means to meet DRI/RDA standards and the various 
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recommendations set forth in the document. The 

DASH plan was developed (as indicated in the title) 

to deal with hypertension, both to prevent it and to 

lower blood pressure in those with the problem (see 

www.nhlbi.nih.gov/health/public/heart/hbp/dash/). 

The DASH eating plan has been recognized for some 

time as an excellent approach to healthy eating con-

sistent with reducing cardiovascular risk factors and 

 achieving and maintaining a normal body weight.  

Those who follow the Dietary Guidelines for Americans 

have a lower risk of the metabolic syndrome (71). In 

addition, use of the DASH eating plan in a weight-loss 

program conveys more benefi ts to patients with the 

metabolic syndrome than a regular weight-loss diet 

(8). Table 18.4 shows the various food groups and 

serving sizes for this plan for a 2,000 kcal/day energy 

intake.

Evaluating the Diet

Independent of your dietary plan, the question arises 

as to how well you are achieving the guidelines. How 

do you analyze your diet? The first thing to do is to 

determine what you are eating, without fooling your-

self. The use of the twenty-four-hour recall method 

relies on your ability to remember, from a specific 

time in one day, what you ate during the previous 

twenty-four hours. You have to judge the size of the 

portion you have eaten and make a judgment of 

whether that day was representative of what you nor-

mally eat. Other people use food records, in which a 

person records what is eaten throughout the day. It is 

recommended that a person obtain food records for 

three or four days per week to have a better estimate 

of usual dietary intake. Because the simple act of 

recording food intake may change our eating habits, 

one has to try to eat as normally as possible when 

recording food intake. It is important to remember 

that the RDA standards are to be met over the long 

run, and variations from those standards will exist 

from day to day (45).

 The 2005 Dietary Guidelines for Americans identified 

two approaches to use to meet dietary standards 

and achieve a healthy body weight:

■ The U.S. Department of Agriculture’s MyPyramid 

promotes a personalized approach to healthy 

eating and physical activity. It replaced the 

Food Guide Pyramid.

■ The Dietary Approaches to Stop Hypertension 

(DASH) food plan is suitable for all to use in 

planning a healthy diet, whether one has hyper-

tension or not.

IN SUMMARY

TABLE 18.3   MyPyramid Food Groups

Check how you did today and set a goal to aim for tomorrow

Food Group Tip Goal Based on a 2,000-Calorie Pattern

GRAINS  Make at least half your grains   6-ounce equivalents

  whole grains.   (1-ounce equivalent is about 1 slice bread, 1 cup dry 

cereal, or 1⁄2 cup cooked rice, pasta, or cereal)

VEGETABLES  Try to have vegetables from   21⁄2 cups

  several subgroups each day.   Subgroups: dark green, orange, starchy, dry beans and  

 peas, other veggies

FRUITS  Make most choices fruit, not  2 cups

  juice.

MILK  Choose fat-free or low-fat milk  3 cups

  products most often.  (11⁄2 ounces cheese   1 cup milk)

MEAT & BEANS  Choose lean meat and poultry.  5 1⁄2-ounce equivalents

  Vary your choices—more fish,   (1 ounce equivalent is 1 ounce meat, poultry, or fish,

  beans, peas, nuts, and seeds.   1 egg, 1 T peanut butter, 1⁄2 ounce nuts, or 1⁄4 cup 

dry beans)

PHYSICAL ACTIVITY  Build more physical activity into  At least 30 minutes of moderate to vigorous activity

  your daily routine at home   a day, 10 minutes or more at a time.

  and work.

Modified from: www.mypyramid.gov.
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BODY COMPOSITION

Obesity is a major problem in our society, being related 

to hypertension, elevated serum cholesterol, and adult 

onset diabetes (152). In addition, there is growing con-

cern that as the incidence of childhood obesity 

increases, so will the pool of obese adults. To deal with 

this problem, we must be able to assess the preva-

lence of overweight and obesity, as well as describe in 

more specific terms changes in body composition. 

This section presents a brief overview on how to do 

TABLE 18.4   The DASH Eating Plan

The DASH eating plan shown below is based on 2,000 calories a day. The number of daily servings in a food group 

may vary from those listed, depending on your caloric needs. Use this chart to help you plan your menus, or take it 

with you when you go to the store.

Food  Daily Servings

Group (except as noted) Serving Sizes Examples and Notes

Grains and  7–8 1 slice bread  Whole-wheat bread, English muffin, pita bread,

 grain products  1 oz dry cereal*  bagel, cereals, grits, oatmeal, crackers, unsalted 

  1⁄2 cup cooked rice, pasta,   pretzels and popcorn

   or cereal

Vegetables 4–5 1 cup raw leafy vegetable  Tomatoes, potatoes, carrots, green peas, squash,

  1⁄2 cup cooked vegetable   broccoli, turnip greens, collards, kale, spinach, 

  6 oz vegetable juice   artichokes, green beans, lima beans, sweet 

potatoes

Fruits 4–5 6 oz fruit juice   Apricots, bananas, dates, grapes, oranges, orange

  1 medium fruit  juice, grapefruit, grapefruit juice, mangoes, melons,

  1⁄4 cup dried fruit     peaches, pineapples, prunes, raisins, strawberries, 

  1⁄2 cup fresh, frozen, or  tangerines

   canned fruit

Low-fat or  2–3 8 oz milk  Fat-free (skim) or low-fat (1%) milk, fat-free or

 fat-free dairy  1 cup yogurt  low-fat buttermilk, fat-free or low-fat regular or

 foods  11⁄2 oz cheese  frozen yogurt, low-fat and fat-free cheese

Meats, poultry,  2 or 3 oz cooked meats, poultry,  Select only lean; trim away visible fats; broil, roast,

 and fish less  or fish  or boil, instead of frying; remove skin from poultry

Nuts, seeds,  4–5 1⁄3 cup or 11⁄2 oz nuts Almonds, filberts, mixed nuts, peanuts, walnuts,

 and dry  per 2 T or 1⁄2 oz seeds  sunflower seeds, kidney beans, lentils, peas

 beans week 1⁄2 cup cooked dry beans 

Fats and oils† 2–3 1 tsp soft margarine  Soft margarine, low-fat mayonnaise, light salad

  1 T low-fat mayonnaise   dressing, vegetable oil (such as olive, corn, canola,

  2 T light salad dressing   or safflower)

  1 tsp vegetable oil

Sweets 5  1 T sugar Maple syrup, sugar, jelly, jam, fruit-flavored gelatin, 

 per  1 T jelly or jam  jelly beans, hard candy, fruit punch, sorbet, ices

 week 1⁄2 oz jelly beans 

  8 oz lemonade

*Equals 1⁄2–11⁄4 cups, depending on cereal type. Check the product’s Nutrition Facts Label.
†Fat content changes serving counts for fats and oils: For example. 1 T of regular salad dressing equals 1 serving; 1 T of a low-fat dressing equals 
1⁄2 serving; 1 T of a fat-free dressing equals 0 servings.

Modified from the DASH Eating Plan 2003. U.S. Department of Health and Human Services.

that. For those interested in a thorough discussion of 

body composition assessment issues, we refer you to 

Heyward and Wagner’s Applied Body Composition Assess-

ment and Roche, Heymsfield, and Lohman’s Human 

Body Composition in the Suggested Readings, and Matts-

son and Thomas’ review article (135).

Methods of Assessing 

Overweight and Obesity

In the latter part of the twentieth century, one of the 

most common ways of making a judgment about 
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whether a person was overweight was to use the Met-

ropolitan Life Insurance height and weight tables 

(144). This has been replaced with a measure that has 

now been universally adopted—the Body Mass Index 

(BMI)—the ratio of body weight (in kilograms) to 

height (in meters) squared: BMI   wt [kg]   ht [m2]. 

The BMI is easily calculated, and guidelines for classi-

fying someone as overweight or obese have used per-

centile rankings or fixed BMI values (132). As these BMI 

guidelines were developed, some allowances were 

made for age (higher values), but some scientists felt 

that the higher values were too generous given their 

association with higher rates of morbidity and mortal-

ity (26, 238, 239). Current BMI standards that have 

been adopted worldwide include (152):

Underweight  18.5

Normal 18.5–24.9

Overweight 25.0–29.9

Obesity—Class I 30.0–34.9

Obesity—Class II 35.0–39.9

Extreme Obesity—Class III  40

 The BMI standards listed previously are for adults. 

To assess overweight and obesity in children, investiga-

tors and clinicians have relied on percentile cut offs (e.g., 

85th and 95th percentile, respectively). There are ongo-

ing attempts to identify specific BMI cut offs for ages 2 to 

17 to allow easier identification of children who are over-

weight and obese and to take action earlier (47).

 One of the major problems associated with height/ 

weight tables and the BMI is that there is no way to 

know if the person is heavily muscled or simply overfat. 

One of the earliest uses of body composition analysis 

showed that with height/weight tables, “All-American” 

football players weighing 200 lbs would have been 

found unfit for military service and would not have 

received life insurance (237), even though they were 

lean. Clearly there is a need to distinguish overweight 

from overfat, and that will be the purpose of the next 

section of this chapter.

Methods of Measuring 

Body Composition

The most direct way to measure body composition is 

to do a chemical analysis of the whole body to 

determine the amount of water, fat, protein, and min-

erals. This is a common method used in nutritional 

studies on rats, but it is useless in providing informa-

tion for the average person. The following is a brief 

summary of techniques providing information about 

(a) the composition of the whole body and (b) the 

development or change in specific tissues of the body.

Isotope Dilution Total body water (TBW) is 

determined by the isotope dilution method. In 

this method a subject drinks an isotope of water 

(tritiated water—3H2O), deuterated water (2H2O), 

or 18O-labeled water (H2
18O) that is distributed 

throughout the body water. After three to four 

hours to allow for distribution of the isotope, a 

sample of body fluid (serum or saliva) is ob-

tained and the concentration of the isotope is 

determined. The volume of TBW is obtained by 

calculating how much body water would be 

needed to achieve that concentration. A person 

with a large amount of body water will dilute the 

isotope to a greater extent. People with large 

TBW volumes possess more lean tissue and less 

fat tissue, so TBW can be used to determine 

body fatness (66, 184).

Photon Absorptiometry This method is used 

to determine the mineral content and density of 

bones. A beam of photons from iodine-125 is 

passed over a bone or bones, and the transmis-

sion of the photon beam through bone and soft 

tissue is obtained. There is a very strong posi-

tive relationship between the absorption of the 

photons and the mineral density of the bones 

(42, 132).

Potassium-40 Potassium is located primarily 

within the cells, along with a naturally occurring 

radioactive isotope of potassium: 40K. The 40K 

can be measured in a whole-body “counter” and 

is proportional to the mass of lean tissue (30).

Hydrostatic (Underwater) Weighing Water 

has a density of about 1 g/ml, and body fat, with 

a density of about 0.900 g/ml, will float in water. 

Lean tissue has a density of about 1.100 in 

adults and will sink in water. Whole-body den-

sity provides information about the portion of 

the body that is lean and fat. Underwater weigh-

ing methods are commonly used to determine 

body density and will be discussed in more 

detail (132).

Dual Energy X-Ray Absorptiometry (DEXA) In 

this new technology, a single X-ray source is used 

to determine whole-body and regional estimates 

of lean tissue, bone, mineral, and fat with a high 

degree of accuracy. The software required for this 

process continues to be refined, and DEXA con-

tinues to play a major role in the future of body 

composition analysis (63, 132, 139, 227).

Near Infrared Interactance (NIR) This 

method is based on the absorption of light, 

reflectance, and near infrared spectroscopy (31). 

A fiber-optic probe is placed over the biceps and 

an infrared light beam is emitted. The light 

passes through subcutaneous fat and muscle 

and is reflected by bone back to the probe. Gen-

erally, there has been little interaction between 

scientists and the manufacturers in the develop-

ment and validation of this type of device (132), 
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and some studies suggest that this technology 

has a way to go (34, 141).

Radiography An X-ray of a limb allows one 

to measure the widths of fat, muscle, and bone, 

and has been used extensively in tracing the 

growth of these tissues over time (109). Fat-

width measurements can also be used to esti-

mate total body fat (76, 112).

Ultrasound Sound waves are transmitted 

through tissues and the echoes are received 

and analyzed. This technique has been used to 

measure the thickness of subcutaneous fat. 

Present technology allows for whole-body scans 

and the determination of the volumes of vari-

ous organs (31).

Nuclear Magnetic Resonance (NMR) In this 

method, electromagnetic waves are transmitted 

through tissues. Select nuclei absorb and then 

release energy at a particular frequency (reso-

nance). The resonant-frequency characteristics 

are related to the type of tissue. Computer analy-

sis of the signal can provide detailed images, 

and the volumes of specific tissues can be 

calculated (31).

Total Body Electrical Conductivity (TOBEC) 

Body composition is analyzed by TOBEC on 

the basis that lean tissue and water conduct 

electricity better than does fat. In this method, 

the subject lies in a large cylindrical coil while 

an electric current is injected into the coil. The 

electromagnetic field developed in the space 

enclosed by the cylindrical coil is affected by 

the subject’s body composition (170, 189, 226).

Bioelectrical Impedance Analysis (BIA) The 

basis for BIA is similar to that of TOBEC, but it 

uses a small portable instrument. An electrical 

current (50 A usually set at a frequency of 

50 kHz) is applied to an extremity and resistance 

to that current (due to the specific resistivity and 

volume of the conductor—the fat-free mass) is 

measured (132, 189, 226). Total body water is 

calculated, and the value can be used to esti-

mate the percentage of body fatness, as was 

mentioned for the isotope dilution procedure. 

BIA devices using multiple frequencies (7, 54, 

and 100 kHz) show promise of improved accu-

racy (132, 191, 228). This technique may be an 

appropriate field method to use in place of or in 

addition to skinfolds in testing the elderly (81). 

However, one has to be careful to standardize 

hydration status to obtain valid and reliable 

measurements.

Air Displacement Plethysmography Body 

density can also be calculated from body volume 

measurements obtained via air displacement 

plethysmography (in contrast to water displace-

ment that is used in hydrostatic weighing). Small 

changes in pressure, due to the change in volume 

of air in the chamber, are used to calculate the 

volume of the individual sitting in the chamber. 

The Bod Pod uses this technology to simplify the 

measurement of body volume and therefore the 

calculation of whole-body density. The information 

obtained is used in the same way as that collected 

in hydrostatic weighing (54). Although body fat 

percentage values derived from this method may 

not be the same as those from hydrostatic weigh-

ing, the differences are small (145).

Skinfold Thickness An estimate of total body 

fatness is made from a measure of subcutaneous 

fat. A number of skinfold measurements are 

obtained and the values used in equations to 

calculate body density (127, 132). Details on this 

technique will be presented in a later section.

 Some of these procedures are expensive in terms 

of personnel and equipment (e.g., potassium-40, 

TOBEC, radiography, ultrasound, NMR, DEXA, TBW), 

and are not used on a routine basis for body compo-

sition analysis. BIA has gained greater acceptance in 

the past few years, due in part to a collaborative multi-

university research project that showed it to be com-

parable to skinfold estimates of body fatness in men 

and women (132, 232). The data from these tech-

niques can be used alone or in combination to pro-

vide an assessment of body composition. A variety of 

models have been proposed for this purpose (98, 132, 

133, 164):

■ Four-component model—this model uses 

information on mineral, water, protein, and 

fat to assess body composition. The careful 

measurement of each of these components 

allows one to account for variations in bone 

density (mineral) and total body water that 

might vary dramatically in certain populations 

(e.g., growing children, the elderly). These 

procedures would give the best estimates of 

the percentage of fat.

■ Three-component model—in this model 

the body is divided into three components: 

(a) body water, protein   mineral, and fat, or 

(b) body water   protein, mineral, and fat. 

The three-component model also allows one 

to account for variations in either bone 

density or body water and improve estimates 

of body fatness.

■ Two-component model—this, the oldest 

model, divides the body into two components: 

the fat mass and the fat-free mass. Although 

it is still the most commonly used approach 

to estimate the percentage of fat, the 
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assumptions underlying this model have been 

questioned. The limitations of the two-

component model have been addressed using 

information collected with the three- and four-

component models. The details are provided 

in the following sections.

■ The BMI uses a simple ratio of weight-to-height 

squared (kg/m2) to classify individuals as being 

normal weight, overweight, or obese. However, 

just like the old height-weight tables, the BMI 

does not consider the composition of the body 

weight (i. e., proportion of muscle tissue vs. fat 

tissue).

■ Body composition can be measured in terms of 

total body water (isotope dilution, bioelectric 

impedance analysis), bone density (photon 

absorptiometry), lean tissue mass (potassium-

40), density (underwater weighing, air displace-

ment plethysmography), and thickness of various 

tissues (ultrasound, radiography, skinfolds).

■ Body composition assessment can be based on 

four-component (mineral, water, protein, and 

fat), three-component (body water, protein   

mineral, and fat, or body water   protein, min-

eral, and fat), or two-component (fat-free mass 

and fat mass) models. The four-component 

model is the most accurate.

IN SUMMARY

Two-Component System 

of Body Composition

Two approaches that are used extensively to estimate 

percent fat include the underwater weighing and 

skinfold methods. In both of these methods the inves-

tigator obtains an estimate of whole-body density, 

and from this calculates the percentage of the body 

that is fat and the percentage that is fat-free. This is the 

two-component body composition system described 

by Behnke that is commonly used to describe changes 

in body composition (11). The conversion of whole-

body density values to fat and fat-free tissue compo-

nents relies on “constants” used for each of those 

tissue components. Human fat tissue is believed to 

have a density of 0.900 g/ml, and fat-free tissue a den-

sity of 1.100 g/ml. Using these density values, Siri 

(199) derived an equation to calculate the percentage 

of body fat from whole-body density:

% body fat     495 _______ 
Density

     450

This equation is correct only if the density values for 

fat tissue and fat-free tissue are 0.900 and 1.100 g/ml, 

respectively. Investigators sensed that certain popula-

tions might have fat-free tissue densities different 

from that of 1.100 g/ml when they observed high val-

ues for body fatness for children and the elderly, and 

extremely low values ( 0% body fat) in professional 

football players (81, 134, 242). Children have lower 

bone mineral contents, less potassium, and more 

water per unit fat-free mass, yielding a lower density 

for fat-free mass (134). Lohman (129) reports density 

values (g/ml) of 1.080 at age six, 1.084 at age ten, and 

1.097 for boys aged fifteen-and-one-half. The lower 

values in the prepubescent child would overestimate 

percent body fat by 5%. Based on data from the multi-

component models of body composition, Lohman 

(131) recommends the values found in table 18.6 for 

Siri’s equation when applied to children, youth, and 

young adults (see table 18.5).

 In contrast to children, who have density values 

below 1.100 for the fat-free mass, African Americans 

were shown to have a density of 1.113 g/ml (188). The 

Siri equation would have to be modified as follows:

% body fat     437 _______ 
Density

     393

Although this may appear to be quite complicated, 

there is good reason to have the correct equation for 

a specific population. If judgments are to be made 

about the distribution of obesity in our society, it is 

important that estimates of body fatness be reason-

ably accurate. The following sections will discuss how 

whole-body density values are determined by under-

water weighing and skinfold procedures. Heyward and 

Wagner’s text (see the Suggested Readings) provides 

guidance in choosing the most appropriate equation 

depending on age, race, gender, or other factors.

TABLE 18.5    Equations for Estimating % Fat 

from Body Density Based on 

Age and Gender

 MALE FEMALE

Age, yrs. C1 C2 C1 C2

1 572 536 569 533

1–2 564 526 565 526

3–4 553 514 558 520

5–6 543 503 553 514

7–8 538 497 543 503

9–10 530 489 535 495

11–12 523 481 525 484

13–14 507 464 512 469

15–16 503 459 507 464

Young adult 495 450 505 462

Note: C1 and C2 are the terms in percent fat equation to substitute 

for the Siri equation of percent fat    [   C1
 ___
 

Db
     C2 ] . 

Reprinted, by permission, from T. G. Lohman, 1989,  “Assessment 

of Body Composition in Children,”  in Pediatric Exercise Science,

Vol. 1(1):22.
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Underwater Weighing Density is equal to mass 

divided by volume (D   M/V). Because we already 

know body mass (body weight), we only have to deter-

mine body volume to calculate whole-body density 

(83). The underwater weighing method applies Archi-

medes’ principle, which states that when an object is 

placed in water it is buoyed up by a counterforce equal 

to the water it displaces. The volume of water dis-

placed (spilled over) would equal the loss of weight while 

the object is completely submerged. Some investiga-

tors determine body volume by measuring the actual 

volume of water displaced; others measure weight 

while the subject is underwater, and obtain body vol-

ume by subtracting the weight measured in water 

(MW) from that measured in air (MA), or (MA   MW). 

Both methods of determining volume are reproduc-

ible, but body fat percentage values are slightly but 

significantly (0.7%) lower with the volume displace-

ment method (233). The weight of water displaced is 

converted to a volume by dividing by the density of 

the water (DW) at the time of measurement:

D     M __ 
V

       
MA __________ 

  
(MA   MW)

 __________ 
DW

  

  

 This denominator must now be corrected for two 

other volumes: the volume of air in the lungs at the 

time of measurement [usually residual volume (VR)], 

and the volume of gas in the gastrointestinal tract 

(V̇ 
GI). It is recommended that VR be measured at the 

time that underwater weight is measured, but mea-

surement on land with the subject in the same posi-

tion is a suitable alternative (129). Residual volume 

can also be estimated with gender-specific regression 

equations, or by taking 24% (males) or 28% (females) 

of vital capacity. However, the latter two procedures 

introduce measurement errors of 2% to 3% fat for a 

given individual (150). VGI can be quite variable, and 

while some investigators ignore this measure, others 

assume a 100 ml volume for all subjects (38, 132).

 The density equation can now be rewritten:

D     M __ 
V

       
MA  ____________________  

  
(MA   MW)

 __________ 
DW

     VR   VGI

  

 Figure 18.2 shows the equipment used to mea-

sure underwater weight. Water temperature is mea-

sured to obtain the correct water density. The subject 

is weighed on land on a scale accurate to within 

100 grams. The subject puts on a diver’s belt with 

sufficient weight to prevent floating during the weigh-

ing procedure, and sits on the chair suspended from 

the precision scale. The scale can be read to 10 grams 

and it has major divisions of 50 grams. The subject 

sits on the chair with the water at chin level and as a 

maximal exhalation is just about completed, the sub-

ject bends over and pulls the head under. When a 

maximal expiration is achieved, the subject holds that 

position for about five to ten seconds while the inves-

tigator reads the scale. This procedure is repeated six 

to ten times until the values stabilize. The weight of 

the diver’s belt and chair are subtracted from this 

weight to obtain the true value for MW. If VR were to be 

measured at the time underwater weight is measured, 

the subject would have to be breathing through a 

mouthpiece and valve assembly that could be acti-

vated at the correct time (168).

 The following data were obtained on a white 

male, aged thirty-six: MA   75.20 kg, MW   3.52 kg, 

VR   1.43 liters, DW   0.9944 at 34 C, VGI   0.1 liter.

D     M __ 
V

       75.20  ________________________   

  
(75.20   3.52)

  _____________ 
0.9944

     1.43   0.1
       75.20 _____ 

70.55
     1.066

This density value is now used in Siri’s equation to 

calculate the percentage of body fat:

% body fat     495 _______ 
Density

     450

14.3     495 _____ 
1.066

     450

 The underwater weighing procedure in which RV 

is measured (and not estimated) has been used as the 

“standard” against which other methods are com-

pared. However, remember that due to the normal 

biological variability in the fat-free mass in a given 

population, the body fat percentage value is estimated 

to be within about  2.0% of the “true” value (132).

■ In the two-component system of body composi-

tion analysis, the body is divided into fat-free 

and fat mass, with densities of 1.100 and 0.900, 

respectively. The estimate of the density of the 

fat-free mass must account for differences that 

exist in various populations (i.e., children and 

African Americans).

■ Body density is equal to mass   volume. 

Underwater weighing is used to determine 

body volume using the principle of Archime-

des: When an object is placed in water it is 

buoyed up by a counterforce equal to the water 

it displaces. One can measure the actual vol-

ume of water displaced, or the loss of weight 

while underwater. The weight of water is 

divided by the density of water to yield body 

volume, which must then be corrected for the 

residual volume and the volume of gas in the 

GI tract.

■ The body fat percentage value has an error of 

about  2.0% due to the normal biological vari-

ation of the fat-free mass.

IN SUMMARY
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Sum of Skinfolds Underwater weighing, although a 

good way to obtain a measurement of body density, 

is time consuming and requires special equipment 

and personnel. Paralleling the development of the 

advanced technologies used in body composition 

analysis, scientists developed equations that pre-

dicted body density from a collection of skinfold 

measurements. The skinfold method relies on the 

observation that within any population a certain frac-

tion of the total body fat lies just under the skin (sub-

cutaneous fat), and if one could obtain a representative 

sample of that fat, overall body fatness (density) could 

be predicted. Generally, these prediction equations 

were developed with the underwater weighing method 

used as the standard. For example, a group of college 

males and females would have body density measured 

by underwater weighing, and a variety of skinfold 

measures would also be obtained. The investigator 

would then determine what collection of skinfolds 

would most accurately predict the body density deter-

mined by underwater weighing.

 Investigators found that subcutaneous fat rep-

resents a variable fraction of total fat (20%–70%), 

depending on age, sex, overall fatness, and the mea-

surement technique used. At a specific body fatness, 

women have less subcutaneous fat than men, and 

older subjects of the same sex have less than younger 

subjects (127). Given that these variables could influ-

ence an estimate of body density, it is no surprise that 

of the more than 100 equations developed, most were 

found to be “population specific” and could not be 

used for groups of different ages or sex. This obviously 

creates problems for exercise leaders in adult fitness 

programs or elementary or high school physical 

Figure 18.2 The underwater weighing technique illustrating two individuals with the same weight and height, but 

different body composition.

0
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education teachers when they try to find the equation 

that works best for their particular group. Fortunately, 

a good deal of progress has been made to reduce 

these problems.

 Jackson and Pollock (103) and Jackson, Pollock, 

and Ward (105) developed “generalized equations” for 

men and women—that is, equations that could be 

used across various age groups. In addition, these 

equations have been validated for athletic and non-

athletic populations, including postpubescent ath-

letes (129, 197, 198). In these equations, specific 

skinfold measurements are obtained and the values 

are used along with age to calculate body density. 

Here are two such equations, one for men and one for 

women, which can be used to predict body density 

(104). The body density value obtained is used in the 

Siri equation presented earlier to calculate body fat 

percentage.

Men

Density    1.1125025   0.0013125 (X1) 

  0.0000055 (X1)
2   0.0002440 (X2)

 where X1   sum of chest, triceps, subscapular 

skinfolds, and X2   age in years.

Women

Density    1.089733   0.0009245 (X1) 

  0.0000025 (X1)
2    0.0000979 (X2)

 where X1   sum of triceps, suprailium, and 

abdominal skinfolds, and X2   age in years.

 Jackson and Pollock (104) simplified this proce-

dure by providing tabulated body fatness percentage 

values for different skinfold thicknesses across age. 

All that is needed is the sum of skinfolds to obtain a 

body fatness percentage value. Appendixes G and H 

show the percent body fat tables for men and women, 

respectively, using the sum of three skinfolds. For 

example, a woman, aged twenty-five, with a sum of 

skinfolds equal to 50 mm has a body fat percentage 

equal to 22.9% (look to the right of the sum of skinfold 

column where 48–52 is shown, over to the second 

column—ages 23–27). Estimates of body fatness 

percentage from skinfold measures have an error of 

about  3.7% (128). Recently, concern has been 

expressed about the need to cross-validate the skin-

fold equations against the multicomponent models 

and to clarify the effects that age, gender, ethnicity, 

and fitness have on the various components of body 

composition, for example, the density of the fat-free 

mass (81, 132).

 The use of skinfold measurements was extended 

to children in the schools for early identification of 

obesity. The American Alliance for Health, Physical 

Education, Recreation, and Dance (5, 130) developed 

a health-related fitness test to evaluate cardiorespi-

ratory function, muscular strength, low back function, 

and body fatness. The body fatness assessment relies 

on a triceps and subscapular or calf skinfold(s), and 

percentile norms are provided. When this test was 

developed, the skinfold values could not be converted 

to body fatness percentage values because the 

assumption that the fat-free mass had a density of 

1.100 g/cc was known to be false. However, based on 

recent research with young populations using the 

four-component model (204), appropriate equations 

are available to convert skinfolds to body fat for 

young African American and white girls and boys 

(132) (see table 18.6).

Body Fatness for Health and Fitness

The previous sections showed how to determine 

body density by underwater weighing and skinfold 

procedures. This information on body density is 

converted to percentage of body fat and can be used 

to make judgments about one’s status relative to 

health and fitness. Lohman (128) recommends a 

range of 10% to 20% as an optimal health and fitness 

goal for males. He indicates that this range allows 

for individual differences in physical activity and 

TABLE 18.6    Prediction Equations of Percent 

Fat from Triceps and Calf and 

from Triceps and Subscapular 

Skinfolds in Children and Youth 

for Males and Females

Triceps and calf skinfolds

Males, all ages: % Fat   0.735 兺SF   1.0

Females, all ages: % Fat   0.610 兺SF   5.0

Triceps and subscapular skinfolds ( 35 mm)

Males: % Fat   0.783 兺SF   I

Females: % Fat   0.546 兺SF   9.7

Triceps and subscapular skinfolds ( 35 mm)a

Males: % Fat   1.21 (兺SF)   0.008 (兺SF)2   I

Females: % Fat   1.33 (兺SF)   0.013 (兺SF)2   2.5 

(2.0 African Americans, 3.0 whites)

I   Intercept varies with maturation level and racial 

group for males as follows:

Age African Americans Whites

Prepubescent  3.5  1.7

Pubescent  5.2  3.4

Postpubescent  6.8  5.5

Adult  6.8  5.5

aThus for a white pubescent male with a triceps of 15 and a 

subscapular of 12, the % fat would be: % Fat   1.21 (27)   

0.008 (27)2   3.4   23.4%

Note. Calculations were derived using the Slaughter et al. (1988) 

equation. Reprinted, by permission, from T. G. Lohman, 1992, 

Advances in Body Composition Assessment (Champaign, IL: Human 

Kinetics Publishers), 74. 
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preferences, and is associated with little or no health 

risk due to diseases associated with fatness. Values 

above 20% increase the risks of diabetes, heart dis-

ease, and hypertension. Values of 20% to 25% are 

considered moderately high, 25% to 31% high, and 

 31% very high. Females are generally about 3% fat-

ter than males prior to puberty and 11% fatter after 

puberty. The latter is a “sex-specific” body fat differ-

ence due to the increased rate of estrogen secretion 

at puberty. The optimal range of body fat for adult 

females is 15% to 25%, with 25% to 30% listed as 

moderately high, 30% to 35% as high, and  35% as 

very high (128).

 Now that we know how to obtain a percent body 

fatness measure, and what the optimal percent body fat 

values are, how can we determine what the optimal 

body weight range is? In the following example, a female 

college student has 30% body fat and weighs 142 lbs. 

Her optimal fat range percentage is 15% to 25%.

Step 1. Calculate fat-free weight:

100%   30% fat   70% fat free

70%   142 lb   99.4 lb fat-free weight

 Step 2. Optimal weight     
fat-free weight

  _________________  
(1   optimal % fat)

  , with 

optimal % fat expressed as a fraction:

For 15%     99.4 lb _______ 
(1 .15)

     117 lb;

for 25%     99.4 lb _______ 
(1 .25)

     132.5 lb

Her optimal weight range is 117–133 lb.

 Lohman (128) also provides values for body fat 

percentages that are below the optimal range: for 

boys, 6% to 10% is classified as low and  6% as very 

low. Comparable values for girls are 12% to 15% and 

 12%, respectively. There is a great pressure in our 

society to be thin, and this can be carried to an 

extreme. A far-too-common problem in our high 

schools and colleges is an eating disorder known as 

anorexia nervosa, in which young females have an 

exaggerated fear of getting fat. This fear leads to food 

restriction and increased exercise in an attempt to 

stay thin, when they are, in fact, already thin (75). 

Bulimia nervosa is an eating disorder in which large 

quantities of food are taken in (binging), only to be 

followed by self-induced vomiting or the use of laxa-

tives to rid the body of the food that was eaten (purg-

ing). While anorexia nervosa is characterized by the 

cessation of the menstrual cycle and the development 

of an emaciated state, the majority of the bingers/

purgers are in the normal weight range (45).

 It is clear that to stay in the optimal body fat per-

centage range, one must balance the dietary con-

sumption of calories with energy expenditure. We will 

now consider that topic.

■ Subcutaneous fat can be “sampled” as skinfold 

thicknesses, and a sum of skinfolds can be con-

verted to a body fat percentage with formulas 

derived from the relationship of the sum of 

skinfolds to a body composition standard based 

on a two-, three-, or four-component model.

■ The recommended body fatness for males is 

10% to 20%, and for females is 15% to 25%. 

There is concern about obesity and anorexia 

for those above and below these values, 

respectively.

IN SUMMARY

OBESITY AND WEIGHT 
CONTROL

In chapter 14 we discussed the major risk factors asso-

ciated with degenerative diseases. Although high 

blood pressure, cigarette smoking, elevated serum 

cholesterol, and inactivity have been accepted as 

major risk factors (169), more and more evidence 

points to obesity as being a separate and indepen-

dent risk factor for CHD, and one directly tied to two 

of the major risk factors. A variety of diseases are 

linked to obesity: hypertension, type 2 diabetes, coro-

nary heart disease (CHD), stroke, gallbladder disease, 

osteoarthritis, sleep apnea and respiratory problems, 

and some types of cancer (endometrial, breast, pros-

tate, and colon). In addition, obesity is also associ-

ated with complications of pregnancy, menstrual 

irregularities, hirsutism, stress incontinence, and psy-

chological disorders (depression) (40, 152, 172, 174).

 It should be no surprise that obesity is linked to 

an increased morbidity due to cardiovascular disease 

and some types of cancers. However, being overweight 

is not. Overweight was associated with a lower mor-

tality from all causes, including cardiovascular dis-

ease (70). This information provides special urgency 

to promote strategies, including doing physical activ-

ity on a regular basis, to reduce the chance of a person 

moving from the overweight to the obese category. 

Let’s take a more detailed look at obesity.

Obesity

If we use a BMI of  30 as a classification for obesity, 

the prevalence of obesity in U.S. adults increased from 

15% in the 1976–1980 reporting period, to 23.3% in 

1988–1994, to 30.9% in 1999–2000, and to 32.2% in 

2004 (157). When you include those who are classified 

as overweight (BMI 25.0–29.9), the prevalence of over-

weight and obesity was 66.3%. Consequently, two-

thirds of the U.S. adult population is overweight and 

one-third is obese. In addition, some ethnic groups 
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were over-represented. More than half of non-

Hispanic Black women aged forty years and older 

were obese and more than 80% were overweight (157). 

However, all obesity is not the same. Studies suggest 

that not only is the relative body fatness related to an 

increased risk of CVD, but the distribution of that fat-

ness must also be considered. Individuals with a large 

waist circumference compared to hip circumference 

have a higher risk of CVD and sudden death (201, 202). 

These data suggest that in addition to skinfold or 

underwater weighing estimates of body density, mea-

surements of waist and hip circumferences should 

also be obtained (122, 123). Ratios of waist to hip cir-

cumference  0.95 for men and  0.8 for women are 

associated with the CVD risk factors of insulin resis-

tance, high cholesterol, and hypertension, and such 

individuals are treated even if they are only borderline 

obese (14, 35, 43, 201). Given that the risk of these 

problems is associated with abdominal obesity, the 

guidelines mentioned previously (152) use only waist 

circumference and recommend values of 102 cm (40 in) 

and 88 cm (35 in) to be used for men and women, 

respectively, when classifying those at high risk. For 

more on the best measures to track obesity, see Ask 

the Expert 18.1.

 In addition to fat tissue distribution, there is a 

need to determine whether the obesity is due to an 

increase in the amount of fat in each fat cell (hyper-

trophic obesity), or to an increase in the number of 

fat cells (hyperplastic obesity), or both (13, 15, 16). In 

moderate obesity where the mass of adipose tissue is 

less than 30 kg, the increase in fat cell size appears to 

be the primary means of storing the additional fat. 

Beyond that, the cell number is the variable most 

strongly related to the mass of adipose tissue (16, 

96). This is shown in figure 18.3, where cell size 

increases up to about 30 kg of body fat, but does not 

significantly change thereafter. In contrast, the fat 

cell number is strongly related to the mass of adipose 

tissue (200, 203).

 There are about 25 billion fat cells in a normal-

weight individual versus 60 to 80 billion in the 

extremely obese (16, 96, 203). When a person under-

goes dietary restriction, the size of the fat cells 

decreases but the number does not (16, 96). This 

high fat cell number is believed to be related to the 

difficulty obese patients have in maintaining body 

weight after it has been lost (121). For example, a 

study was conducted to determine the pattern of 

weight loss, maintenance, and gain of groups 

classified as having obesity that is hyperplastic, 

hypertrophic, or both. Those with hyperplastic obe-

sity or combined hyperplastic and hypertrophic 

obesity lost weight quickly, kept it off for only a short 

period of time, and regained it at a high rate. At this 

point we have seen that dieting does not change fat 

cell number, and that those who possess a high 

number of fat cells have difficulty maintaining a 

reduced body weight. The next question to consider 

is, when does the fat cell number increase?

 In a longitudinal study of children during the first 

eighteen months of life, the fat cell number did not 

increase during the first twelve months, the increase 

in cell size being entirely responsible for the increase 

in body fat. In contrast, the gain in body fat from 

twelve to eighteen months was due entirely to an 

increase in fat cell number with cell size remaining 

stable (86). When these data were plotted along with 

data from other studies, the results indicated that cell 

number increases throughout growth (86, 96). Given 

that physical activity and dietary intervention in 

grossly obese young children (eight years old) can 

slow the rate of growth in the fat cell number, and that 

the fat cell number is tied to the inability of obese 

children to lose their obesity as adults, the emphasis 

on treatment during childhood is obvious (87, 116). Un-

fortunately, in spite of our understanding of the prob-

lem, the prevalence of overweight in children and 

adolescents (ages six to nineteen years) increased 

from 5% to 7% in the late 1970s to 11% in 1988–1994 

and to 15% in 2000 (156), with only a small and 

nonsignificant increase (to 16.5%) in 2004 (89). This 

systematic increase over the past twenty-five years 

carries with it a disease burden (e.g., type 2 diabetes, 

formerly reserved for those over age forty and over-

weight). What causes obesity?

 There is clearly no single cause of obesity. 

Obesity is related to both genetic and environmen-

tal variables. In 1965, Mayer (136) commented on 

the numerous studies showing that 70% to 80% of 

obese children had at least one obese parent, but 

concluded that it was difficult to interpret those data 

given the way cultural background interacts with 

genetics. In effect, the need to do hard physical work 

in some countries, or extreme social pressure against 

obesity (discussed later), might not allow a genetic 

Figure 18.3 Relationship of fat cell size and fat cell 

number to total kilograms of body fat. Fat cell size is 

given in g of fat, and fat cell number in billions of cells. 

The increase in body fatness beyond about 30 kg of fat is 

directly related to an increasing fat cell number; fat cell 

size remains relatively constant.
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pre disposition to express itself. Garn and Clark (77) 

found a strong relationship between parental fatness 

and the fatness of children. They identified three cate-

gories of fatness on the basis of triceps skinfold: lean 

   15th percentile; medium   15th to 85th percen-

tile, and obese    85th percentile. The triceps skin-

fold thickness was related to parental fatness, being 

below average for the lean-dad/lean-mom pair and 

above average for the obese-dad/obese-mom pair. 

Although this might imply that a genetic link exists, 

 ASK THE EXPERT 18.1

Tracking Obesity-Related Risk: 

Questions and Answers with Dr. Paul M. Ribisl

Paul M. Ribisl, PhD, 

Professor of Health and 

Exercise Science at Wake 

Forest University, is an 

exercise physiologist who 

was a co-founder of the 

Cardiac Rehabilitation Pro-

gram at Wake Forest Uni-

versity. His areas of research include graded 

exercise testing in the diagnosis and prognosis 

of coronary heart disease, and exercise pro-

gramming and prescription for patients with 

chronic degenerative diseases, including obesity 

and type 2 diabetes. He is currently involved in 

three nationally funded research trials dealing 

with these issues.

QUESTION: Body mass index (BMI) has 

been accepted universally as a risk 

factor for cardiovascular and meta-

bolic (e.g., type 2 diabetes) diseases. 

However, you have some problems 

with that. Please elaborate.

ANSWER: The BMI is certainly correlated 

with many health problems and it is 

generally predictive of health out-

comes. Unfortunately, the BMI suffers 

from the fact that it only measures 

the ratio of body mass to an individu-

al’s height. It tells us nothing about 

the composition of that body mass 

and this can lead to misinterpre-

tation. There are individuals who 

are overweight and even obese who 

are healthy by all measures that 

we would want to use, such as blood 

lipids, glucose tolerance, oxygen 

uptake capacity, inflammatory mark-

ers, and even percent body fat. In 

contrast, there are individuals who 

are within the normal range for BMI 

who are obese and have abnormal 

values in these same measures. Many 

athletes have heavy bones and 

increased muscularity with low body 

fat percentage, which would yield a 

high but healthy BMI. Thus, BMI gives 

only part of the picture and that is 

why we should not rely on it as the sole 

measure of body composition.

QUESTION: What other anthropometric 

measurements do you recommend 

in addition to or in place of the BMI?

ANSWER: While the BMI has flaws, I would 

still use it in conjunction with other 

measurements. The most important 

single measurement is the waist cir-

cumference because it is a surrogate 

measure for visceral adipose tissue 

and is most predictive of future car-

diovascular events. There is also a 

condition called the “hypertriglyceri-

demic waist” and recent research 

suggests that individuals with the 

combination of high triglycerides 

and large waist circumference are at 

higher risk for the metabolic syn-

drome. While it would be very infor-

mative to obtain CT scans of the 

abdominal region and measure vis-

ceral adipose tissue deposits, this is 

unrealistic. Individuals who deposit 

their fat in the gynoid or “pear-shape” 

pattern (hip and thigh) have a lower 

metabolic risk than those with the 

android or “apple” pattern (waist). 

Therefore, in addition to BMI and 

waist circumference, I would consider 

adding hip girth and a simple thigh 

skinfold measurement to the list of 

anthropometric measures. If an indi-

vidual has a high BMI and normal 

waist girth, but most of the excess 

weight is either due to greater mus-

cle/bone mass or hip/ thigh fat, then 

the BMI is not unhealthy. If an individ-

ual has a normal BMI and abnormal 

waist girth with lower muscle/bone 

mass and the android pattern, then 

even the normal BMI cannot be con-

sidered healthy. Interestingly, there 

are no credible scientifi c studies that 

demonstrate that “percent fat” alone 

is correlated with health outcomes, 

because it is the location  of the fat 

that dictates its infl uence and not the 

amount of fat. In fact, when fi tness is 

taken into account, the infl uence of 

both BMI and fat disappear in pre-

dicting mortality.

QUESTION: Is there a need to measure 

both waist and hip circumferences?

ANSWER: The most recent research 

suggests that both the waist and 

the hips should be measured. A 

large multi-country study of over 

27,000 individuals from 52 countries 

has demonstrated that the BMI is 

not a significant predictor of the risk 

for myocardial infarction when the 

data are adjusted for waist and hip 

circumferences. This important study 

(Yusuf, S. et al. 2005. Obesity and the 

risk of myocardial infarction in 27,000 

participants from 52 countries: A 

case-control study. Lancet 366:1640–

49) revealed that waist girth was 

positively related, whereas hip girth 

was negatively related, to risk of myo-

cardial infarction. This means that 

there was a protective influence from 

the deposit of excess fat around the 

hip/thigh region. Therefore, it appears 

that the best single anthropometric 

measure today is the waist/hip ratio 

and that the BMI and skinfolds can be 

included to provide additional infor-

mation to obtain a comprehensive 

analysis of body composition. These 

measurements may also prove to be 

worthwhile to monitor change when 

either weight gain or weight loss 

occurs, specifi cally to determine the 

location of weight gain/loss and 

whether it is central (abdominal) or 

peripheral (subcutaneous).
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when the investigators compared husbands to wives 

(usually no genetic tie), the relationship was similar 

to that for their children, suggesting either that there 

was a tendency of like to mate like, or that communal 

living exerts a major influence.

 A slightly different approach to this question was 

taken when the body mass index of biological and 

adoptive parents were compared to the values of the 

adopted child as an adult. On the basis of a health 

questionnaire they were classified as thin ( 4th per-

centile), median (50th percentile), overweight (92nd– 

96th percentile), and obese ( 96th percentile). A 

stronger relationship existed between the BMI of the 

adoptee and that of the biological parent (208). How-

ever, a subsequent review of this work pointed out 

that while the results were consistent with a genetic 

effect, it was not a very strong one (22). Other obser-

vations support the importance of the environment as 

a cause of obesity. In American women, obesity is 

inversely related to socioeconomic class: 30% for 

lower, 18% for middle, and 5% for the upper class (82). 

Further, women and adolescent girls have been shown 

to suffer the most direct discrimination because of 

this obesity (231). Clearly, although we may possess a 

genetic predisposition for obesity, a variety of social 

factors influence its appearance. Is there any way to 

determine the importance of each?

 Bouchard (22) and colleagues have determined, on 

the basis of an analysis of the relationships between 

and among nine types of relatives (spouses, parent-

child, siblings, uncle-nephew, etc.), that 25% of body fat 

and fat mass is tied to genetic factors, and 30% is due to 

cultural transmission. What is interesting is the compo-

nents of energy expenditure that are influenced by 

genetic factors: (a) the amount of spontaneous physical 

activity, (b) resting metabolic rate, (c) thermic effect of 

food, and (d) relative rate of carbohydrate and fat oxida-

tion. Further, when challenged with an excess of calo-

ries due to overeating, there is a genetic component 

related to the amount of weight gained, and the propor-

tion of that weight that is stored as fat or lean tissue. 

Given that information, it should be no surprise that 

physicians and scientists who work in this area believe 

that genetic factors are important causes of obesity 

(27). However, as we will see, there is more to the story.

■ Obesity is associated with an increased mortal-

ity from cardiovascular disease and some types 

of cancer, but being overweight is not. Empha-

sis should be on maintaining or reducing 

weight in the overweight individual to decrease 

the chance of migration to the obese category.

■ Obesity associated with fat mass in excess of 

30 kg is due primarily to an increase in fat cell 

number, with fat cell hypertrophy being related 

IN SUMMARY

 to smaller degrees of obesity. Those with hyper-

plasia have a more diffi cult time losing weight 

and keeping it off.

■ Genetic factors account for about 25% of the 

transmissible variance for fat mass and percent-

age of body fat; culture accounts for 30%.

Set Point and Obesity Obese individuals, as previ-

ously mentioned, have a great deal of difficulty main-

taining a reduced weight. In fact, the tendency of a 

person to return to a certain weight suggests that 

there is a biological set point for body weight much 

like the set points for any negative feedback biologi-

cal control system. Although the hypothalamus con-

tains centers associated with satiety and feeding 

behavior, we must remember that the body weight set 

point is a concept, rather than a reality (21). Figure 18.4 

shows a physiological model of a body weight set 

point in which biological signals with regard to blood 

glucose (glucostatic signal), lipid stores (lipostatic 

signal), or weight on feet (ponderostatic signal) pro-

vide input to the hypothalamus (21). If the collective 

signals indicate low energy stores, food intake is 

stimulated until the source of the signal is diminished 

and the energy stores now equal the set point. Like 

any biological control system, if the set point were to 

be increased, body weight would increase to meet 

this new value. Exercise can modify the signals going 

to the hypothalamus, and the type of diet can also 

influence feeding behavior. In addition, drugs can be 

used to directly affect the neurotransmitters in the 

Figure 18.4 Physiological set point model for control of 

body weight by altering feeding behavior, showing the 

glucostatic (blood glucose), lipostatic (adipose tissue), 

and ponderostatic (weight) input to the hypothalamus. 

The signals from these latter mechanisms are compared 

against a “set point,” and an appropriate increase or 

decrease in feeding behavior occurs. In this model, exer-

cise can modify the input, and the type of diet can modify 

feeding behavior.

Physiological signals:
• Glucose concentration (glucostat)
• Fat cell size (lipostat)
• Body weight (ponderostat)
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hypothalamus to alter feeding behavior (see Clinical 

Applications 18.4).

 In contrast to this physiological model, Booth’s 

cognitive set-point model (21) deals with the role the 

environment (culture, socioeconomic class, etc.) has 

on body weight. Figure 18.5 shows that relative to a 

personally selected “ideal” body weight set point, we 

are constantly receiving a variety of cognitive signals 

about how we look, body weight, clothing size, percep-

tion of effort, and concerns about health. A mismatch 

between the “ideal” set point and these perceptions 

leads to appropriate eating behavior. Exercise can 

modify the signals, and the type of diet can influence 

the feeding behavior. There is clear evidence that a 

high-fat diet results in an increase in caloric intake 

before satiety is reached—leading to weight gain in 

the long run (214). This set-point model is closely 

related to the behavior modification approach to diet, 

exercise, and weight control.

 In a recent review of this topic, Levitsky (125) sug-

gests that we might want to look at this issue as a 

“settling-point” theory rather than a “set-point” theory. 

This revision suggests that biology might set a range 

or zone of body weights, rather than a fixed weight. 

Within that zone, body weight may “settle” at a value 

determined by behaviors that are influenced by envi-

ronmental and cognitive stimuli. In effect, Levitsky’s 

“settling point” theory attempts to integrate aspects 

of each of the two positions just mentioned. He sug-

gests that if the body weight zone is large enough to 

allow a person to move between a  hypertensive condi-

tion and normal blood pressure condition or between 

a type 2 diabetic and nondiabetic state, then addi-

tional attention must be directed at the environmen-

tal and cognitive factors that drive eating behavior.

■ Investigators have proposed a set-point theory to 

explain obesity given the tendency for people 

who diet to return to their former weight. Theo-

ries based on weight sensors (ponderostatic), the 

blood glucose concentration (glucostatic), and 

the mass of lipid (lipostatic) have been proposed.

■ A behavioral set-point theory has been pro-

posed that relies on the person making appro-

priate activity and dietary judgments when body 

weight, size, or shape does not match up with 

that person’s ideal.

IN SUMMARY

CLINICAL APPLICATIONS 18.4

Drugs, Dietary Supplements, and Weight Loss

Obesity is such a big problem in this 

country that it is not surprising that peo-

ple seek help wherever they can fi nd it. 

In response to this need, a variety of 

nutritional supplements and drugs have 

been offered to help obese people lose 

weight. Unfortunately, there is little evi-

dence that the dietary  supplements work 

at all, and in the cases where some of the 

drugs do work, there may be unforeseen 

side effects that can be deadly (46). An 

example of the latter is “fen-phen,” a 

combination of two drugs, dexfenfl ura-

mine (or fenfl uramine) and phentermine, 

which keeps the serotonin and norepi-

nephrine  concentrations elevated in the 

hypothalamus, resulting in an appetite-

 suppressing effect. This drug combina-

tion was shown to be effective in weight 

loss for those with severe weight prob-

lems. However, when this drug combina-

tion was prescribed to millions, including 

those who were only slightly overweight, 

problems began to appear. Following 

reports of pulmonary hypertension, heart 

valve abnormalities, and electrocardio-

graphic irregularities, the drugs were 

pulled from the market (46).

 As Clarkson points out (46),

■ The focus of any weight-loss 

(and maintenance) program is 

on long-term diet and exercise 

behaviors.

■ Most diet drugs are approved 

for only a short period of time, 

to get a person off to a good 

start as the proper behaviors are 

put into place.

■ If all the diet books, diet pills, 

and diet supplements worked, 

obesity would not be a problem.

Figure 18.5 Cognitive set point for control of body weight 

by altering feeding behavior. A person’s perception of 

“ideal” body weight is balanced against signals about 

how one looks, body weight, clothing size, and so on. 

Exercise can modify the input, and the type of diet can 

modify feeding behavior.
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DIET, EXERCISE, AND 
WEIGHT CONTROL

The Framingham Heart Study showed that body 

weight increases as we age. A reasonable question to 

ask is whether this gain in weight was due to an 

increase in caloric intake. Interestingly, caloric intake 

decreased over the same age span (24). We are forced 

to conclude that energy expenditure decreased faster 

than the decrease in caloric intake, and as a result, 

weight gain occurred (19). This weight gain problem 

can be corrected by understanding and dealing with 

one or both sides of the energy balance equation. We 

will deal with the energy balance equation first, and 

then discuss how modifications in energy intake can 

affect weight loss. Finally, we will explore the variables 

on the energy expenditure side of the equation.

Energy and Nutrient Balance

Weight gain occurs when there is a chronic increase in 

caloric intake, compared to energy expenditure. A net 

gain of about 3,500 kcal is needed to add 1 lb (454 

grams) of adipose tissue. We are all familiar with the 

energy balance equation:

Change in energy stores   energy intake   energy 

expenditure.

What is implied by this equation is that an excess 

energy intake of 250 kcal/day will cause body weight to 

increase 1 pound in 14 days (250 kcal/day   14 day   

3,500 kcal   1 pound). At the end of one year the per-

son will have gained about 24 pounds. As reasonable 

as this equation may appear, we know that a weight 

gain of that magnitude will not occur. The equation is 

a “static” energy balance equation that does not con-

sider the effect that the weight gain will have on energy 

expenditure (209).

 The energy balance equation can be expressed in 

a manner to account for the dynamic nature of energy 

balance in biological systems:

Rate of change of   rate of change of   rate of change of 

energy stores  energy intake   energy 

 expenditure

 When body weight increases as a result of a 

chronically elevated energy intake, there is a compen-

satory increase in the amount of energy used at rest, 

as well as during activity when body weight is carried 

about. At some point, then, the additional 250 kcal/d 

of energy intake will be balanced by a higher rate of 

energy expenditure brought about by the higher body 

weight. Body weight will stabilize at a new and higher 

value, but it will be more like 3.5 pounds, rather than 

24 pounds, higher (209).

■ The dynamic energy balance equation correctly 

expresses the dynamic nature of changes in 

energy intake and body weight. An increase in 

energy intake leads to an increase in body 

weight; in turn, energy expenditure increases to 

eventually match the higher energy intake. Body 

weight is now stable at a new and higher value.

IN SUMMARY

Nutrient Balance Investigators have taken this 

issue of energy balance one step further in an attempt 

to understand the causes of obesity. The dynamic 

energy balance equation can be subdivided into its 

components, representing the three major nutrients 

to generate nutrient-balance equations:

Rate of change of   rate of change of   rate of change of

protein stores protein intake  protein oxidation

Rate of change of   rate of change of   rate of change of 

carbohydrate  carbohydrate carbohydrate

stores intake oxidation

Rate of change of   rate of change of   rate of change of 

fat stores fat intake fat oxidation

 If a person maintains balance for each of these 

nutrients—that is, what is taken in is expended—then 

energy balance is achieved. Nutrient balance is not a 

problem for protein and carbohydrate. The daily pro-

tein intake is used to maintain existing tissue protein, 

hormones, and enzymes. If more is taken in than is 

needed, the “extra” is oxidized for metabolic needs, 

and fat mass is not increased. The same is true for 

carbohydrates. Ingested carbohydrates are used to fill 

liver and muscle glycogen stores; the excess is oxi-

dized and is not converted to fat (1, 17, 92). Carbohy-

drate intake promotes its own oxidation. This is a 

relatively new idea that has major ramifications for 

our understanding of nutrient and energy balance. 

The evidence seems to be quite convincing that de novo 

lipogenesis from carbohydrates (the making of new 

lipids from other nutrients) is of only minor conse-

quence in humans. Simply, carbohydrates are either 

stored as carbohydrates or oxidized; they do not add 

directly to adipose tissue mass. This leaves fat.

 In contrast to carbohydrate and protein, fat intake 

is not automatically balanced by fat oxidation. When 

“extra” fat is added to the diet, the same amounts of 

carbohydrate, fat, and protein are oxidized as before; 

the extra fat is stored in adipose tissue. Fat intake does 

not promote its own oxidation. Fat oxidation is deter-

mined primarily by the difference between total energy 

expenditure and the amount of energy ingested in the 

form of carbohydrate and protein. Consequently, if 

one wishes to keep the size of the adipose tissue stores 

constant (i.e., maintain body weight), one should not 

eat more fat than one can oxidize (67, 68, 69, 107, 108, 
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209). One last point. Alcohol intake is balanced by its 

own oxidation, but in the process, it suppresses fat 

oxidation. In this sense, the calories from alcohol 

should be included with that provided by fat (69).

 In chapter 4 you were introduced to the concept of 

the respiratory quotient (RQ   V̇CO2/ V̇O2) as an indica-

tor of the fuel oxidized during exercise. An RQ of 1.0 

indicates that 100% of the energy is derived from carbo-

hydrates, and an RQ of 0.7 indicates that 100% of the 

energy comes from fat. An RQ of 0.85 indicates that a 

50%/50% mixture of carbohydrate and fat was used. 

This RQ concept has been extended to the foods we 

ingest, and it is called the Food Quotient, or FQ. The FQ 

is defined as the ratio of the CO2 produced to the O2 

consumed during the oxidation of a representative 

sample of the diet (67). The reason for describing this is 

that the FQ concept can be used with the RQ concept to 

determine if an individual is in nutrient balance (107, 

108). Figure 18.6 presents this concept, and the follow-

ing comments summarize its content:

■ When RQ   FQ, the person is in nutrient and 

energy balance; the RQ/FQ ratio is 1.0.

■ When RQ   FQ, the person is not oxidizing as 

much fat as was consumed (positive energy 

balance), and some fat has been stored in 

adipose tissue; the RQ/FQ ratio is  1.0.

■ When RQ   FQ, the person used more fat 

than was consumed (negative energy 

balance), and some of the fat stores were 

used; the RQ/FQ ratio is  1.0.

 This concept is helpful in discussing weight con-

trol, because one could improve nutrient and energy 

balance with regard to fat by either reducing the 

amount of fat in the diet (increasing the FQ), or doing 

exercise to use more fat (decreasing the RQ). We will 

now discuss both of these options.

■ Nutrient balance exists for both protein and 

carbohydrate. Excess intake is oxidized and is 

not converted to fat.

■ Excess fat intake does not drive its own oxida-

tion; the excess is stored in adipose tissue. 

Achieving fat balance is an important part of 

weight control.

■ The ratio of the Food Quotient (FQ) to the 

Respiratory Quotient (RQ) provides good infor-

mation about the degree to which an individual 

is in nutrient balance.

IN SUMMARY

Diet and Weight Control

A good diet provides the necessary nutrients and calo-

ries to provide for tissue growth and regeneration and 

to meet the daily energy requirements of work and 

play. In our society we are fortunate to have a variety of 

foods to meet these needs. However, we tend to con-

sume more than the recommended amount of fat, 

which is believed to be related to our country’s obesity 

problem. The focus on dietary fat is twofold:

■ Fat contains more than twice the number of 

calories per gram as carbohydrate and can 

contribute to a positive energy balance.

■ It is difficult to achieve nutrient balance for 

fat when it represents a large fraction of 

caloric intake.

 The hypothesis that the FQ of the diet is an impor-

tant aspect of weight control revolves around the fac-

tors driving energy intake. There is a mandatory need 

for carbohydrate oxidation by the nervous system, and 

we are driven to eat what is used (68, 95). If we eat a 

high-fat diet, we will take in a considerable amount of 

fat while consuming the necessary carbohydrates to 

refill the carbohydrate stores. This fat is stored and 

body weight will increase. As mentioned earlier, as body 

weight increases, daily energy expenditure increases 

until an energy balance is achieved at a new and higher 

body weight. The fat-balance concept is consistent with 

this. Flatt (68) proposes that the increase in adipose 

tissue mass that accompanies weight gain increases 

the mobilization of free fatty acids, shifting the RQ to a 

lower value, and bringing it into balance with the FQ. In 

this sense, the elevation of body weight and fat mass 

due to a high fat/calorie diet is a compensatory mecha-

nism that results in weight maintenance.

 However, while we focus on the FQ/RQ concept, we 

should not forget that calories count in any weight-loss 

Figure 18.6 Relationship between respiratory quotient 

(RQ)-to-food quotient (FQ) ratio and energy balance in 

humans. Each point represents values for a given subject 

measured over a twenty-four-hour period. (From E. Jéquier. 

1992. Calorie balance versus nutrient balance. In Energy 

Metabolism: Tissue Determinants and Cellular Corollaries, eds. 

J. M. Kinney and H. N. Tucker, p. 131. New York: Raven.)
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or weight-maintenance program. For example, studies 

in which subjects were switched from a high-fat to a low-

fat diet, while maintaining a constant caloric intake, showed no 

change in energy expenditure or body weight (95, 124, 

181, 214). In addition, in conditions in which a negative 

caloric balance was imposed to achieve weight loss, the 

composition of the diet (high-fat vs. low-fat) did not 

matter (93). In this sense, one should not get carried 

away with the high-carbohydrate diet and consume cal-

ories in excess of what is needed (69). In fact, when a 

variety of popular diets (Atkins, Ornish, Weight Watch-

ers, and Zone) were compared over the course of one 

year, each modestly reduced body weight, with no differ-

ence between diets. It should be no surprise that the 

best predictor of weight loss was the degree to which 

individuals adhered to the diet—no matter which one 

(52, 73, 155). Given these facts, why should diet compo-

sition matter in terms of weight control and obesity?

 Quite simply, diets with a high fat-to- carbohydrate 

ratio are associated with obesity (146). When subjects 

are given free access to food, more calories are con-

sumed when one eats a high-fat diet than when one 

eats a high-carbohydrate diet (20, 211). The high- 

carbohydrate content may contribute to satiety better 

than the high-fat diet, resulting in an earlier termination 

of eating (176). The nutrient balance (RQ   FQ) con-

cept helps focus our attention on the need for a high-

carbohydrate/low-fat diet to achieve and maintain a 

healthy level of body fatness. This diet is also consis-

tent with what is needed to have normal cholesterol 

levels and sufficient carbohydrate for physical perfor-

mance (see chapter 23). However, there is renewed 

interest in the diet-composition issue, not just related 

to weight loss, but also to weight control (mainte-

nance). Three different reviews suggest that a high 

protein (25% to 30%) diet, coupled with moderate car-

bohydrate (35% to 50%) and fat (25% to 35%), should 

be studied in a systematic way to evaluate its effect on 

risk factors, feelings of satiety and hunger, and the fat-

free mass (2, 183, 207). One of the Dietary Guidelines for 

Americans was to balance the food you eat with physi-

cal activity—maintain or improve your weight. Rec-

ommendations to accomplish this include:

■ To maintain body weight in a healthy range, 

balance calories from foods and beverages 

with calories expended.

■ To prevent gradual weight gain over time, 

make small decreases in food and beverage 

calories and increase physical activity.

Physical activity recommendations were presented in 

three stages:

■ To reduce the risk of chronic disease in adult-

hood, engage in at least 30 minutes of moderate-

intensity physical activity, above usual activity, 

at work or home on most days of the week.

■ To help manage body weight and prevent 

gradual, unhealthy body weight gain in 

adulthood, engage in approximately 60 minutes 

of moderate- to vigorous-intensity activity on 

most days of the week while not exceeding 

caloric intake requirements.

■ To sustain weight loss in adulthood, participate 

in at least 60 to 90 minutes of daily moderate-

intensity physical activity while not exceeding 

caloric intake requirements.

 One last point before leaving this topic. As we 

mentioned earlier in the chapter, data on energy 

intake is assessed by twenty-four-hour recall or food 

records. However, one has to be cautious when inter-

preting these data as part of a weight-loss program. 

Research suggests that these methods may result in a 

considerable underestimation of caloric intake, espe-

cially in obese individuals (18, 55, 126, 143, 215). This, 

of course, would create a misdirection in looking for 

the cause of the obesity problem. It should be no sur-

prise then that careful energy balance studies are 

done in highly controlled laboratory situations.

 In the recent Institute of Medicine (100) recommen-

dations that set appropriate levels of energy intakes for 

different levels of physical activity, the experts used data 

from doubly labeled water (DLW) rather than dietary 

recall. The DLW method measures total energy expendi-

ture in free-living individuals, without the need for the 

person to remember what he or she had eaten. In the 

DLW method, the subject ingests a drink containing two 

isotopes of water: H2
18O and 2H2O. Urine or blood sam-

ples are obtained over a period of seven to twenty-one 

days to evaluate the disappearance of 2H2O (relates to 

water flux) and H2
18O (reflects water flux plus the CO2 

production rate). The difference between the two rates 

gives information about total energy expenditure (rate 

of CO2 production) and represents an improvement 

over earlier approaches that relied solely on dietary 

recall information.

■ Diets with a high fat-to-carbohydrate ratio are 

linked to obesity. Nutrient balance for fat can 

be most easily achieved with a low-fat diet 

(high FQ).

■ Calories do count, and they must be considered 

in any diet aimed at achieving or maintaining a 

weight-loss goal.

IN SUMMARY

Energy Expenditure 

and Weight Control

The other side of the energy balance equation 

involves the expenditure of energy and includes the 

basal metabolic rate, thermogenesis (shivering and 
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nonshivering), and exercise. We will examine each of 

these relative to its role in energy balance.

Basal Metabolic Rate Basal metabolic rate (BMR) 

is the rate of energy expenditure measured under stan-

dardized conditions (i.e., immediately after rising, twelve 

to eighteen hours after a meal, in a supine position in a 

thermoneutral environment). Because of the difficulty 

of achieving these conditions during routine measure-

ments, investigators have measured resting metabolic 

rate (RMR) instead. In this latter procedure, the subject 

simply reports to the lab about four hours after eating a 

light meal, and after a period of time (thirty to sixty min-

utes) the metabolic rate is measured (147). Given the 

low level of oxygen uptake measured for BMR or RMR 

(200 to 400 ml   min 1), a variation of only   20 to 40 ml   

min 1 represents a potential  10% error. In the follow-

ing discussion both BMR and RMR will be discussed 

interchangeably, except where a specific contrast must 

be made for clarification.

 The BMR is important in the energy balance equa-

tion because it represents 60% to 75% of total energy 

expenditure in the average sedentary person (166). 

The BMR is proportional to the fat-free mass, and after 

age twenty it decreases approximately 2% and 3% per 

decade in women and men, respectively. Women have 

a significantly lower BMR at all ages, due primarily to 

their lower fat-free mass (49, 58, 163, 236). Consistent 

with this, when RMR is expressed per unit of fat-free 

mass, there is no gender difference. At any body weight 

the RMR decreases about 0.01 kcal/min for each 

1% increase in body fatness (163). Although this may 

appear to be insignificant, this small difference can 

become meaningful in the progressive increase in 

weight gain over time. For example, a 5% difference in 

body fatness at the same body weight results in a dif-

ference of 0.05 kcal ⴢ min 1, or 3 kcal ⴢ hr 1, which is 

equal to 72 kcal ⴢ d 1. It must be emphasized that the 

percentage of body fat makes only a small contribu-

tion to the BMR. This was confirmed in a study exam-

ining the relationship of body composition to BMR; 

fat mass did not improve the prediction of BMR based 

on the fat-free mass alone (49).

 As mentioned earlier, part of the variation in BMR 

is due to a genetic predisposition to be higher or 

lower (22). The range ( 3 SD) in normal BMR values 

is about  21% from the average value, and such varia-

tion helps to explain the observation that some have 

an easier time at maintaining body weight than others. 

If an average adult male has a BMR of 1,500 kcal ⴢ d 1, 

those at  3 SD can take in an additional 300 kcal ⴢ d 1 

(21% of 1,500 kcal) to maintain weight, whereas others 

at the low end of the range ( 3 SD) would have to 

take in 300 fewer kcals (58, 78).

 The fat-free mass is not the only factor influencing 

the BMR. In 1919, Benedict et al. (12) showed that 

prolonged dieting (reduction from about 3,100 kcal to 

1,950 kcal) was associated with a 20% decrease in the 

BMR expressed per kilogram of body weight. This 

observation was confirmed in the famous Minnesota 

Starvation Experiment (114), and is shown in fig-

ure 18.7. In this figure the BMR is expressed as a per-

cent of the value measured before the period of 

semi-starvation. The percent decrease in BMR is larger 

“per man” because of the loss of lean tissue (as well as 

fat tissue); however, when the value is expressed per 

kilogram of body weight or per unit of surface area 

(m2), the BMR is still shown to be reduced. A decrease 

in the concentration of one of the thyroid hormones 

(T3) and a reduced level of sympathetic nervous sys-

tem activity have been implicated in this lower BMR 

due to caloric restriction (23). What these data mean 

is that during a period of low caloric intake, the energy 

production of the tissues decreases in an attempt to 

adapt to the lower caloric intake and reduce the rate 

of weight loss. This is an appropriate adaptation in 

periods of semi-starvation, but is counterproductive 

in weight-reduction programs. This information bears 

heavily on the use of low-calorie diets as a primary 

means of weight reduction (57, 72, 225, 229).

 The BMR is also responsive to periods of over-

feeding. In the dieting experiment of Benedict et al. 

(12) mentioned earlier, when the subjects were allowed 

a day of free eating, the BMR was elevated on the fol-

lowing day. Further, in long-term (fourteen to twenty 

days) overfeeding to cause obesity, increases in rest-

ing and basal metabolic rates have been recorded. In 

essence, during the dynamic phase of weight gain 

(going from a lower to a higher weight), more calories 

are required per kg of body weight to maintain the 

weight gain than to maintain normal body weight (78, 

196). This increased heat production due to an excess 

caloric intake, called thermogenesis, will be dis-

cussed in the next section. However, before leaving 

this discussion of the BMR, we need to mention the 

effect of exercise.

Figure 18.7 Decrease in basal metabolic rate during 

twenty-four weeks of semi-starvation.
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 There is no doubt that the resting metabolic rate 

is elevated following exercise. The questions relate to 

how much and how long it is elevated, and to what 

extent it contributes to total daily energy expenditure 

(28, 167). A review of this topic indicates that contro-

versies still exist even though the questions have 

been studied for over 100 years (147). At the heart of 

the matter is the measure of the metabolic rate that is 

taken as the baseline in these experiments. Should it 

be the BMR? The RMR? Molé (147) suggests that we 

need to create a new measurement called the Stan-

dard Metabolic Rate that would take into consider-

ation the day-to-day fluctuations in normal physical 

activity, dietary intake, added exercise, and body com-

position. In support of these concerns it has been 

shown that trained subjects had a higher RMR than 

untrained subjects only when they did heavy exercise 

and consumed sufficient calories to maintain energy 

balance (36). This suggests that the higher RMR in 

trained individuals is not due to chronic adaptations 

associated with training, but more to the higher 

energy flux associated with the training and diet. This 

is consistent with other studies showing that the 

RMR, expressed per kg of fat-free mass, is similar for 

trained and untrained individuals, and that resistance 

and endurance training do not affect the value (32, 

33). Aside from helping to maintain or increase the 

lean body mass and the RMR, exercise training may 

favorably impact nutrient balance. Two studies, using 

strength training, showed a significant decrease in the 

twenty-four-hour (217) and sleeping (224) metabolic 

rate RQ values, signifying an increased use of fat. This 

is consistent with achieving nutrient balance and 

energy balance over time (246).

■ The BMR represents the largest fraction of total 

energy expenditure in sedentary persons. The 

BMR decreases with age, and women have 

lower BMR values than men.

■ The fat-free mass is related to both the gender 

difference and to the decline in BMR with age. 

A reduction in caloric intake by dieting or fast-

ing can reduce the BMR, while physical activity 

is important in maintaining it.

IN SUMMARY

Thermogenesis Core temperature is maintained at 

about 37  C by balancing heat production with heat 

loss. Under thermoneutral conditions, the BMR (RMR) 

provides the necessary heat, but under cold environ-

mental conditions, the process of shivering is actu-

ated and 100% of the energy required for involuntary 

muscle contraction appears as heat to maintain core 

temperature. In addition, some animals (including 

newborn humans) produce heat by a process called 

nonshivering thermogenesis, involving brown adipose 

tissue. This type of adipose tissue is rich in mitochon-

dria and increases heat production in response to 

norepinephrine (NE). Thyroid hormones, especially 

T3, may either directly affect this process or act in a 

permissive manner to facilitate the action of NE (23, 

24, 106). Heat production is increased by uncoupling 

oxidative phosphorylation; that is, oxygen is used 

without ATP formation, so the energy contained in 

NADH and FADH appears directly as heat. Those indi-

viduals with large quantities of brown adipose tissue 

have a greater capacity to “throw off” calories in the 

form of heat rather than store them in adipose tissue. 

It has been hypothesized that variations in brown adi-

pose tissue might be related to the ease or difficulty 

with which one gains weight.

 Thermogenesis involves more than brown adi-

pose tissue. The heat generated due to the food we 

consume accounts for about 10% to 15% of our total 

daily energy expenditure; this is called the thermic effect 

of food (24, 166). Generally, this is determined by hav-

ing a subject ingest a test meal (700–1,000 kcal), and 

the elevation in the metabolic rate is measured fol-

lowing the meal. This portion of our daily energy 

expenditure is influenced by genetic factors (22, 166), 

is lower in obese than in lean individuals (111, 190), 

and is influenced by the level of spontaneous activity 

and the degree of insulin resistance (210). However, 

because it represents such a small part of the overall 

daily energy expenditure, it is not a good predictor of 

subsequent obesity.

 In individuals who have been on a diet (under-

feeding), just one day of overfeeding leads to an 

increase in the next day’s BMR. The BMR then quickly 

returns to the level consistent with the low-caloric 

intake specified in the diet (12). It is as if the body is 

throwing off extra heat to maintain body weight during 

this period of relative overfeeding. This phenomenon 

has also been observed in the chronic overfeeding of 

human subjects. In Garrow’s (79) and Danforth’s (51) 

reviews of these overfeeding studies, the subjects 

showed an unexplained heat production associated 

with chronic excess caloric intakes. The elevations of 

the BMR have been explained on the basis of an 

increase in the mass of brown adipose tissue (men-

tioned earlier), and the involvement of other energy 

wasteful systems. These latter systems include a 

change in the Na /K  pump activity, or “futile cycles” 

in which the equivalent of one ATP is lost in each turn 

of the cycle (23, 24). An example of a futile cycle is 

when an ATP is used to convert fructose 6-phosphate 

to fructose 1,6-diphosphate, which, in the next step, is 

converted back to fructose 6-phosphate. In situations 

in which heat, but no ATP, is produced, the resting oxy-

gen consumption would have to be higher to maintain 

the normal ATP-consuming systems. Whatever the 

mechanism by which this dietary thermogenesis is 
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induced, via brown fat or by futile cycles, it must be 

made clear that, like the BMR, there are marked differ-

ences in how individuals respond to an increased 

dietary intake. Clearly, those who have a normally high 

BMR and are very responsive to a large caloric excess 

would have an easier time staying at normal weight 

than those who do not.

■ Thermogenesis (heat generation) is associated 

with the ingestion of meals (thermic effect of 

feeding), brown adipose tissue, and “futile 

cycles.”

■ The thermic effect of food represents a small 

part of total energy expenditure and is not pre-

dictive of obesity.

IN SUMMARY

Physical Activity and Exercise Physical activity 

constitutes the most variable part of the energy expen-

diture side of the energy balance equation, being 5% 

to 40% of the daily energy expenditure (41, 166). There 

are those who have sedentary jobs and who do little 

physical activity during their leisure time. Others may 

have strenuous jobs, or expend 300 to 1,000 kcal 

during their leisure time every day or two. Just how 

important is physical activity in weight control? Epide-

miological evidence suggests an inverse association 

between physical activity and body weight, with body 

fat being more favorably distributed in those who 

are physically active (56). One study examined the 

relationship of body fatness to the different compo-

nents of energy expenditure. Figure 18.8 shows that 

body fatness was inversely related to “nonbasal” (pri-

marily that associated with physical activity) energy 

expenditure. In this sense, the level of physical activity 

is a permissive factor for obesity (175, 187). Consistent 

with this, recent studies showed an inverse relation-

ship between BMI and accumulated daily walking 

(measured by pedometer). Those accumulating more 

than 10,000 steps per day were more likely to be in the 

“normal” BMI range (97, 212). For those wondering if a 

diet calorie is the same as an exercise calorie, see 

Clinical Applications 18.5.

Figure 18.8 Relationship between body fatness and non-

basal energy expenditure is highly significant (P   0.01); 

for females it is r    0.83, for males r    0.55.
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CLINICAL APPLICATIONS 18.5

A Calorie Is a Calorie

From a weight-loss perspective, a caloric 

defi cit that results from an increase in 

energy expenditure through physical 

activity is equivalent to that due to a 

decrease in caloric intake. However, as 

Ross et al. (179) point out, leading 

authorities (152) state that the addition 

of exercise makes only a modest contri-

bution to weight loss. How can this be 

the case, given the equivalency of the 

caloric defi cit induced by either diet or 

exercise? Ross et al. (179) show that in 

the majority of weight-loss studies in 

which a diet treatment was compared to 

an exercise treatment, the energy defi -

cit caused by exercise was only a frac-

tion of that caused by diet. In this 

situation, it is not surprising that weight 

loss due to diet was greater than that 

due to exercise; however, the weight 

loss due to exercise was as expected. 

The exercise-induced weight loss, 30% 

of that due to diet, was equivalent to the 

caloric defi cit associated with the exer-

cise (28% of that due to diet). Ross et al. 

(180) did a controlled experiment 

designed to achieve a 700 kcal/day 

energy defi cit due to either exercise 

alone or diet alone. Both groups lost 

16.5 lbs over twelve weeks—exactly 

what was expected from the 58,800 kcal 

defi cit (700 kcal/day times eighty-four 

days). However, the exercise group lost 

more total fat, thus  preserving muscle. 

 These results were supported in a 

more recent study that compared sub-

jects who underwent a six-month 25% 

caloric restriction with those who had a 

12.5% caloric restriction plus an exercise 

intervention equal to a 12.5% reduction 

in caloric intake (173). Both groups lost 

the same amount of weight, similar to 

what was mentioned earlier. There is lit-

tle question that a calorie of aerobic 

exercise is really equal to a calorie of 

diet restriction as far as change in body 

weight is concerned; however, the exer-

cise intervention yields results (e.g., 

increase in V̇ O2 max) that cannot be 

realized by a diet-alone approach to 

weight loss (173).
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Appetite The classic animal study describing the 

role of exercise on appetite was conducted by Mayer 

and colleagues (137). Figure 18.9 shows that when 

female rats exercised for twenty to sixty minutes per 

day (sedentary range), the caloric intake actually de-

creased slightly and the animals lost weight. Over the 

durations of one to six hours of activity the caloric 

intake increased proportionately and body weight 

was maintained, but at a level below that of the sed-

entary rat. Durations in excess of six hours were asso-

ciated with a relative decrease in caloric intake and 

body weight (exhaustion). Twenty-five years after this 

study, Katch et al. (113) showed that in male rats 

accomplishing the same amount of work, those exer-

cising at the higher intensity had a greater depres-

sion in ap petite and weight gain than those at the 

lower intensity, with both groups being lower than 

the  sedentary animals. In contrast, female rats tend 

to respond to increasing exercise intensity with an 

increase in appetite (161).

 Mayer and colleagues (138) also studied the rela-

tionship of exercise to caloric intake on mill workers 

in West Bengal, India. Figure 18.10 shows a pattern of 

response similar to Mayer et al.’s (137) study on rats. 

In the activity classifications from light to very heavy 

work, caloric intake increased proportionately so that 

body weight was not different among the various 

groups. However, in the sedentary classification, 

caloric intake was as high as for the very heavy work 

classification, and body weight was higher than the 

other groups. This suggests that a minimal level of 

exercise is needed to help regulate appetite. This 

study has been cited over the years as a primary sup-

porting piece of evidence showing exercise to be 

important in the regulation of appetite. However, in 

1978 Garrow (78) questioned the analysis of the data 

at the sedentary end of the scale where the group 

called “Clerks I” had a body weight similar to the more 

active groups, but consumed about 400 kcal/day more than 

those in the light work category. This analysis of the 

data would support a conclusion opposite that of 

Mayer et al. (138).

 It should be clear that there would have to be some 

proportional increase in appetite as subjects increased 

physical activity; otherwise, an athlete would gradually 

waste away during the course of a competitive season! 

However, when an exercise program is introduced to 

Figure 18.9 Pattern of caloric intake for rats versus the 

durations of exercise. When rats do little or no exercise, 

caloric intake exceeds what is needed and body weight 

increases (see top-left part of figure). However, over a 

broad range of physical activity, caloric intake increases 

proportional to the activity, and body weight (top line) 

remains constant.
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Figure 18.10 Pattern of caloric intake versus occu pational 

activity in humans. For occupations ranging from light work 

to very heavy work, there is a balance between caloric 

intake and physical activity such that body weight remains 

constant. For sedentary occupations, caloric intake (see 

left side of lower figure) exceeds needs and body weight 

is higher than expected (see left side of top figure).
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obese and/or sedentary individuals, appetite does not 

appear to increase. In Wilmore’s (243) and Titchenal’s 

(213) reviews of such exercise intervention studies, 

appetite did not increase in  proportion to energy 

expenditure, suggesting a net loss of appetite. In sum-

mary, in male animals, exercise decreases appetite in 

proportion to exercise intensity, whereas in female 

animals, exercise  stimulates appetite. Generally, in 

humans, caloric intake is regulated in proportion to 

energy expenditure over a broad range of exercise 

intensities and durations to help maintain body 

weight, but when exercise is introduced to a formerly 

sedentary population, a net decrease in appetite 

results. See A Look Back—Important People in Science 

for an individual who had a major impact on nutrition 

and health in the twentieth century.

Body Composition Although exercise may help reg-

ulate appetite to maintain body weight, exercise has 

an independent effect on the composition of that 

weight. This has been shown in both animal and 

human studies. In general, male rats that participate 

in regular exercise have lower body weights, less lean 

body mass, and very little body fat compared to their 

sedentary control litter mates. In contrast, female 

rats tend to respond to exercise training with an 

increase in appetite such that they are as heavy as 

the sedentary group, with a lower fat weight and a 

higher lean weight (159). Oscai et al. (160) have 

shown that, in addition to these general changes in 

body  composition due to exercise, exercise or food 

restriction in rats results in fewer and smaller fat 

cells. This observation is supported by Hager et al.’s 

(87) finding that in a group of eight-year-old obese 

girls, a diet/activity program was instrumental in 

reducing the rate of gain in fat cell number.

 The advantage of using exercise compared to 

caloric restriction alone in weight-loss programs is 

that the composition of the weight that is lost is more 

fat tissue than lean tissue. In both animal (160) and 

human (35, 39, 59) studies using dietary restriction 

alone, lean body mass loss can equal 30% to 40% of 

the weight loss. Exercise plus diet results in less lean 

body mass loss and a proportionately greater fat loss 

(160). In addition, the preferential mobilization of fat 

from visceral adipose tissue results in an improved 

body fat distribution and risk factor profile (178, 230). 

However, it must be remembered that body composi-

tion changes take place slowly in human exercise 

studies, and the magnitude of the change is small. 

Wilmore’s 1983 summary (242) of exercise and body 

composition studies showed the average decrease in 

percentage of body fat to be only 1.6% with fitness 

programs ranging in duration from 6 to 104 weeks. 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Jean Mayer, Ph.D., D. Sc. Recognized the Problems of Overweight and Obesity

Jean Mayer (pro-

nounced Zhahn my-

YAIR) (1920–1993) was 

one of the most well-

known scientists in the 

twentieth century in 

the fi eld of nutrition. 

He received his B.S. and M.S. degrees 

at the University of Paris in the late 

1930s, but his progress to the Ph.D. was 

interrupted by World War II. He served 

in the French army, was captured by 

German troops, and escaped from a 

prison camp. He then served with dis-

tinction in the French underground and 

fought with the Free French and Allied 

forces across Europe, for which he was 

recognized with numerous military dec-

orations. Following the war he studied 

at Yale University for his Ph.D. in physio-

logical chemistry. He later attended the 

Sorbonne where he received the D.Sc. 

in physiology.

 Dr. Mayer taught and did research 

at Harvard University from 1950 to 1975 

during which time his classical studies 

on physical activity, appetite, and 

body weight (reported in this chapter) 

were done. During this time he played 

a major role in the United Nations fi ght 

against hunger and malnutrition in 

third-world countries in Africa; he also 

highlighted the problems of hunger 

and poverty in the United States that 

resulted in the food stamp program 

and an expanded lunch program for 

schoolchildren.

 In 1976 he became the president of 

Tufts University and was a prime mover 

in developing the fi rst graduate school in 

nutrition, New England’s only veterinary 

school, and the USDA Human Nutrition 

Research Center on Aging at Tufts. He co-

founded the Sackler School of Graduate 

Biomedical Sciences and the Center for 

Environmental Management.

 Dr. Mayer published more than 750 

scientifi c papers and numerous articles 

for popular magazines, and had a syndi-

cated weekly newspaper column on 

nutrition that was published in 150 

newspapers. He also published numer-

ous books, including Overweight: Causes, 

Cost and Control in 1968. Many might be 

surprised by the title of that 1968 book 

given the fact that the late 1960s and 

early 1970s are used as a “reference 

point” (for how little obesity there was 

in the adult and childhood populations) 

when we talk about the current preva-

lence of overweight and obesity. How-

ever, it is simply a refl ection of how far 

he was ahead of his time in recognizing 

the overweight and obesity problem 

and the importance of physical activity. 

It is unfortunate that we did not listen.

Source: http://www.bookrags.com/biography/

jean-mayer/
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This old observation was recently confi rmed in a col-

lection of well-designed randomized controlled trials 

in which subjects participated in various physical 

activity interventions for a duration of eight to twelve 

months. In general, and to no one’s surprise, those 

doing the largest amount of physical activity had the 

greatest changes in percentage of body fat (102, 142, 

205). However, those doing about 180 minutes per 

week of moderate-intensity aerobic physical activity 

(similar to the AHA/ACSM public health physical 

activity recommendation) experienced a decrease in 

percentage of fat of only 2.5% over this time period 

(102, 205).

■ Humans increase appetite over a broad range of 

energy expenditure to maintain body weight; 

however, formerly sedentary individuals show a 

net loss of appetite when they undertake an 

exercise program.

■ When weight loss occurs with an exercise and diet 

program, less lean body mass is lost than when 

the same weight loss is achieved by diet alone.

IN SUMMARY

Weight Loss vs. Weight Maintenance One point that 

needs to be stated at the outset is that exercise is not 

required to achieve weight loss. All that is necessary 

is a caloric deficit, the magnitude of which is easily 

controlled by diet (93). However, as mentioned previ-

ously, the use of exercise as a part of a weight-loss 

program might maintain a higher lean body mass and 

RMR, and result in an optimal body fatness at a higher 

body weight.

 Although exercise might not be an essential in-

gredient in a weight-loss program, it is in a weight-

maintenance program (206). A major, unresolved 

question is, how much? However, some of the general 

exercise recommendations for health and fitness 

presented in chapter 16 would be considered reason-

able for weight-maintenance programs. The primary 

factor involved in energy expenditure is the total 

work accomplished, so low-intensity, long-duration 

exercise is as good as high-intensity, short-duration 

exercise in expending calories. For the sedentary, 

overweight person, moderate-intensity exercise is the 

proper choice, because it can be done for longer peri-

ods of time in each exercise session, and can be done 

each day. Recent, well-controlled physical activity 

interventions showed that regular participation in 

moderate- intensity physical activity of 180 minutes or 

more per week (with no dietary restriction) was 

associated with a weight loss of about 1 to 2 pounds 

over eight to twelve months, indicating that the sub-

jects were weight stable over that time (102, 142, 205). 

Although the magnitude of weight change is small, 

the message it conveys is very important: only 30 min-

utes or more of moderate-intensity physical activity 

per day is enough to prevent migration from one BMI 

level to the next—an important effect considering the 

prevalence of overweight and obesity in our society. 

This is consistent with the physical activity recom-

mendations from the 2005 Dietary Guidelines for Ameri-

cans presented earlier in this chapter.

 Further, at moderate intensities, free fatty acids 

are mobilized from the periphery to provide the major-

ity of the fuel used and help with maintaining fat bal-

ance (177). This does not mean that “fat-burning” is 

restricted to low-intensity activities. Individuals inter-

ested in more vigorous activity (⬃65% V̇O2 max) that 

can increase V̇O2 max can also reap the benefits of 

high rates of calorie and fat use (177). Finally, even 

though carbohydrate makes up a large fraction of the 

energy supply during high-intensity exercise (⬃85% 

V̇O2 max) (177), training programs using intermittent 

high-intensity exercise have been shown to cause a 

greater reduction in skinfold thickness than programs 

conducted at the target heart rate range (216). It is 

clear that virtually any form of exercise contributes to 

fat loss and the maintenance of body weight. The 

important thing is to just do it. See Clinical Applica-

tions 18.6 for information on “successful losers.”

■ Moderate-intensity exercise is an appropriate 

choice for most Americans to achieve health-

related and weight-loss goals. Plasma free 

fatty acids make up a large fraction of the 

energy supply for that level of physical activity.

■ Moderate exercise promotes the expenditure of 

large amounts of fat and calories, consistent 

with achieving weight-loss and fi tness goals.

■ Vigorous activity is effective in expending calo-

ries and achieving fi tness, performance, and fat-

loss goals.

IN SUMMARY

 For weight-loss considerations, the caloric cost 

of an activity should be listed as the net cost (that 

above resting), because the gross cost of the activity 

includes energy already associated with resting 

metabolism. Table 18.7 shows the net energy cost per 

kg for walking and running one mile. In chapter 6, the 

net cost per m ⴢ min 1 of horizontal travel was 0.1 ml 

ⴢ kg 1 ⴢ min 1 for walking (up to about 3.75 mph), 

and 0.2 ml ⴢ kg 1 ⴢ min 1 for jogging or running. This 

translates to about 0.77 kcal per kg per mile for walk-

ing (0.1 ml ⴢ kg 1 ⴢ m 1 times 1,609 m ⴢ mile 1 times 

.0048 kcal per ml O2), and 1.53 kcal per kg per mile 

for jogging or running. If a 60-kg person wished to 

expend 250 kcal by walking, a distance of 5.4 miles 

would have to be covered (250 kcal   [60 kg   

0.77 kcal ⴢ kg 1 ⴢ mile 1]); the distance would be only 

2.7 miles if jogged. If the person walks at relatively 
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CLINICAL APPLICATIONS 18.6

Successful Losers—How Much Exercise Is Needed to Keep the Weight Off ?

There is general agreement that most 

U.S. adults need more physical activity. 

The question is, how much? The sys-

tematic increase in the prevalence of 

obesity over the past twenty-five years 

has provided a strong incentive to ad-

dress this issue and, to some extent, 

we are making progress. However, with 

different organizations recommending 

different amounts of exercise, the pub-

lic is becoming confused.

 In chapter 16 we presented the 

ACSM/AHA recommendation that all 

adults should do at least thirty minutes 

of moderate-intensity physical activity 

on most, preferably all, days of the 

week. There is clear evidence that such 

an increase in physical activity results 

in health benefits, especially for the 

most sedentary part of the population. 

This was meant to be a minimal recom-

mendation, with clear support that 

“more is better.” In the recent Institute 

of Medicine (IOM) report (100), one 

hour per day of moderate-intensity 

physical activity was recommended to 

help maintain weight in the normal BMI 

range, and for full health benefits. While 

on the surface the recommendations 

appear at odds with one another, the 

two are not as far apart as they may 

seem. The IOM report recommends 

thirty minutes of moderate-intensity 

activity for a sedentary individual to 

move to the “low-active” category, and 

sixty minutes of moderate-intensity 

activity to move to the “active” category. 

The sixty-minute recommendation is 

presented as what is needed to pre-

vent weight gain. How much is needed 

to keep weight off after it is lost?

 Dr. Rena Wing of the University 

of Pittsburgh and Dr. James Hill of 

the University of Colorado formed 

the National Weight Control Registry 

(NWCR) in 1993 to gain some insights 

into what made “successful losers”—

individuals who lost weight and kept it 

off. To be included in the registry, indi-

viduals had to have lost substantial 

weight ( 13.6 kg [30 lb]) and kept it off 

for at least one year. Some of the 

findings follow:

■ The average weight loss of the 

registrants was 30   15 kg, and 

they kept the weight off for an 

average of 5.5   6.8 years.

■ There was no evidence of psy-

chological distress due to the 

long-term suppression of body 

weight (115).

■ Participants used a variety of 

strategies to limit caloric intake 

(about 1,400 kcal/week, with 

about 25% of the calories from 

fat).

■ Participants expended about 

400 kcal/day through physical 

activity (140, 195)

Hill’s (94) and Wing’s (244) most recent 

updates underscore the usefulness of 

these insights into what makes a suc-

cessful loser. The six key strategies 

for long-term success at weight loss 

include: engaging in high-level physi-

cal activity, eating a diet that is low in 

calories and fat, eating breakfast, self-

monitoring weight on a regular basis, 

maintaining a consistent eating pat-

tern, and catching slips before they 

result in larger weight regains. These 

characteristics are consistent with those 

in a recent review describing an ideal 

person who is a successful weight main-

tainer (61). Clearly, these messages 

from those who have been successful 

in maintaining weight loss have great 

value for both the professional and the 

client working toward that goal.

 A recent Position Stand from the 

American College of Sports Medicine 

dealing with the issues of weight loss 

and prevention of weight gain (6) 

recommends an initial goal of 150 min-

utes per week of moderate physical 

activity, progressing to 200 to 300 min-

utes per week ( 2,000 kcal/week). This 

recommendation is consistent with the 

observations from the study of “suc-

cessful losers” and the earlier com-

mentary on the ACSM/AHA and IOM 

recommendations. The 2005 Dietary 

Guidelines for Americans built on the IOM 

and other recommendations from the 

International Association for the Study 

of Obesity (182) and the International 

Obesity Task Force (64) to form a three-

tiered recommendation:

■ to reduce the risk of chronic dis-

ease in adulthood, engage in at 

least thirty minutes of moderate-

intensity physical activity on 

most days of the week;

■ to help manage body weight 

and prevent gradual, unhealthy 

body weight gain in adulthood, 

engage in approximately sixty 

minutes of moderate- to 

vigorous-intensity activity on 

most days of the week; and

■ to sustain weight loss in adult-

hood, participate in at least 

sixty to ninety minutes of daily 

moderate-intensity physical 

activity.

There is some frustration associated 

with these recommendations in that a 

substantial percent of U.S. adults do 

not even meet the thirty-minute goal. 

Given that this segment of the popula-

tion is more likely to be obese, telling 

them to do more when they are not 

doing the minimum thirty-minute rec-

ommendation may not be productive. 

Translating science into practice, espe-

cially in a public health context, is 

always a great challenge, and it will be 

interesting to see the progress we 

make in the years ahead.

high walking speeds, the caloric cost is higher than 

for the slower walking speeds, and a shorter distance 

would have to be walked to expend the same number 

of calories. As mentioned earlier, because it is the 

total amount of work that is important in weight loss, 

the total distance walked or jogged does not have to 

be done at any one time.

 In selecting activities to achieve weight-loss goals, 

one must be careful not to overestimate the energy 

expenditure. If a table of values of the caloric cost of 
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activities lists climbing stairs as requiring 15 kcal ⴢ 

min 1, one must realize that this is an impossible goal 

to achieve aerobically for those with a maximal oxygen 

uptake of less than 3 liters ⴢ min 1. Further, while an 

average value may be stated in such tables, some 

activities (e.g., swimming) have extreme variations in 

the energy required for the task. To deal realistically 

with this problem, Sharkey (193) provides a means of 

estimating the caloric expenditure  associated with 

exercise for people of different fitness levels. If a per-

son has a V̇O2 max equal to 10 METs, the appropriate 

range of exercise intensities to be in the THR zone 

would be 6 to 8 METs (60% to 80% V̇ O2 max). Since 

1 MET is 1 kcal ⴢ kg 1 ⴢ hr 1 (in addition to 3.5 ml ⴢ kg 1 

ⴢ min 1), this subject would be working in the range of 

6 to 8 kcal ⴢ kg 1 ⴢ hr 1. If the person weighs 70 kg 

and exercises for thirty minutes at 7 kcal ⴢ kg 1 ⴢ hr 1, 

the person would expend a total of 245 kcal (70 kg   

7 kcal ⴢ kg 1 ⴢ hr 1   0.5 hr). The net caloric expendi-

ture would be about 210 kcal. Table 18.8 summarizes 

the estimated energy expenditure associated with 

exercise training for those with different V̇ O2 max 

 values (99). It should be clear that as the person 

 loses weight, the number of kcal used per fixed work-

out decreases, along with a decrease in the BMR. The 

combined effect of these two elements on the expen-

diture side of the weight-balance equation is that there 

will be a slowing of the rate of weight loss over time.

■ Participation in regular physical activity 

achieves a variety of health-related goals (e.g., 

increased cardiorespiratory fi tness, HDL choles-

terol, and fi brinolysis), and increases the 

chance that energy balance will be achieved.

IN SUMMARY

TABLE 18.7  Net Caloric Cost Per Mile for Walking, Jogging, and Running

Walking

Mph  2  2.5  3  3.5  4  4.5  5

Meters/min 54 67 80 94 107 121 134

Net cost  .77  .77  .77  .77    .96  1.15  1.38

 kcal   kg 1   mile 1

Jogging/Running

Mph  3  4  5  6  7  8  9

Meters/min 80 107 134 160 188 215 241

Net cost  1.53  1.53  1.53  1.53  1.53  1.53  1.53

  kcal   kg 1   mile 1

Note: Multiply by body weight in kilograms to obtain the number of kilocalories used per mile.

From E. T. Howley and B. D. Franks, Health/Fitness Instructor’s Handbook, 2d ed. Copyright © 1992 Human Kinetics Publishers, Inc., Champaign, IL. Used 

by permission.

TABLE 18.8  Estimated Net Energy Expenditure at 70% of  V
   
O2 Max During 1 Hour of Activity

  Net Energy Expenditure   BODY WEIGHT (KG) 

V
ⴢ O2 Max (METs)  at 70% V

ⴢ O2 Max 50 70 90

(kcal ⴢ kgⴚ1 ⴢ hrⴚ1) (kcal ⴢ kgⴚ1 ⴢ minⴚ1)  (kcal ⴢ hrⴚ1)

 20 13.0 650 910 1,170

 18 11.6 580 812 1,044

 16 10.2 510 714 918

 14 8.8 440 616 792

 10 6.0 300 420 540

 8 4.6 230 322 414

 6 3.2 160 224 287

From E. T. Howley and B. D. Franks, Health/Fitness Instructor’s Handbook, 2d ed. Copyright © 1992 Human Kinetics Publishers, Inc., Champaign, IL. Used 

by permission.
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STUDY QUESTIONS

 1.  Summarize the range of carbohydrate, fat, and protein 
intakes recommended by the Institute of Medicine.

 2.  What is the difference between an RDA standard and a 
Daily Value?

 3.  Is there any risk in taking fat-soluble vitamins in large 
quantities? Explain.

 4.  Which two minerals are believed to be inadequate in 
women’s diets?

 5.  Relative to coronary heart disease, why is there a major 
focus on dietary fat?

 6.  Generate a one-week menu using the MyPyramid web-
site. How do the choices compare to those in the DASH 
eating plan?

 7.  Identify and describe the following methods of measur-
ing body composition: isotope dilution, potassium-40, 
ultrasound, bioelectrical impedance analysis, dual 
energy X-ray absorptiometry, skinfold thickness, and 
underwater weighing.

 8.  Contrast the four-component and two-component mod-
els of body composition assessment.

 9.  What is the principle of underwater weighing? Why 
should a different body density equation be used for 
children, in contrast to adults?

10.  Given: a twenty-year-old college male, 180 lb, 28% fat. 
What is his target body weight to achieve 17% fat?

11.  In terms of the resistance to weight reduction, contrast 
obesity due to hypertrophy with obesity due to hyper-
plasia of fat cells.

12.  Is obesity more related to genetics or the envi-
ronment?

13.  If a person consumes 120 kcal per day in excess of need, 
what weight gain does the static energy balance equa-
tion predict compared to the dynamic energy balance 
equation?

14.  What does nutrient balance mean and how is the ratio of 
the RQ to FQ used to determine nutrient balance?

15.  Contrast a physiological set point with a behavioral set 
point related to obesity.

16.  What happens to the BMR when a person goes on a 
low-calorie diet?

17.  What recommendations would you give about the use 
of diet alone versus a combination of diet and 
exercise?

18.  What is thermogenesis and how might it be related to a 
weight gain?

19.  What is the effect of exercise on appetite and body 
composition?

20.  What exercise recommendation is appropriate for some-
one who is sedentary and overweight and is consistent 
with achieving caloric-expenditure and fat-loss goals?
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Factors Affecting Performance

■ Objectives

By studying this chapter, you should be able to do the following:

1. Identify factors affecting maximal performance.

2. Provide evidence for and against the central 
nervous system being a site of fatigue.

3. Identify potential neural factors in the periphery 
that may be linked to fatigue.

4. Explain the role of cross-bridge cycling in 
fatigue.

5. Summarize the evidence on the order of 
recruitment of muscle fibers with increasing 
intensities of activity, and the type of 
metabolism upon which each is dependent.

6. Describe the factors limiting performance 
in all-out activities lasting less than ten 
seconds.

7. Describe the factors limiting performance in 
all-out activities lasting 10 to 180 seconds.

8. Discuss the subtle changes in the factors 
affecting optimal performance as the duration 
of a maximal performance increases from three 
minutes to four hours.
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and the marathon suggest, the causes of fatigue vary 
and are usually specific to the type of physical activity. 
Figure 19.2 provides a summary of potential sites of 
fatigue (23). The discussion of mechanisms starts at 
the brain, where a variety of factors can influence the 
“will to win,” and continues to the cross-bridges of the 
muscles themselves. There is evidence to support 
most of the sites listed in figure 19.2 as “weak links” in 
the development of the muscle tension needed for 
optimal performance. However, there is far from per-
fect agreement among scientists about the exact 
causes of fatigue. The reasons for this include (a) the 
fiber type and training state of the subject, (b) whether 
the muscle was stimulated voluntarily or electrically, 
(c) the use of both amphibian and mammalian muscle 
preparations, with some isolated from the body, and 
(d) the intensity and duration of the exercise, and 
whether it was continuous or intermittent activity 
(47, 48). Within the scope of these limitations, we will 
now provide a summary of the evidence about each 
weak link, and then apply the information to specific 
types of performances (see A Closer Look 19.1).

Central Fatigue

The central nervous system (CNS) would be impli-
cated in fatigue if there were (a) a reduction in the 
number of functioning motor units involved in the 
activity or (b) a reduction in motor unit firing fre-
quency (18). There is evidence both for and against 
the concept of “central fatigue”—that is, that fatigue 
originates in the CNS.
 Merton’s classic experiments showed no dif-
ference in tension development when a voluntary 
maximal contraction was compared to an electrically 

In the last few chapters we have focused on proper 
exercise and nutrition for health and fitness. The 

emphasis was on moderation in both to reduce the risk 
factors associated with a variety of diseases. We must 
now change that focus to discuss the factors limiting 
physical performance.
 Performance goals require much more time, effort, 
and risk of injury than fitness goals. What are the require-
ments for optimal performance? To answer this question 
we must ask another: What kind of performance? It is 
clear that the requirements for the best performance in 
the 400-meter run are different from those associated 
with the marathon. Figure 19.1 shows a diagram of fac-
tors influencing performance (4). Every performance 
requires a certain amount of strength, as well as the “skill” 
to apply that strength in the best way. Further, energy 
must be supplied in the manner needed or performance 
will suffer. Different activities require differing amounts of 
energy from aerobic and anaerobic processes. Both the 
environment (altitude and heat) and diet (carbohydrate 
and water intake) play a role in endurance performance. 
Lastly, best performances require a psychological com-
mitment to “go for the gold.” The purpose of this chapter 
is to expand on this diagram and discuss the factors lim-
iting performance in a variety of activities, which will 
point the way to the remaining chapters. However, before 
we discuss these factors, we will summarize the potential 
sites of fatigue that would clearly affect performance.

SITES OF FATIGUE

Fatigue is simply defined as an inability to maintain a 
power output or force during repeated muscle contrac-
tions (23). As the two examples of the 400-meter run 

Figure 19.1 Factors affecting 

performance.
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induced maximal contraction. When the muscle was 
fatigued by voluntary contractions, electrical stimula-
tion could not restore tension (39). This suggested 
that the CNS was not limiting performance, and that 
the “periphery” was the site of fatigue.
 In contrast, the early work of Ikai and Steinhaus 
(26) showed that a simple shout during exertion could 
increase what was formerly believed to be “maximal” 
strength. Later work showed that electrical stimulation 
of a muscle fatigued by voluntary contractions resulted 
in an increase in tension development (27). These stud-
ies suggest that the upper limit of voluntary strength is 
“psychologically” set, given that certain motivational or 

arousal factors are needed to achieve a physiological 
limit (27). In agreement with these results (that 
the CNS can limit performance) are two studies by 
Asmussen and Mazin (4, 5). Their subjects lifted weights 
thirty times a minute, causing fatigue in two to three 
minutes. Following a two-minute pause, the lifting 
continued. These investigators showed that when 
either a physical diversion, consisting of the contrac-
tion of nonfatigued muscles, or a mental diversion, 
consisting of doing mental arithmetic, was used 
between fatiguing bouts of exercise, work output was 
greater than when nothing was done during the pause. 
They also found that if a person did a series of muscle 
contractions to the point of fatigue with the eyes closed, 
simply opening the eyes restored tension (4). These 
studies suggest that alterations in central nervous sys-
tem “arousal” can facilitate motor unit recruitment to 
increase strength and alter the state of fatigue.
 Excessive endurance training (overtraining) has 
been associated with symptoms such as reduced per-
formance capacity, prolonged fatigue, altered mood 
states, sleep disturbance, loss of appetite, and in-
creased anxiety (15, 53, 54). Over the past decade, a 
considerable amount of attention has been directed at 
brain serotonin (5-hydroxytryptamine) as a factor in 
fatigue due to its links to depression, sleepiness, and 
mood (53, 54). There is evidence that increases and 
decreases in brain serotonin activity during prolonged 
exercise hasten and delay fatigue, respectively (16). 
Although regular, moderate exercise has been shown 
to improve the mood states of depressive patients, 
excessive exercise seems to have an opposite effect. 
Numerous experiments have been conducted over the 
past decade to try to understand the connection 
between serotonin and fatigue, but the answer remains 
elusive (53, 54). However, recent studies indicate that 
it is not the serotonin alone, but the ratio of serotonin 
to dopamine that contributes to tiredness on the one 
hand and arousal on the other, and that brain levels of 
norepinephrine also contribute to the picture (37, 38).
 The CNS is intimately involved in exercise, in-
cluding the psyching-up prior to exercise (57), the 
recruitment of motor units, and the continual feed-
back from a host of receptors sensing tension, tem-
perature, blood gases, blood pressure, and other 
variables. The brain integrates these various signals 
and generates commands that automatically reduce 
power output to protect the organism. In this sense, 
exercise begins and ends in the brain (29). Noakes 
and others (30, 42, 43, 44, 51) have developed the 
“central governor” model of central fatigue that 
focuses primarily on the conscious and subsconscious 
brain and does not involve the spinal cord or motor 
unit. This model has many novel aspects, but it has 
attracted some criticism (60). Let us now look at some 
of the events outside the CNS that are tied to the 
fatigue process.

Figure 19.2 Possible sites of fatigue.
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the Na⫹/K⫹ pump cannot keep up, K⫹ accumulates 
outside the membrane and decreases inside the cell. 
This results in a depolarization of the cell and a reduc-
tion in action potential amplitude (49). The gradual 
depolarization of the sarcolemma could result in 
altered t-tubule function, including a block of the 
t-tubule action potential. If the latter occurs, Ca⫹⫹ 
release from the SR will be affected, as will muscle 
contraction (1). However, the evidence indicates that 
the typical reduction in the size of the action potential 
amplitude has little effect on force output by the mus-
cle. In addition, the lower frequency of action poten-
tial firing with repeated stimulation of muscle seems 
to protect the muscle from further fatigue (rather than 
cause fatigue) by shifting the activation to a lower, 
more optimal, rate of firing (19). This does not mean 
that the t-tubule is not involved in the fatigue pro-
cess. Under certain stimulation conditions an action 
potential block can occur in the t-tubule, leading to a 
reduction in Ca⫹⫹ release from the SR (19, 24). As a 
result, myosin cross-bridge activation would be 
adversely affected. One of the beneficial effects of 
training is an increase in the capacity of the Na⫹/K⫹ 
pump, which may contribute to the maintenance of 
the Na⫹/K⫹ gradient and reduce the potential for 
fatigue via this mechanism (24).

Peripheral Fatigue

Although evidence exists both for and against the CNS 
being a site of fatigue, the vast majority of evidence 
points to the periphery, where neural, mechanical, or 
energetic events can hamper tension development 
(19, 61).

Neural Factors Fatigue due to neural factors could 
be associated with failure at the neuromuscular junc-
tion, the sarcolemma, the transverse tubules (t-tubules), 
or the sarcoplasmic reticulum (SR) that is involved in 
calcium (Ca⫹⫹) storage, release, and reuptake.

Neuromuscular Junction The action potential ap-
pears to reach the neuromuscular junction even when 
fatigue occurs (39). In addition, evidence based on 
simultaneous measurements of electrical activity at 
the neuromuscular junction and in the individual 
muscle fibers suggests that the neuromuscular junc-
tion is not the site of fatigue (10).

Sarcolemma and Transverse Tubules It has been 
hypothesized that the sarcolemma might be the site 
of fatigue due to its inability to maintain Na⫹ and K⫹ 
concentrations during repeated stimulation. When 

A CLOSER LOOK 19.1

Radical Production During Exercise Contributes to Muscle Fatigue

Free radicals (radicals) are highly 

reactive molecules that contain an 

un paired electron in their outer orbital. 

This unpaired electron results in mole-

cular instability; therefore, radicals are 

highly reactive and capable of damag-

ing proteins, lipids, and DNA in the 

cell (25). Radical-mediated damage to 

cellular constituents is called oxidative 

stress, and high levels of oxidative 

stress can lead to cellular dysfunction 

and, in extreme cases, cell death.

 Interestingly, although regular exer-

cise provides many health benefi ts, 

exercise promotes the production of 

radicals in skeletal muscles and pro-

longed and/or intense exercise can 

lead to oxidative stress in the exercis-

ing muscle. Importantly, this exercise-

induced oxidative damage is a key 

contributor to muscle fatigue during 

prolonged exercise (i.e., ⬎30 minutes 

duration) (32, 33, 36).

 The mechanism(s) to explain why 

radicals promote muscle fatigue re -

mains an active topic of research. Cur-

rent evidence indicates that radical 

production can contribute to muscle 

fatigue in at least two important ways. 

First, radicals can damage key contrac-

tile proteins including myosin and tro-

ponin (11). Damage to these muscle 

proteins reduces the calcium sensitiv-

ity of myofi laments and limits the num-

ber of myosin cross-bridges in the 

strong binding state (50). It follows that 

fewer myosin cross-bridges bound 

to actin results in reduced muscle 

force production. A second mechanism 

to explain why radicals contribute to 

muscle fatigue is that high radical pro-

duction can depress sodium/ potassium 

pump activity in skeletal muscle (33). Im-

paired sodium/potassium pump func-

tion results in disturbances in muscle 

potassium levels, and this disruption 

in potassium homeostasis has been 

linked to muscle fatigue during exer-

cise (33).

 Because radicals contribute to mus-

cle fatigue, it is feasible that antioxidant 

supplementation can retard exercise-

induced muscle fatigue. To date, stud-

ies using antioxidant vitamins (e.g., 

vitamins E and C) do not support 

the concept that dietary antioxidants 

can improve human performance (45). 

Nonetheless, experiments using the 

powerful antioxidant N- acetyl-cysteine

reveal that this unique antioxidant can 

delay fatigue during prolonged sub-

maximal exercise (33, 35). Although 

optimal levels of antioxidants can post-

pone fatigue, high doses of antioxidants 

(i.e., above the optimal dose) can impair 

muscle performance (12). Therefore, 

indiscriminant antioxidant supplemen-

tation could be detrimental to athletic 

performance.
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■ Increases in CNS arousal facilitate motor unit 
recruitment to increase strength and alter the 
state of fatigue.

■ The ability of the muscle membrane to conduct 
an action potential may be related to fatigue 
in activities demanding a high frequency of 
stimulation.

■ Repeated stimulation of the sarcolemma can 
result in a reduction in the size and frequency 
of action potentials; however, shifts in the opti-
mal frequency needed for muscle activation 
preserve force output.

■ Under certain conditions an action potential 
block can occur in the t-tubule to result in a 
reduction in Ca⫹⫹ release from the SR.

IN SUMMARY

Mechanical Factors The primary mechanical factor 
that may be related to fatigue is cross-bridge “cycling.” 
The action of the cross-bridge depends on (a) the func-
tional arrangement of actin and myosin, (b) Ca⫹⫹ being 
available to bind with troponin to allow the cross-bridge 
to bind with the active site on actin, and (c) ATP, which 
is needed for both the activation of the cross-bridge to 
cause movement, and the dissociation of the cross-
bridge from actin. Exercise, especially eccentric exer-
cise, can cause a physical disruption of the sarcomere 
and reduce the capacity of the muscle to produce ten-
sion (3). A high H⫹ concentration may contribute to 
fatigue in a variety of ways (19, 21, 22, 47, 48):

■ reduce the force per cross-bridge,

■ reduce the force generated at a given Ca⫹⫹ 
concentration (related to H⫹ ion interference 
with Ca⫹⫹ binding to troponin), and

■ inhibit SR Ca⫹⫹ release.

 One sign of fatigue in isometric contractions is a 
longer “relaxation time”—the time from peak tension 
development to baseline tension. This longer relax-
ation time could be due to a slower cycling of the 
cross-bridge due to Ca⫹⫹ not being pumped back to 
the sarcoplasmic reticulum fast enough, and/or inad-
equate ATP, which is needed for dissociation of the 
cross-bridge as well as for Ca⫹⫹ pumping (28, 47, 48). 
It is this last factor, the availability of ATP, that has 
received the greatest attention.

■ The cross-bridge’s ability to “cycle” is important 
in continued tension development. Fatigue may 
be related to the effect of a high H⫹ concentra-
tion on the ability of troponin to bind to Ca⫹⫹, 
the inability of the sarcoplasmic reticulum to 
take up Ca⫹⫹, or the lack of ATP needed to dis-
sociate the cross-bridge from actin.

IN SUMMARY

Energetics of Contraction Fatigue can be viewed as 
the result of a simple imbalance between the ATP 
requirements of a muscle and its ATP-generating 
ca pacity (48). As described in chapter 3, when exercise 
begins and the need for ATP accelerates, a series of 
ATP-generating reactions occur to replenish the ATP. As 
the cross-bridges use ATP and generate ADP, phospho-
creatine provides for the immediate resynthesis of the 
ATP (PC ⫹ ADP → ATP ⫹ C). As the phosphocreatine 
becomes depleted, ADP begins to accumulate and the 
myokinase reaction occurs to generate ATP (ADP ⫹ ADP 
→ ATP ⫹ AMP). The accumulation of all these products 
stimulates glycolysis to generate additional ATP, which 
may result in an H⫹ accumulation (7). However, as ATP 
demand continues to exceed supply, a variety of reac-
tions occur in the cell that limit work and protect the 
cell from damage. Remember that ATP is needed to 
pump ions and maintain cell structure. In this sense, 
fatigue serves a protective function. What are the sig-
nals to the muscle cell that energy utilization must slow 
down? When ATP-generating mechanisms cannot keep 
up with ATP use, inorganic phosphate (Pi) begins to 
accumulate in the cell (Pi and ADP are not being con-
verted to ATP). An increase in Pi in the muscle has been 
shown to inhibit maximal force, and the higher the Pi 
concentration, the lower the force measured during 
recovery from fatigue. The Pi seems to act directly on the 
cross-bridges to reduce its binding to actin (19, 21, 34, 
59) and also inhibits calcium release from the sarco-
plasmic reticulum (2, 17). The accumulation of Pi 
reduces the total ATP cost per unit of force, suggesting 
an improvement in efficiency (41). What is interesting is 
that the cell does not run out of ATP, even in cases of 
extreme fatigue. Typically, the ATP concentration falls 
to only 70% of its pre-exercise level. The factors that 
cause fatigue reduce the rate of ATP utilization faster 
than ATP generation so that ATP concentration is main-
tained. This is believed to be a protective function 
aimed at minimizing changes in cellular homeostasis 
with continued stimulation. See Fitts in the Suggested 
Readings for an excellent review of this topic.

■ Fatigue is directly associated with a mismatch 
between the rate at which the muscle uses ATP 
and the rate at which ATP can be supplied.

■ Cellular fatigue mechanisms slow down the rate 
of ATP utilization faster than the rate of ATP 
generation to preserve the ATP concentration 
and cellular homeostasis.

IN SUMMARY

 In chapter 8 we linked the different methods of 
ATP production to the different muscle fiber types 
that are recruited during activity. We will briefly sum-
marize this information as it relates to our discussion 
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of fatigue. Figure 19.3 shows the pattern of recruit-
ment of muscle fiber types with increasing intensities 
of exercise. Up to about 40% of V̇ O2 max, the type I 
slow-twitch oxidative muscle fiber is recruited to pro-
vide tension development (48). This fiber type is 
dependent on a continuous supply of blood to provide 
the oxygen needed for the generation of ATP from car-
bohydrates and fats. Any factor limiting the oxygen 
supply to this fiber type (e.g., altitude, dehydration, 
blood loss, or anemia) would cause a reduction in ten-
sion development in these fibers and necessitate the 
recruitment of type IIa fibers to generate tension.
 Type IIa fast-twitch, fatigue-resistant muscle 
fibers are recruited between 40% and 75% V̇ O2 max 
(48). These fast-twitch fibers are rich in mitochondria, 
as are the type I fibers, making them dependent on 
oxygen delivery for tension development. They also 
have a great capacity to produce ATP via anaerobic 
glycolysis. The mitochondrial content of type IIa 
fibers is sensitive to endurance training, so that with 
detraining, more of the ATP supply would be provided 
by glycolysis, leading to lactate production (see 
chapter 13). If oxygen delivery to this fiber type is 
decreased, or the ability of the fiber to use oxygen is 
decreased (due to low mitochondrial number), ten-
sion development will fall, requiring type IIx fiber 
recruitment to maintain tension.
 Type IIx is the fast-twitch muscle fiber with a low 
mitochondrial content. This fiber can generate great 
tension via anaerobic sources of energy, but it fatigues 
quickly. It is recruited at about 75% V̇ O2 max, making 
heavy exercise dependent upon its ability to develop 
tension (49).

 Although the primary focus of this text has been 
on the fitness and performance of individuals stuck 
(by gravity) on the earth, we are all familiar with the 
weakness and instability of astronauts as they emerge 
from the space shuttle after returning from space. 
With the space station now in orbit and crews rotating 
on a regular basis, it should be no surprise that physi-
ologists have been studying the impact of prolonged 
weightlessness on muscle function (20). Ask the 
Expert 19.1 provides some insights into why astro-
nauts are weaker when they return to earth.

■ Muscle fi bers are recruited in the following 
order with increasing intensities of exercise: 
type I → type IIa → type IIx.

■ The progression moves from the most to the 
least oxidative muscle fi ber type. Intense exer-
cise (⬎75% V̇ O2 max) demands that type IIx 
fi bers be recruited, resulting in an increase in 
lactate production.

IN SUMMARY

FACTORS LIMITING 
ALL-OUT ANAEROBIC 
PERFORMANCES

As exercise intensity increases, muscle fiber recruit-
ment progresses from type I → type IIa → type IIx. 
This means that the ATP supply needed for tension 
development becomes more and more dependent 
upon anaerobic metabolism (48). In this way, fatigue 
is specific to the type of task undertaken. If a task 
requires only type I fiber recruitment, then the factors 
limiting performance will be very different from those 
associated with tasks requiring type IIx fibers. With 
this review and summary in mind, let’s now examine 
the factors limiting performance.

Ultra Short-Term Performances 
(Less than Ten Seconds)

The events that fit into this category include the shot 
put, high jump, long jump, and 50- and 100-meter 
sprints. These events require that tremendous 
amounts of energy be produced in a short period of 
time (high-power events), and type II muscle fibers 
must be recruited. Figure 19.4 shows that maximal 
performance is limited by the fiber type distribution 
(type I versus type II) and by the number of muscle 
fibers recruited, which is influenced by the level of 
motivation (26). Optimal performance is also affected 
by skill and technique, which are dependent on prac-
tice. It should be no surprise that the anaerobic 
sources of ATP—the ATP-PC system and glycolysis—
provide the energy. Chapter 20 provides tests for 

Figure 19.3 Order of muscle fiber type recruitment in 

exercise of increasing intensity. From D. G. Sale, “Influ-

ence of Exercise and Training in Motor Unit Activation” 

in Kent B. Pandolf, ed., Exercise and Sport Sciences Reviews, 

vol. 15. Copyright © 1987 McGraw-Hill, Inc., New York. 

Reprinted by permission.
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anaerobic power, and chapter 21 provides a detailed 
list of the activities dependent upon such power. There 
is evidence that ingestion of creatine can influence 
performance in high-power exercise; see chapter 25 
for details.

■ In events lasting less than ten seconds, optimal 
performance is dependent on the recruitment 
of appropriate type II fibers to generate the 
great forces that are needed.

IN SUMMARY

■ Motivation or arousal is required, as well as the 
skill needed to direct the force.

■ The primary energy sources are anaerobic, with 
the focus on phosphocreatine.

Short-Term Performances 
(10 to 180 Seconds)

Maximal performances in the ten- to sixty-second 
range are still predominantly (⬎70%) anaerobic, using 
the high force, fast-twitch fiber, but when a maximal 

 ASK THE EXPERT 19.1

Muscle Adaptations to Space Travel:

Questions and Answers with Dr. Robert H. Fitts

Dr. Fitts is the Wehr Dis-

tinguished Professor of Biol-

ogy at Marquette University. 

His primary research inter-

ests include excitation con-

traction coupling and 

muscle mechanics, and the 

mechanism of muscle 

adaptation to space fl ight and programs of 

regular exercise. His research also focuses on 

elucidating the cellular causes of muscle 

fatigue. He was awarded the American College 

of Sports Medicine’s Citation Award in 1999 for 

his research accomplishments and received the 

Researcher of the Year Award from Marquette 

University in 2000.

QUESTION: What changes occur in skel-

etal muscle due to space travel?

ANSWER: The primary change in skeletal 

muscle with space travel is fiber atro-

phy due to a selective loss in the 

myofilaments. The antigravity mus-

cles of the legs are more affected 

than arm muscles, and primarily slow 

muscles like the soleus are more 

affec ted than fast-twitch muscles 

such as the gastrocnemius. Due to 

the loss of myofilaments, muscle 

fi bers generate less force and power.

Following short-duration (ⱕ3 weeks)

space fl ight, slow type I fibers show 

an elevated maximal shorten ing 

velocity, which is not caused by an 

expression of fast-type myosin. It 

has been hypothesized that the in -

crea sed velocity results from a selec-

tive loss of the thin filament actin, 

which increases the space between 

the filaments causing the myosin 

cross-bridge to detach sooner at the 

end of the power stroke. Recent 

results from International Space Sta-

tion experiments have shown the 

elevated velocity to be a transient 

change, with slow fi ber velocity show-

ing a signifi cant decline following 

long-duration fl ights. This change, 

plus additional fi ber atrophy, con-

tributes to the considerably greater 

loss in slow fi ber power after long-

duration, compared to short dura-

tion, fl ights. Space flight appears to 

increase the muscle’s reliance on car-

bohydrates and reduce its abil-

ity to oxidize fats. This metabolic 

change is not caused by a reduced 

activity of any of the enzymes of the 

␤-oxidative pathway or the Krebs 

cycle. The loss in fiber power and 

increased reliance on carbohydrates 

cause a reduced work capacity. Ad-

ditionally, post-flight crew mem-

bers experience muscle soreness 

due to an increased susceptibility to 

eccentric contraction-induced fiber 

damage.

QUESTION: Do animal studies mimic the 

changes experienced by humans?

ANSWER: Many of the space flight in-

duced changes in skeletal muscle 

are observed in rodents, nonhu-

man primates, and humans. Fiber 

atrophy caused by the selective 

loss of myofilaments has been 

observed in all species. There are 

species differences in the time 

course of the adaptive process. For 

example, rats flown in space show a 

faster rate of fiber atrophy than do 

humans. Flights as short as two or 

three weeks have been shown to 

increase soleus muscle velocity in 

both rats and humans, but in rats 

the increase was in part due to a 

conversion of approximately 20% of 

the slow type I fibers to fast-twitch 

fibers containing fast myosin iso-

zymes. In humans, short-duration 

space flight does not cause fiber 

type conversion. However, recent 

data suggest that such conversions 

(slow-twitch to fast-twitch) do occur 

in humans following long-duration 

(six month) space fl ight.

QUESTION: Are there any intervention 

(training) strategies being employed 

to reduce the impact of space flight 

on skeletal muscle?

ANSWER: The primary countermeasure 

used to protect skeletal muscle 

from microgravity-induced loss has 

employed endurance exercise on 

either a bicycle or treadmill. This 

type of modality has not been com-

pletely successful, as crew mem-

bers still lose up to 20% of their leg 

muscle mass following six months in 

space. More recently, high-intensity 

exercise has been incorporated into 

the countermeasure program. How-

ever, a reliable device for such 

training has not yet been installed 

on the international space station.
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performance is extended to three minutes, about 60% 
of the energy comes from the slower aerobic, ATP-
generating processes. As a result of this transition 
from anaerobic to aerobic energy production, maxi-
mal running speed decreases as the length of the race 
increases. Given that the ATP-PC system can supply 
ATP for only several seconds, the vast majority of the 
ATP will be derived from anaerobic glycolysis (see 
chapter 3). Figure 19.5 shows that this will cause an 
accumulation of H⫹ in muscle as well as blood. The 
elevated H⫹ concentration may actually interfere with 
the continued production of ATP via glycolysis, or the 
contractile machinery itself, by interfering with tropo-
nin’s ability to bind with Ca⫹⫹. However, it must be 
added that following exhausting exercise, muscle ten-
sion recovers before the H⫹ concentration does, indi-
cating the complex nature of the fatigue process 
(22, 46, 47, 57). In an effort to slow H⫹ accumulation, 
some athletes have attempted to ingest buffers prior 
to a race. This procedure is discussed in detail in 
chapter 25, which deals with ergogenic aids and 
performance.

■ In short-term performances lasting 10 to 
180 seconds, there is a shift from 70% of the 
energy supplied anaerobically at 10 seconds 
to 60% being supplied aerobically at 
180 seconds.

■ Anaerobic glycolysis provides a substantial por-
tion of the energy, resulting in elevated lactate 
levels.

IN SUMMARY

FACTORS LIMITING ALL-OUT 
AEROBIC PERFORMANCES

As the duration of an all-out performance increases, 
more demand is placed on the aerobic sources of 
energy. In addition, environmental factors such as 
heat and humidity, and dietary factors such as water 
and carbohydrate ingestion, play a role in fatigue.

Moderate-Length Performances 
(Three to Twenty Minutes)

While 60% of ATP production is derived from aerobic 
processes in a three-minute maximal effort, the value 
jumps to 90% in a twenty-minute all-out performance. 
Given this dependence on oxidative energy produc-
tion, the factors limiting performance include both the 
cardiovascular system, which delivers oxygen-rich 
blood to the muscles, and the mitochondrial content 
of the muscles involved in the activity. Because speed 
is a prerequisite in races lasting less than twenty min-
utes, type IIa fibers, which are rich in mitochondria, are 
involved in supplying the ATP aerobically. Races last-
ing less than twenty minutes are run at 90% to 100% of 
maximal aerobic power, so the athlete with the highest 
V̇ O2 max has a distinct advantage. However, due to the 

Figure 19.4 Factors affecting fatigue in ultra short-term events.
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fact that type IIx fibers are also recruited, high levels of 
blood lactic acid are also experienced, and H⫹ accumu-
lation would affect tension development as previously 
described (22, 46, 47, 58). Figure 19.6 summarizes the 
factors affecting performances requiring a high maxi-
mal oxygen uptake. The maximal stroke volume is the 
crucial key to a high cardiac output (see chapter 13), 
and is influenced by both genetics and training. The 
arterial oxygen content (CaO2) is influenced by the 
arterial hemoglobin content [Hb], the fraction of 
inspired oxygen (FIO2), and PO2 of the inspired air. 
Chapter 24 discusses the effect of altitude (low PO2) 
on V̇ O2 max, and chapter 25 discusses the use of blood 
doping (to raise the [Hb]) and oxygen breathing on 
aerobic performance. Training programs are discussed 
in chapter 21.

■ In moderate-length performances lasting three 
to twenty minutes, aerobic metabolism pro-
vides 60% to 90% of the ATP, respectively.

■ These activities require an energy expenditure 
near V̇ O2 max, with type II fibers being recruited.

■ Any factor interfering with oxygen delivery (e.g., 
altitude or anemia) would decrease perfor-
mance, because it is so dependent on aerobic 
energy production. High levels of lactate 
accompany these types of activities.

IN SUMMARY

Intermediate-Length Performances 
(Twenty-One to Sixty Minutes)

In all-out performances lasting twenty-one to sixty 
minutes, the athlete will generally work at ⬍90% V̇ O2 
max. A high V̇ O2 max is certainly a prerequisite for suc-
cess, but now other factors come into play. For exam-
ple, an individual who is an “economical” runner can 
move at a higher speed for the same amount of oxygen 
compared to a runner who is not economical. Differ-
ences in running economy are due to biomechanical 
and/or bioenergetic factors. In this case measurements 
of both V̇ O2 max and running economy would be 
needed to predict performance (see chapter 20). How-
ever, another variable must be considered. Because 
races of this duration are not run at V̇ O2 max, a person 
who can run at a high percentage of V̇ O2 max would 
have an advantage. The ability to run at a high percent-
age of V̇ O2 max is related to the concentration of lac-
tate in the blood, and one of the best predictors of race 
pace is the lactate threshold (8, 9). See The Winning 
Edge 19.1 for more on this. Interestingly, a high per-
centage of type I muscle fibers is associated with both 
a greater lactate threshold and a higher mechanical 

Figure 19.6 Factors affecting fatigue in aerobic perfor-

mances lasting three to twenty minutes.
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THE WINNING EDGE 19.1

Is Maximal Oxygen Uptake Important in Distance Running Performance?

V̇ O2 max is directly related to the rate 

of ATP generation that can be main-

tained during a distance race, even 

though it is not run at 100% V̇ O2 max. 

The rate of ATP generation is depen-

dent on the actual V̇ O2 that can be 

maintained during the run (ml ⴢ kg⫺1 ⴢ 

min⫺1), which is a function of the run-

ner’s V̇ O2 max and the percent V̇ O2 

max at which the runner can perform. 

To run a 2:15 marathon, the runner 

would have to maintain a V̇ O2 of about 

60 ml ⴢ kg⫺1 ⴢ min⫺1 throughout the 

race. A runner working at 80% V̇ O2 max 

would need a V̇ O2 max of 75 ml ⴢ kg⫺1 ⴢ 

min⫺1. In this way the V̇ O2 max sets 

the upper limit for energy production 

in endurance events, but does not 

determine the final performance. It is 

clear that both the percent of V̇ O2 

max that can be maintained over the 

course of the run (estimated by the 

lactate threshold) and running econ-

omy have a dramatic impact on the 

speed that can be maintained over 

distance (8, 9). Interestingly, the pro-

gressive reduction in V̇ O2 max with 

age appears to be the primary physi-

ological mechanism associated with a 

reduction in the endurance perfor-

mance of Master athletes, along with 

the reduction in the velocity at the 

lactate threshold (56).
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efficiency (13). Chronic severe training over many years 
has been linked to an improvement (⫹8%) in mechani-
cal efficiency that contributed to the consecutive victo-
ries of the Tour de France champion Lance Armstrong 
(14). The procedures to follow in estimating the maxi-
mal running speed for long-distance races are pre-
sented in chapter 20. Factors limiting performance in 
runs of twenty-one to sixty minutes are summarized in 
figure 19.7. Note that we must now consider the envi-
ronmental factors of heat and humidity, as well as the 
state of hydration of the runner. The heat load will 
require that a portion of the cardiac output be directed 
to the skin, pushing the cardiovascular system closer 
to maximum at any running speed. There is evidence 
of a critical temperature during exercise that can lead 
to fatigue via a reduction in the CNS drive to recruit 
skeletal muscle (45). Chapters 23 and 24 deal with 
the effects of dehydration and environmental heat 
loads on performance. See A Look Back—Important 
People in Science for a physiologist who had a major 
role in discovering the factors linked to endurance 
performance.

■ Intermediate-length activities lasting twenty-one 
to sixty minutes are usually conducted at less than 
90% V̇ O2 max, and are predominantly aerobic.

■ Given the length of the activity, environmental 
factors such as heat, humidity, and the state of 
hydration of the subject play a role in the 
outcome.

IN SUMMARY

Long-Term Performances 
(One to Four Hours)

Performances of one to four hours are clearly aerobic 
performances involving little anaerobic energy pro-
duction. Using the shorter aerobic performances 
(less than sixty minutes) as a lead-in, the longer the 

performance, the greater the chance that environ-
mental factors will play a role in the outcome. In 
addition, for performances greater than one hour, 
the ability of the muscle and liver carbohydrate 
stores to supply glucose may be exceeded. Glucose 
supplementation during long-term performances 
provides the fuel needed not only for ATP generation 
for the cross-bridges, but also for the protection of 
muscle membrane excitability (52). As pointed out 
in chapter 4, fatty acids can provide substantial fuel 
during prolonged muscular work at intensities ⬍60% 
V̇ O2 max. However, for the many endurance activities 
that are performed at higher exercise intensities 
(e.g., marathon running), muscle fibers must have 
carbohydrate to oxidize or performance will decline. 
This model may not be as useful for “ultra”-type 
performances where fueling, fluid, and electrolyte 
imbalance issues are pushed to an extreme (31). 
Chapter 23 provides information about the optimal 
dietary strategies for performance in long-term 
events, including the consumption of fluids and car-
bohydrates during the run. Figure 19.8 summarizes 
the factors limiting performance in long-distance 
running events. If we were to address long-term 
cycling performance, a variety of other variables 
(e.g., minimizing air resistance and rolling resistance) 
would have to be considered. See Faria, Parker, and 
Faria in the Suggested Readings for a recent review 
on factors affecting cycling performance.

■ In long-term performances of one to four hours’ 
duration, environmental factors play a more 
important role as the muscle and liver glycogen 
stores try to keep up with the rate at which car-
bohydrate is used.

■ Diet, fluid ingestion, and the ability of the ath-
lete to deal with heat and humidity all influ-
ence the final outcome.

IN SUMMARY

Figure 19.7 Factors affecting fatigue in aerobic performances lasting twenty-one to sixty minutes.
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A  LOOK BACK—IMPORTANT PEOPLE IN SCIENCE 

Dr. David L.  Costill, Ph.D.,  Advanced the Study of Endurance Performance

Dr. David Costill has 

had a major impact 

on our understanding 

of the factors affect-

ing endurance perfor-

mance. Dr. Costill com-

pleted his Ph.D. at 

The Ohio State University and, after a 

two-year appointment at the State 

University of New York at Cortland, 

assumed a position at Ball State 

University. He directed the Human 

Performance Laboratory at Ball State 

throughout his entire career, and made 

it the place to be if you wanted to study 

the factors affecting performance. Dr. 

Costill and his students addressed a 

variety of variables infl uencing endur-

ance performance:

■ Role of V̇O2 max

■ Contribution of the percent of 

V̇O2 max

■ Importance of running economy

■ How blood/plasma lactate 

concentration is linked to 

performance

■ Strategies for loading muscle 

glycogen (see chapter 23)

■ Fluid replacement—with 

emphasis on characteristics of 

sports drinks (see chapter 23)

■ Role of muscle fi ber type (see 

chapter 8)

■ Whether ergogenic aids work 

(e.g., caffeine; L-carnitine—see 

chapter 25).

 Many of the studies dealing with 

these variables have become “classics” 

that investigators cite decades after they 

were done. Dr. Costill was not just inter-

ested in discovering the science behind 

endurance performance; he also com-

mitted his time and energy to getting the 

message out to athletes and coaches to 

help them develop better methods to 

improve performances based on scien-

tifi c principles. Dr. Costill’s work went 

well beyond studying distance running. 

Both early and later in his career, he 

focused attention on how to improve 

swimming performance, and he is cur-

rently involved in studies designed to 

improve our understanding of how to 

prevent deleterious changes in the mus-

cles of astronauts who spend long peri-

ods of time on the International Space 

Station. He has always practiced what he 

preached, being involved in distance 

running early in his career, and now 

Master ’s swimming—where he is swim-

ming faster than he did when he was in 

college!

 Dr. Costill provided exemplary ser-

vice to the American College of Sports 

Medicine over his career, including 

serving as its president. His research 

has been recognized with numerous 

awards over the past 30 years, includ-

ing the Honor Award from the American 

College of Sports Medicine. The impact 

of his research has reached all corners 

of the globe, not just by publications 

(more than 400), but by being invited 

to speak about his research in more 

than 30 countries. His personal impact, 

like that of most scientists, is multi-

plied many times over by the students 

he trained—a list that reads like a 

“who’s who” of scientists interested in 

muscle, metabolism, and performance. 

He continues to maintain an active 

research program at Ball State Univer-

sity, where he holds the John and Janis 

Fisher Chair in Exercise Science.

Figure 19.8 Factors affecting fatigue in aerobic performances lasting one to four hours.
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 In conclusion, the factors limiting performance are 
specific to the type of performance. Short-term explo-
sive performances are dependent on type IIx fibers that 
can generate great power through anaerobic processes. 
In contrast, longer-duration aerobic events require a 
cardiovascular system that can deliver oxygen at a high 
rate to muscle fibers with many mitochondria. It is clear 
that the testing and training of athletes must focus on 
the factors limiting performance for the specific event. 
For example, dietary carbohydrate and fluid ingestion 
are more crucial for the long-distance runner than for 
the high jumper. A recent review article by Abbiss and 
Laursen in the Suggested Readings pulls together the 
various models of fatigue into a single diagram. This is 
worth reading now that you have a general feel for the 
factors affecting performance. The following chapters 
will explore how to appropriately test, train, and feed 
athletes for optimal performance.

ATHLETE AS MACHINE

One question we might keep in mind as we explore 
the details of how to improve performance is whether 
we might exceed what are regarded as reasonable and 
ethical boundaries for scientists, and treat the elite 
athlete as a machine rather than as a person. Are elite 
athletes being treated like racing cars in which engi-
neers and mechanics (scientists and coaches) try to 

spot weaknesses that compromise performance, and 
then recommend solutions? Some may say yes, and 
indicate the worthiness of such an enterprise. Others 
may suggest that this has the potential to be dehu-
manizing if the athlete is reduced to no more than a 
collection of working parts that are evaluated by a 
variety of specialists. Much would appear to depend 
on the goal of the research. If we are trying to under-
stand how we function, and we develop healthy and 
safe methods that allow us to overcome personal lim-
itations, we would appear to be on the right track. In 
contrast, if we use an athlete as a tool, that would be a 
different story. We are all familiar with the use of ath-
letes by some countries to advance a particular politi-
cal doctrine, and the complicity of scientists who were 
recruited to make athletes run faster and longer, and 
jump higher. Fortunately, universities, hospitals, and 
research centers have Institutional Review Boards 
(IRBs) to approve research proposals so that the rights 
of the subject are protected. This process also forces 
the investigator to provide a strong rationale showing 
that the risk to the subject (however small) is worth 
the benefits that might occur. Consistent with this, 
research journals require authors to follow IRB guide-
lines if they want their work to be considered for pub-
lication. In this way we can move forward in our 
understanding of the physiological mechanisms 
underlying fatigue, while protecting the rights of the 
subject.

SUGGESTED READINGS

Abbiss, C. R., and P. B. Laursen. 2005. Models to explain 
fatigue during prolonged endurance cycling. Sports Medi-
cine 35:865–98.

Costill, D. L. 2001. Inside Running: The Basics of Sports Physiology. 
Traverse City, MI: Cooper Publishing Group.

Daniels, J. T. 2005. Daniels’ Running Formula. 2d ed. Champaign, 
IL: Human Kinetics.

Faria, E. W., D. L. Parker, and I. Faria. 2005. The science of 
cycling: Factors affecting performance—Part 2. Sports 
Medicine 35:313–37.

Fitts, R. H. 2006. The muscular system: Fatigue processes. In 
ACSM's Advanced Exercise Physiology. Edited by C. M. Tipton, 
M. N. Sawka, C. A. Tate, and R. L. Terjung. Baltimore: Lip-
pincott Williams & Wilkins. pp. 178–196.

Komi, P. V., ed. 2002. Strength and Power in Sport. London: 
Blackwell Scientific Publishers.

STUDY QUESTIONS

 1.  List the factors influencing performance.
 2.  Is the limiting factor for strength development located in 

the CNS or out in the periphery? Support your position.
  3.  Tracing the path the action potential takes from the time it 

leaves the motor end plate, where might the “weak link” be 
in the mechanisms coupling excitation to contraction?

 4.  When fatigue occurs there is still ATP present in the cell. 
What is the explanation for this?

 5.  Describe the pattern of recruitment of muscle fiber 
types during activities of progressively greater intensity, 
and explain them.

  6.  As the duration of a maximal effort increases 
from less than ten seconds to 10 to 180 seconds, 

what factor becomes limiting in terms of energy 
production?

 7.  Draw a diagram of the factors limiting maximal running 
performances of 1,500 m to 5 km.

 8.  Although a high V̇ O2 max is essential to world-class per-
formance, what role does running economy play in a 
winning performance?

 9.  Given that lactate accumulation will adversely affect 
endurance, what test might be an indicator of maximal 
sustained running (swimming, cycling) speed?

10.  What is the role of environmental factors, such as alti-
tude and heat, in very long-distance performances of 
one to four hours’ duration?
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In general, there have been two principal approaches 
to the assessment of physical performance: (1) field 

tests of general physical fitness, which include a vari-
ety of measurements requiring basic performance 
de mands and (2) laboratory assessments of physio-
logical capacities such as maximal aerobic power (V̇ O2 
max), anaerobic power, and exercise economy (1, 47). 
It can be argued that physical fitness testing is impor-
tant for an overall assessment of general conditioning, 
particularly in terms of evaluating student progress in 
a physical education conditioning class (1, 63). How-
ever, the use of these test batteries does not provide 
the detailed physiological information needed to as-
sess an athlete’s current level of conditioning or poten-
tial weaknesses. Therefore, more specific laboratory 
tests are required to provide detailed physiological 
information about performance in specific athletic 
events. It is the purpose of this chapter to discuss lab-
oratory tests designed to measure physical work capac-
ity. Spe cifi cally, much of the chapter will center around 
laboratory tests to evaluate the maximum energy 
transfer capacities discussed in chapters 3 and 4.

LABORATORY ASSESSMENT 
OF PHYSICAL PERFORMANCE

Physiological Testing: 

Theory and Ethics

Designing laboratory tests to assess physical perfor-
mance requires an understanding of those factors 
that contribute to success in a particular sport or ath-
letic event. In general, physical performance is deter-
mined by the individual’s capacity for maximal energy 
output (i.e., maximal, aerobic, and anaerobic pro-
cesses), muscular strength, coordination/economy of 
movement, and psychological factors (e.g., motiva-
tion and tactics) (1, 3, 9, 30). Figure 20.1 illustrates a 
simple model of the components that interact to 
determine the quality of physical performance. Many 
types of athletic events require a combination of sev-
eral of these factors for an outstanding performance 
to occur. However, often one or more of these factors 
plays a dominating role in determining athletic suc-
cess. In golf, there is little need for a high-energy out-
put, but proper coordination is essential. Sprinting 
100 meters re quires not only good technique, but a 
high anaerobic power output as well. In distance run-
ning, cycling, or swimming, a high capacity for aerobic 
energy-yielding processes is essential for success. 
Again, laboratory evaluation of performance requires 
an understanding of those factors that are important 
for optimal performance in a particular athletic event. 
Thus, a test that stresses the same physiological sys-
tems required by a particular sport or athletic event 

would appear to be a valid means of assessing physi-
cal performance.
 A key concern in the performance of “athletic” 
laboratory testing is maintaining respect for the ath-
lete’s human rights. In short, laboratory testing should 
be performed on athletes who are volunteers and have 
given written consent prior to testing. Prior to testing, 
the exercise scientist has the responsibility of inform-
ing the athlete about the purpose of the tests and the 
potential risks or discomfort associated with labora-
tory testing.

WHAT THE ATHLETE GAINS BY 
PHYSIOLOGICAL TESTING

Laboratory measurement of physical performance can 
be expensive and time consuming. An obvious ques-
tion arises: What does the athlete gain by laboratory 
testing? A testing program can benefit the athlete and 
coach in at least three major ways:

1. Physiological testing can provide information 
regarding an athlete’s strengths and weaknesses 
in his/her sport; this information can be used as 
baseline data to plan individual exercise train-
ing programs. Athletic success in most sports 
involves the interaction of several physiological 
components. This is illustrated in figure 20.1. In 
the laboratory, the exercise scientist can often 
measure these physiological components sep-
arately and provide the athlete with information 
about which physiological components require 
improvement in order for the athlete to raise his/
her level of athletic performance. This in for mation 
becomes the foundation for an individual exercise 
prescription that concentrates on the identified 
areas of weakness (48).

Figure 20.1 Factors that contribute to physical perfor-

mance. See text for details.
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COMPONENTS OF EFFECTIVE 
PHYSIOLOGICAL TESTING

For laboratory testing to be effective, several key fac-
tors need consideration (48):

1. The physiological variables to be tested should 
be relevant to the sport. For example, measure-
ment of maximal handgrip strength in a distance 
runner would not be relevant to the athlete’s 
event. Therefore, only those physiological com-
ponents that are important for a particular sport 
should be measured.

2. Physiological tests should be valid and reliable. 
Valid tests are tests that measure what they are 
supposed to measure. Reliable tests are tests that 
are reproducible. Based on these definitions, 
the need for tests that are both valid and repro-
ducible is clear.

3. Tests should be as sport specific as possible. For 
instance, the distance runner should be tested 
while running (i.e., treadmill), and the cyclist 
should be tested while cycling.

4. Tests should be repeated at regular intervals. One 
of the main purposes of laboratory testing is to 
provide the athlete with systematic feedback 
concerning training effectiveness. To meet this 
objective, tests should be performed on a regular 
basis.

5. Testing procedures should be carefully controlled. 
The need to rigidly administer the laboratory test 
relates to the reliability of tests. For tests to be 
reliable, the testing protocol should be stan-
dardized. Factors to be controlled include the 

2. Laboratory testing provides feedback to the ath-
lete about the effectiveness of a training program 
(48). For example, comparing the results of phy -
si o logical tests performed before and after a 
training program provides a basis for evaluating 
the success of the training program (4).

3. Laboratory testing educates the athlete about the 
physiology of exercise (48). By participation in 
laboratory testing, the athlete learns more about 
those physiological parameters that are impor tant 
to success in his/her sport. This is important 
because athletes with a basic understanding of ele-
mentary exercise physiology will likely make better 
personal decisions concerning the design of both 
exercise training and nutritional programs.

WHAT PHYSIOLOGICAL 
TESTING WILL NOT DO

Laboratory testing of the athlete is not a magical aid 
for the identification of future Olympic gold medalists 
(48). Although laboratory testing can provide valuable 
information concerning an athlete’s strengths and 
weaknesses, this type of testing has limitations in that 
it is difficult to simulate in the laboratory the physio-
logical and psychological demands of many sports. 
Therefore, it is difficult to predict athletic performance 
from any single battery of laboratory measurements. 
Performance in the field is the ultimate test of athletic 
success, and laboratory testing should be considered 
primarily a training aid for coach and athlete (48). 
(See A Closer Look 20.1.)

A CLOSER LOOK 20.1

Reliability of Physiological Performance Tests

For a physiological test of human per-

formance to be useful, the test must be 

reliable. That is, the test results must 

be reproducible. Several factors infl u-

ence the reliability of physiological 

performance tests. These in clude the 

caliber of athletes tested, the type of 

ergometer used during the test, and 

the specifi city of the test.

 It has been argued that physiological 

tests of performance are more reliable 

when highly trained and experienced 

athletes are tested (35). The explana-

tion for this observation appears to be 

that these athletes are highly motivated 

to perform and that they are better able 

to pace themselves in a reproducible 

manner during a performance test. That 

is, high-caliber athletes may have a bet-

ter “feel” for pace, and their perceptions 

of fatigue are less variable than those of 

less experienced athletes (35).

 It is clear that some ergometers are 

more unvarying than others in provid-

ing a constant resistance. For instance, 

an ergometer that maintains its calibra-

tion and delivers a constant power out-

put during a test would result in a more 

reproducible test of human perfor-

mance than an ergometer that provides 

variable power outputs during the 

test.

 Although controversy exists, it is 

believed that exercise tests with a 

movement pattern and exercise inten-

sity that mimics the actual sporting 

event are more reliable than tests 

that do not imitate the event (35, 38). 

For example, testing racing cyclists 

on a cycle ergometer at an exercise 

intensity close to the intensity of com-

petition should be a more reliable 

performance test than testing these 

athletes on other types of ergometers, 

such as treadmills.
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instructions given to the athletes prior to testing, 
the testing protocol itself, the calibration of 
instruments involved in testing, the time of the 
day for testing, prior exercise, diet standardiza-
tion, and other factors such as sleep, illness, 
hydration status, or injury.

6. Test results should be interpreted to the coach 
and athlete in simple terms (i.e., layperson’s 
terms). This final step is a key goal of effective 
laboratory testing. For laboratory testing to 
benefit the coach or athlete, the test results 
must be explained in language that he or she 
will understand.

■ Designing laboratory tests to assess physical 
performance requires an understanding of 
those factors that contribute to success in a 
particular sport.

■ Physical performance is determined by the 
interaction of the following factors: (a) maximal 
energy output, (b) muscular strength, (c) coor-
dination/economy of movement, and (d) psy-
chological factors such as motivation and 
tactics.

■ To be effective, physiological tests should be 
(a) relevant to the sport; (b) valid and reliable; 
(c) sport specific; (d) repeated at regular inter-
vals; (e) standardized; and (f) interpreted to the 
coach and athlete.

IN SUMMARY

DIRECT TESTING OF 
MAXIMAL AEROBIC POWER

Let’s begin our discussion of the laboratory assess-
ment of human performance by describing tests to 
measure the maximal oxygen uptake (V̇ O2 max) of 
athletes. Exercise testing to determine V̇ O2 max dates 
back to studies conducted over eighty years ago by 
the British scientist, A.V. Hill. Indeed, A.V. Hill coined 
the term “V̇ O2 max” in the early 1920s (2). Maximal oxy-

gen uptake was first mentioned in chapter 4, and is 
defined as the highest oxygen uptake that an individ-
ual can obtain during exercise using large muscle 
groups (1). By necessity, the type of exercise per-
formed to determine V̇ O2 max must use large muscle 
groups (e.g., legs). Although several tests to estimate 
V̇ O2 max exist (12, 22, 81), the most accurate means 
of determination is by direct laboratory measure-
ment. Direct measurement of V̇ O2 max is generally 
performed in a laboratory using a motorized tread-
mill or cycle ergometer, and open-circuit spirometry 
is used to measure pulmonary gas exchange (see 

chapter 6). However, V̇ O2 max has also been mea-
sured during both free and tethered swimming, cross-
country skiing, bench stepping, ice skating, and 
during rowing (7, 12, 50, 53, 59, 87).
 Historically, the measurement of V̇ O2 max has 
been considered the test of choice for predicting suc-
cess in endurance events such as distance running 
(11, 17, 24, 25, 32, 41, 48, 58, 94). For example, relative 
V̇ O2 max (i.e., V̇ O2 max expressed in ml   kg 1   min 1) 
has been shown to be the single most important fac-
tor in predicting distance running success in a hetero-
geneous (i.e., different V̇ O2 max) group of athletes (15, 
16, 25). The logical explanation for this finding is that 
because distance running is largely an aerobic event 
(see chapters 4 and 19), those individuals with a high 
V̇ O2 max should have an advantage over individuals 
with lower aerobic capacities. However, as one would 
expect, the correlation between V̇ O2 max and distance 
running performance is low in a homogeneous (i.e., 
similar V̇ O2 max) group of runners (14, 70). These 
observations suggest that although a high V̇ O2 max is 
important in determining distance running success, 
other variables are important as well. Therefore, mea-
surement of V̇ O2 max is only one in a battery of tests 
that should be used in evaluating physical work capac-
ity in endurance athletes.

Specifi city of Testing

As stated previously, running on a treadmill and ped-
aling a cycle ergometer are the two most common 
forms of exercise used to determine V̇ O2 max. How-
ever, much evidence exists to suggest that a test to 
determine V̇ O2 max should involve the specific move-
ment used by the athlete in his or her event (6, 7, 64). 
For example, if the athlete being tested is a runner, it 
is important that V̇ O2 max be assessed during run-
ning. Likewise, if the athlete being evaluated is a 
trained cyclist, then the exercise test should be 
performed on the cycle ergometer. Further, specific 
testing procedures have been established for cross-
country skiers and swimmers as well (50, 53, 59).

Exercise Test Protocol

Although A.V. Hill fi rst performed exercise testing to 
determine V̇ O2 max in the 1920s, rigorous studies to 
optimize laboratory exercise tests were not performed 
until the 1940s and 1950s. An early leader in the devel-
opment of graded exercise tests was Dr. Robert Bruce, 
a cardiologist at the University of Washington (See A 
Look Back—Important People in Science).
 A test to determine V̇ O2 max generally begins 
with a submaximal “warm-up” load that may last 
three to five minutes. After the warm-up period, the 
power output can be increased in several ways: 
(1) the work rate may be increased to a load that in 



434 Section Three Physiology of Performance

preliminary experiments has been shown to repre-
sent a load near the predicted maximal load for the 
subject, (2) the load may be increased stepwise each 
minute until the subject reaches a point at which the 
power output cannot be maintained, or (3) the load 
may be increased stepwise every two to four minutes 
until the subject cannot maintain the desired work 
rate. When any one of these procedures is carefully 
followed, it yields approximately the same V̇ O2 max 
as the others (1, 45, 69, 95), although an exercise pro-
tocol that does not exceed ten to twelve minutes 
seems preferable (10, 45).
 The criteria to determine if V̇ O2 max has been 
obtained were discussed in chapter 15. Because of 
the importance of this measure, some important 
issues will be reviewed here. The primary criterion to 
determine if V̇ O2 max has been reached during an 
incremental exercise test is a plateau in oxygen 
uptake with a further increase in work rate (86). This 
concept is illustrated in figure 20.2. Unfortunately, 
when testing untrained subjects, a plateau in V̇ O2 is 
rarely observed during an incremental exercise test. 
Does this mean that the subject did not reach his or 
her V̇ O2 max? This possibility exists, but it is also 
possible that the subject reached his or her V̇ O2 max 
at the last work rate, but could not complete another 
exercise stage, and therefore a plateau in V̇ O2 was 
not observed. In light of this possibility, several 
investigators have suggested that the validity of a 
V̇ O2 max test be determined from not one but sev-
eral criteria. In chapter 15 it was discussed that a 

blood lactate concentration of  8 mmoles   liter 1 
during the last stage of exercise could be used as 
one of the criteria to determine if V̇ O2 max had been 
obtained. However, to avoid the difficulty of taking 
blood samples and subsequent analysis for lactate 
levels, investigators have proposed additional crite-
ria that do not involve blood sampling. For example, 
Williams et al. (92) and McMiken and Daniels (54) 
have proposed that a V̇ O2 max test be judged as valid 
if any two of the following criteria are met: (1) a 
respiratory exchange ratio  1.15, (2) a heart rate 
during the last exercise stage that is  10 beats per 

Figure 20.2 Changes in oxygen uptake during an incre-

mental cycle ergometer test designed to determine V̇ O2 

max. The observed plateau in V̇ O2 with an increase in 

work rate is considered to be the “gold standard” for vali-

dation of V̇ O2 max.
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A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

 Robert Bruce Was a Pioneer in the Development of the Graded Exercise Test

Robert Arthur Bruce 

(1916–2004) was born 

in the Boston suburb 

of Somerville, Massa-

chusetts. He earned 

his B.S degree from 

Boston College and 

completed his medical 

school training in 1943 at the University 

of Rochester. After fi nishing his medical 

residency in 1946, he joined the faculty 

at the University of Rochester. Dr. Bruce 

later (1950) became the chief of cardiol-

ogy at the University of Washington Med-

ical School, where he remained until 

his retirement from academic medicine 

in 1987.

 Early in his career, Dr. Bruce recog-

nized that an exercise test could play 

an important role in the clinical eval-

uation of cardiac patients. He pub-

lished his fi rst paper on exercise 

testing in 1949 and concluded that a 

standardized exercise test provides 

key diagnostic information about car-

diac patients. Dr. Bruce continued to 

explore exercise testing protocols for 

patient testing, and in 1963 he con-

ceived and validated a multistage 

exercise protocol that was designed 

to evaluate the patient’s exercise 

performance and provide impor-

tant diagnostic information from the 

measurement of heart rate, blood 

pressure, and ECG changes during 

exercise. Subsequently the standard 

Bruce Exercise Test evolved into its 

present form with seven 3-minute 

stages. This test became known as 

the “Bruce Protocol” and is one of the 

most widely used treadmill protocols 

in North America to evaluate cardiac 

patients.

 Dr. Bruce developed his exercise 

test for patient populations in the clin- 

ical laboratory. Nonetheless, the Bruce 

graded exercise test was the concep-

tual model behind many of the cur-

rent graded exercise tests that are 

used in the exercise physiology labo-

ratory to evaluate both V̇ O2 max and 

the lactate threshold in athletes. 

Because of his research accomplish-

ments in the area of clinical exercise 

testing, Dr. Bruce has been labeled 

as a pioneer of the cardiac stress 

test.
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minute within the subject’s predicted maximum 
heart rate, or (3) a plateau in V̇ O2 with an increase in 
work rate.

Determination of Peak V̇O2 

in Paraplegic Athletes

Again, by definition, V̇ O2 max is the highest V̇ O2 that 
can be attained during exercise using large muscle 
groups (1). However, subjects with injuries to or paral-
ysis of their lower limbs can have their aerobic fitness 
evaluated through arm ergometry, which substitutes 
arm cranking for cycling or running. Given the afore-
mentioned definition of V̇ O2 max, the highest V̇ O2 
obtained during an incremental arm ergometry test is 
not referred to as V̇ O2 max, but is called the peak V̇ O2 
for arm exercise.
 The protocols used to determine peak V̇ O2 during 
arm ergometry are similar in design to the previously 
mentioned treadmill and cycle ergometer protocols 
(76, 78). Evidence suggests that in subjects who are 
not specifically arm trained, a higher peak V̇ O2 is 
obtained during arm ergometry if the test begins at 
some predetermined load that represents approxi-
mately 50% to 60% of peak V̇ O2 during arm work (89). 
A logical explanation for these findings is that an 
“accelerated” incremental arm testing protocol that 
rapidly reaches a high power output might limit mus-
cular fatigue early in the test, allowing the subject to 
reach a higher power output and therefore obtain a 
higher peak V̇ O2.
 In an effort to provide a more specific form of test-
ing for paraplegics who are wheelchair racing athletes, 
some laboratories have modified a wheelchair by con-
necting the wheels to a cycle ergometer in such a way 
that the resistance to turn the wheels can be adjusted 
in the same manner as the load is altered on the cycle 
ergometer (73). This allows wheelchair athletes to be 
tested using the exact movement that they use during 
a race, and it is therefore superior to using arm ergome-
try to evaluate peak V̇ O2 in this population.

■ The measurement of V̇ O2 max requires the use 
of large muscle groups and should be specific 
to the movement required by the athlete in his 
or her event or sport.

■ A V̇ O2 max test can be judged to be valid if two 
of the following criteria are met: (a) respiratory 
exchange ratio  1:15, (b) HR during the last 
test stage that is  10 beats per minute within 
the predicted HR max, and/or (c) plateau in V̇ O2 
with an increase in work rate.

■ Arm crank ergometry and wheelchair ergometry 
have been used to determine the peak V̇ O2 in 
paraplegic athletes.

IN SUMMARY

LABORATORY TESTS TO 
PREDICT ENDURANCE 
PERFORMANCE

Exercise physiologists, coaches, and athletes have 
actively searched for a single laboratory test that can 
predict success in endurance events. Numerous tests 
have been developed in an effort to predict athletic 
performance. In this section, we describe two well-
developed laboratory tests—lactate threshold and 
cri tical power—that are useful in predicting en dur-
ance performance. Also, another laboratory test to 
predict performance, called “peak running velocity,” 
is introduced in Research Focus 20.1. Let’s begin with 
a discussion of the lactate threshold.

Use of the Lactate Threshold 

to Evaluate Performance

Numerous studies have provided evidence that some 
measure of the maximal steady-state running speed 
is useful in predicting success in distance running 
events from two miles to the marathon (18, 23, 26, 44, 
45, 46, 68, 83, 84). The most common laboratory mea-
surement to estimate this maximal steady-state speed 
is the determination of the lactate threshold. Recall 
that the lactate threshold represents an exercise 
intensity wherein blood lactic acid levels begin 
to systematically increase. Because fatigue is associ-
ated with high levels of blood and muscle lactic acid, 
it is logical that the lactate threshold would be related 
to endurance performance in events lasting longer 
than twelve to fifteen minutes (47). Although much of 
the research examining the role of the lactate thresh-
old in predicting endurance performance has centered 
around distance running, the same principles apply to 
predicting performance in endurance cycling, swim-
ming, and cross-country skiing.

Direct Determination of Lactate Threshold Sim-
ilar to the assessment of V̇ O2 max, the determination 
of the lactate threshold requires athletes to be tested 
in a manner that simulates their competitive move-
ments (i.e., specificity of testing). Testing protocols to 
determine the lactate threshold generally begin with 
a two- to five-minute warm-up at a low work rate fol-
lowed by a stepwise increase in the power output 
every one to three minutes (71, 84, 87, 90, 91, 95). In 
general, the stepwise increases in work rate are small 
in order to provide better resolution in the determina-
tion of the lactate threshold (95).
 To determine the blood concentration of lactic 
acid, blood samples are obtained at each work rate 
from a catheter (an indwelling tube) placed in an 
artery or vein in the subject’s arm. After the test, these 
blood samples are chemically analyzed for lactic acid, 
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and the concentration at each exercise stage is then 
graphed against the oxygen consumption at the time 
the sample is removed. This idea is illustrated in 
figure 20.4. How is the lactate threshold determined? 
Recall that the formal definition of the lactate thresh-
old is the point after which there is a systematic and 
continuous rise in blood lactate concentration. 
Although several techniques are available, the sim-
plest and most common procedure is to allow two 
independent investigators to subjectively pick the lac-
tate “breakpoint” by visual inspection of the lactate/
V̇ O2 plot (20, 71, 90). If the two investigators disagree 
as to where the threshold occurs, a third investigator 
is used to arbitrate.
 In practice, the lactate “break point” can often be 
chosen by using a ruler and drawing a straight line 
through the lactate concentrations at the first several 
work rates. The last point on the line is considered the 
lactate threshold (figure 20.4). The obvious advantage 
of this technique is its simplicity. The disadvantage is 
that not all investigators agree that this procedure 
yields valid and reliable results (71). In light of this 
concern, several researchers have proposed that com-
plex computer programs be used to more accurately 
predict the lactate threshold, or that an arbitrary lac-
tate value (e.g., 4 mM) be used as an indication of the 
lactate threshold (29, 47).

Prediction of the Lactate Threshold by Ventilatory 

Alterations A technique to estimate the lactate 
threshold that does not require blood withdrawal 
has obvious appeal to both investigators and experi-
mental subjects. This need for a noninvasive method 
to determine the lactate threshold has led to the 
widespread use of ventilatory and gas exchange 
measures to estimate the lactate threshold. Recall 
from chapter 10 that the rationale for the use of the 

RESEARCH FOCUS 20.1

Measurement of Peak Running Velocity to Predict Performance in Distance Running

The lactate threshold and critical power 

measurements have generally been 

used to predict performance in endur-

ance events lasting longer than twenty 

minutes (e.g., 10-kilometer run). In an 

effort to develop a laboratory or fi eld 

test to predict performance in endur-

ance events less than twenty minutes 

(e.g., 5-kilometer run), researchers have 

developed a test called “peak running 

velocity” (39, 61, 62, 77). The test is easy 

to administer and can be performed on 

a treadmill or track. For example, the 

measurement of peak running velocity 

on a treadmill involves a short test of 

progressively increasing the treadmill 

speed every thirty seconds (0% grade) 

until volitional fatigue. Peak running 

velocity (meters ⴢ second–1) is defi ned 

as the highest speed that can be main-

tained for more than fi ve seconds dura-

tion (77).

 How well does peak running 

velocity predict performance? In a 

well-designed study, researchers dem-

onstrated that peak running velocity

 was an excellent predictor of success 

in a 5-kilometer run (77). This point is 

illustrated by the strong correlation 

between peak running velocity and 

5-kilometer race time (see fi gure 20.3.). 

Surprisingly, similar fi ndings have been

reported for longer running events 

(e.g., 10–90 kilometer) as well (42, 62). 

Although additional research is re-

quired to fully investigate the applica-

tion of this test to athletic performance, 

peak running velocity appears to be 

a promising laboratory or fi eld test to 

predict endurance performance.

FIGURE 20.3 Relation-

ship between running peak 

velocity and finish time of 

a 5-kilometer (km) race. 

Data from reference (77).
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Figure 20.4 Typical graph of the changes in blood lactic 

acid concentrations during an incremental exercise test. 

The sudden rise in blood lactic acid is called the “lactate 

threshold.”
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“ventilatory threshold” as a “marker” of the lactate 
threshold is linked to the belief that the increase in 
blood lactic acid concentration at the lactate thresh-
old stimulates ventilation via hydrogen ion influence 
on the carotid bodies. Although there are several 
noninvasive techniques in use today (3, 13, 79), the 
least complex procedure to estimate the lactate 
threshold by gas exchange is to perform an incre-
mental exercise similar to the previously discussed 
test used to determine the lactate threshold. Upon 
completion of the test, the minute ventilation at 
each work rate during the test is graphed as a func-
tion of the oxygen uptake. Figure 20.5 illustrates this 
procedure. Similar to the determination of the 
 lactate threshold, the usual procedure is to allow 
two independent researchers to visually inspect 
the graph and subjectively determine the point 
where there is a sudden increase in ventilation 
(fig ure 20.5). The point at which ventilation increases 
rapidly is considered the ventilatory threshold and 
is used as an estimate of the lactate threshold. 
Although some authors have criticized this tech-
nique for a lack of precision (71), it seems clear that 
this procedure is useful in predicting success in 
endurance events (27, 70).

Measurement of Critical Power

Measurement of the maximal steady-state power out-
put is useful in predicting success in endurance events 
lasting 3 to 180 minutes. Another laboratory measure-
ment that can be used to predict performance in 
endurance events is critical power. The concept of 
critical power is based upon the notion that athletes 
can maintain a specific submaximal power output 

without fatigue (33, 39, 42). Figure 20.6 illustrates the 
critical power concept for running performance. In this 
illustration, running speed is plotted on the y-axis and 
the time that the athlete can run at this speed prior to 
exhaustion is plotted on the x-axis. Critical power is 
defined as the running speed (i.e., power output) at 
which the running speed/time curve reaches a plateau. 
Therefore, in theory, the critical power is considered 
the power output that can be maintained indefinitely. 
In practice, however, this is not the case. In fact, most 
athletes fatigue within thirty to sixty minutes when 
exercising at their critical power (33).
 Critical power can be determined in the labora-
tory by having subjects perform a series of five to 
seven timed exercise trials to exhaustion. This is gen-
erally accomplished over several days of testing. The 
results are graphed, and critical power is determined 
by subjective assessment of the point where the 
power/time curve begins to plateau or by using a 
mathematical technique (see references 33, 37, and 
42 for details). Although figure 20.6 illustrates the 
critical power measurement for running, the same 
principle of measurement can be applied to other 
endurance sports (e.g., cycling, rowing, etc.) (33, 36).
 How well does critical power predict performance? 
Several studies have shown that critical power is 
significantly correlated with performance in endurance 
events lasting 3 to 100 minutes (e.g., r   0.67   0.85) 
(33, 36, 39, 42). Therefore, critical power is a useful lab-
oratory predictor of success in en durance sports.
 Is critical power a better predictor of success in 
endurance events than other laboratory measures 
such as the lactate threshold or V̇ O2 max? The answer 
remains controversial because many investigators re-
port that V̇ O2 max is the best single predictor of en-
durance performance success (15, 16, 25). However, in 
events lasting approximately thirty minutes, the lac-
tate threshold, V̇ O2 max, and critical power appear to 
be similar in their abilities to predict performance (42). 
This is not surprising, considering that critical power is 

Figure 20.5 Example of the ventilatory threshold deter-

mination. Note the linear rise in ventilation up to an oxy-

gen uptake of 2.0 liters/minute—above which ventilation 

begins to increase in an alinear fashion. This break in lin-

earity of ventilation is termed the “ventilatory threshold” 

and can be used as an estimate of the lactate threshold.
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dependent upon both V̇ O2 max and the lactate thresh-
old. Indeed, critical power is highly correlated to both 
V̇ O2 max and the lactate threshold (42, 57). In other 
words, a subject with a high V̇ O2 max and lactate 
threshold will also possess a high critical power.

■ Common laboratory tests to predict endurance 
performance include measurement of the lac-
tate threshold, critical power, and peak running 
velocity. All of these measurements have been 
proven useful in predicting performance in 
endurance events.

■ The lactate threshold can be determined during 
an incremental exercise test using any one of 
several exercise modalities (e.g., treadmill, 
cycle ergometer, etc.). The lactate threshold 
represents an exercise intensity at which blood 
lactic acid levels begin to systematically 
increase.

■ Critical power is defined as the running speed 
(i.e., power output) at which the running speed/
time curve reaches a plateau.

■ Peak running velocity (meters   second 1) can 
be determined on a treadmill or track and is 
defined as the highest speed that can be main-
tained for more than five seconds.

IN SUMMARY

TESTS TO DETERMINE 
EXERCISE ECONOMY

The topic of exercise economy was first introduced in 
chapter 6. The economy of a particular sport move-
ment (e.g., running or cycling) has a major influence 
on the energy cost of the sport and consequently inter-
acts with V̇ O2 max in determining endurance perfor-
mance (14, 19, 47, 56). For example, a runner who is 
uneconomical will expend a greater amount of energy 
to run at a given speed than will an economical runner. 
With all other variables being equal, the more eco-
nomical runner would likely defeat the less economi-
cal runner in head-to-head competition. Therefore, the 
measurement of exercise economy would seem appro-
priate when performing a battery of laboratory tests to 
evaluate an athlete’s performance potential.
 How is exercise economy evaluated? Conceptu-
ally, exercise economy is assessed by graphing energy 
expenditure during a particular activity (e.g., running, 
cycling, etc.) at several speeds. In general, the energy 
costs of running, cycling, or swimming can be deter-
mined using similar methods. Let’s use running as an 
example to illustrate this procedure. The economy of 
running is quantified by measuring the steady-state 
oxygen cost of running on a horizontal treadmill at 

several speeds. The oxygen requirement of running is 
then graphed as a function of running speed (8, 34). 
Figure 20.7 illustrates the change in V̇ O2 in two run-
ners at a variety of running speeds. Notice that at any 
given speed, runner B requires less oxygen and there-
fore expends less energy than runner A (i.e., runner B 
is more economical than runner A). A marked differ-
ence in running economy between athletes can have 
an important impact on performance.

ESTIMATING SUCCESS IN 
DISTANCE RUNNING USING 
THE LACTATE THRESHOLD 
AND RUNNING ECONOMY

Over the past fifteen to twenty years, many investiga-
tors have tried to apply laboratory tests to predict per-
formance in a variety of sports (see reference (66) for 
examples). The sport that has received the most atten-
tion is distance running. Theoretically, the prediction 
of potential performance in any endurance sport 
involves the use of similar laboratory measurements 
(V̇ O2 max, economy of movement, etc.). We will use 
distance running as an example of how a sport scien-
tist or coach might use laboratory measurements 
to estimate an athlete’s performance in a particular 
event. Let’s begin our discussion with a brief overview 
of the physiological factors that contribute to distance 
running success. As previously mentioned, the best 
test for determining an endurance runner’s potential 
is V̇ O2 max. However, other factors modify the pace 
that can be maintained for races of different lengths. 
For example, anaerobic energy contributes signifi-
cantly to the ability to maintain a specified pace dur-
ing shorter distance runs (e.g., 1,500 meters) (11, 47). 
In longer runs (5,000 to 10,000 meters), running econ-
omy and the lactate threshold may play important 

Figure 20.7 An oxygen cost-of-running curve for two sub-

jects. Note the higher V̇ O2 cost of running at any given 

running speed for subject A when compared to subject B. 

See text for details.
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roles in determining success (23, 70, 84). To predict 
endurance performance, we must determine the ath-
lete’s maximal race pace that can be maintained for a 
particular racing distance.
 To illustrate how performance in distance run-
ning might be estimated, consider an example of pre-
dicting performance in a 10,000-meter race. We begin 
with an assessment of the athlete’s running economy 
and then perform an incremental treadmill test to 
determine V̇ O2 max and the lactate threshold. The 
test results for our runner are graphed in figure 20.8. 
How do we determine the maximal race pace from 
the laboratory data? Numerous studies have shown 
that a close relationship exists between the lactate or 
ventilatory threshold and the maximal pace that can 
be maintained during a 10,000-meter race (23, 70, 
84). For instance, it appears that well-trained runners 
can run 10,000 meters at a pace that exceeds their 
lactate threshold by approximately 5 m   min 1 (34, 
67). With this information and the data from figure 
20.8, we can now predict a finish time for an athlete. 
First, we examine figure 20.8, part b, to determine the 
V̇ O2 at the lactate threshold. The lactate threshold 
occurred at a V̇ O2 of 40 ml   kg 1   min 1, which corre-
sponds to a running speed of 200 m   min 1 (part a of 
figure 20.8). Assuming that the athlete can exceed 
this speed by 5 m   min 1, the projected average race 
pace for a 10,000-meter run would be 205 m   min 1. 
Therefore, an estimate of the athlete’s finish time 
could be obtained by dividing 10,000 meters by his 
predicted running speed (m   min 1):

Estimated fi nish time   10,000 m   205 m   min 1

   48.78 min

 Although theoretical predictions of performance 
such as the example presented here can generally 
estimate performance with a reasonable degree of 
precision, a number of outside factors can influence 

THE WINNING EDGE 20.1

Exercise Physiology Applied to Sports—Can Laboratory Testing of 

Young Athletes Predict Future Champions?

Numerous articles in popular maga-

zines have proclaimed the ability of lab-

oratory testing in children to predict 

future athletic champions. For example, 

it has been argued that determination of 

skeletal muscle fi ber type (via a muscle 

biopsy) in youth athletes can be used to 

predict the future athletic success of 

these individuals. The truth is that there 

are no laboratory measurements that 

accurately predict the “ultimate” athletic 

ability of anyone. Indeed, athletic suc-

cess depends on numerous physiologi-

cal and psychological factors, many of 

which are diffi cult, if not impossible, to 

measure in the laboratory. As mentioned 

earlier, the primary benefi ts of labora-

tory testing of athletes are to provide the 

individual with information about his or 

her strengths and weaknesses in a sport, 

to offer feedback about the effective-

ness of the conditioning program, and to 

educate the athlete about the physiol-

ogy of exercise.

Figure 20.8 Incremental exercise test results for a hypo-

thetical runner. These test results can be used to predict 

performance in an endurance race. See text for details.
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racing performance. For example, motivation and race 
tactics play an important role in distance running 
success. Environmental conditions (heat/humidity, 
altitude, etc.) also influence an athlete’s ultimate per-
formance (see chapters 19 and 24). For information 
on the ability of laboratory testing to predict future 
champions, see The Winning Edge 20.1.
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■ Success in an endurance event can be predicted 
by a laboratory assessment of the athlete’s 
movement economy, V̇ O2 max, and lac tate 
threshold. These parameters can be used to 
determine the maximal race pace that an ath-
lete can maintain for a given racing distance.

IN SUMMARY

DETERMINATION OF 
ANAEROBIC POWER

For the assessment of anaerobic power, it is essential 
that the test employed use the muscle groups in-
volved in the sport (i.e., specificity) and involve the 
energy pathways used in the performance of the event. 
Although several classification schemes have been 
proposed (5, 31), tests to assess maximal anaerobic 
power can be generally classified into (1) ultra short-
term tests designed to test the maximal capacity of 
the “ATP-PC system,” and (2) short-term tests to eval-
uate the maximal capacity for anaerobic glycolysis 
(sometimes referred to as anaerobic endurance). 
Remember that events lasting less than ten seconds 
are believed to principally use the ATP-PC system to 
produce ATP, while events lasting thirty to sixty sec-
onds utilize anaerobic glycolysis as the major bioen-
ergetic pathway to synthesize ATP. This principle is 
illustrated in figure 20.9 and should be remembered 
when designing tests to evaluate an athlete’s anaero-
bic power for a specific sport.

Tests of Ultra Short-Term Maximal 

Anaerobic Power

Several practical “field tests” have been developed to 
assess the maximal capacity of the ATP-PC system to 
produce ATP over a very short time period (e.g., one 
to ten seconds) (51). These tests are generally referred 

to as power tests. Recall from chapter 6 that power is 
defined as:

Power   (F   D)   T

where F is the force generated, D is the distance over 
which the force is applied, and T is the time required 
to perform the work.

Jumping Power Tests For many years, tests such as 
the standing broad jump and vertical jump have been 
used as field tests to evaluate an individual’s explosive 
anaerobic power. The standing broad jump is the dis-
tance covered in a horizontal leap from a crouched 
position, whereas the vertical jump is the distance 
between the standing reach height and the maximum 
jump-and-touch height. Both tests probably fail to ade-
quately assess an individual’s maximal ATP-PC system 
capacity because of their brief duration. Moreover, 
neither test is considered a good predictor of running 
success in a short dash (e.g., 40–100 yards) (72, 80). 
Nonetheless, the vertical jump test is considered valu-
able in predicting vertical leaping ability of athletes 
and is widely used by coaches in professional football, 
soccer, and basketball as one of the many performance 
tests used to evaluate athletic potential.

Running Power Tests for American Football The 
40-yard dash has been a popular test to evaluate 
power output in football players for many years. The 
athlete generally performs two to three timed 40-yard 
dashes with full recovery between efforts. The fastest 
time recorded is considered an indication of the indi-
vidual’s power output. Although a 40-yard dash is a 
rather specific test of power output for football play-
ers, there is little evidence that a 40-yard run in a 
straight line is a reliable predictor of an athlete’s suc-
cess at a particular position. Perhaps a shorter run 
(e.g., 10–20 yards), with several changes in direction, 
might provide a more specific test of power output in 
football players (53).
 Stuart and colleagues (82) have proposed a fitness 
test for football players that is designed to evaluate 
the athlete’s ability to perform repeated short bursts 
of power. The test is conducted in the following way. 
After a brief warm-up, the athlete performs a series 
of ten timed 40-yard dashes (maximum effort), with 
a twenty-five-second recovery be tween dashes. The 
twenty-five-second recovery period is designed to 
simulate the elapsed time between plays in a football 
game. The athletes’ time for each 40-yard dash is 
graphed as a function of the trial number. This proce-
dure is illustrated in figure 20.10 where line A repre-
sents data from a well-conditioned athlete and line B 
is data from a less-fit athlete. Notice that both lines A 
and B have negative slopes (fatigue slope). This dem-
onstrates that each of the two athletes is slowing 
down with each succeeding 40-yard trial. Athletes who 

Figure 20.9 The percent contribution of the ATP-PC sys-

tem, anaerobic glycolysis, and aerobic metabolism as a 

function of time during a maximal effort.
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are highly conditioned will be able to maintain faster 
40-yard dash times over the ten trials when compared 
to less-conditioned athletes, and therefore will have a 
less-negative fatigue slope. In an effort to establish a 
set of standards for this test, Stuart and coworkers 
have proposed that athletes be classified into one of 
four groups on the basis of the maximal running 
velocity percentage that can be maintained over the 
final three 40-yard dash trials (see table 20.1). At pres-
ent, levels 1 and 2 are considered acceptable levels of 
fitness for football players of any position, whereas 
levels 3 and 4 are labeled as sub-par and poor fitness 
standards, respectively.

Running Tests for Soccer Soccer (called football 
outside of North America) remains the most popular 
sport in many countries around the world. Therefore, 
it is not surprising that numerous performance tests 

have been developed for soccer players. Included in 
these performance tests are both tests of motor skills 
required for soccer and fitness tests. The design of a 
fitness test for soccer is complicated by the fact that 
soccer is a complex game requiring intermittent 
bursts of maximal running followed by periods of 
walking and/or running slowly. Therefore, soccer is a 
sport that utilizes both anaerobic and aerobic bioen-
ergetic pathways to produce the required ATP. One of 
the most widely used field tests to determine both 
performance and metabolic responses of soccer ath-
letes is the Loughborough Intermittent Shuttle Test 
developed at Loughborough University in England 
(60). This shuttle run test is designed to simulate the 
activity pattern of soccer players during a 90-minute 
match and consists of intermittent shuttle running 
(i.e., running back and forth) between markers placed 
20 meters apart. The Loughborough intermittent 
shuttle test is performed with the subjects complet-
ing the following runs:

■ 3   20 meters at walking pace

■ 1   20 meters at maximal running speed

■ 4-second recovery

■ 3   20 meters at a running speed 
corresponding to 55% of individual V̇ O2 max

■ 3   20 meters at a running speed 
corresponding to 95% of individual V̇ O2 max

 This block of exercise is repeated continuously for 
90 minutes. In practice, the 20-meter distance is 
marked on the ground (or floor), and walking and run-
ning speeds are dictated by audio signals produced 
from a computer. Sprint times for the maximal 20-
meter runs are recorded throughout the test by in-
frared photoelectric cells and represent one of the 
measured performance variables. That is, soccer play-
ers with the highest fitness levels will be able to main-
tain a higher percentage of their maximal sprint speed 
throughout the shuttle test. Further, the total distance 
covered during the test is also measured as a perfor-
mance variable. During this shuttle test, it is esti-
mated that 22% of the total exercise time is spent at 
or above 95% V̇ O2 max, whereas the activity level for 
the remainder of the test is 55% V̇ O2 max or below 
(60). Complete details of the numerous tests used to 
evaluate soccer performance are beyond the scope of 
this chapter, and the reader is referred to Svensson 
and Drust (2005), Impellizzeri et al. (2005), Nicholas 
et al. (2000), and Chamari et al. (2004) in the Sug-
gested Readings for more details about performance 
testing of soccer players.

Cycling Power Tests The Quebec 10-second test 

was developed to assess ultra short-term anaerobic 
power in cyclists (80). The technical error of this test is 
small, and the procedure is highly reliable (5). The test 

TABLE 20.1    Classifi cation of Fitness Levels 

for Football Players on the 

Basis of a Series of 40-Yard 

Dash Times

  Percentage of Maximal 

Level Category Velocity Maintained*

1 Superior  90%

2 Good 85%–89%

3 Sub-par 80%–84%

4 Poor  79%

*The “percentage of the maximal velocity maintained” is calculated 

by averaging the velocity of the last three trials and dividing by the 

average velocity over the fi rst three trials. This ratio is then 

expressed as a percentage. See text for further details.

Figure 20.10 Illustration of the use of a series of timed 

40-yard dashes to determine the anaerobic fitness of 

football players. In this illustration, athlete A shows a 

small but constant decline in running speed with each 

additional dash. In contrast, athlete B shows a large sys-

tematic decline in speed across dash trials. Therefore, 

athlete A is considered to be in better condition than 

athlete B. See text for details.
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is performed on a friction-braked cycle ergometer that 
contains a photocell capable of measuring flywheel 
revolutions; the number of flywheel revolutions and 
resistance against the flywheel are electrically relayed 
to a microcomputer for analysis. The design of the test 
is simple. After a brief warm-up, the subject performs 
two all-out 10-second cycling trials separated by a rest 
period. The initial resistance on the cycle flywheel is 
determined by the subject’s weight (about 0.09 kg 
per kg of body weight). Upon a verbal start command 
by the investigator, the subject begins pedaling at 
80 rpm, and the load is rapidly adjusted within two to 
three seconds to the desired load. The subject then 
pedals as fast as possible for ten seconds. Strong ver-
bal encouragement is provided throughout the test. 
After a ten-minute rest period, a second test is per-
formed and the results of the two tests averaged. The 
test results are reported in peak joules per kg of body 
weight and total joules per kg of body weight.
 In addition to the evaluation of cyclists, the Que-
bec 10-second test has been used to test ultra short-
term anaerobic power in nonathletes, runners, speed 
skaters, biathletes, and body builders. For complete 
details of these results, see Bouchard et al. (5).

Tests of Short-Term Anaerobic Power

As illustrated in figure 20.9, the ATP-PC system for 
production of ATP during intense exercise is impor-
tant for short bursts of exercise (one to ten seconds), 
whereas glycolysis becomes an important metabolic 
pathway for energy production in events lasting lon-
ger than fifteen seconds. In an effort to evaluate the 
maximal capacity for anaerobic glycolysis to produce 
ATP during exercise, several short-term anae robic 
power tests have been developed. Like other perfor-
mance tests, anaerobic power tests should involve 
the specific muscles used in a particular sport.

Cycling Anaerobic Power  Tests Researchers at 
the Wingate Institute in Israel have developed a thirty-
second, maximal effort cycling test (Wingate test) 

designed to determine both peak anaerobic power 
and mean power output over the thirty-second test. 
This test has been shown to be highly reproducible 
(40) and offers an excellent means of evaluating 
anaerobic power output in cyclists. The test is admin-
istered in the following manner. The subject performs 
a short, two- to four-minute warm-up on the cycle 
ergometer at an exercise intensity sufficient to elevate 
heart rate to 150 to 160 beats   min 1. After a three- 
to five-minute rest interval, the test begins with the 
subject pedaling the cycle ergometer as fast as possi-
ble without resistance on the flywheel. After the sub-
ject reaches full pedaling speed (e.g., two to three 
seconds), the test administrator quickly increases 
the flywheel resistance to a predetermined load. This 

predetermined load is an estimate (based on body 
weight) of a workload that would exceed the subject’s 
V̇ O2 max by 20% to 60% (see table 20.2). The subject 
continues to pedal as rapidly as possible, and the 
pedal rate is recorded every five seconds during the 
test. The highest power output over the first few sec-
onds is considered the peak power output and is 
indicative of the maximum rate of the ATP-PC system 
to produce ATP during this type of exercise. The 
decline in power output during the test is used as an 
index of anaerobic endurance and presumably repre-
sents the maximal capacity to produce ATP via a com-
bination of the ATP-PC system and glycolysis. The 
decrease in power output is expressed as the percent-
age of peak power decline. The peak power output 
obtained during a Wingate test occurs near the begin-
ning of the test, and the lowest power output is 
recorded during the last five seconds of the test. The 
difference in these two power outputs (i.e., highest 
power output minus lowest power output) is then 
divided by the peak power output and expressed as a 
percentage. For instance, if the peak power output 
was 600 watts and the lowest power output during the 
test was 200 watts, then the decline in power output 
would be computed as:

(600   200)   600   .666   100%   67%

The 67% decline in power output means that the ath-
lete decreases his or her peak power output by 67% 
over the thirty-second exercise period.
 Since the introduction of the Wingate test in 
the early 1970s, a number of modifications to the 

TABLE 20.2    The Resistance Setting for the 

Wingate Test Is Based on the 

Subject’s Body Weight 

Subject’s Body  Resistance Setting 

Weight (kg) on the Flywheel (kg)

 20–24.9 1.75

 25–29.9 2.0

 30–34.9 2.5

 35–39.9 3.0

 40–44.9 3.25

 45–49.9 3.5

 50–54.9 4.0

 55–59.9 4.25

 60–64.9 4.75

 65–69.9 5.0

 70–74.9 5.5

 75–79.9 5.75

 80–84.9 6.25

  85 6.5

From B. Noble, Physiology of Exercise and Sport. Copyright © 1986. 

The C. V. Mosby Company, St. Louis MO. Reprinted by permission.
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original protocol have been proposed (21, 28, 40, 65, 
74). An Australian team of sport scientists (28) has 
developed a new test for the measurement of anaer-
obic power on a cycle ergometer that involves sixty 
seconds of maximal exercise and uses a variable 
resistance loading. The test design permits the mea-
surement of both peak anaerobic power (i.e., peak 
ATP-PC system power) and mean (glycolytic) power 
output over the sixty-second maximal exercise 
bout. The test is designed as follows. The subject 
performs a five-minute warm-up at a low work rate 
(e.g., 120 watts). After a two-minute recovery, the 
subject begins pedaling as fast as possible with no 
load against the cycle flywheel. When peak pedaling 
speed is obtained (i.e., three seconds), the investi-
gator quickly increases the load on the flywheel to 
0.095 kg resistance per kg of body weight. The sub-
ject continues to pedal as fast as possible at this 
load for 30 seconds; at the 30-second point, the load 
on the flywheel is reduced to 0.075 kg resistance per 
kg of body weight for the remainder of the test. The 
subject’s power output during the test is continu-
ously monitored electronically and work output is 
recorded as peak power output (joules per kg) and 
mean power output (joules per kg) during the entire 
test.
 The rationale for the variable load is that while a 
high resistance is required to elicit maximal anaero-
bic power, such a resistance is too great for a supra-
maximal test of sixty seconds’ duration (28). By 
reducing the resistance midway through the test, the 
workload becomes more manageable, which enables 
the subject to complete a maximal effort test for the 
entire sixty-second period. The advantage of this test 
over the Wingate test is that the variable resistance 
design permits the measurement of peak anaerobic 
power and maximal anaerobic power over sixty sec-
onds’ duration. This type of test would be useful for 
athletes who compete in events lasting between 
forty-five and sixty seconds. Note that while this test 
maximally taxes both the ATP-PC system and glycoly-
sis, because of the test duration, the aerobic system 
is also activated (see chapters 3 and 4). Therefore, 
while the energy required to perform sixty seconds of 
maximal exercise comes primarily (e.g., 70%) from 
anaerobic pathways, the aerobic energy contribution 
may reach 30%.

Running Anaerobic Power  Tests Maximal dis-
tance runs from 200 to 800 meters have been used to 
evaluate anaerobic power output in runners (75, 85). 
Because such factors as running technique and moti-
vation influence the performance of these types of 
power tests, the development of appropriate norms 
has been difficult. Nevertheless, this type of test can 
be used effectively to determine improvement within 
individuals as a result of a training regimen.

Sport-Specific Tests Ultra short-term and short-
term sport-specific anaerobic tests can be developed 
to meet the needs of team sports or individual ath-
letic events. The tests could attempt to measure the 
peak power output in a few seconds or measure mean 
power output during a period of ten to sixty seconds, 
depending upon the energy demands of the sport.
 Tests could be developed for tennis, basketball, 
ice skating, swimming, and so on. In some cases, time 
or distance covered would be the dependent variable 
measured rather than a direct measurement of power 
output (5). This type of sport-specific test provides 
the coach and athlete with direct feedback about the 
athlete’s present level of fitness; subsequent periodic 
testing can be used to evaluate the success of training 
programs.

■ Anaerobic power tests are classified as 
(a) ultra short-term tests to determine the 
maximal capacity of the ATP-PC system and 
(b) short-term tests to evaluate the maximal 
capacity for anaerobic glycolysis.

■ Ultra short-term and short-term power tests 
should be sport-specific in an effort to provide 
the athlete and coach with feedback about the 
athlete’s current fitness level.

IN SUMMARY

EVALUATION OF MUSCULAR 
STRENGTH

Muscular strength is defined as the maximum force 
that can be generated by a muscle or muscle group 
(1). The measurement of muscular strength is a com-
mon practice in the evaluation of training programs 
for football players, shot-putters, weight lifters, and 
other power athletes. Strength testing can be used 
to monitor training progress or the rehabilitation 
of injuries (52). Muscular strength can be assessed 
by using one of four methods: (1) isometric testing, 
(2) free-weight testing, (3) isokinetic testing, and 
(4) variable resistance testing. Before we discuss 
these methods of strength measurement, let’s con-
sider some general guidelines for the selection of a 
strength-testing method.

Criteria for Selection of a 

Strength-Testing Method

The criteria for selecting a method of strength testing 
include the following factors (72): specificity, ease of 
data acquisition and analysis, cost, and safety. Given 
the importance of proper strength-test selection, a 
brief discussion of each of these factors is warranted.
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 Specificity of strength testing considers the mus-
cles involved in the sport movement, the movement 
pattern and contraction type, and the velocity of the 
contraction. For example, the measurement of sport-
specific strength should use the muscle groups 
in volved in the activity. Further, the testing mode 
should simulate the type of contraction used in the 
sport (isometric vs. dynamic). If the contraction used 
in the sport is dynamic, further consideration should 
be given to whether the contraction is concentric or 
eccentric. A final level of specificity is the velocity of 
shortening. There is a degree of velocity specificity in 
strength training; speed and power athletes perform 
better on high-velocity power tests than on low (88). 
Therefore, there is a justification for trying to make 
the velocity of test contractions similar to those used 
in the sport.
 Factors such as convenience and time required 
for strength measurements are important consider-
ations when measurements are made on a large num-
ber of athletes (43). Currently, a number of companies 
market strength measurement devices that are inter-
faced with computer analysis packages. These devices 
greatly reduce the time required for strength mea-
surement and analysis.
 Much of the commercially available computerized 
equipment for strength measurement is expensive. 
The high cost of this equipment may prevent its pur-
chase by physical therapy, exercise science, or athletic 
programs with small budgets. In these cases, the phys-
ical therapist, exercise scientist, or coach must choose 
the best available option within his/her budget.
 A final concern for the selection of a strength-
testing method is the safety of the technique. Safety 
should be a key concern for any measurement of 
strength. Clearly, strength measurement techniques 
that put the athlete at high risk of injury should be 
avoided.

Isometric Measurement of Strength

Measurement of isometric strength requires a device 
that permits testing of the sport-specific muscle 
groups. These devices are commercially available from 
numerous sources. Most of the isometric testing 
de vices available today are computerized instruments 
that are capable of measuring isometric force in a 
variety of muscle groups. Figure 20.11 illustrates one 
of these devices being used to measure leg strength 
during a knee extension. As the subject generates 
maximal isometric force, the computerized tensiome-
ter (tension-measuring device) measures the force 
produced, and this information is recorded and dis-
played on an electronic panel on the instrument.
 The measurement of isometric strength is typi-
cally performed at several joint angles. Isometric test-
ing at each joint angle usually consists of two or more 

trials of maximal contractions (contraction duration 
of approximately 5 seconds), and the best of these tri-
als is considered to be the measure of strength.
 Advantages of isometric testing using computer-
ized equipment include the fact that these tests are 
generally simple and safe to administer. For example, 
computerized measurement of isometric strength has 
been used in physical therapy to evaluate training 
progress in injured limbs. It has been argued that since 
the isometric tensiometer can be used to measure 
static strength at many different joint angles with a 
low risk of injury, this technique might be more effec-
tive in evaluating strength gains during therapeutic 
training than conventional weight-lifting tests (53). 
Disadvantages of isometric testing include the high 
cost of some commercial devices and the fact that 
many sport activities involve dynamic movements. 
Further, because strength differs over the full range of 
joint movement, isometric measurements must be 
made at numerous joint angles; this increases the 
amount of time required to perform a test.

Free-Weight Testing of Strength

The term isotonic means constant tension. This term is 
often applied to conventional weight-lifting exercise 
because the weight of the barbell or dumbbell re-
mains constant as the weight is lifted over the range 
of movement. In a strict sense, application of the term 
isotonic to weight lifting can be criticized because the 
actual force or torque applied to the weight does not 
remain constant over the full range of movement. 
Acceleration and deceleration of the limbs during 
a weight-lifting movement often cause variation in 
the force applied. Nonetheless, because of the wide-
spread usage in the literature, we will apply the term 

Figure 20.11 Use of a commercially available tensiometer 

to measure static force during a knee extension. Photo 

courtesy of Biodex Medical Systems, Inc.
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isotonic to conventional weight-lifting exercises. The 
most common measure of isotonic strength is the 
one-repetition maximum, but tests involving three to 
six repetitions have been employed.
 The one-repetition maximum (1-RM) method of 
evaluating muscular strength involves the perfor-
mance of a single, maximal lift. This refers to the max-
imal amount of weight that can be lifted during one 
complete dynamic repetition of a particular move-
ment (e.g., bench press). To test the 1-RM for any 
given muscle group, the subject selects a beginning 
weight that is close to the anticipated 1-RM weight. If 
one repetition is completed, the weight is increased 
by a small increment and the trial repeated. This pro-
cess is continued until the maximum lifting capacity 
is obtained. The highest weight moved during one 
repetition is considered the 1-RM. The 1-RM test can 
be performed using free weights (barbells) or an 
adjustable resistance exercise machine. For more 
details of the 1-RM test, see Powers et al. (2006) in the 
Suggested Readings.
 Because of safety concerns, some physical thera-
pists and exercise scientists have recommended that 
an isotonic test consisting of three or six repetitions 
be substituted for the 1-RM test. The rationale is that 
the incidence of injury may be less with a weight that 
can be lifted a maximum of three or six times com-
pared to the heavier weight that can be lifted during a 
1-RM contraction.
 In addition to the use of free weights or machines, 
maximal isotonic strength can be measured using 
dynamometers. A dynamometer is a device capable 
of measuring force. Hand-grip dynamometers have 
been used to evaluate grip strength for many years. 
Dynamometers operate in the following way. When 
force is applied to the dynamometer, a steel spring is 
compressed and moves a pointer along a scale. By 
calibrating the dynamometer with known weights, 
one can determine how much force is required to 
move the pointer a specified distance on the scale. 
Figure 20.12 illustrates the use of a hand-grip dyna-
mometer to assess grip strength.
 The advantages of isotonic strength testing in-
clude low cost of equipment and the fact that force 
is dynamically applied, which may simulate sport-
specific movements. The disadvantages of free-weight 
testing using a 1-RM technique include the possibility 
of subject injury and the fact that it does not provide 
information concerning the force application over the 
full range of motion. This point will be discussed again 
in the next section.

Isokinetic Assessment of Strength

Over the past several years, many commercial 
computer-assisted devices to assess dynamic muscu-
lar force have been developed. The most common type 

of computerized strength measurement device on the 
market is an isokinetic dynamometer, which provides 
variable resistance. The term isokinetic means moving 
at a constant rate of speed. A variable-resistance 
isokinetic dynamometer is an electronic-mechanical 
instrument that maintains a constant speed of move-
ment while varying the resistance during a particular 
movement. The resistance offered by the instrument is 
an accommodating resistance, which is designed to 
match the force generated by the muscle. A force trans-
ducer inside the instrument constantly monitors the 
muscular force generated at a constant speed and 
relays this information to a computer, which calculates 
the average force generated over each time period and 
joint angle during the movement. An example of this 
type of instrument is pictured in figure 20.13.
 A typical computer printout of data obtained 
during a maximum-effort leg extension on a com-
puterized isokinetic dynamometer is illustrated in 
figure 20.14. This type of strength assessment pro-
vides a great deal more information than that sup-
plied by a 1-RM test. The force curve pictured in 
figure 20.14 illustrates that the subject generates 
the smallest amount of force early in the movement 
pattern and the greatest amount of force during the 
middle portion of the movement. The 1-RM test pro-
vides only the final outcome, which is the maximum 

Figure 20.12 Use of the typical hand-grip dynamometer. 

Photo courtesy of Lafayette Instrument Company.
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amount of weight lifted during this particular move-
ment. That is, a 1-RM test does not provide informa-
tion about the differences in force generation over 
the full range of movement. Therefore, a computer-
assisted isokinetic instrument appears to offer 
advantages over the more traditional 1-RM test. 
Further, isokinetic strength testing has been shown 
to be highly reliable (55).

Variable-Resistance 

Measurement of Strength

Several commercial companies market weight ma-
chines that vary the resistance (weight) during dynamic 
muscular contractions. The measurement of strength 
using a variable-resistance device is similar in princi-
ple to isotonic tests using 1-RM or three to six repeti-
tions, with the exception that the variable-resistance 
machine creates a variable resistance over the range of 
movement. This variable resistance is typically achieved 
via a “cam,” which in theory is designed to vary the 
resistance according to physiological and mechanical 

factors that determine force generation by muscles over 
the normal range of movement.
 Potential advantages of these devices include the 
fact that most sport movement patterns are performed 
using variable forces, and the design of these machines 
makes adjustment of weight easy, and there fore little 
time is required for measurement. A disadvantage of 
these machines is the high cost; this is compounded 
by the fact that several individual machines are often 
required to measure strength in different muscle 
groups. For more details on the evaluation of muscu-
lar strength, see Baechle and Earle (2008) in the Sug-
gested Readings.

■ Muscular strength is defined as the maximum 
force that can be generated by a muscle or 
muscle group.

■ Evaluation of muscular strength is useful in 
assessing training programs for athletes 
in volved in power sports or events.

■ Muscular strength can be evaluated using any 
one of the following techniques: (a) isometric, 
(b) free-weight testing, (c) isokinetic, or 
(d) variable-resistance devices.

IN SUMMARY

STUDY QUESTIONS

 1. Discuss the rationale behind laboratory tests designed 
to assess physical performance in athletes. How do 
these tests differ from general physical fitness tests?

 2. Define maximal oxygen uptake. Why might relative V̇ O2 
max be the single most important factor in predicting 
distance running success in a heterogeneous group of 
runners?

 3. Discuss the concept of “specificity of testing” for the 
determination of V̇ O2 max. Give a brief overview of the 
design of an incremental test to determine V̇ O2 max. 

What criteria can be used to determine the validity of a 
V̇ O2 max test?

 4. Briefly, explain the technique employed to determine 
the lactate threshold and the ventilatory threshold.

 5. Describe how the economy of running might be evalu-
ated in the laboratory.

 6. Discuss the theory and procedures involved in predict-
ing success in distance running.

 7. Explain how short-term maximal anaerobic power can 
be evaluated by field tests.

Figure 20.13 Use of a commercially available computer-

assisted isokinetic dynamometer to measure strength 

during a knee extension. Photo courtesy of Biodex Medi-

cal Systems, Inc.

Figure 20.14 Example of a computer printout from 

a computer-assisted isokinetic dynamometer during 

a maximal-effort knee extension.
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 8. Describe how the Wingate test is used to assess 
medium-term anaerobic power.

 9. Provide an overview of the 1-RM technique to evaluate 
muscular strength. Why might a computer-assisted 
dynamometer be superior to the 1-RM technique in 
assessing strength changes?

 10. Discuss the advantages and disadvantages of each of 
the following types of strength measurement: (1) iso-
metric, (2) free weights, (3) isokinetic, and (4) variable 
resistance.
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■ Objectives

By studying this chapter, you should be able to do the following:

1. Design a sport-specifi c training program based 
on an analysis of the energy systems utilized by 
the activity.

2. Defi ne the terms overload, specifi city, and reversibility.

3. Compare and contrast the use of interval training 
and continuous training in the improvement of 
the maximal aerobic power in athletes.

4. Discuss the differences between training for 
anaerobic power and training for the im-
provement of strength.

5. Discuss the advantages and disadvantages of 
different equipment types in weight training.

6. Defi ne delayed-onset muscle soreness (DOMS). 
List the factors that contribute to its development.

7. Discuss the use of static and ballistic stretching 
to improve fl exibility.

8. Discuss the differences between conditioning 
goals during (1) the off-season, (2) the pre-
season, and (3) in-season.

9. List and discuss several common training errors.
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Traditionally, coaches and trainers have planned 
conditioning programs for their teams by fol-

lowing regimens used by teams that have successful 
win-loss records. This type of reasoning is not sound 
because win-loss records alone do not scientifically 
validate the conditioning programs used by the 
successful teams. In fact, the successful team might 
be vic torious by virtue of its superior athletes and 
not its outstanding conditioning program. Without 
question, the planning of an effective athletic con-
ditioning program can best be achieved by the 
application of proven physiological training princi-
ples. Optimizing training programs for athletes is 
important because failure to properly condition an 
athletic team results in a poor performance and 
often defeat. It is the purpose of this chapter to 
present an overview of how to apply scientific prin-
ciples to the development of an athletic condition-
ing program.

TRAINING PRINCIPLES

The overall objective of a sport conditioning pro-
gram is to improve performance by increasing the 
energy output during a particular movement (7, 81, 
105). Recall that throughout this book (e.g., chap-
ters 3, 4, and 20), emphasis has been placed on the 
fact that dissimilar sport activities use different 
metabolic pathways or “energy systems” to produce 
the ATP needed for movement. An understanding of 
exercise metabolism is important to the coach or 
trainer because the design of a conditioning pro-
gram to optimize athletic performance requires 
knowledge of the principal energy systems utilized 
by the sport. Consider a few examples. The perfor-
mance of a 60-meter dash uses the ATP-PC system 
almost exclusively to produce the needed ATP. In 
contrast, a marathon runner depends on aerobic 
metabolism to provide the energy needed to com-
plete the race. However, most sport activities use 
multiple energy pathways. For instance, soccer uses 
a combination of metabolic pathways to provide the 
needed ATP. Knowledge of the relative anaerobic-
aerobic contributions to ATP production during an 
activity is the cornerstone of planning a condition-
ing program. A well-designed conditioning program 
allocates the appropriate amount of aerobic and 
anaerobic conditioning time to match the energy 
demand of the sport. For instance, if an activity 
derives 40% of its ATP from anaerobic pathways and 
60% from aerobic pathways (e.g., 1,500-meter run), 
the training program should be divided 40%/60% 
between anaerobic/aerobic training (7, 81). Table 21.1 
contains a list of various sports and an estimation of 
their predominant energy systems. The coach or 

TABLE 21.1    The Predominant Energy 

Systems for Selected Sports

% ATP CONTRIBUTION BY 

ENERGY SYSTEM

Sport/Activity ATP-PC Glycolysis Aerobic

Baseball 80 15 5

Basketball 80 10 10

Field hockey 60 20 20

Football 90 10 —

Golf (swing) 100 — —

Gymnastics 90 10 —

Ice hockey:

 Forwards/

  defense

80 20 —

 Goalie 95 5 —

Rowing 20 30 50

Soccer:

 Goalie/wings/

  strikers

80 20 —

 Halfbacks 60 20 20

Swimming:

 Diving 98 2 —

 50 meters 95 5 —

 100 meters 80 15 —

 200 meters 30 65 5

 400 meters 20 40 40

 1,500 meters 10 20 70

Tennis 70 20 10

Track and fi eld:

 100/200 

meters

98 2 —

 Field events 90 10 —

 400 meters 40 55 5

 800 meters 10 60 30

 1,500 meters 5 35 60

 5,000 meters 2 28 70

 Marathon — 2 98

Volleyball 90 10 —

Wrestling 45 55 —

 From E. L. Fox and D. K. Mathews, Interval Training: Conditioning for 

Sports and General Fitness. Copyright © 1974 Saunders College 

Publishing, Orlando FL. Reprinted by permission of the author.

trainer can use this information to allocate the appro-
priate amount of time to training each energy 
system.
 This discussion does not necessarily imply that 
power athletes (e.g., sprinters) should not perform 
aerobic training. On the contrary, aerobic activity dur-
ing the preseason to strengthen tendons and liga-
ments is generally recommended for all athletes. For a 
review of the effects of exercise training on the strength 
of tendons and ligaments, see reference 111.
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Overload, Specifi city, 

and Reversibility

The terms overload, specificity, and reversibility were intro-
duced in chapters 13 and 15, and will be repeated here 
only briefly. Recall that an organ system (e.g., cardio-
vascular, skeletal muscle, etc.) increases its capacity 
in response to a training overload. That is, the train-
ing program must stress the system above the level to 
which it is accustomed. Conversely, when an athlete 
stops training, the training effect is quickly lost (re-
versibility). Studies have demonstrated that within 
two weeks after the cessation of training, significant 
reductions in V̇ O2 max can occur (27, 28). A classic 
study by Saltin and colleagues (103) demonstrated 
that after twenty days of bed rest, a group of subjects 
showed a 25% reduction in V̇ O2 max and maximal 
cardiac output. These rather dramatic decrements 
in working capacity as a result of inactivity clearly 
demonstrate the rapid reversibility of training.
 The concept of specificity refers not only to the 
specific muscles involved in a particular movement, 
but also to the energy systems that provide the ATP 
required to complete the movement under competi-
tive conditions. Therefore, training programs need to 
deal with specificity by using not only those muscle 
groups engaged during competition, but also the 
energy systems that will be providing the ATP. For 
instance, “specific training” for a sprinter would 
in volve running high-intensity dashes. Similarly, spe-
cific training for a marathoner would involve long, 
slow-paced runs in which virtually all of the ATP 
needed by the working muscles would be derived from 
aerobic metabolism.

Infl uence of Gender and Initial 

Fitness Level

At one time, it was believed that conditioning pro-
grams for women had special requirements that dif-
fered from those used to train men. Today, however, 
much evidence exists to demonstrate that men and 
women respond to training programs in a similar 
fashion (13, 15, 62, 89, 93, 110). Therefore, the same 
general approach to physiological conditioning can 
be used in planning programs for men and women. 
This does not mean that men and women should per-
form identical exercise training sessions (e.g., same 
volume and intensity). Indeed, individual training 
programs should be designed appropriately to match 
the level of fitness and maturation of the athlete, 
regardless of gender. Individual “exercise prescrip-
tions” is an important concern in the design of train-
ing programs and will be discussed in further detail in 
the next several paragraphs.
 It is a common observation that individuals 
differ greatly in the degree to which their performance 

bene fits from training programs. Many factors con-
tribute to the observed individual variations in the 
training response. One of the most important 
influences is the athlete’s beginning level of fitness. 
In general, the amount of training improvement is 
always greater in those who are less conditioned at 
the beginning of the training program (104). It has 
been demonstrated that sedentary, middle-aged men 
with heart disease may improve their V̇ O2 max by as 
much as 50%, whereas the same training program in 
normal, active adults improves V̇ O2 max by only 10% 
to 15% (60, 81). Similarly, conditioned athletes may 
improve their level of conditioning by only 3% to 5% 
following an increase in training intensity. However, 
this 3% to 5% improvement in the trained athlete 
may be the difference between winning an Olympic 
gold medal and failing to place in the event.

Infl uence of Genetics

Additionally, it seems likely that genetics plays an 
important role in how an individual responds to a 
training program (4, 57, 97). For instance, a person 
with a high genetic endowment for endurance sports 
is likely to respond differently to endurance training 
than one with a markedly different genetic profile. It is 
for this reason, and the fact that athletes begin condi-
tioning programs at different levels of fitness, that 
training programs should be individualized. It is unre-
alistic to expect each athlete on the team to perform 
the same amount of work or to exercise at the same 
work rate during training sessions.
 Note that while training can greatly improve per-
formance, there is no substitute for genetically inher-
ited athletic talent if the individual is to compete at a 
world-class level. For example, there is a limit to how 
much training can improve aerobic power. Therefore, 
those individuals with a low genetic endowment for 
aerobic power cannot, under any training program, 
increase their V̇ O2 max to world-class levels. Åstrand 
and Rodahl (7) have commented that if you want to 
become a world-class athlete, you must choose your 
parents wisely.
 Similar to aerobic exercise, research indicates that 
genetics plays a key role in determining the perfor-
mance level that can be achieved in anaerobic sports 
(e.g., sprinting in track and fi eld) (16, 77). Indeed, it is 
well known that training can only improve anaerobic 
performance to a small degree. The primary reason for 
this fact is that the type of skeletal muscle fi ber that is 
best suited for anaerobic performance (i.e., fast fi bers, 
type IIx) is determined early in development, and the 
relative percentage of muscle fi ber types does not vary 
widely over the lifetime. Therefore, anaerobic capacity 
appears to be largely genetically determined because 
the percentage of fast/anaerobic fi bers is a primary 
determinant of anaerobic capacity.
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■ Every training session should consist of a 
warm-up period, a workout session, and a 
cool-down period.

■ Although limited data exist, it is believed that 
a warm-up reduces the risk of muscle and/or 
tendon injury during exercise.

IN SUMMARY

TRAINING TO IMPROVE 
AEROBIC POWER

Recall from chapter 13 that endurance training im-
proves V̇ O2 max by increasing both maximal cardiac 
output and increasing the a-v O2 difference (i.e., 
increasing the muscle’s ability to extract O2). There-
fore, a training program designed to improve maximal 
aerobic power must overload the circulatory system 
and stress the oxidative capacities of skeletal muscles 
as well (7, 24, 29). As in all training regimens, spe-
cificity is critical. The athlete should stress the spe-
cific muscles to be used in his or her sport (117). In 
other words, runners should train by running, cyclists 
should train on the bicycle, swimmers should swim, 
and so forth.
 There are three principal aerobic training methods 
used by athletes: (1) interval training, (2) long, slow dis-
tance (low-intensity), and (3) high-intensity, continuous 
exercise. Controversy exists as to which of these train-
ing methods results in the greatest im provement in V̇ O2 
max. Indeed, there does not appear to be a magic train-
ing formula for all athletes to follow. However, evidence 
suggests that it is training intensity and not duration 
that is the most important factor in improving V̇ O2 max 
(14, 30, 35, 38, 48, 59, 95). Nonetheless, from a psycho-
logical standpoint, it would appear that a mixing of all 
three methods would provide the needed variety to pre-
vent the athlete from becoming bored with a single and 
rather monotonous training program.
 Note that improvement of V̇ O2 max is only one 
variable related to endurance. Recall from chapter 20 
that although a high V̇ O2 max is important for success 
in endurance events, both movement economy and 
the lactate threshold are also important variables. 
Therefore, training to improve endurance perfor-
mance should not only be geared toward the improve-
ment of V̇ O2 max, but should also increase the lactate 
threshold and improve running economy. A brief dis-
cussion of various training methods used to improve 
endurance performance follows.

Interval Training

Interval training involves the performance of repeated 
exercise bouts, with brief recovery periods in between. 
The length and intensity of the work interval depends 

■ The general objective of sport conditioning is to 
improve performance by increasing the maxi-
mum energy output during a particular move-
ment. A conditioning program should allocate 
the appropriate amount of training time to 
match the aerobic and anaerobic energy 
demands of the sport.

■ Muscles respond to training as a result of a 
progressive overload. When an athlete stops 
training, a rapid decline in fitness occurs due 
to detraining (reversibility).

■ In general, men and women respond to condi-
tioning in a similar fashion. The amount of 
training improvement is always greater in those 
individuals who are less conditioned at the 
onset of the training program.

IN SUMMARY

COMPONENTS OF A 
TRAINING SESSION: 
WARM-UP, WORKOUT, 
AND COOL DOWN

Every training session should consist of three com-
ponents: (1) warm-up, (2) workout, and (3) cool 
down. This idea was first introduced in chapter 16 
and will be mentioned only briefly here. The warm-
up prior to a training workout has several important 
objectives. First, warm-up exercises increase cardiac 
output and blood flow to the skeletal muscles to be 
used during the training session. Second, the warm-
up activity results in an increase in muscle tempera-
ture, which elevates muscle enzyme activity (78). 
Third, preliminary exercise affords the athlete an 
opportunity to perform stretching exercises. The 
duration of the warm-up may be from five to twenty 
minutes, depending on environmental conditions 
and the nature of the training activity (29, 120). 
Although limited data exist, it is commonly believed 
that a proper warm-up may reduce the possibility of 
muscle injury due to pulls or strains (13, 42, 98, 100). 
Additional research is needed to definitively answer 
this question.
 Immediately following the training session, a 
period of low-intensity “cool-down” exercises should 
be performed. The principal objective of a cool 
down is to return “pooled” blood from the exercised 
skeletal muscles back to the central circulation. 
Similar to the warm-up, the length of the cool down 
may vary from ten to thirty minutes, depending on 
environmental conditions, the age and fitness level 
of the individual, and the nature of the training 
session.
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on what the athlete is trying to accomplish. For 
in stance, a longer work interval requires a greater 
involvement of aerobic energy production, whereas a 
shorter, more intense interval provides greater partici-
pation of anaerobic metabolism. Therefore, interval 
training that is designed to improve V̇ O2 max should 
generally utilize intervals longer than sixty seconds to 
maximize the involvement of aerobic ATP production. 
Further, it is generally believed that high-intensity 
intervals are more effective in improving aerobic power, 
and perhaps the lactate threshold, than low-intensity 
intervals (39, 41, 68). These improvements may be due 
to the recruitment of fast-twitch (types IIa and IIx) fibers 
during this type of high-intensity exercise.
 One obvious advantage of interval training over 
continuous running is that this method of training 
provides a means of performing large amounts of 
high-intensity exercise in a short time. Further, this 
training method offers two ways of providing a train-
ing overload. For example, the interval training pre-
scription can be modified to provide “overload” in 
terms of increasing either the total number of exercise 
intervals performed or the intensity of the work inter-
val. Adjustments to either of these factors allow the 
coach or athlete to alter the workout plan to accom-
plish specific training goals.
 How does one design an interval workout? A com-
plete discussion of the theory and rationale of designing 
an interval training program to improve athletic perfor-
mance is beyond the scope of this chapter. For a detailed 
discussion of interval training, the reader is referred to 
Fox and Mathews (41). Additionally, table 21.2 provides 
some general guidelines for determining the intensity 
for running or swimming intervals.
 In planning an interval training session, the fol-
lowing variables need to be considered: (1) length of 
the work interval, (2) intensity of the effort, (3) dura-
tion of the rest interval, (4) number of interval sets, 
and (5) the number of work repetitions. The length of 
the work interval refers to the distance to be covered 

during the work effort. In training to improve aerobic 
power, the work interval should generally last longer 
than sixty seconds. The intensity of the work effort dur-
ing interval training can be monitored from a ten-
 second HR count upon completion of the interval (i.e., 
10 sec HR count ⫻ 6 ⫽ HR per min). In general, exer-
cise HRs should reach 85% to 100% of the maximal HR 
during interval training. The time between work efforts 
is termed the rest interval and consists of light activity 
such as walking. The length of the rest interval is gen-
erally expressed as a ratio of the duration of the work 
interval. For example, if the work interval for running 
400 meters was seventy-five seconds, a rest interval of 
seventy-five seconds would result in a 1:1 ratio of work 
to rest. Generally, the rest interval should be at least as 
long as the work interval (7). In planning an interval 
training program for athletes who are not already 
highly trained, a work:rest ratio of 1:3 or 1:2 seems 
preferable. As a general rule, the HR should drop to 
approximately 120 beats ⭈ min⫺1 near the end of the 
recovery interval (7).
 A set is a specified number of work efforts per-
formed as a unit. For instance, a set may consist of 
8 ⫻ 400-meter runs with a prescribed rest interval 
between each run. The term repetition is the number 
of work efforts within one set. In the example just given, 
8 ⫻ 400-meter run repetitions constituted one set. The 
number of repetitions and sets performed per workout 
depends on the purpose of the particular training ses-
sion and the fitness levels of the athletes involved. For 
more details on interval training, see reference 70.

Long, Slow-Distance Exercise

The use of long, slow-distance (LSD) runs (or cycle 
rides, long swims, etc.) became a popular means of 
training for endurance events in the 1970s (23). In 
general, this method of training involves performing 
exercise at a low intensity (i.e., 57% V̇ O2 max or 
approximately 70% of max HR) for durations that are 

TABLE 21.2    Guidelines for Determining the Intensity or  Work Rate During Interval  Training for 

Running and Swimming Different Distances

Interval Training

Distances (Yards)

Running Swimming Work Rate for Each Interval

100  25 One to fi ve seconds slower than best time

220  50 Three seconds slower than best time

440 100 One to four seconds faster than average 440-yard run or 100-yard swim

 times recorded during a mile run or 440-yard swim

880–1,320 165–320 Three to four seconds slower than the average 440-yard run or

 100-yard swim times recorded during a mile run or 440-yard swim

From E. L. Fox and D. K. Mathews, Interval Training: Conditioning for Sports and General Fitness. Copyright © 1974 Saunders College Publishing, Orlando 

FL. Reprinted by permission of the author.
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generally greater in length than the normal competi-
tion distance. Although it seems reasonable that 
this type of training is a useful means of preparing 
an athlete to compete in long, endurance competi-
tions (marathon running), evidence suggests that 
short-term, high-intensity exercise is superior to 
long-term, low-intensity exercise in improving V̇ O2 
max (59, 60).
 One of the historical reasons researchers have 
used training sessions of long duration is the com-
mon belief that improvements in endurance are pro-
portional to the volume of training performed. Indeed, 
many coaches and athletes believe that improve-
ments in athletic performance are directly related to 
how much work was performed during training, and 
that athletes can reach their potential only by doing 
long-duration exercise bouts. Evidence by Costill and 
colleagues (26) contradicts this belief. These workers 
demonstrated that athletes training 1.5 hours per day 
performed as well as athletes training 3 hours per day. 
In fact, the athletes who trained 3 hours per day per-
formed more poorly in some events than the group 
training 1.5 hours per day. This study illustrates the 
point that “more” is not always better in endurance 
training. Therefore, coaches and athletes should care-
fully consider the volume of training required to reach 
maximal benefits from long, slow-distance exercise.

High-Intensity, Continuous Exercise

Again, a growing volume of evidence suggests that 
continuous, high-intensity exercise is an outstanding 
means of improving V̇ O2 max and the lactate threshold 
in athletes (30, 35, 38, 48, 59). Although the exercise 
intensity that promotes the greatest improvement in 
V̇ O2 max may vary from athlete to athlete, it is believed 
that exercise intensities between 80% and 90% V̇ O2 
max are optimal (see figure 21.1). Further, it seems 
likely that a work rate that is equal to or slightly above 

the lactate threshold provides excellent improvement 
in maximum aerobic power and thus is a useful guide-
line for planning training programs (95).
 Recall from chapter 20 that the lactate threshold 
can be determined in the laboratory during an in cre-
mental exercise test. Additionally, the lactate thresh-
old can be estimated noninvasively using the 
ventilatory threshold (see chapters 10 and 20). In the 
field, it is not practical to take repeated blood sam-
ples to determine the training speed that equals the 
lactate threshold during each training session, nor is 
it practical to continuously monitor ventilation during 
training. Therefore, the athlete needs a simple, non-
invasive means of evaluating exercise intensity. Exer-
cise heart rate appears to be the most practical means 
of evaluating exercise intensity during training. Dur-
ing the laboratory assessment of the lactate threshold 
or ventilatory threshold, it is standard practice to 
record heart rate stage-by-stage. The heart rate that 
corresponds to the metabolic rate at which the lactate 
threshold occurred can then be used by the athlete 
during training sessions as a guide to optimize train-
ing intensity. An alternative to direct laboratory 
testing to determine the lactate threshold is to have 
the athletes train at a fixed percentage of their maxi-
mal heart rates. Weltman and colleagues (118) have 
developed exercise prescription guidelines for male 
en durance runners. These authors suggest that if the 
lactate threshold is to be used as the exercise training 
intensity, then athletes should exercise at ⱖ90% heart 
rate max or 95% of heart rate reserve. At present, it is 
unknown if these guidelines apply to women athletes 
or to athletes in sports other than distance running.
 The objective during high-intensity, continuous 
training is to exercise at a heart rate near the lactate 
threshold for approximately twenty-five to fifty min-
utes, with the duration of the training session being 
dependent on the fitness level of the athlete. As the 
athlete improves, it may become necessary to repeat 
the laboratory testing and alter the training intensity 
accordingly.
 For more information about specific approaches 
to endurance training, see Daniels (2005) in the Sug-
gested Readings.

Altitude Training Improves Exercise 

Performance at Sea Level

For many years, endurance athletes believed that liv-
ing and training at high altitude enhances performance 
compared to living and training at sea level (80). How-
ever, this may not always be true because athletes can-
not perform as much high-intensity exercise training 
at altitude compared to sea level. Therefore, by per-
forming less training, a form of de-training could actu-
ally occur while living and training at altitude. So, how 
can athletes design a training program to optimize the 

Figure 21.1 Relationship between training intensity and 

percent improvement in V̇ O2 max. Data from references 
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physiological benefi ts of living at altitude without 
the potentially negative de-training effects?
 This altitude-training riddle was solved when 
researchers developed the altitude training modality 
known as “Live-High, Train-Low” (71) (see A Look 
Back—Important People in Science). This training 
program requires the athlete to spend many hours a 
day resting and sleeping at altitude, but the athlete 
performs exercise training sessions at a much lower 
altitude. This approach affords the athlete the benefi t 
of altitude acclimatization, and by training at a low 
altitude, the athlete’s ability to perform intense train-
ing sessions is not hampered by high altitude. This 
type of altitude training program has been shown to 
provide signifi cant performance gains compared to 
training and living at sea level (71).
 The physiological adaptation responsible for 
the endurance performance gains achieved from alti-
tude training remains controversial. Nonetheless, it 
appears that one of the major advantages is that 
residing at high altitude increases the red blood cell 
volume, and therefore the oxygen transport capacity 
of the blood is increased due to a greater hemoglobin 
concentration (72, 116). For more on altitude adapta-
tion and the Live-High, Train-Low concept, see chap-
ter 24 and Mazzeo (2008) in the Suggested Readings 
at the end of this chapter.

■ Historically, training to improve maximal aero-
bic power has used three methods: (1) interval 
training, (2) long, slow-distance, and (3) high-
intensity, continuous exercise.

■ Although controversy exists as to which of 
the training methods results in the greatest 
improvement in V̇ O2 max, growing evidence 
suggests that it is intensity and not duration 
that is the most important factor in improving 
V̇ O2 max.

■ The “Live-High, Train-Low” altitude training 
program provides signifi cant endurance perfor-
mance gains compared to training and living at 
sea level.

IN SUMMARY

INJURIES AND 
ENDURANCE TRAINING

An important question associated with any type of 
endurance training is what type of training program 
presents the lowest risk of injury to the athlete. At pres-
ent, a clear answer to this question is not available. 
However, a review of exercise-training-induced injuries 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. Benjamin Levine Is a Pioneer in the Physiology of  Training Adaptation

Dr. Benjamin Levine 

earned his B.S. degree 

at Brown University 

and his medical degree

from Harvard Univer-

sity. He completed his 

residency training in 

internal medicine and cardiology at 

Stanford University and the University 

of Texas. Dr. Levine is currently a 

professor at the University of Texas-

Southwestern Medical Center and 

directs the Institute for Exercise and 

Environmental Medicine. This insti-

tute is a multidisciplinary, integrative 

physiology research center designed 

to explore the mechanisms that limit 

human performance in both health 

and disease.

 Dr. Levine’s research has greatly 

advanced our understanding of the 

physiology of training adaptation. In 

this regard, one of Dr. Levine’s major 

contributions is his work on benefi ts 

of altitude training for endurance 

athletes. Here’s the story: For more 

than 50 years, endurance athletes have 

used high-altitude training (altitudes 

⬎6,000 feet above sea level) in an 

effort to improve sea level perfor-

mance. The rationale for this practice 

is that both altitude adaptation and 

hypoxic exercise training have been 

proposed to improve V̇ O2 max and 

exercise performance. However, hypoxic

exercise impairs the athlete’s ability to 

perform high-intensity exercise and, 

therefore, training at altitude may limit 

exercise-training adaptation. To study 

this issue, Dr. Levine and his colleague 

Dr. James Stray-Gundersen performed 

several landmark studies investigating 

the impact of living and training at high 

altitude on endurance performance. 

Their work led to the development of 

the altitude training modality known 

as “Live-High, Train-Low.” Their stud-

ies show that athletes living at high 

altitude but performing their training 

at lower attitudes exhibited improved 

endurance performance gains com-

pared to athletes who live and train 

at high altitude. The Levine/Stray-

Gundersen concept of “Live-High, 

Train-Low” has become the model 

by which many endurance athletes 

use altitude training in preparation for 

major competitions.

 In addition to his work on high-

altitude training, Dr. Levine has made 

many other major contributions to our 

understanding of the physiological ad-

aptations to endurance exercise  training. 

Indeed, his work has greatly improved 

our knowledge about the cardiovascular 

adaptation to exercise and the impact of 

deconditioning (i.e., bedrest and space-

fl ight) on the cardiovascular system. 

Dr. Levine’s work has resulted in more 

than 150 scientifi c publications, and 

many of these papers are widely cited in 

the research literature.
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suggests that the majority of training injuries are a 
result of overtraining (e.g., overuse injuries) (85). The 
overuse injury can come from either short-term, high-
intensity exercise or long-term, low-intensity exercise 
(85). A commonsense guideline to avoid overuse in-
jur ies is to avoid large increases in training volume or 
intensity. Perhaps the most useful general rule for 
increasing the training load is the “ten percent rule” 
(85). In short, the ten percent rule suggests that train-
ing intensity or duration should not be increased more 
than 10% per week to avoid an overtraining injury. 
For example, a runner running 50 miles per week 
could increase his/her weekly distance to 55 miles (10% 
of 50 ⫽ 5) the following week.
 In addition to overtraining, several other exercise-
induced injury risk factors have been identified (85). 
Among these factors are musculotendonous imbalance 
of strength and/or flexibility, footwear problems (i.e., 
excessive wear), anatomical malalignment, poor running 
surface, and disease (e.g., arthritis, old fracture, etc.).
 Note that gender is not an injury risk factor for 
endurance training (85). Although some evidence 
exists that the female runner may sustain a higher 
incidence of overuse injuries than males of the same 
age, this may be due to cultural differences, the 
result of less running by teenage girls (86). Micheli 
(85) has suggested that many of the leg injuries in 
female  runners appear to be the result of overtrain-
ing. This may be especially true for poorly condi-
tioned women beginning training programs designed 
for well-trained men.

■ The majority of training injuries are a result of 
overtraining (e.g., overuse injuries) and can 
come from either short-term, high-intensity 
exercise or prolonged, low-intensity exercise.

■ A useful rule for increasing the training load is 
the “ten percent rule.” The ten percent rule 
states that training intensity or duration should 
not be increased more than 10% per week to 
avoid an overtraining injury.

IN SUMMARY

TRAINING TO IMPROVE 
ANAEROBIC POWER

Athletic events lasting less than sixty seconds depend 
largely on anaerobic production of the necessary 
energy. In general, training to improve anaerobic 
power centers around the need to enhance either the 
ATP-PC system or anaerobic glycolysis (lactic acid 
 system) (84). However, some activities require major 
 contributions of both of these anaerobic metabolic 
pathways to provide the necessary ATP for competi-

tion (see table 21.1). Again, it is critical that the train-
ing program use the specific muscle groups that are 
required by the athlete during competition.

Training to Improve the 

ATP-PC System

Sports such as football, weight lifting, and short 
dashes in track (100 meters) depend on the ATP-PC 
system to provide the bulk of the energy needed for 
competition. Therefore, optimal performance requires 
a training program that will maximize ATP production 
via the ATP-PC pathway.
 Training to improve the ATP-PC system involves 
a special type of interval training. To maximally 
stress the ATP-PC metabolic pathway, short, high-
intensity intervals (five to ten seconds’ duration) 
using the muscles utilized in competition are ideal. 
Because of the short durations of this type of inter-
val, little lactic acid is produced and recovery is 
rapid. The rest interval may range between thirty 
and sixty seconds, depending on the fitness levels of 
the athletes. For example, a training program for 
football players might involve repeated 30-yard 
dashes (with several directional changes), with a 
thirty-second rest period between efforts. The num-
ber of repetitions per set would be determined by 
the athletes’ fitness levels, environmental factors, 
and perhaps other considerations.

Training to Improve the 

Glycolytic System

After approximately ten seconds of a maximal effort, 
there is a growing dependence on energy production 
from anaerobic glycolysis (7, 11, 40). To improve the 
capacity of this energy pathway, the athlete must 
overload the “system” via short-term, high-intensity 
efforts. In general, high-intensity intervals of twenty 
to sixty seconds’ duration are useful in overloading 
this metabolic pathway.
 This type of anaerobic training is both physically 
and psychologically demanding and thus requires a 
high commitment on the part of the athlete. Further, 
this type of training may drastically reduce muscle 
glycogen stores. For these reasons, athletes often 
alternate hard-interval training days and light training 
sessions. For more details on training for improved 
anaerobic performance, see Ask the Expert 21.1.

■ Training to improve anaerobic power involves a 
special type of interval training. In general, the 
intervals are of short duration and consist of 
high-intensity exercise (near-maximal effort).

IN SUMMARY
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TRAINING TO IMPROVE 
MUSCULAR STRENGTH

The goal of a strength-training program is to increase 
the maximum amount of force that can be generated 
by a particular muscle group. In general, any muscle 
that is regularly exercised at a high intensity (i.e., 
intensity near its maximum force-generating capacity) 
will become stronger (58). Strength-training exercises 
can be classified into three categories: (1) isometric 
or static, (2) dynamic or isotonic (includes variable-

resistance exercise), and (3) isokinetic. Recall that 
isometric exercise is the application of force without 
joint movement, and that dynamic exercise involves 
force application with joint movement (see chapters 8 

and 20). Variable-resistance exercise is the term used 
to describe exercise performed on machines such as 
Nautilus equipment, which provide a variable amount 
of resistance during the course of an isotonic contrac-
tion. Isokinetic exercise is the exertion of force at a 
constant speed. Although isometric exercise has been 
shown to improve strength, isotonic and isokinetic 
strength training are generally preferred in the prepa-
ration of athletes because isometric training does not 
increase strength over the full range of motion—only 
at the specific joint angle maintained during training 
(11, 34, 58, 120).
 What physiological adaptations occur as a result of 
strength training? This issue was discussed in chapter 
13 and will be addressed only briefly here. One of the 
obvious and perhaps most important physiological 

 ASK THE EXPERT 21.1

Training to Improve Anaerobic Performance:

Questions and Answers with Dr. Michael Hogan

Michael Hogan, Ph.D., 

Professor in the Department 

of Medicine at the Univer-

sity of California–San Diego, 

is an internationally known 

exercise physiologist whose 

research focuses on delivery 

and utilization of oxygen in 

skeletal muscle. Dr. Hogan has published more 

than 100 research articles and his work is 

widely cited in the scientifi c literature. Further, he 

has been a leader in numerous scientifi c organi-

zations including the American College of Sports 

Medicine and the American Physiological Society. 

In addition to being an internationally known 

scientist, Dr. Hogan continues to be an active 

competitor in the pole vault.  As a collegiate ath-

lete, Dr. Hogan was a four-year letterman in 

track and fi eld and a school record holder in the 

pole vault at the University of Notre Dame. In 

the years following his graduation from college, 

Dr. Hogan has continued to train and compete 

in the pole vault and has recently excelled 

in both national and inter national age-group 

championships in this event. In this box feature, 

Dr. Hogan answers questions related to training 

to improve anaerobic power.

QUESTION: In designing a training pro-

gram to improve anaerobic power, 

should weekly training sessions be 

planned on a “hard-easy” cycle?

ANSWER: Absolutely! This is possibly 

even more critical in anaerobic power 

training versus aerobic  training. The 

reason for this is that to improve 

anaerobic capacity, extremely high-

intensity exercise needs to be con-

ducted to totally activate all of the 

type IIx fi bers within the muscle 

(which are the last fi bers recruited 

during the muscle activation pro-

cess). An important component of 

anaerobic training is to work during 

the “hard” cycle at an extremely high 

intensity that subsequently results 

in minor muscle damage. Then, dur-

ing the “easy” cycle, repair of injured 

fi bers will result in fi bers that have a 

higher capacity to perform anaerobic 

ex ercise. This will usually occur by 

re generating fi bers with larger cross-

sectional areas, so that muscle power 

is increased. A key concern is the 

duration of the “hard-easy” cycles, as 

each individual athlete will be very 

different in how much high-intensity 

exercise can be en dured before the 

athlete “breaks down” and injury 

ensues. Knowing the proper bal-

ance of “hard-easy” is the difference 

between an Olympic gold medal and 

an injured athlete.

QUESTION: In sports or athletic events 

(e.g., 200-meter dash) that require 

energy from both the ATP-PC system 

and glycolysis, is it possible to de sign 

a training program to improve energy 

production from each of these bioen-

ergetic systems?

ANSWER: Yes, these bioenergetic sys-

tems can be altered to some degree, 

although not nearly to the degree 

that adaptation to endurance train-

ing (i.e., cardiovascular and oxidative 

enzyme changes) can be accom-

plished with aerobic training. The key 

to anaerobic performance that re-

quires high ATP turnover rates for a 

short period of time (thirty to

sixty seconds) is to have as much 

capacity in the glycolytic and ATP-

PC systems and to minimize the fac-

tors that lead to fatigue in these 

short, high- intensity exercise bouts. 

Studies have demonstrated that gly-

colytic enzymes can be increased 

in all fi ber-types by high-intensity 

training, so that more ATP can be 

 generated anaerobically when neces-

sary. Anaerobic training will also 

slightly improve aerobic capacity of 

the muscle, which can be important 

in that any aerobic generation of ATP 

will result in “sparing” of the ATP-PC 

and reduced lactic acid prduction. 

Anaerobic training will also improve 

the speed at which PC can be 

degraded, so that a faster ATP turn-

over is possible. This translates into 

improved anaerobic  performance.



www.mhhe.com/powers7e Chapter Twenty-One Training for Performance 459

changes that occurs following a strength-training pro-
gram is the increase in muscle mass. Recall from chap-
ter 8 that the amount of force that can be generated by 
a muscle group is proportional to the cross-sectional 
area of the muscle (66). Therefore, larger muscles exert 
greater force than smaller muscles. Many investigators 
believe that the increase in muscle size via resistance 
training is due to hypertrophy (an increase in muscle 
fiber diameter due to an increase in myofibrils) (1, 2, 
24, 50–52, 110). However, Gonyea and associates argue 
that muscles also increase their size in response to 
strength training by hyperplasia (increase in the num-
ber of muscle fibers) (50–55, 87, 106, 108). Although 
this issue remains controversial, it appears that most 
(if not all) of the increase in muscle size due to strength 
training occurs via hypertrophy (24, 50–52).
 Of further interest is the finding that strength 
training may result in fast-fiber-type conversions in 
humans (110). Staron and colleagues (110) demon-
strated that twenty weeks (two training sessions per 
week) of high-intensity strength training resulted in a 
conversion of type IIx fibers to type IIa in college-age 
females. The physiological significance of this type of 
fiber conversion is unclear. However, these results 
reflect the dynamic nature of skeletal muscles to 
adapt to various workloads.
 Strength training may also induce central nervous 
system changes, which can increase the number of 
motor units recruited, alter motor neuron firing rates, 
enhance motor unit synchronization during a particu-
lar movement pattern, and result in the re moval of 
neural inhibition (88, 99). These four pro cesses result 
in an improvement in the amount of muscular force 
generated and appear to occur within a few weeks 
after starting a strength-training program (67, 88, 90).

Progressive Resistance Exercise

The most common form of strength training is weight 
lifting using free weights or various types of weight 
machines (i.e., isotonic or isokinetic training). To 
improve strength, weight training must employ the 
overload principle by periodically increasing the 
amount of weight (resistance) used in a particular 
exercise. This method of strength training was first 
described in 1948 by Delorme and Watkins (31) and is 
called progressive resistance exercise (PRE). Since 
this early work, numerous other systems of training 
to improve muscular strength have been proposed, 
but the concept of PRE is the basis for most weight-
training programs.

General Strength-Training Principles

Muscles increase in strength by being forced to con-
tract at relatively high tensions. If muscles are not 
overloaded, then there is no improvement in strength. 

The first application of the overload principle was 
used by the famous Olympic wrestler, Milo of Crotona 
(500 B.C.). Milo incorporated overload in his training 
routine by carrying a bull calf on his back each day 
until the animal reached maturity. Since the days of 
Milo, athletes have applied the principle of overload 
to training by lifting heavy objects.
 The perfect training regimen for optimal im prove-
ment of strength remains controversial. Indeed, there 
does not appear to be a magic formula for strength 
training that meets the needs of everyone (3, 34). This 
is not surprising, given that subjects vary in their 
responses to training loads due to differences in the 
initial fitness level and their response to training (75). 
Therefore, as with endurance training, the exercise 
prescription for strength training should be tailored to 
the individual. However, a general guideline for a 
strength-training prescription is as follows: In general, 
the recommended intensity of training is four to twelve 
repetitions maximum (RM) and practiced in multiple 
sets (9, 10, 17, 46, 94, 109, 113, 114). Clearly, strength 
gains are less when the number of repetitions is more 
than fifteen. Rest days between workouts seem critical 
for optimal strength improvement (10, 113). Therefore, 
a training schedule of three days per week is often 
recommended.
 A common belief among coaches and athletes is 
that strength increases in direct proportion to the vol-
ume of training (i.e., number of sets performed). 
Although a physiological link exists between training 
volume and strength gains, the optimal number of 
sets to improve strength remains a controversial issue 
(see The Winning Edge 21.1). It is likely that the opti-
mal number of sets for maximal improvement of mus-
cular strength may vary among subjects of different 
ages and fitness levels. Further, it is clear that weight-
training programs incorporating extremely high train-
ing volumes (e.g., ⬎10 sets) are not required for 
optimal strength gains (46, 94, 114).
 Similar to other training methods, strength train-
ing should involve those muscles used in competi-
tion. Indeed, strength-training exercises should stress 
the muscles in the same movement pattern used dur-
ing the athletic competition. For instance, a shot put-
ter should perform exercises that strengthen the 
specific muscles of the arm, chest, back, and legs that 
are involved in “putting the shot.”
 A final concern in the design of strength-training 
programs for sport performance is that the speed of 
muscle shortening during training should be similar 
to those speeds used during the event. For example, 
many sports require a high velocity of movement. 
Several studies have shown that strength-training 
programs using high-velocity movements in a sport-
specific movement pattern produce superior gains 
in strength/power-oriented sports (32, 37, 69, 101). 
These findings reinforce the notion that specificity of 
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training dictates specific adaptations to specific 
stresses (111). For a review of strength-training research, 
see Galvao and Taafee (2004), Wolfe et al. (2004), and 
Peterson et al. (2005) in the Suggested Readings.

Free Weights Versus Machines

Over the past several years, much controversy has 
centered around the question of whether training with 
free weights (barbells) or various types of weight 
machines (Nautilus, Universal, etc.) produces the 
greater strength gains in athletes. At present, a 
definitive answer to this question is not available. 
When comparing strength gains obtained on various 
types of weight machines, no differences exist be tween 
variable-resistance machines and constant-resistance 
machines (76). However, Stone and O’Bryant (113) 
argue that strength training using free weights is 
superior to training with many commercial weight 
machines (both constant and variable resistance) for 
the following reasons: (1) data exist to support the 
notion that free weights produce greater strength 
gains during short-term training periods than the 
gains produced by many types of weight machines 
(112, 115); (2) the use of free weights provides move-
ment versatility and allows a greater specificity of 
training than weight machines; and (3) training with 
free weights (unlike many weight machines) involves 
large muscle mass and multi-segment exercise, which 
forces the athlete to control both balance and sta-
bilizing factors. This type of training is useful because 
most sports require the athlete to maintain balance 

and body stability during competition (113). Although 
free weights offer some advantages over commercial 
weight machines, disadvantages also exist. Possible 
disadvantages include the potential for injury (drop-
ping weights), extra people required for spotting, and 
the amount of time required to learn proper lifting 
technique. Table 21.3 summarizes some of the advan-
tages and disadvantages of strength training using 
isometric, isotonic (free weights, Nautilus, etc.), and 
isokinetic machines. For more details on the design 
and application of strength-training programs, see 
Baechle and Earle (2008) in the Suggested Readings.

Combined Strength- and 

Endurance-Training Programs

Strength and endurance training are often done con-
currently by athletes and fitness enthusiasts. Some 
investigators have argued that performing combined 
strength- and endurance-training programs may 
antagonize the strength gains achieved by weight 
training alone (36, 58, 102). For example, two studies 
have demonstrated that untrained subjects who per-
form a combination of endurance and strength train-
ing achieve lower strength gains than subjects 
performing weight training alone (36, 58). However, 
whether the combination of weight and endurance 
training impedes strength gains probably depends 
on several factors, including the training state of 
the subjects, the volume and frequency of training, 
and the way the two training methods are integrated 
(102). In this regard, Sale (102) has demonstrated 

THE WINNING EDGE 21.1

Exercise Physiology Applied to Sports

Strength Training: Single Sets 

Versus Multiple Sets for Maximal 

Strength Gains

As introduced in chapter 16, a widely 

discussed issue in strength training 

continues to be the number of sets 

required to provide maximal muscle 

hypertrophy and strength gains. His-

torically, it has been believed that 

multiple sets (i.e., three or more) pro-

duced maximal strength gains. How-

ever, reports published in the late 

1990s argued that a resistance-training

program composed of only one set 

of exercises provided strength gains 

equal to a training program using 

three sets (17, 109). These reports 

triggered much discussion among 

exercise  scientists, and numerous 

studies investigating this important 

topic have been completed in recent 

years. Collectively, these studies pro-

vide several new insights into the 

dose-response effect of weight train-

ing (46, 65, 94, 121). First, the number 

of sets required to provide maximal 

strength gains differs between sub-

ject populations. For example, highly 

trained athletes require multiple sets 

(e.g., four to eight sets) per muscle group 

for maximal strength gains (46, 94). In 

contrast, compared to highly trained 

athletes, recreationally trained non-

ath letes can achieve maximal strength 

gains with a fewer number of sets (e.g., 

three to eight sets) per muscle group 

(46, 94). Further, it appears that non-

trained individuals can achieve large 

strength gains  during the early phase 

of a strength-training program by as 

few as one to four sets per muscle 

group (46, 94). However, as training 

progression occurs and higher strength 

gains are desired, multiple-set training 

programs produce greater strength 

gains in this population (46). There-

fore, a consensus of the literature sug-

gests that multiple sets of weight 

lifting are required to provide maximal 

strength gains for all individuals other 

than untrained, beginning weight train-

ers. For more details, see Wernbom et 

al. (2007) in the Suggested Readings.
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TABLE 21.3    Summary of Potential Advantages and Disadvantages of   Weight-Training 

Programs Using Various Types of Equipment

Program Equipment Advantages Disadvantages

Isometric Variety of home- Minimal cost; less time required Not directly applicable to most 

  designed devices    sport activities; may become 

boring; progress is diffi cult to 

monitor

Isotonic Free weights Low cost; specialized exercises  Injury potential due to 

   may be designed to simulate a   dropping weights; increase in

   particular sport movement;   workout time due to time 

   progress easy to monitor  required to change weights

Isotonic Commercial weight  Generally safe; progress easy to  Does not permit specialized 

  machines (i.e.,   monitor ; small amount of time   exercise; high cost

  Universal®)  required to change weight 

Variable  Commercial devices  Has a cam system that provides a  High cost; limited specialized 

 resistance  (e.g., Nautilus®)  variable resistance that changes   exercises

    to match the joint’s ability to 

produce force over the range of 

motion; progress easy to monitor ; 

safety

Isokinetic Commercial isokinetic  Allows development of maximal  High cost; limited specialized 

  devices (e.g., Cybex®)  resistance over full range of   exercises

    motion; exercises can be 

performed at a variety of speeds

Modifi ed from reference 8.

that athletes who perform concurrent strength- and 
endurance-training programs on the same day show a 
reduction in strength gains compared to athletes per-
forming strength training alone. In contrast, these 
authors reported that athletes who perform concur-
rent strength- and endurance-training programs on 
separate days gain strength as rapidly as athletes per-
forming strength training only. Similar findings have 
been reported by others (18, 82). What is the explana-
tion for these findings? A possible explanation is 
that same-day, endurance-plus-strength training may 
result in a reduced strength-training effort, particu-
larly when endurance training is performed first. 
Indeed, fatigue or anticipation may reduce the amount 
of effort that subjects apply to strength training when 
the two programs are performed on the same day. 
Therefore, although more research in this area is 
required, a current recommendation for the training 
of power athletes would be for the athlete to perform 
strength- and endurance-training programs on sepa-
rate days.

Gender Differences in 

Response to Strength Training

It is well established that when absolute strength (i.e., 
total amount of force applied) is compared in un trained 
men and women, men are typically stronger. This 

difference is greatest in the upper body, where men are 
approximately 50% stronger than women, whereas 
men are only 30% stronger than women in the lower 
body (89). This apparent sex difference in strength is 
eliminated when force production in men and women 
is compared on the basis of the cross-sectional area 
of muscle. Figure 21.2 illustrates this point. Notice 
that as the cross-sectional area of muscle increases 
(x-axis), the arm flexor strength (y-axis) increases in a 
linear fashion and is independent of sex. That is, 
human muscle can generate 3 to 4 kg of force per cm2 

Figure 21.2 Arm flexor strength of men and women 

graphed as a function of muscle cross-sectional area.
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of muscle cross-section regardless of whether the 
muscle belongs to a male or a female (66).
 An often-asked question is “Do women gain 
strength as rapidly as men when training with weights?” 
In an effort to answer this question, Wilmore (119) 
compared the strength change between a group of 
untrained men and women before and after ten weeks 
of isotonic weight training. The results revealed that 
no differences existed between sexes in the percent-
age of strength gained during the training period (see 
figure 21.3). Similar findings have been reported in 
other studies, and they demonstrate that untrained 
men and women respond similarly to weight training 
(62, 70, 93). However, the aforementioned studies are 
considered short-term training periods and may not 
reflect what occurs over long-term training. For 
instance, it is generally believed that men exhibit a 
greater degree of muscular hypertrophy than women 
as a result of long-term weight training. This gender 
difference in muscular hypertrophy appears to be 
related to the fact that men have twenty to thirty times 
higher blood levels of testosterone. For a review of 
strength training for female athletes, see reference 62.

Muscle Soreness

It is a common experience for novice weight trainers 
and sometimes even veteran strength athletes to 
notice a delayed-onset muscle soreness (DOMS) 
that appears twenty-four to forty-eight hours after 
strenuous exercise. The search for an answer to the 
question of “What causes DOMS?” has extended over 
many years. A number of possible explanations have 
been proposed, including a buildup of lactic acid in 
muscle, muscle spasms, and torn muscle and connec-
tive tissue. It is clear that lactic acid does not cause 
this type of soreness. Based on present evidence, it 
appears that DOMS is due to tissue injury caused 
by excessive mechanical force exerted upon muscle 
and connective tissue (6, 19, 20, 43, 44, 107). Perhaps 
the strongest data to support this viewpoint come 
from electron microscopy studies in which electron 

micrographs taken of muscles suffering from DOMS 
reveal microscopic tears in these muscle fibers (44).
 How does DOMS occur, and what is the physiologi-
cal explanation for DOMS? Complete answers to these 
questions are not currently available (for reviews, see 
references 6, 21, and 96). However, current evidence 
suggests that DOMS occurs in the  following manner 
(6, 96): (1) strenuous muscular contractions (especially 
eccentric contractions) result in structural damage in 
muscle (i.e., disruption of sarcomeres); (2) membrane 
damage occurs, including damage to the membranes of 
the sarcoplasmic reticulum; (3) calcium leaks out of the 
sarcoplasmic reticulum and collects in the mitochon-
dria, which inhibits ATP production; (4) the buildup of 
calcium also activates enzymes (proteases), which 
degrade cellular proteins, including contractile proteins 
(49); (5) membrane damage combined with a break-
down of muscle proteins and results in an inflammatory 
process, which includes an increase in prostaglandins/
histamine production and production of free radicals 
(22); and finally (6) the accumulation of histamines and 
edema surrounding muscle fibers stimulates free nerve 
endings (pain receptors), which results in the sensation 
of pain in the muscle (see figure 21.4).

Figure 21.3 Strength changes in men and women as a 

result of a ten-week strength-training program.
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Figure 21.4 Proposed model to explain the occurrence of 

delayed-onset muscle soreness (DOMS) resulting from 

strenuous muscular exercise.
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 How does one avoid being a victim of DOMS fol-
lowing exercise? It appears that DOMS occurs most 
frequently following intense exercise using muscles 
that are unaccustomed to being worked (21). Further, 
eccentric exercise (i.e., lengthening contractions) 
appears to cause greater suffering from DOMS than 
does concentric work. Therefore, a general recom-
mendation for the avoidance of DOMS is to slowly 
begin a specific exercise during the first five to ten 
training sessions. This pattern of slow progression 
allows the exercised muscles to “adapt” to the exer-
cise stress and therefore reduces the incidence or 
severity of DOMS (see Research Focus 21.1). For more 
information on DOMS, see Ask the Expert 21.2 and 
Proske and Allen (2005) in the Suggested Readings.

■ Improvement in muscular strength can be 
achieved via progressive overload by using 
either isometric, isotonic, or isokinetic exercise. 
Isotonic or isokinetic training seems preferable 
to isometric exercise in developing strength 
gains in athletes, since isometric strength gains 
occur only at the specific joint angles that are 
held during isometric training.

■ Although untrained men exhibit greater abso-
lute strength than untrained females, there 
do not appear to be gender differences in 
strength gains during a short-term weight-
training program.

■ Delayed-onset muscle soreness (DOMS) is 
thought to occur due to microscopic tears 
in muscle fibers or connective tissue. This 
results in cellular degradation and an in-
 flammatory response, which results in pain 
within twenty-four to forty-eight hours after 
strenuous exercise.

IN SUMMARY

TRAINING TO IMPROVE 
FLEXIBILITY

Historically, it has been believed that improve-
ment of flexibility via stretching reduces the risk 
of exercise-induced injury. Nonetheless, at present, 
limited evidence exists to support the concept that 
stretching prevents injuries during exercise and par-
ticipation in many sports (5, 56). Further, it is possi-
ble that a high degree of flexibility in all joints may 
not be desirable in all sports. For instance, exces-
sive flexibility is often indicative of proneness to 
injury in contact sports. For example, the shoulder 
joint is structurally weak when compared to the hip 
joint. This is because the glenoid fossa of the scap-
ula (socket where the head of the humerus fits) is 

very shallow. Therefore, the main stability of the 
shoulder joint is provided by the surrounding mus-
culature. Hence, an increase in shoulder muscle 
mass might reduce flexibility, but it would also lower 
the chance of shoulder injury in contact sports by 
increasing shoulder stability.
 Although improved flexibility may not reduce the 
risk of exercise-induced injury, the ability to move 
joints through a full range of motion is important in 
many sports. Indeed, loss of flexibility can result in a 
reduction of movement efficiency. Therefore, many 
athletic trainers and coaches recommend regular 
stretching exercises to improve flexibility and perhaps 
optimize the efficiency of movement.
 There are two general stretching techniques in 
use today: (1) static stretching (continuously holding 
a stretch position), and (2) dynamic stretching 
(sometimes referred to as ballistic stretching if move-
ments are not controlled). Although both techniques 
result in an improvement in flexibility, static stretch-
ing is considered to be superior to dynamic stretch-
ing because (1) there is less chance of injury (10), 
(2) static stretching causes less muscle spindle ac-
tivity when compared to dynamic stretching, and 
(3) there is less chance of muscle soreness. Stimula-
tion of muscle spindles during dynamic stretching 
can produce a stretch reflex and therefore result in 
muscular contraction. This type of muscular contrac-
tion counteracts the desired lengthening of the mus-
cle and may increase the chance of injury.
 Research has shown that thirty minutes of static 
stretching exercises performed twice per week will 
improve flexibility within five weeks (33). It is recom-
mended that the stretch position be held for ten sec-
onds at the beginning of a flexibility program and 
increased to sixty seconds after several training ses-
sions. Each stretch position should be repeated 
three to five times, with the number increased up to 
ten repetitions. Overload is applied by increasing 
the range of motion during the stretch position and 
increasing the amount of time the stretch position is 
held.
 Preceding a static stretch with an isometric con-
traction of the muscle group to be stretched is an 
effective means of improving muscle relaxation and 
may enhance the development of flexibility (13, 33, 
120). This stretching technique is called propriocep-

tive neuromuscular facilitation (PNF). The procedure 
generally requires two people and is performed as fol-
lows (73): A training partner moves the target limb 
passively through its range of motion; after reaching 
the end point of the range of motion, the target muscle 
is isometrically contracted (against the partner) for six 
to ten seconds. The target muscle then relaxes and 
is again stretched by the partner to a greater range 
of motion. The physiological rationale for the use of 
PNF stretching is that muscular relaxation follows an 
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RESEARCH FOCUS 21.1

Protection Against Exercise-Induced Muscle Soreness:  The Repeated Bout Effect

Performing a bout of unfamiliar exer-

cise often results in muscle injury 

and delayed-onset muscle soreness 

(DOMS). This is particularly true when 

the bout of unfamiliar exercise involves 

eccentric actions. Interestingly, follow-

ing recovery from DOMS, a subsequent 

bout of the same exercise results in 

minimal symptoms of muscle injury 

and soreness; this is called the “re-

peated bout effect” (83). This protec-

tive effect of prior exercise has been 

recognized for more than forty years. 

Although many theories have been 

proposed to explain the repeated bout 

effect, the specifi c mechanism respon-

sible for this exercise-induced protec-

tion is unknown and continues to be 

debated. In general, three primary the-

ories have been proposed to explain 

the repeated bout effect: (1) neural 

theory, (2) connective tissue theory, 

and (3) cellular theory (83).

 The neural theory proposes that 

the exercise-induced muscle injury 

occurs in a relatively small number 

of active type II (fast) fi bers. In the 

subsequent exercise bout, a change 

occurs in the pattern of recruitment 

of muscle fi bers to increase motor 

unit activation to recruit a larger num-

ber of muscle fi bers. This results in 

the contractile stress being distrib-

uted over a larger number of fi bers. 

Hence, there is a reduction in stress 

within individual fi bers, and no mus-

cle injury occurs during subsequent 

exercise bouts.

 The connective tissue theory argues 

that muscle damage due to the initial 

exercise bout results in an increase in 

connective tissue to provide more pro-

tection to the muscle during the stress 

of exercise. This increased connective 

tissue is postulated to be responsible 

for the repeated bout effect.

 Finally, the cellular theory predicts 

that exercise-induced muscle damage 

results in the synthesis of new pro-

teins (e.g., stress proteins, cytoskele-

tal proteins, etc.) that improve the 

integrity of the muscle fi ber. The syn-

thesis of these “protective proteins” 

reduces the strain on the muscle fi ber 

and protects the muscle from exercise-

induced injury.

 Which of these theories best expla-

ins the repeated bout effect is unknown. 

It seems unlikely that one theory can 

explain all of the various observations 

associated with the repeated bout 

effect. Thus, it is pos sible that the re-

peated bout effect occurs through the 

interaction of  various neural, connec-

tive tissue, and cellular factors that 

respond to the specifi c type of exercise-

induced  muscle injury (83). This idea is 

summa rized in fi gure 21.5.

FIGURE 21.5 Proposed theories to explain the “re peated bout effect.” Briefly, an initial bout of exercise results in 

muscle injury. This muscular injury results in a physiological adaptation, which occurs via changes in the nervous system, 

muscle connective tissue, and/or cellular changes within muscle fibers. One or all of these adaptations serve to protect 

the muscle from injury during a subsequent bout of exercise. Figure redrawn from McHugh et al. (83).
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 ASK THE EXPERT 21.2

Exercise-Induced Muscle Soreness:

Questions and Answers with Dr. Priscilla Clarkson

Priscilla M. Clarkson is 

a Professor of Exercise Sci-

ence and Associate Dean 

for the School of Public 

Health and Health Sciences 

at the University of Massa-

chusetts–Amherst. She has 

served as President of the 

American College of Sports Medicine (ACSM) 

and has received numerous academic awards, 

including the National ACSM Citation Award, the 

New England ACSM Honor Award, the Excel-

lence in Education Award from the Gatorade 

Sport Science Institute, and the University of 

Massachusetts Chancellor’s Medal.

 Professor Clarkson has published more than 

100 scientifi c research articles and has given 

numerous national and international scientifi c 

presentations. The major focus of her research is 

exercise-induced muscle soreness and damage. 

In this box feature, she responds to three 

applied questions related to exercise and muscle 

soreness.

QUESTION: Several popular fi tness publi-

cations have suggested that the use 

of nonsteroidal anti- infl ammatory 

drugs (e.g., ibuprofen) following an 

intense exercise bout will reduce 

exercise-induced muscle soreness. 

Is this concept supported by the 

research literature?

ANSWER: Studies that have examined 

the effects of nonsteroidal anti-

 infl ammatory drugs (NSAIDs) on 

the reduction of muscle soreness 

after exercise have produced incon-

sistent results. There are many rea-

sons to explain these inconsistent 

fi ndings, including the different 

types and intensities of exercises 

used to induce soreness, different 

types of NSAIDs used, and different 

doses of the NSAID. Another impor-

tant reason for the lack of consistent 

results is that the amount of reduc-

tion in soreness by the NSAIDs is 

small, generally less than 15%. On a 

scale of 1–10 (with 10 being very, very 

sore), a person who scores an 8 would 

be expected to see a reduction of 

soreness to about a 7. This is a small 

reduction relative to the large inter-

subject variability in the soreness 

response to the exercise. In other 

words, some individuals will experi-

ence a high degree of soreness while 

others experience little soreness in 

response to the same exercise stim-

ulus. Therefore, to detect small 

differences in soreness due to a 

treatment, a large population of sub-

jects needs to be tested. Published 

studies on the effects of NSAIDs on 

muscle soreness have used sample 

sizes that are likely too small to pro-

vide conclusive evidence.

   A key question is whether NSAIDs 

should even be considered as a 

treatment to reduce muscle sore-

ness. NSAIDs, like all drugs, have 

side effects. Given that NSAIDs will 

only reduce muscle soreness by a 

small amount and the long-term con-

sequences of NSAID use on muscle 

recovery are not known, it may be 

unwise to risk experiencing side 

effects for so little benefi t. Moreover, 

soreness will dissipate in a couple of 

days anyway with no intervention. 

Unless the muscle pain is unbear-

able, NSAIDs should be used with 

discretion.

QUESTION: Animal studies suggest that 

estrogen may protect skeletal mus-

cle from stress-induced injury. This 

has led to the speculation that 

women may be protected from 

 exercise- induced muscle injury. Do 

the studies performed in your labo-

ratory suggest that compared to 

men, women are less susceptible to 

exercise-induced muscle damage?

ANSWER: The data from animal models 

clearly show that estrogen serves a 

protective role against contraction-

induced muscle injury. When these 

data were fi rst published, it was 

assumed that women would show 

less injury in response to eccentric 

exercise compared with men, be-

causeof the higher estrogen levels in 

women. However, our laboratory 

examined differences in the devel-

opment of muscle soreness and 

losses in muscle force and range of 

motion (common indirect indicators 

of muscle damage) in a large group 

of men and women both immedi-

ately after and during several days 

following exercise. We found that 

the men and women experienced 

a similar degree of soreness and 

strength loss. However, women actu-

ally showed a greater loss in range of 

motion. Clearly, estrogen does not 

play the same role in women as has 

been seen in the animal models of 

 exercise- induced muscle injury.

QUESTION: Some authors have postu-

lated that supplementation with 

oral creatine could reduce exercise-

induced muscle injury by protect-

ing muscle membranes. Research 

in your laboratory has directly ad-

dressed this issue in humans. 

Based on your data, does creatine 

supplementation protect skeletal 

muscle against exercise-induced 

injury?

ANSWER: To determine whether crea-

tine supplementation would protect 

against eccentric contraction-induced 

injury, we had subjects ingest ei-

ther 20 g creatine or a placebo for 

fi ve days. This dosage has been 

shown to increase creatine levels in 

skeletal muscle. After the fi ve-day 

 supplementation period, subjects 

performed fi fty maximal, eccentric 

contractions of the elbow fl exors. 

The results indicated that the devel-

opment of soreness and muscle 

injury did not differ between the 

groups. Therefore, these results 

indicate that  creatine supplementa-

tion offers no obvious protection 

against this type of exercise damage 

to muscle. Any protection offered 

by an increased amount of creatine 

in the muscle may be no match for 

the strain induced by the severe ex-

ercise that the subjects performed. 

Whether using a less-strenuous exer-

cise would have shown any benefi ts 

of creatine awaits further study.
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isometric contraction because the contraction stimu-
lates Golgi tendon organs, which inhibit contraction 
during the subsequent stretching exercise.

■ Limited evidence exists to support the notion 
that improved joint mobility (flexibility) reduces 
the incidence of exercise-induced injury.

■ Stretching exercises are often recommended to 
improve flexibility and optimize the efficiency of 
movement.

■ Improvement in flexibility can be achieved via 
static or dynamic stretching, with static stretch-
ing being the preferred technique.

IN SUMMARY

YEAR-ROUND CONDITIONING 
FOR ATHLETES

It is common for today’s athletes to engage in year-
round conditioning exercises. This is necessary to 
prevent gain of excessive body fat and to prevent 
extreme physical detraining between competitive sea-
sons. The training periods of athletes can be divided 
into three phases: (1) off-season training, (2) pre-
season training, and (3) in-season training, and can 
incorporate the periodization techniques discussed 
in chapter 13 (see The Winning Edge 13.1). A brief 
description of each training period follows.

Off-Season Conditioning

In general, the objectives of off-season condition-
ing programs are to (1) prevent excessive fat weight 
gain, (2) maintain muscular strength or endurance, 
(3) maintain ligament and bone integrity, and 
(4) maintain a reasonable skill level in the athlete’s 
specific sport. Obviously, the exact nature of the off-
season conditioning program will vary from sport to 
sport. For example, a football player would spend 
considerably more time performing strength-training 
exercises than would a distance runner. Conversely, 
the runner would incorporate more running into 
an off-season conditioning program than would the 
football player. Hence, specific exercises should be 
selected on the basis of the sport’s demands (11).
 No matter what the sport, it is critical that an off-
season conditioning program provide variety for the 
athlete. Further, off-season conditioning programs 
generally use a training regimen that is composed of 
low-intensity, high-volume work. This combination of 
low-intensity training and variety may prevent the 
occurrence of “overtraining syndromes” and the devel-
opment of psychological staleness. Figure 21.6 con-
tains a list of some recommended training activities 
for off-season conditioning.

 Off-season conditioning allows athletes to con-
centrate on fitness areas where they may be weak. 
Therefore, it is important that off-season programs be 
designed for the individual. For instance, a basket-
ball player may lack leg strength and power and there-
fore have a limited vertical jump. An off-season 
conditioning program allows this athlete to engage in 
specific strength-training activities that will improve 
leg power and enhance vertical jumping capacity.

Preseason Conditioning

The principal objective of preseason conditioning 
(e.g., eight to twelve weeks prior to competition) is to 
increase to a maximum the capacities of the predomi-
nant energy systems used in a particular sport (11). In 
the transition from off-season conditioning to pre-
season conditioning, there is a gradual shift from low-
intensity, high-volume exercise to high-intensity, 
low-volume exercise. As in all phases of a training 
cycle, the program should be sport specific.
 In general, the types of exercise performed during 
preseason conditioning are similar to those used dur-
ing off-season conditioning (figure 21.6). The princi-
pal difference between off-season and preseason 
conditioning is the intensity of the conditioning effort. 
During preseason conditioning, the athlete applies a 
progressive overload by increasing the intensity of 
workouts, whereas off-season conditioning involves 
high-volume, low-intensity workouts.

In-Season Conditioning

The general goal of in-season conditioning for most 
sports is to maintain the fitness level achieved during 
the preseason training program. For instance, in a 
sport such as football, in which there is a relatively 
long competitive season, the athlete must be able to 
maintain strength and endurance during the entire 
season. A complicating factor in planning an in-
 season conditioning program for many team sports is 

Figure 21.6 Recommended activities for the various 

phases of year-round training.
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that the season may not have a clear-cut ending. That 
is, at the end of the regular season, playoff games may 
extend the season an additional several weeks. There-
fore, it is difficult in these types of sports to plan a cli-
max in the conditioning program, and so there is the 
need for a maintenance training program.
 In planning an in-season conditioning program, 
the goal is to design a program that is of sufficient 
volume and intensity to maintain strength and 
en durance during the entire playing season. Note that 
strength can be maintained during the competitive 
season by as little as one workout every seven to ten 
days (113). However, maintenance of cardiovascular 
fitness appears to require a minimum of two to three 
training days per week (61).

■ Year-round conditioning programs for athletes 
include an off-season program, a preseason 
program, and an in-season program.

■ The general objectives of an off-season condi-
tioning program are to prevent excessive fat 
weight gain, maintain muscular strength and 
endurance, maintain bone and ligament 
strength, and preserve a reasonable skill 
level in the athlete’s specific sport.

IN SUMMARY

COMMON TRAINING 
MISTAKES

Some of the most common training errors include 
(1) overtraining, (2) undertraining, (3) using exercises 
and work-rate intensities that are not sport specific, 
(4) failure to plan long-term training schedules to 
achieve specific goals, and (5) failure to taper training 
prior to a competition. Let’s discuss each of these 
training errors briefly.

 Overtraining may be a more significant problem 
than undertraining for several reasons. First, over-
training (workouts that are too long or too strenuous) 
may result in injury or reduce the athlete’s resistance 
to disease (see A Closer Look 21.1). Further, overtrain-
ing may result in a psychological staleness, which can 
be identified by a general lack of enthusiasm on the 
part of the athlete (83). The general symptoms of
overtraining include (1) elevated heart rate and 
blood lactate levels at a fixed submaximal work rate, 
(2) loss in body weight due to a reduction in appetite, 
(3) chronic fatigue, (4) psychological staleness, (5) 
multiple colds or sore throats, and/or (6) a decrease in 
performance (see figure 21.7). An overtrained athlete 
may exhibit one or all of these symptoms (11, 13, 45, 
63, 120). Therefore, it is critical that coaches and train-
ers recognize the classic symptoms of overtraining 
and be prepared to reduce their athletes’ workloads 

A CLOSER LOOK 21.1

Overtraining and the Immune System

The human immune system is a com-

plex array of cells and hormones 

charged with the responsibility of pre-

venting infections and cancer. There is 

growing evidence that moderate levels 

of exercise training improve immune 

function and decrease the risk of infec-

tion (74, 91, 92). However, it is now 

clear that heavy training regimens cou-

pled with a lack of rest (i.e., overtrain-

ing) result in a weakened immune 

system and an increased risk of dis-

ease. The relationship between vari-

ous levels of exercise training and 

the risk of infection is described by a 

“J”-shaped curve (see chapter 13, fi g-

ure 13.13) (92). Close inspection of 

fi gure 13.13 illustrates that movement 

from a sedentary lifestyle to an active 

lifestyle involving a moderate level of 

exercise training reduces the risk of 

infection. However, overtraining, due 

to a very high training intensity or vol-

ume, increases the risk of infection. 

Therefore, athletes should be able to 

recognize the symptoms of overtrain-

ing. When overtraining symptoms ap-

pear, the athlete must be prepared to 

reduce his/her training load to avoid a 

reduction in immune function.

Figure 21.7 Common symptoms of overtraining.
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when overtraining symptoms appear. Recall that 
specific training programs should be planned for ath-
letes when possible to compensate for individual dif-
ferences in genetic potential and fitness levels. This is 
an important point to remember when planning train-
ing programs for athletic conditioning.
 For more details on overtraining, see Halson and 
Jeukendrup (2004), Urhausen and Kindermann (2002), 
and Margonis et al. (2007) in the Suggested Readings.
 Another common mistake in the training of ath-
letes is the failure to plan sport-specific training exer-
cises. Often coaches or trainers fail to understand the 
importance of the law of specificity, and develop train-
ing exercises that do not enhance the energy capacities 
of the skeletal muscles used in competition. This error 
can be avoided by achieving a broad understanding of 
the training principles discussed earlier in this chapter.
 Further, coaches, trainers, and athletes should 
plan and record training schedules designed to achieve 
specific fitness objectives at various times during the 
year. Failure to plan a training strategy may result in 
the misuse of training time and ultimately result in 
inferior performance.
 Finally, failure to reduce the intensity and volume 
of training prior to competition is also a common 
training error. Achieving a peak athletic performance 
requires a healthy blend of proper nutrition, training, 
and rest. Failure to reduce the training volume and/or 
intensity prior to competition results in inadequate 
rest and compromises performance. Therefore, in an 
effort to achieve peak performance, athletes should 
reduce their training load for several days prior to 

competition; this practice is called tapering. The goal 
of tapering is to provide time for muscles to resynthe-
size glycogen to maximal levels and to allow muscles 
to heal from training-induced damage. Although the 
optimum length of a taper period continues to be 
debated, a reduced training load of three to twenty-
one days has been used successfully in both strength 
and endurance sports (25, 47, 61, 64, 79). Indeed, run-
ners and swimmers can reduce their training load by 
approximately 60% for up to twenty-one days without 
a reduction in performance (25, 47, 64).

■ Common mistakes in training include under-
training, overtraining, performing nonspecific 
exercises during training sessions, failure 
to carefully schedule a long-term training 
plan, and failure to taper training prior to a 
competition.

■ Symptoms of overtraining include (1) elevated 
heart rate and blood lactate levels at a fixed sub-
maximal work rate, (2) loss in body weight due 
to a reduction in appetite, (3) chronic fatigue, 
(4) psychological staleness, (5) in creased 
number of infections, and/or (6) a decrease 
in performance.

■ Tapering is the term applied to short-term 
re duction in training load prior to competition. 
Research has shown that tapering prior to a 
competition is useful in improving performance 
in both strength and endurance events.

IN SUMMARY

STUDY QUESTIONS

 1.  Explain how knowledge of the energy systems used in a 
particular activity or sport might be useful in designing 
a sport-specific training program.

 2.  Provide an outline of the general principles of designing 
a training program for the following sports: (1) football, 
(2) soccer, (3) basketball, (4) volleyball, (5) distance 
running (5,000 meters), and (6) 200-meter dash (track).

 3.  Define the following terms as they relate to interval 
training: (1) work interval, (2) rest interval, (3) work-to-rest 
ratio, and (4) set.

 4.  How can interval training be used to improve both aero-
bic and anaerobic power?

 5.  List and discuss the three most common types of train-
ing programs used to improve V̇ O2 max.

 6.  Discuss the practical and theoretical differences be-
tween an interval training program used to improve the 

ATP-PC system and a program designed to improve the 
lactic acid system.

 7.  List the general principles of strength development.
 8.  Define the terms isometric, isotonic, and isokinetic.
 9.  Outline the model to explain delayed-onset muscle 

soreness proposed by Armstrong.
10.  Discuss the use of static and dynamic stretching to 

improve flexibility. Why is a high degree of flexibility not 
desired in all sports?

11.  List and discuss the objectives of (1) off-season condi-
tioning, (2) preseason conditioning, and (3) in-season 
conditioning.

12.  What are some of the more common errors made in the 
training of athletes?
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■ Outline

■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Describe the incidence of amenorrhea in 
female athletes versus the general 
population.

 2.  List those factors thought to contribute to 
“athletic” amenorrhea.

 3.  Discuss the general recommendations for 
training during menstruation.

 4.  List the general guidelines for exercise during 
pregnancy.

 5.  Define the term female athlete triad.

 6.  Discuss the possibility that chronic exercise 
presents a danger to (1) the cardiopulmonary 

system or (2) the musculoskeletal system of 
children.

 7.  List those conditions in type 1 diabetics that 
might limit their participation in a vigorous 
training program.

 8.  Explain the rationale for the selection of an 
insulin injection site for type 1 diabetics prior 
to a training session.

 9.  List the precautions that asthmatics should 
take during a training session.

10.  Discuss the question “Does exercise promote 
seizures in epileptics?”

Training for the Female Athlete, 
Children, and Special Populations
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Certainly the general physiological principles of 
exercise training to improve performance apply 

to anyone interested in improving athletic perfor-
mance (see chapter 21). However, when planning 
competitive training programs for special popula-
tions, several specific issues require individual con-
sideration. For instance, there are special training 
concerns for both the female athlete and children. 
Also, there are specific guidelines for the training of 
diabetics, asthmatics, and epileptics. It is the purpose 
of this chapter to address each of these issues. Let’s 
begin our discussion with the topic of exercise train-
ing for the female athlete.

FACTORS IMPORTANT 
TO WOMEN INVOLVED
IN VIGOROUS TRAINING

The involvement of large numbers of women in com-
petitive athletics has been a recent phenomenon. Over 
the past three decades, the number of women actively 
engaged in competitive athletics has increased expo-
nentially. Unfortunately, many of the decisions regard-
ing the participation of women in sports and exercise 
programs have been made on the basis of limited, or 
absent, physiological information. Research concern-
ing women and exercise was scarce until recent years. 
Although many questions concerning the female ath-
lete remain to be answered, current research indicates 
that there is no reason to limit the healthy female ath-
lete from active participation in endurance or power 
sports (9, 39). In fact, the general responses of females 
to exercise and training are essentially the same as 
those described for males (56), with the exception 
that exercise thermoregulation is moderately impaired 
in female athletes during the luteal phase of the men-
strual cycle (62). The fact that men and women 
respond to exercise training in a similar manner is 
logical because the cellular mechanisms that regulate 
most physiological and biochemical responses to 
exercise are the same for both sexes. However, there 
are several specific concerns related to female partici-
pation in vigorous training. In this section we will 
discuss four key issues related to the female athlete: 
(1) exercise and the menstrual cycle, (2) eating disor-
ders, (3) bone mineral disorders, and (4) exercise 
during pregnancy.

Exercise and Menstrual Disorders

Over the past several years there have been increasing 
reports concerning the influence of intense exercise 
training on the length of the menstrual cycle (18, 23, 
24, 33, 36, 38, 53, 71). Indeed, there are numerous 

reports in the literature of female athletes who expe-
rience “athletic” amenorrhea. The term amenorrhea 
refers to a cessation of menstruation; it is generally 
defined as less than four menses per year (51).
 How common is athletic amenorrhea? It appears 
that the incidence of amenorrhea is higher in some 
activities than in others. For example, the occurrence 
of irregular menses is rather high in distance running 
and ballet dancing, whereas much lower incidences 
are reported for swimming and cycling (3, 51). For 
example, the incidence of amenorrhea in the general 
population is approximately 3%, whereas the inci-
dence in distance runners is 24% (23).
 What causes menstrual cycle dysfunction in ath-
letes? The current belief is that the cause may vary 
among individual athletes and is probably due to 
multiple factors. Although some studies linked a low 
percentage of body fat with athletic amenorrhea (51), 
Evidence does not fully support the notion that 
low body fat is the principal cause of amenorrhea 
(36, 71). Whatever the cause of amenorrhea in ath-
letes, it appears to be related to the total amount of 
training (15, 33, 52). Figure 22.1 illustrates this point. 
As the weekly training distance increases, the inci-
dence of athletic amenorrhea increases in propor-
tion to the increase in training stress. This finding 
can be interpreted to mean that too much training 
either directly or indirectly influences the incidence 
of amenorrhea. There are at least two ways in which 
training might influence normal reproductive func-
tion. First, exercise alters blood concentrations of 
numerous hormones (44, 71), which may result in a 
modification of feedback to the hypothalamus (see 
chapter 5). This, in turn, may influence the release of 
female reproductive hormones and therefore modify 
the menstrual cycle (51). A second possibility is that 
high training mileage may result in increased psy-
chological stress. Psychological stress may disrupt 

Figure 22.1 The relationship between training distance 

and the incidence of amenorrhea. Notice that as the train-

ing distance increases, there is a direct increase in the 

incidence of amenorrhea.
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the menstrual cycle by increasing blood levels of cat-
echolamines or endogenous opiates, which play a 
role in regulating the reproductive system (51). For a 
review of the reproductive system and exercise in 
women, see reference 50.

Training and Menstruation

The consensus opinion among physicians is that 
there is little reason for the healthy female athlete 
to avoid training or competition during menses (39). 
Indeed, evidence exists that outstanding perfor-
mances and world records have been established dur-
ing all phases of the menstrual cycle (25). Therefore, it 
is not recommended that the female athlete alter her 
training or competitive schedule because of menses.
 Dysmenorrhea (painful menstruation) can be 
problematic for female athletes. Several reports show 
that the incidence of dysmenorrhea is higher in ath-
letic populations than in nonathletic groups (39). The 
explanation for this observation is unknown. However, 
it is possible that prostaglandins (a type of naturally 
occurring fatty acid) are responsible for dysmenor-
rhea in both athletes and nonathletes. The release 
of prostaglandins begins just prior to the onset of 
menstrual flow, and may last for two to three days after 
menses begins. These prostaglandins cause the 
smooth muscle in the uterus to contract, which in turn 
causes ischemia (reduced blood flow) and pain (39).
 Although athletes who experience dysmenorrhea 
can continue to train, this is often difficult because 
physical activity may increase the discomfort. Ath-
letes who experience severe dysmenorrhea should 
see a physician for treatment. Hale (39) reports that 
athletes often experience a reduction in dysmenor-
rhea pain with the use of antiprostaglandin drugs. 
These drugs are considered safe and can be taken 
without interrupting training schedules.

The Female Athlete 

and Eating Disorders

The low social acceptance for individuals with a high 
percentage of body fat and an emphasis on having 
the “perfect” body have increased the incidence of 
eating disorders. Two of the more common eating 
disorders that affect both female and male athletes 
are anorexia nervosa and bulimia (74). Because of 
the relatively high occurrence of these eating disor-
ders in female athletes, we discuss both the symp-
toms and health consequences of these abnormal 
eating behaviors.

Anorexia Nervosa Anorexia nervosa is a com-
mon eating disorder that is unrelated to any specific 
physical disease. The end result of extreme anorexia 
nervosa is a state of starvation in which the individ-

ual becomes emaciated due to a refusal to eat. The 
psychological cause of anorexia nervosa is unclear, 
but it seems to be linked to an unfounded fear of 
fatness that may be related to family or societal 
pressures to be thin (73). The incidence of this eat-
ing disorder has grown in recent years. It appears 
that individuals with the highest probability of 
developing anorexia nervosa are upper-middle-
class, young females who are extremely self-critical. 
Currently, it is estimated that the incidence of 
anorexia nervosa is as high as one out of every 200 
adolescent girls (3, 12).
 The anorexic may use a variety of techniques 
to remain thin, including starvation, exercise, and lax-
atives (61, 74). The effects of anorexia include exces-
sive weight loss, cessation of menstruation, and, in 
extreme cases, death. Because anorexia is a serious 
mental and physical disorder, medical treatment by a 
team of professionals (physician, psychologist, nutri-
tionist) is necessary to correct the problem. Treatment 
may require years of psychological counseling and 
nutritional guidance. The first step in seeking profes-
sional treatment for anorexia nervosa is the recogni-
tion that a problem exists. Figure 22.2 illustrates the 
common symptoms of anorexia.

Bulimia Bulimia is overeating (called binge eating) 
followed by vomiting (called purging). The bulimic 
repeatedly ingests large quantities of food and then 
forces himself or herself to vomit to prevent weight 
gain. Bulimia may result in damage to the teeth and 
the esophagus due to vomiting of stomach acids. Like 
anorexia nervosa, bulimia is most common in female 
athletes, has a psychological origin, and requires pro-
fessional treatment when diagnosed. Several authors 

Figure 22.2 Warning signs for anorexia nervosa.
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Bone Mineral Disorders 

and the Female Athlete

A growing concern for the female athlete is the loss 
of bone mineral content (osteoporosis). In general, 
there are two major causes of bone loss in the female 
athlete (28, 29):

1. estrogen deficiency due to amenorrhea and
2. inadequate calcium intake due to eating 

disorders.

 Unfortunately, many female athletes suffer a 
bone loss due to both amenorrhea and the inade-
quate calcium intake associated with an eating disor-
der (28, 29). Although exercise training has been 
shown to reduce the rate of bone loss due to estro-
gen deficiency and low calcium intake, exercise can-
not completely reverse this process (55). Therefore, 
the only solution to the problem of bone mineral loss 
in the female athlete is to correct the estrogen 
deficiency and/or increase the calcium intake to nor-
mal levels. In both cases, a physician should be 
involved in prescribing the correct treatment for the 
individual athlete (see A Closer Look 22.1).

Exercise During Pregnancy

Chapter 17 provided an overview of the current guide-
lines for exercising for fi tness during pregnancy. As 
discussed in chapter 17, it is generally agreed that 
women who are physically fi t prior to pregnancy can 
continue to perform regular exercise during preg-
nancy (4, 8, 14, 19, 27, 46, 50, 55, 67). Indeed, recent 
guidelines by the American College of Obstetricians 
and Gynecologists state that pregnancy should not 
be a state of confi nement, and pregnant women with 
uncomplicated pregnancies should be encouraged 
to engage in regular physical activity (5). 
 Although pregnant women can safely perform 
low- to moderate-intensity exercise, can female ath-
letes maintain an active training program during 
pregnancy? The short answer to this question is yes, 
but some qualifi cations exist. First, both recreational 
and competitive athletes with uncomplicated preg-
nancies can continue to train during pregnancy, but 
they should carefully monitor their body temperature 
during exercise to prevent hyperthermia (5). Specifi -
cally, pregnant athletes should avoid training ses-
sions that raise body core temperature above 1.5° C 
(5). In this regard, aquatic exercise is considered an 
excellent form of training for pregnant athletes 
because it allows cardiovascular conditioning in a 
medium that facilitates accelerated heat loss.
 It is also important that pregnant athletes 
maintain adequate hydration during training by 
consuming fl uid at regular intervals (e.g., every 
15 minutes) during exercise. Fluid balance can be 

indicate that the incidence of bulimia may be as low 
as 1% or as high as 20% among U.S. females aged thir-
teen to twenty-three (3, 12).
 Most bulimics look normal and are of normal 
weight. Even when their bodies are slender, their 
abdomens may protrude due to being stretched by 
frequent eating binges. Common symptoms of buli-
mia are illustrated in figure 22.3. 

Eating Disorders: A Final Comment Although 
the focus in this chapter is on eating disorders in 
female athletes, it is important to note that eating 
disorders are also common in female non-athletes. 
Interestingly, in the non-athletes, exercise has been 
suggested as a useful intervention to treat eating 
disorders (40). Indeed, studies indicate that regular 
exercise can improve the biological and social out-
comes in many patients with eating disorders (40). 
For a review on this topic, see Hausenblas et al. 
(2008) in the Suggested Readings. Eating dis orders 
have become a major problem in female athletes. 
Some experts have estimated that as many as 50% of 
elite female athletes experience some type of eating 
disorder. The sports with the highest incidence of 
eating disorders are distance running, swimming, 
diving, figure skating, gymnastics, body building, 
and ballet. Although maintaining an optimal body 
composition for competition is important to achieve 
athletic success, eating disorders are not an appro-
priate means of weight loss. Therefore, trainers, ath-
letes, and coaches need to recognize the warning 
signals of eating disorders and be prepared to assist 
the athlete in obtaining the appropriate help. For 
more details, see Yager and Andersen (2005) in the 
Suggested Readings.

Figure 22.3 Warning signs for bulimia.
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A CLOSER LOOK 22.1

The Female  Athlete  Triad

It is generally accepted that three of 

the most common health problems 

facing the young female athlete are 

(1) amenorrhea, (2) eating disorders, 

and (3) bone mineral loss. Collectively, 

these problems are interrelated and 

are called the female athlete triad (11, 

60, 72). Growing evidence indicates 

that these problems are linked and 

that one problem can promote another 

(7, 11, 13, 58). For example, an eating 

disorder can lead to inadequate nutri-

ent intake resulting in a diminished 

intake of calcium and vitamin D. Fur-

ther, eating disorders are known to 

contribute to amenorrhea, and long-

term amenorrhea is associated with 

low blood levels of estrogen (71). 

Im portantly, the combination of inad-

equate calcium/vitamin D intake and 

low estrogen levels can result in a loss 

of bone mineral content.

 At present, researchers do not 

completely understand the cause of 

the female athlete triad. However, 

evidence indicates that the three 

corners of the female athlete triad 

are interrelated through both psycho-

logical and physiological mechanisms. 

These interactions are illustrated in 

figure 22.4. For example, psychologi-

cal pressures to perform well in 

athletic competition, coupled with 

the physiological stress of intense 

exercise training, can lead to eating 

disorders and an energy imbalance. 

Although the causes of menstrual dis-

orders are multiple, it seems that the 

amenorrhea observed in many female 

athletes is due to a negative energy 

balance due to both an eating disor-

der and intense exercise training (11). 

Collectively, this stress results in dis-

turbances in the hormones that regu-

late the menstrual cycle, and if energy 

availability continues to be low over a 

prolonged period of time, the men-

strual cycle is temporarily “switched 

off” to conserve energy (11). The ensu-

ing amenorrhea results in reduced 

production of estrogen by the ovaries 

and low blood levels of estrogen. 

Because estrogen protects the skele-

ton from bone resorption, reduced 

estrogen in creases the risk of bone 

mineral loss (11, 71). Collectively, low 

estrogen levels and deficiencies of 

calcium and vitamin D (due to eating 

disorders) places the female athlete 

at great risk for osteopenia (loss of 

bone mineral density) (11).

 What is the incidence of the female 

athlete triad among athletic women? A 

recent study involving female athletes 

from a variety of sports concluded that 

approximately 4% of all female ath-

letes meet the criteria for the female 

athlete triad by exhibiting an eating 

disorder, amenorrhea, and bone min-

eral loss (69). Further, as many as 26% 

of these female athletes possessed at 

least two of the components of the 

female athlete triad. Interestingly, this 

study also revealed that as many as 3% 

of nonathletic women (ages 13–29) 

may also suffer from all three compo-

nents of the triad (69). Therefore, the 

health problems associated with the 

female athlete triad are not limited to 

athletes.

 Growing evidence indicates that 

each component of the female athlete 

triad develops on a continuum and 

the triad may occur in stages (26). If 

early stages are not treated properly, 

they can progress toward the extremes 

of the triad. Therefore, protection of 

the female athlete’s health from the 

triad is dependent upon early detec-

tion of symptoms of one or more of the 

components of the triad and success-

ful treatment of the problem. For more 

details on the female athlete triad, 

see Birch (2005), Waldrop (2005), and 

 Nattiv et al. (2007) in the Suggested 

Readings.

FIGURE 22.4 Interrelationships between the three components that compose 

the female athlete triad. It is believed that a combination of both psychological 

and physiological stress can lead to eating disorders and energy imbalance in 

female athletes. This energy imbalance, coupled with other stresses (psycho-

logical and physiological), can promote menstrual problems such as amenor-

rhea. Amenorrhea is associated with lowered blood levels of estrogen, which 

increases the risk of bone mineral loss. Further, decreased energy intake may 

lead to deficiencies in both calcium and vitamin D consumption and also con-

tribute to a loss of bone minerals.
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monitored by weighing before and after the exer-
cise session. Any loss of body weight is fl uid loss 
and should be replaced by drinking the appropriate  
amount of fl uid (e.g., 0.5 kg weight loss ⫽ 500 ml 
fl uid). Moreover, the energy cost of exercise sessions 

should be estimated and balanced by appropriate 
energy intake. 
 Finally, it is also critical that pregnant athletes 
apply good judgment when planning exercise 
programs. Athletes should be aware that it may be 
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necessary to reduce the training intensity and vol-
ume as the pregnancy advances (5). Importantly, it 
is recommended that all physically active women 
should be examined regularly by their physician to 
assess the effects of their exercise programs on the 
developing fetus, and adjustments should be made 
if appropriate (5).

Risk of Knee Injury 

in Female Athletes

Knee injuries are common in many sports. Although 
the risk of knee injuries varies across sports, studies 
reveal that compared to males, female athletes are at 
higher risk for knee injury in jumping and cutting 
sports (e.g., basketball, volleyball, soccer, etc.) (30). In 
particular, knee injuries such as anterior cruciate liga-
ment (ACL) injuries occur at a higher rate in female 
athletes compared to male athletes at a similar level 
of competition (30, 75). For example, in a study of 
male and female professional basketball players, 
female athletes suffered 60% more ACL injuries than 
males (75). This increased risk of knee injury in female 
athletes is not limited to professional athletes and 
impacts both collegiate and high school athletes as 
well (30, 57, 76). For example, National Collegiate 
Athletic Association statistics reveal that women sus-
tain ACL injuries at a rate that is almost four times 
higher than men in basketball and 2.4 times higher 
than men in soccer (30).
 Why are females at a greater risk for ACL injuries? 
Unfortunately, a definitive answer to this question is 
not available. However, it has been speculated that 
several factors may play a role in placing women at 
higher risk for knee injuries; these include fluctuation 
in sex hormones during the menstrual cycle, gender 
differences in knee anatomy, and dynamic neuromus-
cular imbalances (30). A discussion of the evidence to 
support each of these potential risk factors follows.
 In reference to sex hormones and knee injuries, 
studies reveal that the risk of ACL injury is increased 
in female athletes during the follicular and ovulatory 
phase of the menstrual cycle (30). However, the direct 
link between sex hormones and the increased risk of 
tear of the ACL remains unclear. In this regard, some 
investigators propose that sex hormones influence 
the structure of the ACL, perhaps compromising both 
the strength of the ligament and/or proprioceptive 
feedback (30). Nonetheless, direct evidence to sup-
port this concept is limited.
 Studies investigating gender differences in knee 
anatomy as a determinant of the risk of knee injuries 
have failed to provide definitive evidence that ana-
tomical explanations are responsible for gender dif-
ferences in the rate of knee injuries. For example, 
although women are more likely to have knee joint 
laxity (loose joint) than men, this fact has not been 

correlated to the higher rate of knee injury in women 
(30). Therefore, it does not appear that gender differ-
ences in knee anatomy can explain why females are at 
higher risk for ACL injuries.
 Dynamic neuromuscular imbalance in the knee is 
an area of research related to ACL tears in women that 
continues to grow. Dynamic neuromuscular imbal-
ance refers to a combination of imbalanced factors 
including muscular strength, proprioception, and 
landing biomechanics. In regard to muscle strength, 
women have less quadriceps and hamstring strength 
than men, even when normalizing for body weight 
(45). This is significant because exercises that 
strengthen both the quadriceps and hamstring mus-
cles provide protection against knee injury (41). Evi-
dence also exists that the higher incidence of knee 
injury in women compared to men may be linked to 
an imbalance in knee proprioceptive and neuromus-
cular control in female athletes (30). Nonetheless, 
more detailed studies are required before a firm con-
clusion can be reached on the role that propriocep-
tion plays in gender differences in knee injury. Finally, 
published reports reveal that women run, jump, and 
land differently than men when playing sports (30). 
This is important because the usual mechanism for 
noncontact ACL injury involves a deceleration in limb 
speed before changing directions or landing with the 
knee between full extension and 20 degrees of flexion 
(30). In this regard, compared to males, female ath-
letes have been shown to land with knee angles that 
pose a greater risk of ACL injury (30). Therefore, a neu-
romuscular difference between males and females 
that impacts landing or other movement strategies 
may partly explain why female athletes are at greater 
risk for knee injuries in sports compared to male 
athletes.
 In summary, compared to men, female athletes are 
at high risk for certain types of knee injuries (e.g., ACL 
injury). Current evidence suggests that male/female 
differences in dynamic neuromuscular imbalance (e.g., 
leg muscle strength, jumping and landing strategies) 
may contribute to gender differences in the risk of knee 
injuries. For a detailed discussion of this topic, see 
Dugan (2005) in the Suggested Readings.

■ The incidence of amenorrhea in female athletes 
appears to be highest in distance runners and 
ballet dancers when compared to other sports. 
Although the cause of amenorrhea in female 
athletes is not clear, it appears likely that multi-
ple factors (e.g., the amount of training and 
psychological stress) are involved.

■ There appears to be little reason for female 
athletes to avoid training during menstruation 
unless they experience severe discomfort due

IN SUMMARY
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 to dysmenorrhea. Athletes who experience 
severe dysmenorrhea should see a physician 
for treatment.

■ Some experts have estimated that as many as 
50% of elite female athletes experience some 
type of eating disorder. Two of the more com-
mon eating disorders are anorexia nervosa and 
bulimia.

■ The three most common health problems 
facing the young female athlete are amenor-
rhea, eating disorders, and bone mineral loss; 
collectively, these problems have been called 
the “female athlete triad.”

■ Short-term, low-intensity exercise does not 
appear to have negative consequences during 
pregnancy. However, data suggest that long-
duration or high-intensity training should be 
avoided during pregnancy.

■ Female athletes are at greater risk for knee inju-
ries compared to males. Evidence suggests that 
male/female differences in dynamic neuromus-
cular imbalance (e.g., differences in leg muscle 
strength and/or jumping and landing strategies) 
may contribute to gender differences in the risk 
of knee injuries.

SPORTS CONDITIONING 
FOR CHILDREN

There are many unanswered questions about the 
physiologic responses of the healthy child to various 
types of exercise. This is due to the limited number of 

investigators studying children and exercise, and 
because of ethical considerations in studying chil-
dren. For instance, few investigators would puncture 
a child’s artery, take a muscle biopsy, or expose a 
child to harsh environments (e.g., heat, cold, high 
altitudes) to satisfy scientific curiosity. Because of 
these ethical constraints, current knowledge concern-
ing training for children is limited primarily to the 
cardiopulmonary system, with a growing body of 
information concerning the possibility of musculo-
skeletal injury as a result of specific types of sports 
training. The following discussion addresses some of 
the important issues concerning child participation 
in vigorous conditioning programs.

Training and the 

Cardiopulmonary System

As youth sports teams increase in popularity, one of 
the first questions asked is “Are the hearts of children 
strong enough for intensive sports conditioning?” In 
other words, is there a possibility of “overtraining” 
young athletes, with the end result being permanent 
damage to the cardiovascular system? The answer to 
this question is no. Children involved in endurance 
sports such as running or swimming improve their 
maximal aerobic power comparable to adults and show 
no indices of damage to the cardiopulmonary system 
(31, 32, 42, 59, 64). Over the past several years, children 
have safely trained and completed marathon runs in 
less than four hours. If proper techniques of physical 
training are employed, with a progressive increase in 
cardiopulmonary stress, children appear to adapt to 
endurance training in a fashion similar to adults (31, 
32, 54, 64). (See Clinical Applications 22.1.)

CLINICAL APPLICATIONS 22.1

Risk of Sudden Cardiac Death in Young Athletes

In healthy young athletes, the risk of 

sudden cardiac injury or death during 

participation in sports or exercise is 

very small. In the United States, approx-

imately ten to thirteen cases of sudden 

cardiac death are reported each year 

(65). Given that approximately four mil-

lion young people are involved in com-

petitive sports in the United States, 

this places the statistical chance of an 

apparently healthy adolescent dying 

from unexpected cardiac death at 1 in 

250,000 (65). 

 Four cardiovascular abnormalities 

account for the majority of sudden 

 cardiac deaths in young athletes: (1) 

hypertrophic cardiomyopathy (patho-

logically enlarged heart); (2) congenital 

(inherited) abnormalities of the coro-

nary arteries; (3) aortic aneurysms; and 

(4) congenital stenosis (narrowing) of 

the aortic valve (65). 

 Can a medical exam identify ath-

letes at risk for sudden death? In many 

cases, yes. A medical history and a 

physical exam from a qualifi ed physi-

cian are excellent tools for detecting 

heart disease that could pose a risk for 

the young athlete participating in 

sports (20). However, some cardiac 

abnormalities that can cause death 

during sports participation are diffi cult 

to detect during routine medical exam-

ination (65). Nonetheless, a medical 

exam along with a cardiac evaluation 

can potentially reduce the risk of sud-

den cardiac death by identifying those 

young athletes who are predisposed 

to cardiac injury (35).
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Training and the 

Musculoskeletal System

Organized vigorous training in some types of sports 
(e.g., swimming, basketball, volleyball, track and field) 
does not appear to adversely affect growth and devel-
opment in children (54). This is true for both boys (32) 
and girls (6). In fact, moderate physical training has 
been shown to augment or optimize growth in chil-
dren (1, 6, 31, 32). Therefore, many investigators have 
concluded that a certain amount of physical activity 
is necessary for normal growth and development (1, 6, 
54). However, is there danger of overtraining? Can 
children perform heavy endurance training or strength 
training without long-term musculoskeletal prob-
lems? This issue remains controversial. There is evi-
dence that the growing bones of a child are more 
susceptible to certain types of mechanical injury than 
those of the adult, primarily because of the presence 
of growth cartilage (54). Growth cartilage is present 
at the growth plate (epiphyseal plate), articular 

cartilage (cartilage at joints), and the sites of major 
muscle-tendon insertion in the child (54). The loca-
tion of the growth plate for the knee joint is illus-
trated in figure 22.5. The growth plate is the site of 
bone growth in long bones. The time at which bone 
growth ceases varies from bone to bone, but growth 
is generally complete by eighteen to twenty years of 
age (54). Upon completion of growth, growth plates 
ossify (harden with calcium) and disappear, and 

growth cartilage is replaced by a permanent “adult” 
cartilage.
 Is there an optimal level of training for children, 
above which musculoskeletal injuries may occur? 
The apparent answer to this question is yes. Clinical 
evidence suggests that excessive throwing in orga-
nized youth league baseball may result in injury to the 
elbow (Little League elbow) (54). This same problem 
is not observed in free-play situations (54). Indeed, 
new injury patterns are developing in children as the 
number of children participating in organized sports 
increases (2). A statement from the American College 
of Sports Medicine indicated that up to 50% of all 
injuries sustained by children while playing organized 
sports could be avoided by attention to proper train-
ing techniques, safety procedures, and proper use of 
safety equipment (2).
 A major concern for children participating in 
endurance training (e.g., running) or strength training 
(e.g., weight lifting) is that the constant microtrauma 
of repetitive training can cause premature closure of 
the growth plate and therefore retard normal long 
bone growth. Experimental literature on training and 
specific bone lengths indicates reduced bone lengths 
in rats and mice exposed to forced swimming and 
running (54). Corresponding data on humans do not 
exist. However, given the evidence available on the 
influence of physical activity on bone growth and 
development, it appears that the advice Steinhaus 
(66) offered over seventy-fi ve years ago is sound. That 
is, the pressure effects of regular physical activity may 
stimulate bone growth to an optimal length, but 
excessive pressure (overtraining) can retard linear 
growth. The practical problem in dealing with young 
athletes is that it is difficult to define excessive pres-
sure. In other words, how much training is optimal to 
bring about the desired physiological training 
responses without causing musculoskeletal prob-
lems? At present, a simple answer to this question is 
not available. There is an obvious need for detailed 
research in this area to produce guidelines for youth 
coaches and trainers in the development of condi-
tioning programs for children engaged in competitive 
athletics. 

Progress in Pediatric Exercise 

Science

As discussed earlier, our knowledge about pediatric 
exercise science has developed slowly because of ethi-
cal concerns of using children in research. Nonethe-
less, knowledge in this fi eld has expanded during the 
past several years. One of the pioneers promoting 
research in pediatric exercise science was Dr. Oded 
Bar-Or (see A Look Back—Important People in  Science). 
Moreover, the creation of the scientifi c journal Pediatric 

Exercise Science has stimulated additional research in 
Figure 22.5 Location of the growth plate (epiphyseal 

plate) associated with the long bones in the leg.
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exercise during childhood. Therefore, it is anticipated 
that scientifi c knowledge of pediatric exercise science 
will grow rapidly during the coming years. For more 
information about pediatric exercise physiology, see 
Rowland (2004) in the Suggested Readings.

■ Although physical activity has been shown to 
optimize growth in children, questions remain 
as to the possibility of overtraining with resul-
tant injuries to the musculoskeletal system. In 
particular, there is evidence that the growing 
bones of children are more susceptible to cer-
tain types of mechanical injury due to the pres-
ence of growth cartilage.

IN SUMMARY

COMPETITIVE TRAINING 
FOR DIABETICS

As discussed in chapter 17, there is a beneficial effect 
of exercise on diabetes, and physicians often recom-
mend regular exercise for diabetics as a part of their 
therapeutic regimen (i.e., to help maintain control of 
blood glucose levels) (34). We will limit our discus-
sion to type 1 diabetics, because type 2 diabetics are 
less likely to engage in training for performance pur-
poses. Can type 1 diabetics train vigorously and take 
part in competitive athletics? The answer to this 
question is a qualified yes. In long-term diabetic 
patients with microvascular complications (damage 

to small blood vessels) or neuropathy (nerve dam-
age), exercise should be limited and extensive train-
ing is not generally recommended (54). However, in 
individuals who maintain good blood glucose control 
and are free from other medical complications, dia-
betes in itself should not limit the type of exercise or 
sporting event (68).
 What precautions should the diabetic athlete take 
to allow safe participation in training programs? An 
overview of exercise training for fitness in diabetic 
populations was presented in chapter 17 and will be 
reviewed here only briefly. The key to safe participation 
in sport conditioning for the diabetic athlete is 
to learn to avoid hypoglycemic episodes during train-
ing. Because diabetics vary in their response to insu-
lin, each diabetic athlete, in cooperation with his or 
her personal physician, must determine the appropri-
ate combination of exercise, diet, and insulin for opti-
mal control of blood glucose concentrations. In 
general, exercise should take place after a meal and 
should be part of regular routine. It is often recom-
mended that a reduction in the amount of insulin 
injected be considered on days in which the athlete is 
engaged in strenuous training (34, 63, 68). A major 
concern for the diabetic athlete is the site of the insu-
lin injection prior to exercise. Insulin injected subcuta-
neously in the leg prior to running (or other forms of 
leg exercise) results in an increased rate of insulin 
uptake due to elevated leg blood flow. This could result 
in exercise-induced hypoglycemia and may be avoided 
by using an insulin injection site in the abdomen or 
the arm (69). Conversely, if the training regimen 
requires arm exercise (e.g., rowing), the site of insulin 
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injection should be away from the working muscle 
(e.g., abdomen). Having a glucose solution or carbo-
hydrate snack available during training sessions may 
help avoid hypoglycemic incidents during workouts.
 Can diabetics obtain the same benefits from 
training as nondiabetics? The consensus answer to 
this question is yes. Although untrained, diabetic 
children tend to be less fit than normal children (47), 
young diabetics respond to a conditioning program 
in a manner similar to healthy children (54). Empiri-
cal observations suggest that when the diabetic ath-
lete’s blood glucose is carefully regulated, he or she 
can compete and excel in a variety of competitive 
sports.

■ Type 1 diabetics who are free of diabetic com-
plications should not be limited in the type or 
quantity of exercise.

■ The key for safe sports participation for the 
type 1 diabetic is for the athlete to learn to 
avoid hypoglycemic episodes.

IN SUMMARY

TRAINING FOR ASTHMATICS

It is generally agreed that most children, adoles-
cents, and adults with asthma can safely participate 
in all sports with the exception of SCUBA diving, 
provided they are able to control exercise-induced 
bronchospasms via medication or careful monitor-
ing of activity levels (22, 54). A prerequisite for plan-
ning training programs for asthmatics is that the 
proper therapeutic regimen for managing the ath-
lete’s par ticular type of asthma be worked out prior 
to commencement of a vigorous training program 
(see chapter 17). When the asthma is under control, 
planning the training schedule for asthmatic ath-
letes is identical to planning for athletes without 
asthma (see chapter 21). However, as mentioned in 
chapter 17, it is often recommended that the asth-
matic athlete keep an inhaler (containing a broncho-
dilator) handy during training sessions, and that 
workouts be conducted with other athletes in case a 
major attack occurs.
 The issue of the safety of an asthmatic participat-
ing in SCUBA diving continues to be debated. The 
controversy centers around the fact that divers who 
experience an asthma attack while diving are at high 
risk for pulmonary barotrauma (damage to the lung 
due to high pressure) (22). However, a recent review 
on the subject suggests that asthmatics with normal 
airway function at rest who do not exhibit exercise-
induced asthma have a risk of barotrauma during div-
ing similar to that of healthy individuals (22).

■ Asthmatics can safely participate in all sports 
with the possible exception of SCUBA diving, 
provided they are able to control exercise-
induced bronchospasms via medication or 
careful monitoring of activity levels.

■ The question of the safety of an asthmatic par-
ticipating in SCUBA diving continues to be 
unanswered. Nonetheless, evidence suggests 
that asthmatics who do not exhibit exercise-
induced asthma and have normal airways at 
rest are at no greater risk during diving than are 
healthy individuals.

IN SUMMARY

EPILEPSY AND PHYSICAL 
TRAINING

The term epilepsy refers to a transient disturbance 
of brain function, which may be characterized by a 
loss of consciousness, muscle tremor, and sensory 
disturbances. Because the occurrence of epileptic 
seizures is not easily predicted, should epileptics 
engage in vigorous training programs? Unfortu-
nately, there is little information available to answer 
this question. Before a clear-cut recommendation 
for the participation of epileptics in athletics can 
be made, two fundamental questions must be 
answered. First, does intense physical activity 
increase the risk of an epileptic seizure? Second, 
does the occurrence of a seizure during a particular 
sports activity expose the athlete to unnecessary 
risk? Let’s examine the available evidence concern-
ing each of these questions.

Does Exercise Promote Seizures?

There is one rare type of epileptic seizure that has 
been shown to be induced by exercise per se (16). 
These are tonic (continuous motor activity) seizures, 
which have been reported to occur during a variety 
of sports activities. Fortunately, this type of seizure 
can be controlled in most instances by anticonvul-
sant drugs.
 As for other types of seizure disorders, physicians 
remain divided in their opinions as to whether exer-
cise increases the risk of seizure occurrence. A report 
by Gotze et al. (37) suggests that exercise does not 
increase the risk of seizures in epileptic children or 
adolescents. In fact, Gotze (37) argues that exercise 
appears to reduce the incidence of seizures in epilep-
tics by increasing the threshold for seizures. In sup-
port of these claims, reviews on epilepsy and sports 
have concluded that there is a reduction in the num-
ber of seizures during exercise (4, 70). In contrast, 
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Kuijer (48) has suggested that the epileptic is at 
an increased risk of experiencing a seizure during 
exercise and during recovery from exercise. In this 
regard, several factors related to exercise have been 
hypothesized to increase the risk of seizures (70): 
(1) physical fatigue, (2) hyperventilation, (3) hypoxia, 
(4) hyperthermia, (5) hypoglycemia, and (6) electro-
lyte imbalance. In conclusion, division exists in the 
medical community concerning the risk of exercise 
and seizures. It seems logical that generalizations 
about exercise and the epileptic patient cannot be 
made. Each patient is unique concerning the type, 
frequency, and severity of epileptic seizures. There-
fore, physicians, parents, and coaches must make 
case-by-case decisions on the wisdom of competitive 
sports for individual patients.
 Another specific concern for the participation 
of epileptics in contact sports is whether a blow to 
the head might mediate a seizure. Again, physicians 
remain divided in their opinions. Some authors 
be lieve the risks are high (43), whereas Livingston 
(49) argues that no studies exist to prove that 
repeated head trauma in epileptics causes a recur-
rence of seizures. Livingston’s argument is based on 
thirty-six years of personal experience with hundreds 
of seizure patients who have participated in a variety 
of contact sports such as football, wrestling, and 
even boxing. Although all of these contact sports 
predispose the athlete to head trauma, Livingston 
(49) states that he has not observed a single case 
wherein recurrent seizures occurred due to head 
trauma. See Arida et al. (2007) in the Suggested 
Readings for more details.

Risk of Injury Due to Seizures

Clearly, there are many competitive sports activities 
(e.g., football, boxing) during which the occurrence of a 
seizure would expose the athlete to a risk of harm. How-
ever, the occurrence of a seizure during many types of 
daily routine activities (e.g., climbing stairs) or recre-
ational sports (e.g., SCUBA diving, mountain climbing) 
could also pose a threat to the epileptic. Whether the 
epileptic should participate in physical training or 
sports must be determined on an individual basis by 
the use of common sense and advice from a sports phy-
sician. The benefit-risk ratio of sports participation may 
vary greatly from case to case and is dependent on the 
exact nature of the patient’s epilepsy and the sport 
being considered. A child with only a minor seizure 
problem may, with the aid of medication, experience 
only a rare seizure with little visible alteration in behav-
ior or consciousness due to the seizure. This type of epi-
leptic could likely participate in most training activities 
without harm (10, 37). In contrast, an epileptic who expe-
riences frequent and major seizures would not be a can-
didate for many types of sports. For a detailed discussion 
of epilepsy and exercise, see van Linschoten et al. (70).

■ Questions about safe participation for epilep-
tics in training programs must be answered on 
an individual basis. The benefit-risk ratio of 
sports participation may vary greatly from case 
to case and depends on the type of epilepsy 
involved and the sport being considered.

IN SUMMARY

STUDY QUESTIONS

 1.  Outline several possible causes of “athletic” amenorrhea.
 2.  What is the current recommendation for training and 

competition during menstruation?
 3.  Discuss the role of prostaglandins in mediating 

dysmenorrhea.
 4.  Based on present information, what are reasonable 

guidelines for advising the pregnant athlete concerning 
the intensity and duration of training?

 5.  Define the female athlete triad.
 6.  What factors contribute to bone mineral loss in the 

female athlete?
 7.  Discuss the notion that intense exercise might result in 

permanent damage to (a) the cardiovascular system or 
(b) the musculoskeletal system in children.

 8.  What is the recommendation for type 1 diabetics with 
no physical complications for entering a competitive 
training program?

 9.  What factors should be considered when advising the 
diabetic athlete concerning safe participation in athletic 
conditioning? Include in your discussion suggestions con-
cerning meal timing, injection sites for insulin, and the 
availability of glucose drinks during training sessions.

10.  What is the current opinion concerning the safe partici-
pation of asthmatics in competitive athletics?

11.  Define the term epilepsy.
12.  Discuss the possibility that exercise increases the risk 

of seizures for epileptics.
13.  What factors should be considered in assessing the risk-

to-benefit ratio of sports participation for epileptics?
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■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Describe the effect of various carbohydrate 

diets on muscle glycogen and on endurance 

performance during heavy exercise.

 2.  Contrast the “classic” method of achieving a 

supercompensation of the muscle glycogen 

stores with the “modified” method.

 3.  Describe some potential problems when glucose 

is ingested immediately prior to exercise.

 4.  Describe the importance of blood glucose as 

a fuel in prolonged exercise and the role of 

carbohydrate supplementation during the 

performance.

 5.  Contrast the evidence that protein is oxidized 

at a faster rate during exercise with the 

evidence that the use of labeled amino acids 

may be an inappropriate methodology to 

study this issue.

 6.  Describe the need for protein during the 

adaptation to a new, more strenuous exercise 

level with the protein need when the 

adaptation is complete.

 7.  Defend the recommendation that a protein 

intake that is 12% to 15% of energy intake is 

sufficient to meet an athlete’s need.

 8.  Describe the recommended fluid replacement 

strategies for athletic events of different 

intensities and durations, citing evidence to 

support your position.

 9.  Describe the salt requirement of the athlete 

compared to that of the sedentary individual, 

and the recommended means of maintaining 

sodium balance.

10.  List the steps leading to iron deficiency 

anemia and the special problem that athletes 

have in maintaining iron balance.

11.  Provide a brief summary of the effects of 

vitamin supplementation on performance.

12.  Characterize the role of the pregame meal 

on performance and the rationale for limiting 

fats and proteins.

13.  Describe the various components of the 

somatotype and what the following ratings 

signify: 171, 711, and 117.

14.  Describe what the endomorphic and 

mesomorphic components in the Heath-

Carter method of somatotyping represent 

in conventional body composition analysis.

15.  Explain why one must be careful in 

recommending specific body fatness values 

for individual athletes.
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Bergstrom et al. (11) confirmed and extended this 

by showing that by manipulating the quantity of car-

bohydrate in the diet, the concentration of glycogen 

in muscle could be altered and, along with it, the 

time to exhaustion. In their study, subjects con-

sumed 2,800 kcal/d using either a low-CHO (fat and 

protein) diet, a mixed diet, or a high-carbohydrate 

diet in which 2,300 kcal came from carbohydrate. 

Glycogen contents of the quadriceps femoris muscle 

were, respectively, 0.63 (low), 1.75 (average), and 

3.31 (high) g/100 g muscle, and performance time 

for exercise at 75% V̇ O2 max averaged 57, 114, and 

167 minutes. Figure 23.1 shows these results. In 

brief, the muscle glycogen content and performance 

time could be varied with diet. These laboratory 

findings were confirmed by Karlsson and Saltin (80), 

who had trained subjects run a 30-km race twice, 

once following a high-carbohydrate diet and the 

other time after a mixed diet. The initial muscle gly-

cogen level was 3.5 g/100 g muscle following the 

CHO diet and 1.7 g/100 g muscle following the mixed 

diet. The best performance of all subjects occurred 

during the high-CHO diet. Interestingly, the pace at 

the start of the race was not faster; instead, the addi-

tional CHO allowed subjects to maintain the pace 

for a longer period of time. An important finding in 

this study was that compared to those on the high-

CHO diet, pace did not fall off for those on the mixed 

diet until about halfway through the race (about one 

hour or so). This suggests that the normal mixed diet 

used in the study would be suitable for run or cycle 

races lasting less than one hour. See A Look Back—

 Important People in Science for an individual who 

had a major impact on our understanding of this 

This chapter on nutrition, body composition, and 

performance is an extension of chapter 18, because 

the primary emphasis must be on achieving health-

related goals before performance-related goals are 

examined. In fact, the information presented here 

must be examined in light of what the average person 

needs. Does an athlete need additional protein? What 

percentage of body fat is a reasonable goal for an ath-

lete? We will address these questions in that order.

NUTRITION AND 
PERFORMANCE

In chapter 18 we indicated the recommended range of 

nutrient intakes:

■ Adults should get 45% to 65% of their calories 

from carbohydrates, 20% to 35% from fat, and 

10% to 35% from protein.

This simple statement is important because it sets 

the stage for a discussion of what athletes should and 

do eat to support vigorous training programs and pro-

vide the fuel for the diverse performances that make 

up competitive athletics.

Carbohydrate

The recommended range for carbohydrate intake is 

quite broad to meet the needs of the whole popula-

tion and allow one to address special needs linked 

to a reduced capacity for using carbohydrates (e.g., 

type 2 diabetics). Because carbohydrate oxidation 

makes up a larger percentage of total energy pro-

duction as exercise intensity increases, it should be 

no surprise that most athletes need more carbohy-

drate than the average person. Both Brotherhood 

(12) and Sherman (111) report that the average per-

centage of carbohydrate in an athlete’s diet is only 

about 50%, which is surprisingly low given the 

importance of carbohydrate in prolonged moderate 

to heavy exercise (see chapter 4). This section con-

siders the use of carbohydrates in the days prior to 

a performance and, secondly, during the perfor-

mance itself.

Carbohydrate Diets and Performance In 1967, 

three studies were published from the same Swedish 

laboratory that set the stage for our understanding 

of the role of muscle glycogen in performance (1, 11, 

68). Hermansen et al. (68) showed muscle glyco gen 

to be systematically depleted during heavy (77% V̇ O2 

max) exercise, and when exhaustion occurred, glyco-

gen content was near zero. Ahlborg et al. (1) found 

that work time to exhaustion was directly related to 

the initial glycogen store in the working muscles. 

Figure 23.1 Effect of different diets on the muscle glyco-

gen concentration and work time to exhaustion.
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aspect of exercise physiology, even though it was not 

his primary research focus.

 Given the importance of muscle glycogen in pro-

longed endurance performance, it is no surprise that 

investigators have tried to determine what conditions 

will yield the highest muscle glycogen content. In 1966, 

Bergstrom and Hultman (10) had subjects do one-

legged exercise to exhaust the glycogen store in the 

exercised leg while not affecting the resting leg’s glyco-

gen store. When this procedure was followed with a 

high-carbohydrate diet, the glycogen content was 

more than twice as high in the previously exercised 

leg, compared to the control leg. Further, they found 

that in subjects who had the high-carbohydrate diet 

following the protein/fat diet (plus doing exhausting 

exercise), the muscle glycogen stores were higher than 

when the mixed diet preceded the high-carbohydrate 

treatment (10). This combination of information led 

to the following classical method of achieving a muscle 

glycogen supercompensation:

■ prolonged, strenuous exercise to exhaust 

muscle glycogen store,

■ a fat/protein diet for three days while 

continuing to train, and

■ a high-carbohydrate diet (90% CHO) for three 

days, with inactivity.

There were some practical problems with this ap-

proach to achieving a high muscle glycogen content, 

given that it required seven days to prepare for a race. 

Further, some subjects could not tolerate either the 

extremely low- (high fat and protein) or high- (90%) 

carbohydrate diets. Sherman (110) proposed a modified 

plan that causes supercompensation. The plan requires 

a tapering of the workout from ninety minutes to forty 

minutes while eating a 50% CHO diet (350 g/d). This is 

followed by two days of twenty-minute workouts while 

eating a 70% CHO diet (500–600 g/d) and, finally, a day 

of rest prior to the competition with the 70% CHO diet 

(or 500–600 g/d). This regimen was shown to be effec-

tive in increasing the glycogen stores to high values con-

sistent with good performance (see figure 23.2). Two 

recent studies showed that with a carbohydrate intake 

of about 10g/kg body weight using foods with a high 

glycemic index (see chapter 18), only one day was 

needed to achieve very high muscle glycogen levels in 

all muscle fiber types (14, 48). The elevated muscle 

glycogen levels can last as long as fi ve days, depend-

ing on the level of activity and the amount of carbohy-

drate ingested during that time (6). However, what 

should you do if you need to replenish the glycogen 

stores quickly following heavy exercise?

 The limiting factor in muscle glycogen synthesis 

is glucose transport across the cell membrane. 

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Jonas Bergström, M.D., Ph.D.—From the Needle Biopsy Technique and Muscle 

Glycogen to Much, Much More

Dr. Jonas Bergström 

had a major impact 

on the fi eld of exer-

cise physiology, even 

though most of his 

research work focused 

on renal function, in 

which he had an international reputa-

tion. A multitalented man, he pur-

sued medicine only after deciding to 

give up a career as a recognized jazz 

musician. He studied medicine at the 

 Karolinska Institute in Stockholm, 

Sweden, and graduated in 1956. He 

did subsequent training in renal 

physiology and biochemistry, and his 

thesis work, Muscle Electrolytes in Man, 

resulted in the development of the 

percutaneous (needle) muscle biopsy 

technique. The introduction of that 

technique allowed numerous investi-

gators around the world to study 

muscle  function and metabolism at 

rest and during exercise—studies 

that revolutionized our understand-

ing of exercise physiology, be it in 

muscle fi ber typing, substrate use 

during exercise, or adaptation to 

spacefl ight. The classic studies on 

muscle glycogen use during exercise 

that were just described were made 

possible because of this technique, 

and Dr. Bergström was a lead scientist 

in those studies.

 When he started his career as a 

physician, there was little that could 

be done for those in renal failure. He 

was the leading force in securing the 

funds, space, and support to develop a 

chronic dialysis program in Sweden. 

However, his extensive background in 

biochemistry and metabolism allowed 

him to have a major impact on nutri-

tional factors related to renal function. 

His research led to the development 

of special low-protein diets that could 

reduce the buildup of urea in the 

blood, and its associated symptoms, 

which postponed the need for dialysis 

for months and years. His research also 

addressed issues related to blood 

pressure and blood volume during 

dialysis, the make-up of the fl uids 

used in dialysis (to reduce protein 

breakdown), and the importance of 

preventing infl ammation in renal dis-

ease patients through proper diet. His 

work impacted the care of renal dis-

ease patients around the world and he 

was recognized with numerous awards 

throughout his career for his outstand-

ing contributions. Dr. Bergström died 

in 2001.

Source: Obituary. Jonas Bergström (1929–2001). 

2002. Nephrology Dialysis Transplantation 17:936–38.
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Following a bout of heavy exercise there is an 

increase in the muscle cell’s permeability to glucose, 

an increase in glycogen synthase activity, and an 

increase in the muscle’s sensitivity to insulin (75). 

The glucose ingestion needs to be initiated immedi-

ately after exercise, and should be repeated each 

two hours for six hours; a delay of only two hours 

slows the rate of synthesis (78). Glucose or glucose 

polymers are better than fructose for synthesizing 

muscle glycogen, but some fructose should be 

ingested because it may be better for replenishing 

liver glycogen (53, 75, 111). The addition of a small 

amount of protein as part of post-exercise carbohy-

drate supplementation may assist in the rapid 

uptake of glucose when the quantity of carbohydrate 

taken in is less than optimal, or even when the drinks 

have been matched for caloric intake (9, 13, 78). Such 

procedures can replenish muscle glycogen in twenty-

four hours (48). What is needed for the day-to-day 

replenishment of muscle glycogen?

 It takes about twenty-four hours to replenish 

muscle glycogen following prolonged, strenuous 

exercise, provided that about 500 to 700 g of carbo-

hydrate are ingested (32, 48, 53, 75). The point that 

must be emphasized is that a person who is eating 

55% to 60% of calories from carbohydrate is already 

consuming what is needed to replace muscle glyco-

gen on a day-to-day basis. If an athlete requires 

4,000 kcal per day for caloric balance and 55% to 

60% is derived from carbohydrates, then 2,200 to 

2,400 kcal (55%–60% of 4,000 kcal) or 550 to 600 g of 

carbohydrate will be consumed. This quantity is 

consistent with what is needed to restore muscle 

glycogen to normal levels twenty-four hours after 

strenuous exercise (3). This is important for training 

considerations, and this “regular” diet would require 

little or no change to meet the carbohydrate load 

(500–600 g/d) described by Sherman to achieve 

supercompensation (110). In contrast to the high-

carbohydrate diet recommendation, the Zone Diet 

has been promoted as the best way to improve per-

formance (see The Winning Edge 23.1).

■ Performance in endurance events is improved 

by a diet high in carbohydrates due primarily to 

the increase in muscle glycogen.

■ When workouts are tapered over several days 

while additional CHO (70% of dietary intake) is 

consumed, a “supercompensation” of the glyco-

gen store can be achieved.

IN SUMMARY

Carbohydrates Prior to or During a Performance  

The focus on muscle glycogen as the primary carbo-

hydrate source in heavy exercise has always dimin-

ished the role that blood glucose plays in maintaining 

carbohydrate oxidation in muscle. In Coggan and 

Coyle’s review (27), they correct this perception for 

exercises that last three to four hours, in which blood 

glucose and muscle glycogen share equally in con-

tributing to carbohydrate oxidation. In fact, as muscle 

glycogen decreases, the role that blood glucose plays 

increases until, at the end of three to four hours of 

exercise, it may be the sole source of carbohydrate. 

This is what makes blood glucose an important fuel 

in prolonged work, and why so much attention has 

been directed at trying to maintain the blood glucose 

concentration.

 Unfortunately, the liver glycogen supply also 

decreases with time during prolonged exercise, and 

because gluconeogenesis can supply glucose at a rate 

of only 0.2 to 0.4 g/min when the muscles may be con-

suming it at a rate of 1 to 2 g/min, hypoglycemia is a 

real possibility. Hypoglycemia (blood glucose concen-

tration  2.5 mmoles/liter) results when the rate of 

blood glucose uptake is not matched by release from the 

liver and/or small intestine. Hypoglycemia has been 

shown to occur during exercise at 58% V̇ O2 max for 

3.5 hours (8) and at 74% V̇ O2 max for 2.5 hours (37). 

However, the number of subjects who demonstrate cen-

tral nervous system dysfunction varied from none (49) 

Figure 23.2 Modification of the classic glycogen loading 

technique to achieve high muscle glycogen levels with 

minimal changes in a training or diet routine. Glycogen 

levels are in glucose units (gu) per kilogram (kg).
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to only 25% of the subjects (37). Although no abso-

lutely clear association exists between hypoglycemia 

and fatigue, the availability of blood glucose as an 

energy source is, without question, linked to the perfor-

mance of prolonged (three to four hours) strenuous 

exercise (27). How should carbohydrate be taken in 

before and during exercise to maintain the high rate of 

carbohydrate oxidation needed for performance?

 The timing and the type of carbohydrate taken in 

to slow down the depletion of the body’s carbohydrate 

stores are important factors. One of the earliest stud-

ies showed that when 75 g of glucose were ingested 

thirty to forty-five minutes before exercise requiring 

70% to 75% V̇ O2 max, plasma glucose and insulin 

were elevated at the start of exercise, and muscle gly-

cogen was used at a faster rate during the exercise (31). 

This is counter to the goal of sparing muscle glyco-

gen, and performance has been shown to decrease 

19% with such a treatment (51). In contrast to this 

early study, a review of this topic indicated that the 

blood glucose and plasma insulin responses to pre-

exercise glucose feedings are quite variable (some 

will experience a lowering of blood glucose, most will 

not), and that, in general, performance in prolonged 

exercise is either improved or not affected (3, 111). 

Finally, the composition (% fat and % carbohydrate) 

of the pre-exercise meal appears to have little or no 

effect on metabolism or performance (101, 107). The 

pre-exercise carbohydrate feeding is viewed as a 

means of topping off both muscle and liver glycogen 

stores. Generally, such procedures result in carbohy-

drates being used at a higher rate, but because of the 

large amount of carbohydrate ingested, the plasma 

glucose concentration is maintained for a longer 

period of time. The following  observations and rec-

ommendations are offered relative to pre-exercise 

feedings (111):

■ the pre-exercise feeding should contain 

between 1 and 5 g of carbohydrate per 

kilogram of body weight, and should be 

taken one to four hours before exercise;

■ the carbohydrate source should be an easily 

digestible, solid, high-carbohydrate food, 

but if it is taken one hour before exercise, 

it should be in liquid form;

■ the athlete should test the procedure in 

training before using it in competition; and

■ the athlete should be aware of any sensations 

(e.g., fatigue) that might indicate a sensitivity 

to the carbohydrate load, which would not be 

beneficial to performance.

THE WINNING EDGE 23.1

The Zone Diet

The proper diet for health and perfor-

mance that has been emphasized in 

this text is one high in complex carbo-

hydrates (55%–60%), low in fat ( 30%), 

and moderate in protein. The Zone 

Diet, developed by Dr. Barry Sears, 

argues otherwise, suggesting that its 

special balance of nutrients favorably 

infl uences endurance performance. The 

diet revolves around the consump-

tion of food in the exact proportions of 

40% carbohydrate, 30% protein, and 

30% fat for all meals and snacks. These 

proportions are believed to  trigger a 

better insulin-to-glucagon response, 

which, in turn, produces “good” eico-

sanoids. Eicosanoids are hormone-like 

molecules derived from essential fatty 

acids; they include the prostaglandins, 

thromboxanes, and leukotrienes. The 

eicosanoid that is the primary focus of 

this diet is the prostaglandin PGE1, a 

vasodilator and stimulator of lipolysis. 

The diet uses an individual’s fat-free 

mass (FFM) to establish the protein 

intake for the day (1.8–2.2 g per kg 

FFM), and this value is used to set the 

caloric intake values for fat and car-

bohydrate following the prescribed 

proportions.

 Cheuvront’s critical review of the 

Zone Diet points out some shortcom-

ings relative to any purported gains in 

endurance performance that might be 

derived from this diet (22):

■ It is a low-carbohydrate diet, the 

kind that has been shown to 

lead to poor performances in 

endurance events.

■ The protein guidelines used to 

establish the caloric intake 

result in a calorie-defi cient diet 

for endurance athletes, some-

thing that is inconsistent with 

athletic performance.

■ Although the lipid biochemistry 

is factual, the links made among 

nutrition, endocrinology, lipid 

metabolism, and exercise physi-

ology are oversimplifi ed and 

sometimes paradoxical.

■ The eicosanoid that is the pri-

mary focus of this diet (PGE1) 

and is believed to be responsi-

ble for improved muscle oxy-

genation is not found in skeletal 

muscle.

A recent study by Jarvis et al. (77) con-

fi rmed many of these shortcomings of 

the Zone Diet (decreased caloric intake, 

loss of body weight, reduction in time 

to exhaustion for exercise done at 80% 

VO2 max) and supported Cheuvront’s 

conclusion. Cheuvront (22) concludes 

that the diet should be considered 

“ergolytic” rather than “ergogenic.”
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 These recommendations were supported, in 

general, by a recent statement on nutrition and ath-

letic performance (3). While ingesting carbohydrates 

prior to exercise seems to be an appropriate proce-

dure, the most potent effect is when this is com-

bined with carbohydrate feeding during exercise 

(124, 135).

 In contrast to the pre-exercise feeding studies in 

which there was some variability in the outcome, 

there is a great deal of consensus that feeding carbo-

hydrate during exercise delays fatigue and improves 

performance. Interestingly, the improved performance 

appears to have nothing to do with sparing the mus-

cle glycogen store. Muscle glycogen is depleted at 

the same rate during prolonged moderate (70%–75% 

V̇ O2 max) exercise, with or without carbohydrate 

ingestion; however, liver glycogen is not (23, 27). The 

ingestion of carbohydrate appears to spare the liver 

glycogen store by directly contributing carbohydrate 

for oxidation. If additional carbohydrate is not 

ingested during prolonged exercise, the blood glu-

cose concentration decreases as the liver stores are 

depleted, resulting in an inadequate rate of carbohy-

drate oxidation by muscle. Central nervous system 

activation of muscle is diminished by hypoglycemia, 

resulting in a reduced power output (99). Consistent 

with that, the rating of perceived exertion (RPE) is 

lower with carbohydrate supplementation during pro-

longed exercise (19, 119). Figure 23.3 shows Coggan 

and Coyle’s model of how carbohydrate is supplied to 

muscle during prolonged exercise under fasted and 

fed conditions. The rate of muscle glycogen depletion 

is not different; however, when fed carbohydrates, the 

subjects last longer due to the increased availability 

of blood glucose. When is the best time to consume 

carbohydrates during exercise?

 Coggan and Coyle indicate that carbohydrates 

can be ingested throughout exercise, or can be 

taken thirty minutes before the anticipated time of 

fatigue, with no difference in the outcome (27). This 

is consistent with their contention that it is the 

increased availability of glucose late in exercise that 

delays fatigue. In exercise tests at 75% V̇ O2 max, the 

time to fatigue was extended by about forty-five 

minutes with carbohydrate ingestion. Because mus-

cles use blood glucose at the rate of about 1 to 

1.3 g/min late in exercise, sufficient carbohydrate 

should be ingested to provide an additional 45 to 

60 g (45 min   1 to 1.3 g/min) of carbohydrate. 

There is general agreement that this can be achieved 

when carbohydrates are taken in at the rate of about 

30 to 60 g/hr during exercise (27). The 120 to 240 g 

of glucose consumed (4 hrs   30 to 60 g/hr) pro-

vides for the 45 to 60 g needed at the end of exer-

cise, but also supports the elevated carbohydrate 

metabolism throughout exercise. Glucose, sucrose, 

or glucose polymer solutions are all successful in 

maintaining the blood glucose concentration during 

exercise, but the palatability of the solution is 

improved if glucose polymer solutions are used 

for concentrations above 10%. The addition of caf-

feine to a carbohydrate supplement increases the 

oxidation of carbohydrates during exercise (137).  

Although some support exists for adding protein to 

a carbohydrate supplement to increase performance 

(76), others fi nd no difference in performance when a 

carbohydrate-protein drink is ingested, compared to 

carbohydrate alone (121). Carbohydrate delivery 

from the stomach to the small intestine increases 

with the concentration of glucose, but fluid delivery 

slows down when the carbohydrate concentration 

exceeds 8%. This trade-off in glucose versus fluid 

delivery can be balanced by drinking 375 to 750 ml/hr 

of an 8% solution of carbohydrate, which would 

deliver 30 to 60 grams of glucose per hour to the 

blood (3, 35). One final point. Even when the blood 

glucose concentration is maintained by either glu-

cose infusion or ingestion during exercise, the sub-

ject will eventually stop; this indicates that fatigue 

is related to more than the delivery of fuel to mus-

cles (27). For an update on carbohydrate drinks and 

performance, see Ask the Expert 23.1.

Figure 23.3 Blood glucose and muscle 

glycogen use when subjects fasted or were 

fed carbohydrates (CHO) during prolonged 

exercise.
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■ Pre-exercise feedings should contain 1 to 5 g of 

carbohydrate per kilogram of body weight and 

should be taken one to four hours before exercise.

■ Muscle glycogen is depleted at the same rate, 

whether or not glucose is ingested during pro-

longed performance.

■ The ingestion of glucose solutions during exer-

cise extends performance by providing carbohy-

drate to the muscle at a time when muscle 

glycogen is being depleted.

IN SUMMARY Protein

The adult RDA for protein is 0.8 gm   kg 1   d 1 and is 

easily met by a diet having 12% of its energy (kcal) as 

protein. For example, if the daily energy requirement 

for an adult male weighing 72 kg is 2,900 kcal/day, 

then about 348 kcal are taken in as protein (12% of 

2,900 kcal). At 4 kcal/g, this person would consume 

approximately 87 g protein per day, representing 

1.2 g   kg 1   d 1 (87 g/70 kg), or 50% more than the 

RDA standard. Does an athlete have to take in more 

protein than specified in the RDA, or is the normal 

 ASK THE EXPERT 23.1

Carbohydrate Drinks and Performance:

Questions and Answers with Dr. Ronald J. Maughan

Ron Maughan obtained 

his B.Sc. (Physiology) and 

Ph.D. from the University of 

Aberdeen, and held a lectur-

ing position in Liverpool 

before returning to Aberdeen 

where he stayed for more 

than 20 years. He is now 

located at the School of Sport & Exercise Sci-

ences, Loughborough University, Loughborough, 

England. He chaired the British Olympic Associa-

tion nutrition group for eight years and now 

chairs the Nutrition Working Group of the Inter-

national Olympic Committee. His research inter-

ests are in the physiology, biochemistry, and 

nutrition of exercise performance, with an interest 

in both the basic science of exercise and the 

applied aspects that relate to health and to per-

formance in sport.

QUESTION: Athletes use carbohydrate 

drinks to improve performance. 

What type of athlete would benefi t 

most from this strategy?

ANSWER: All athletes will fi nd these 

drinks useful in some training and 

competition situations. During exer-

cise, they are especially important 

when the exercise time exceeds 

about thirty to forty minutes. They 

provide carbohydrate as an energy 

source and this is especially impor-

tant if there has not been an oppor-

tunity for complete recovery of the 

body’s carbohydrate stores since 

the last training session or competi-

tion. These drinks also promote 

water absorption and supply some 

electrolytes, so they are particularly 

important when sweat losses are 

high. Athletes should get into the 

habit of using these drinks in train-

ing as well as in competition. Train-

ing sessions feel easier, the risks of 

heat illness are greatly reduced, and 

the quality of training may be better 

maintained: this is important for 

those who take exercise for fun as 

well as for the elite athlete. This is 

an important message for strength 

and power athletes who may train 

for long periods, but who often do 

not have the awareness of the need 

for rehydration that exists in endur-

ance sports.

QUESTION: Given the existing research 

support for this strategy, what are the 

most important questions remaining 

to be answered?

ANSWER: Many questions remain to be 

answered, but these relate mostly to 

the application of the basic science in 

practical situations. The basic ingre-

dients of carbohydrate-electrolyte 

drinks (water, sugar, and salt) are not 

likely to change substantially, but we 

need to have a better understanding 

of the optimum formulation for use in 

different situations. There are almost 

certainly situations in which a higher 

or a lower carbohydrate content 

would be better, and athletes have to 

recognize that different drinks may 

be better suited to different exercise 

and environmental conditions. There 

is also some debate about the need 

for electrolyte replacement in differ-

ent situations. We also need to learn 

how to communicate more effectively 

with athletes and coaches, and this is 

perhaps the biggest challenge we 

face at present.

QUESTION: Are there any differences 

between these traditional carbo-

hydrate drinks and the new “energy 

drinks” being advertised to improve 

performance?

ANSWER: The new energy drinks are 

mostly very high in sugar, hence, the 

energy, and they also usually contain 

caffeine to give a feeling of more 

energy. These drinks can have disad-

vantages in some situations. Because  

of the high carbohydrate content, the 

osmolality of these drinks is very 

high, and the body actually secretes 

water into the small intestine after 

they have been ingested. This exac-

erbates any dehydration and can 

cause gastrointestinal discomfort. 

Some of the newer energy drinks do 

not contain energy at all: they con-

tain only caffeine (plus a few fl avor-

ings, etc.) to give a feeling of more 

energy. Although moderate doses of 

caffeine can help performance, the 

very high doses in some of these 

products can increase the risk of 

dehydration due to increased urine 

loss and can lead to overarousal that 

results in poorer performance in 

some skilled tasks.
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diet adequate? Confusing as it may seem, the answer 

to both questions appears to be yes.

Protein Requirement During Exercise Adequacy 

of protein intake has been based primarily on 

nitrogen(N)-balance studies. Protein is about 16% N 

by weight, and when N-intake (dietary protein) equals 

N-excretion, the person is in N-balance. Excretion of 

less N than one consumes is called positive N- balance, 

and the excretion of more N than one consumes is 

called negative N-balance. This latter condition, if 

maintained, is inconsistent with good health due to 

the potential loss of lean body mass. Based on these 

N-balance studies, it was generally believed that the 

0.8 g   kg 1   d 1 RDA standard was adequate for those 

engaged in prolonged exercise. In these studies, uri-

nary N excretion was usually used as an index of N-

excretion, since about 85% of N is excreted this way 

(84). However, some experiments suggest this method 

of measurement may underestimate amino acid utili-

zation in exercise. Lemon and Mullin (88) found that 

although there was no difference in urinary N excre-

tion compared to rest, the loss of N in sweat increased 

60- to 150-fold during exercise, suggesting that as 

much as 10% of the energy requirement of the exer-

cise was met by the oxidation of amino acids.

 Other studies, using different techniques, sup-

ported these observations. Muscle has been shown to 

release the amino acid alanine in proportion to ex-

ercise intensity (50), and the alanine is used in glu-

coneogenesis in the liver to generate new plasma 

glucose. Several investigators have infused a stable 

isotope (13C-label) of the amino acid leucine to study 

the rate at which amino acids are mobilized and oxi-

dized during exercise. In general, the rate of oxidation 

(measured by the appearance of 13CO2) is higher dur-

ing exercise than at rest in rats and humans (39, 70, 

125). Taken as a group, these studies suggest that 

amino acids are used as a fuel during exercise to a 

greater extent than previously believed. They also sug-

gest that the protein requirement for those involved 

in prolonged exercise is higher than the RDA (84). 

However, there is more to the story.

Oxidation of Amino Acids Part of the justification 

for a greater protein requirement in those who exer-

cise is based on work using isotopes of amino acids 

whose metabolism could be traced during exercise. 

That is, if an amino acid is metabolized, the “labeled” 
13CO2 is exhaled and can be used as a marker of its 

rate of use. The essential amino acid leucine has been 

used as being representative of the amino acid pool. 

The previously mentioned work showed that leucine 

oxidation is increased with exercise (39, 70, 125). This 

implies that the catabolism of protein is higher during 

exercise compared to rest. Wolfe et al. (134) confirmed 

this greater rate of leucine oxidation during exercise 

but failed to show an increase in urea production, a 

primary index of protein catabolism. It was concluded 

that the N contained in leucine does not find its way 

to plasma urea N as a result of exercise (132, 133); 

instead, the N in leucine is transferred to intermedi-

ates (pyruvate) to form alanine, which is later used in 

the liver in gluconeogenesis.

 These results raised additional questions, so 

another experiment was conducted to see if leucine 

was, in fact, representative of the amino acid pool. 

The investigators used the amino acid lysine and 

found different results for the same experimental pro-

cedures. On the basis of their experiments, Wolfe 

et al. (133, 134) concluded that leucine cannot be 

used as a model of whole-body protein metabolism 

during exercise, that changes in (or lack of) urea pro-

duction during exercise may not reflect an accurate 

picture of protein breakdown, and finally, that the data 

provide no rationale for increasing protein intake when exercis-

ing (133, 134). A review supports this proposition and 

indicates that even if the leucine requirement is three 

times the RDA in individuals who exercise, the mixed 

diet of a typical athlete is sufficient to meet those 

needs (15). This takes us back to nitrogen-balance 

studies as a focal point of determining the protein 

requirements for athletes.

Whole-Body Nitrogen Balance Studies The abil-

ity to maintain N-balance during exercise appears to 

be dependent on the:

■ training state of the subject,

■ quality and quantity of protein consumed,

■ total calories consumed,

■ body’s carbohydrate store, and

■ intensity, duration, and type (resistance versus 

endurance) of exercise (15, 17, 84, 85, 86).

If measurements of protein utilization are made during 

the first few days of an exercise program, formerly sed-

entary subjects show a negative N-balance (figure 23.4). 

However, after about twelve to fourteen days of train-

ing, this condition disappears and the person can 

maintain N-balance (58). So, depending on the point 

into the training program where the measurements are 

made, one could conclude either that more protein is 

needed (during the adaptation to exercise) or that pro-

tein needs can be met by the RDA (after the adapta-

tion is complete) (17). Butterfield indicates that in 

N- balance studies the length of time needed to achieve 

a new steady state depends on the magnitude of the 

change in the level of N-intake, and the absolute 

amount of N consumed, and that the recommended 

minimum of a ten-day adaptation period may be inad-

equate when N-intake is very large (15).

 Another factor influencing the conclusion one 

would reach about protein needs during exercise is 
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whether the person is in caloric balance—that is, 

 taking in enough kcal to cover the cost of the added 

exercise. For example, it has been shown that by 

increasing the energy intake 15% more than that needed 

to maintain weight, an increase in N-retention occurred 

during exercise when these subjects consumed only 

0.57 g   kg 1   d 1 of egg white protein (17). In a parallel 

study by the same group (118), a 15% deficit in energy 

intake was created while subjects consumed either 

0.57 or 0.8 g   kg 1   d 1 egg white protein. When taking 

in 15% fewer calories than needed, the 0.8 g   kg 1   d 1 

protein intake was associated with a negative N-

 balance of 1 g   d 1. However, when the subjects did 

one or two hours of exercise, the negative N-balance 

improved to a loss of only 0.51, or 0.27 g   d 1, respec-

tively. During the treatment in which the subjects were 

in caloric balance, the RDA of 0.8 g   kg 1   d 1 was 

sufficient to achieve a positive N-balance for both 

durations of exercise. It is clear, then, that in order to 

make proper judgments about the adequacy of the 

protein intake, the person must be in energy balance.

 A final nutritional factor that can influence the 

rate of amino-acid metabolism during exercise is the 

availability of carbohydrate. Lemon and Mullin (88) 

showed that the quantity of urea found in sweat was 

cut in half when subjects were carbohydrate loaded as 

opposed to carbohydrate depleted (see figure 23.5). 

Further, as figure 23.6 shows, the ingestion of glucose 

during the latter half of a three-hour exercise test at 

50% V̇ O2 max reduces the rate of oxidation of the 

amino acid leucine (39). So, not only is caloric bal-

ance important in protein metabolism, but the ability 

of the diet to provide adequate carbohydrate must 

also be considered.

Dietary Goals for Athletes How much protein 

does an athlete need? To answer that question, one 

needs to consider the fact that the RDA for protein 

varies from country to country (0.8 to 1.2 g   kg 1   

d 1), and that most of these standards do not con-

sider vigorous exercise done by athletes. The Dutch 

did, and offered 1.5 g   kg 1   d 1 as the standard for 

athletes (86). So, again, how much protein is needed? 

Figure 23.5 Effect of initial muscle glycogen levels on 

sweat urea nitrogen excretion during exercise. A high 

muscle glycogen level decreases the excretion of urea 

nitrogen in sweat during exercise.
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It depends on the athletic status of the individual and 

the intensity and type of exercise. The Institute of 

Medicine’s Food and Nutrition Board stated that there 

is little or no evidence that more than 0.8 g   kg 1   d 1 

of protein is needed for healthy adults who engage 
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in resistance or endurance exercise (73). In contrast, 

for elite athletic populations doing high-intensity 

endurance exercise, there is general agreement that 

the requirement appears to be around 1.2 to 

1.4 g   kg 1   d 1 (15, 85, 86, 87), but for strength train-

ing there is less agreement. Butterfield (15) feels that 

0.9 g   kg 1   d 1, close to the RDA, is sufficient for 

“maintenance” of existing body protein stores in 

strength trainers. For those strength-training elite 

athletes who are adding muscle mass, the require-

ment may be as high as 1.6 to 1.7 g   kg 1   d 1 (3). This 

conclusion has been consistently supported over the 

past fifteen years and is unlikely to change in the near 

future (15, 87, 103, 117). Scientists express the need 

for the athlete to maintain caloric balance because of 

the consequences a negative caloric balance can have 

on N-balance. In addition, although carbohydrate 

intake has a direct impact on the amount of protein 

needed for N-balance, the coingestion of carbohy-

drate with protein does not increase post-exercise 

muscle protein synthesis, compared to when protein 

alone is ingested (83).

 Another way to approach this question is to con-

sider the protein requirement of a human from child-

hood to adulthood. The RDA for protein is 1.5 g   kg 1   

d 1 during the second six months of life, decreasing 

to 0.95 g   kg 1   d 1 by ages four to eight, and reach-

ing the adult value of 0.8 g   kg 1   d 1 by age eighteen 

(see appendix D). During this period of time an indi-

vidual increases body weight by a factor of ten (15 lb 

to 150 lb). This is not unlike what was previously men-

tioned about the adaptation to exercise. During the 

initial days of an exercise training program when the 

muscles are adapting to the new exercise, the protein 

requirement might be higher than the RDA, and data 

of Gontzea (57, 58) support this proposition. However, 

once the person has adapted to the exercise, the 

requirement would revert to the RDA.

 At the beginning of this section on the protein 

requirements for athletes, a question was raised: Does 

an athlete have to take in more protein than the RDA, 

or is the normal diet adequate? During intense endur-

ance training or strength training, the requirement of 

protein may be higher than the RDA. So the answer is 

yes to that part of the question. It is also yes to the 

second part, in that the average person typically takes 

in 50% more than the RDA for protein. While the dietary 

goal for protein is 12% of total kcal, Brotherhood (12) 

reports that an average athlete’s diet is about 16% pro-

tein, exceeding 1.5 g   kg 1   d 1 (88% more than RDA!). 

These values exceed the RDA of young children who 

are in a chronic state of positive nitrogen-balance, and 

approach the upper limit of the recommendations of 

Lemon (15, 85, 86). In support of dietary protein intake 

being suffi cient, two recent studies found that protein 

supplements provided no advantage in terms of 

strength gains in a resistance training program in both 

young experienced trained athletes (69) and in older 

individuals experiencing sarcopenia (18). It would 

appear that while scientists deal with questions of the 

effect of exercise on the oxidation of amino acids, and 

to what extent the RDA for athletes is greater than 

0.8 g   kg 1   d 1, the athlete following a normal dietary 

pattern will consume more than enough protein to 

meet the needs associated with exercise, assuming 

that caloric intake is adequate.

 Some concern has been raised about consuming 

too much dietary protein, especially with regard to 

amenorrheic athletes (16). High-protein diets lead to 

an increase in Ca   excretion, and for many years it 

was believed that the Ca   was of bone origin and of 

real concern for the amenorrheic athlete (46, 66). 

Recent studies suggest otherwise. Short-term diets 

high in protein have been shown to simultaneously 

increase Ca   absorption from the intestine, and 

there is no evidence of an impact on net stores of 

bone Ca  . However, those on a low-protein diet 

show a reduction in Ca   absorption from the intes-

tine, and long-term use of such diets could seriously 

compromise skeletal health (81, 82).

 In contrast, some concern has been expressed 

that athletes consuming a vegetarian diet might not 

be able to meet the protein requirement. A recent 

review by Vanderley and Campbell (122) reported that 

protein intakes ranged from 10–12%, 12–14% and 14–

18% in vegans, lacto-ovo vegetarians, and omnivores, 

respectively. The lacto-ovo vegetarians have easy 

access to high-quality and easily accessed protein in 

eggs and milk products. On the other hand, athletes 

who are vegans do not, and they may benefi t from 

careful dietary planning with a sports-related Regis-

tered Dietician to realize performance goals (122).

■ The protein requirement for those engaged in 

light-to-moderate endurance exercise is equal 

to the RDA of 0.8 g   kg 1   d 1; however, it is 

1.2–1.4 g   kg 1   d 1 for athletes who partici-

pate in high-intensity endurance exercise.

■ For resistance training, there is more dispute 

about the requirement. It may be only 0.9 g   

kg 1   d 1 for those maintaining strength or as 

high as 1.6–1.7 g   kg 1   d 1 for those adding 

lean mass and strength.

■ Bottom line: The average protein intake of an 

athlete exceeds 1.5 g   kg 1   d 1, more than 

enough to cover the higher protein requirement.

IN SUMMARY

Water and Electrolytes

Chapter 12 described in some detail the need to dis-

sipate heat during exercise to minimize the increase 

in core temperature. The primary mechanism for heat 
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loss at high work rates in a comfortable environment, 

and at all work rates in a hot environment, is the evap-

oration of sweat. Sweat rates increase linearly with 

exercise intensity, and in hot weather sweat rates can 

reach 2.8 liters per hour (29). In spite of attempts to 

replace water during marathon races, some runners 

lose 8% of their body weight (29). Given that water 

losses in excess of 3% are regarded as potentially 

harmful (128), there is a clear need to maintain water 

balance. Of course, more than water is lost in sweat. 

An increased sweat rate means that a wide variety of 

electrolytes, such as Na , K , Cl , and Mg  , are lost 

as well (29). These electrolytes are needed for normal 

functioning of excitable tissues, enzymes, and hor-

mones. It should be no surprise then that investiga-

tors have been concerned about the optimal way to 

replace water and electrolytes to reduce the chance of 

health-related problems and increase the chance of 

optimal performance (92).

Fluid Replacement—Before Exercise The goal of 

prehydrating is to be euhydrated (have a normal body 

water content) before the exercise (competition) begins 

(4). In general, with suffi cient time (8 to 24 hours) 

between the end of one exercise (competition) and the 

next, foods and beverages consumed at meals will be 

suffi cient. If the timeframe is too short, the following 

steps can be taken (4):

■ Slowly drink beverages (e.g., ⬃5–7 ml   kg 1) 

at least four hours before exercise.

■ If urine is not produced or if it is dark in color, 

drink more fl uid (e.g., ⬃3–5 ml   kg 1) two hours 

before the exercise.

■ Using beverages with sodium in them 

(20–50 mEq   L 1) or salted snacks would 

help retain the fl uid.

 Some investigators have used large volumes of 

water or have taken glycerol (93) to create a hyperhy-

drated state (body water content greater than normal) 

prior to exercise, but there is no clear evidence that 

better performances will result compared to euhydra-

tion (4). However, evidence exists that an increase in 

plasma volume before exercise caused by drinking 

beverages high in sodium improves exercise perfor-

mance in the heat (113).

Fluid Replacement—During Exercise The goal 

of drinking beverages during exercise is to reduce the 

chance of becoming excessively dehydrated ( 2% 

body weight loss from water defi cit) (4). Fortunately, 

for some sports in which play is intermittent (foot-

ball, tennis, golf), water replacement during the activ-

ity is possible. However, in athletic events like 

marathon running, there are no formal breaks in the 

activity to allow for replacement. It is in these latter 

activities, in which a high rate of heat production is 

coupled with the potential problems of environmen-

tal heat and humidity, that the athlete is at great risk. 

Studies confirm the need to replace fluids as they are 

lost during exercise in order to maintain moderate 

heart rate and body temperature responses (61, 104). 

Figure 23.7 shows changes in esophageal tempera-

ture, heart rate, and rating of perceived exertion dur-

ing two hours of exercise at 62% to 67% V̇ O2 max 

under four conditions of fluid replacement: (a) no 

fluid, (b) small fluid (300 ml/hr), (c) moderate fluid 

(700 ml/hr), and (d) large fluid (1,200 ml/hr). The fluid 

was a “sport drink” containing 6% carbohydrate and 

Figure 23.7 Core temperature (esophageal temperature), 

heart rate, and perceived exertion during 120 min of exer-

cise when subjects ingested no fluid, or small (300 ml/hr), 

moderate (700 ml/hr), or large (1,200 ml/hr) volumes of 

fluid. A rating of 17 for perceived exertion corresponds 

to “Very Hard,” 15 is “Hard,” and 13 is “Somewhat Hard.” 

Values are means   SE.

 *Significantly lower than no fluid, P   0.05.

 † Significantly lower than small fluid, P   0.05.

 § Significantly lower than moderate fluid, P   0.05.
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electrolyte (36). As you can see, there were marked 

differences in the responses over time. The lowest 

heart rate, body temperature, and rating of perceived 

exertion were associated with the highest rates of 

fluid replacement (33, 36). It must be added that 

although most of the attention on fluid replacement 

is directed at those who participate in prolonged 

endurance exercise, it is clear that the same message 

must reach those who participate in intermittent 

exercise (112). Given that fluid replacement during 

exercise is clearly beneficial, how much fluid should 

be taken at one time? Should it be warm or cold? 

Should it contain electrolytes and glucose?

 Costill and colleagues (30, 34) provided some of 

the original answers to these questions. One study 

examined the effects of fluid volume, temperature, 

glucose concentration, and the intensity of exercise 

on the rate at which fluid leaves the stomach to the 

small intestine. They determined this by giving the 

subject the fluid in question and then, fifteen min-

utes later, aspirating the contents of the stomach. 

Figure 23.8 summarizes the results of that study. A 

glucose concentration above 139 mM (2.5%) slowed 

gastric emptying (i.e., increased residue; figure 

23.8a). The optimal volume to ingest was 600 ml 

(figure 23.8b), and colder drinks appeared to be 

emptied faster (i.e., decreased residue; figure 23.8c). 

Finally, exercise had no effect on gastric emptying 

until the intensity exceeded 65% to 70% V̇ O2 max 

(figure 23.8d). Using the same technique, which has 

been shown to be valid (52), studies have confirmed 

that intensities below 75% V̇ O2 max do not affect the 

rate of gastric emptying (95), and that there is no 

difference between running and cycling in the rate 

of gastric emptying for exercise intensities of 70% to 

75% V̇ O2 max (71, 95, 106). However, dehydration 

and/or high body temperature have been shown to 

delay gastric emptying (94, 105). While most of the 

later work supports the findings shown in figure 23.8, 

the one exception is with regard to the carbohydrate 

content of the drink.

 In the original study (30), the effectiveness of a 

drink was evaluated fifteen minutes after ingestion by 

aspirating the contents of the stomach. Davis and col-

leagues (42, 43) questioned the use of the aspiration 

technique, because it simply measures how much 

fluid leaves the stomach, not how much is actually ab-

sorbed into the blood from the small intestine. They 

used heavy water (D2O) as a tracer of fluid absorption 

from the gastrointestinal tract to the blood and found 

that a 6% glucose-electrolyte solution was absorbed 

as fast as or faster than water at rest (42) or during 

exercise (43). Two additional studies that used the 

aspiration technique (89, 100) found that when either 

a 10% glucose solution or glucose polymer solutions 

containing 5% to 10% carbohydrate were ingested at 

fifteen- to twenty-minute intervals during prolonged 

exercise at 65% to 70% V̇ O2 max, there was no differ-

ence in the gastric emptying rate of either solution 

compared to water. The improved performance of the 

carbohydrate drinks in the most recent studies may 

be related to the experimental procedures, which 

included the ingestion of small volumes (⬃200 ml) at 

regular intervals (fifteen to twenty minutes) during 

prolonged exercise, with the aspiration occurring at 

the end of the entire exercise session (not fifteen min-

utes after ingestion). An additional benefit of these 

glucose solutions is that the extra carbohydrate helps 

to maintain the blood glucose during exercise (see 

earlier discussion). It must be added, however, that 

Figure 23.8 Effect of 

fluid volume, glucose 

concentration, solute 

temperature, and the 

intensity of exercise on 

the rate of fluid absorp-

tion from the gastro-

intestinal tract.
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drinks containing 12% glucose remained in the stom-

ach longer, with subjects complaining of gastrointes-

tinal distress (43, 90, 91). If fluid intake is most 

important and carbohydrate is secondary, a drink 

should be fashioned accordingly.

 Because sweat rates vary so much among individ-

uals, it is recommended that individuals estimate 

their sweat rates (measure weight pre- and post-

 exercise [competition], and account for the volume of 

fl uid ingested) to determine how much to drink. Also, 

they should “practice” drinking the beverage in routine 

workouts to determine if it works for them. The follow-

ing should be considered for a sport beverage (4, 74):

■ Temperature should be between 15 and 21 C

■ Contain ⬃20 to 30 mEq   L 1 sodium and 

2 to 5 mEq   L 1 potassium, and

■ Contain 5% to 10% carbohydrate

 The greatest rates of carbohydrate delivery occur 

when a mixture of sugars is used (e.g., glucose, 

sucrose, fructose, malodextrine) (4). Interestingly, and 

in contrast to popular beliefs, caffeine consumption 

does not create a water-electrolyte imbalance or hyper-

thermia, or reduce exercise-heat tolerance (5).

 A range of values are given for the electrolyte and 

carbohydrates to allow drinks to better meet expected 

demands. Gisolfi  and Duchman (55) provide the fol-

lowing guidelines:

■ during exercise lasting less than one hour 

(80%–130% V̇ O2 max), the athlete should drink 

500 to 1,000 ml of water;

■ for exercise durations between one and three 

hours (60%–90% V̇ O2 max), the drink should 

contain 10 to 20 mEq of Na , and Cl , and 6% 

to 8% carbohydrate, with 500 to 1,000 ml/hr 

meeting the carbohydrate need, and 800 to 

1,600 ml/hr meeting the fluid need; and

■ for events of more than three hours’ duration, 

the drink should contain 20 to 30 mEq of Na , 

and Cl , and 6% to 8% carbohydrate, with 500 

to 1,000 ml/hr meeting the carbohydrate and 

fluid needs of most athletes.

Allowances must be made for the individual differences 

in the frequency and volume of ingestion. These authors 

also provided a drink for recovery that is consistent with 

the need to replenish electrolytes and muscle glycogen: 

the drink should contain 30 to 40 mEq of Na , and Cl , 

and deliver 50 g of carbohydrate per hour. The addition 

of salt to the drink enhances its palatability, promotes 

fluid and carbohydrate absorption, and replenishes 

some of the electrolytes lost during the activity. If an 

individual has to rehydrate quickly, it is recommended 

that ⬃1.5 liters of fl uid be ingested for every kilogram of 

weight lost to compensate for the increased urine out-

put (4). An additional reason sodium has been added to 

the drinks is related to concerns that have been raised 

about the potential for hyponatremia, a dangerously 

low Na  concentration that can occur when a person 

hydrates only with water or hypotonic drinks during 

extremely long (four  hours), ultra-endurance athletic 

events (3, 96, 123). (See The Winning Edge 23.2.)

Salt (NaCl) One of the Dietary Guidelines for Ameri-

cans presented in chapter 18 was to decrease the intake 

of sodium. Although the point was made that Ameri-

cans consume two to three times the amount needed 

for optimal health, is the dietary intake sufficient for an 

athlete who participates in regular vigorous physical 

activity? The mass of sodium in the body determines 

the water content, given the way water is reabsorbed 

at the kidney. If a person becomes sodium depleted, 

body water decreases, and the risk of heat injury 

increases. An untrained and unacclimatized individual 

(see chapter 24) loses more Na  in sweat than a trained 

and acclimatized person. If the unacclimatized person 

has 1.9 g Na  per liter of sweat and loses 5 liters of 

sweat (11 pounds), the person would lose 9.5 grams 

of Na  per day. As the person becomes acclimatized to 

heat, the sodium content in sweat decreases to about 

half that and Na  loss is about 5 g/day. Given that Na is 

40% of NaCl by weight, a person would have to con-

sume 12.5 g of salt per day to meet that demand. Inter-

estingly, that is about what an average American, eating 

an average diet, now consumes (136). It is generally 

believed that an individual with a high Na  loss can 

stay in sodium/water balance by simply adding salt to 

food at mealtime, rather than by consuming salt tab-

lets (128). The best single practical test of the success of salt/water 

replacement procedures is to obtain a nude body weight measure 

in the morning, after voiding. Additional information about 

adequate hydration can be obtained by measuring 

urine specifi c gravity of the morning urine (4). The gen-

eral dietary routine followed by athletes must be suc-

cessful, because early-morning body weight remains 

relatively constant despite large daily sweat losses (12).

Given what has just been presented, you might think 

there is no disagreement about whether dehydration 

impairs exercise performance—but you would be 

wrong. See the “point-counterpoint” of Noakes and 

Sawka in Suggested Readings.

■ Fluid replacement during exercise reduces the 

heart rate, body temperature, and perceived 

exertion responses to exercise, and the greater 

the rate of fl uid intake, the lower the responses.

■ Cold drinks are absorbed faster than warm 

drinks, and when exercise intensity exceeds 65% 

to 70% V̇ O2 max, gastric emptying decreases.

■ For exercise lasting less than one hour, the 

focus is on water replacement only. When

IN SUMMARY
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THE WINNING EDGE 23.2

Hyponatremia

A primary driving force shaping fluid 

replacement recommendations over 

the past 60 years was the potential for 

dehydration during athletic events due 

to inadequate consumption of fluids. 

Over the past decade, a different prob-

lem has surfaced—that associated with 

drinking too much fluid during a long-

term athletic event and diluting the 

body’s sodium level (3, 96, 97). A study 

of runners in the 2002 Boston Marathon 

found that 13% had hyponatremia 

(sodium concentration of  135 mM), 

and 0.6% had critical hyponatremia 

(sodium concentration of  120 mM). 

The latter is a potential deadly issue. 

Hyponatremia was associated with 

those who took more than four hours to 

complete the marathon and gained 

weight during the run due to the con-

sumption of large amounts of hypotonic 

fluids (2). In response to this, track-and-

field organizations attempted to edu-

cate participants to drink no more fluids 

than they lose, and to practice this strat-

egy during their practice runs. In the 

2005 Boston Marathon, the number of 

cases of hyponatremia was markedly 

reduced, with dehydration again being 

the typical fluid replacement issue. In 

that same year, the ACSM released rec-

ommendations resulting from their 

Roundtable Series on the topic: hydra-

tion and physical activity (20):

■ Work to minimize risk of both 

hyponatremia and dehydration. 

Hyponatremia is a rare condi-

tion ( 1/1,000 finishers) that 

affects primarily slow-paced ath-

letes in marathons ( 4 hours) 

and triathlons ( 9 to 13 hours). 

Athletes are encouraged to nei-

ther under- nor overhydrate as 

each has significant conse-

quences. Dehydration, espe-

cially during warm/hot weather 

conditions, occurs more 

 frequently and is also life threat-

ening. The message is to drink 

intelligently, not maximally.

■ Drink to match fluid loss and 

on a schedule. Athletes should 

determine their typical sweat 

rate during practice runs (weight 

lost per hour 1 fluid consumed 

per hour) and aim to replace 

what is lost. The fluid should be 

consumed over a set period of 

time, rather than rapidly in a 

“catch-up” fashion. If athletes 

are not sweating much and are 

not thirsty, fluid replacement 

should be modest.

■ Consume salty foods and bev-

erages. Foods and beverages 

with sodium help promote fluid 

retention and stimulate thirst. 

Those performing long-duration 

exercise should consume snacks 

and fluids containing sodium to 

help prevent hyponatremia.

 exercise duration exceeds one hour, drinks 

should contain Na , Cl , and carbohydrate.

■ Salt needs are easily met at mealtime, and salt 

tablets are not needed. In fact, most Americans 

take in more salt than is required (see chapter 18).

Minerals

Iron As mentioned in chapter 18, iron deficiency is 

the most common nutritional deficiency. The stages of 

iron deficiency are spelled out in table 23.1, as well as 

the tests used to detect deficiencies (62). An analysis 

of the literature suggests that both male and female 

athletes have higher rates of depleted iron stores and/

or iron deficiency anemia (12, 26, 62). Given that hemo-

globin is a necessary part of the oxygen-transport 

process, it is not surprising that in individuals with 

very low hemoglobin values ( 11 g/d), endurance and 

work performance are decreased (54, 56). Interestingly, 

when the low-hemoglobin condition is corrected in 

iron-deficient animals by  transfusion, V̇ O2 max is 

brought back to normal but not endurance time. This 

suggests that while hemoglobin levels may be high 

enough to achieve a normal V̇ O2 max, iron deficiency 

affects the iron-containing cytochromes (electron 

transport chain) that are involved in oxidative phos-

phorylation, and endurance performance is adversely 

affected (41). In a similar study (40), iron supplemen-

tation brought the V̇ O2 max back to normal values 

faster than that of mitochondrial activity (measured by 

pyruvate oxidase activity) and endurance performance 

(see figure 23.9).

 What causes iron deficiency in athletes? Inadequate 

intake of dietary iron, as in the general population, 

has been cited as a primary cause of iron deficiency in 

women athletes (25). In addition, exercise has been 

associated with increased hemoglobin loss in feces, 

sweat, and urine (64, 102, 115). When this is combined 

with evidence showing a greater hemolysis of red blood 

cells due to simple “pounding” of the feet on the pave-

ment during running, and a reduced level of haptoglo-

bin in the plasma, which is needed to take the 

hemoglobin to the liver, one can understand why more 

hemoglobin is lost in the urine and some athletes are at 

risk of iron deficiency anemia (38, 64). Consistent with 

this, Diehl et al. (45) have shown decreases in serum 

ferritin over the course of a field hockey season, and 

from one hockey season to the next, in female athletes. 

The average value at the end of the season on third-year 

players was 10.5 g   ᐉ 1 (below the 12 g   ᐉ 1 stan-

dard), indicating iron depletion (62). A recent study 
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indicated that even though female athletes may have 

some iron-status variables in the normal range, they 

may still be in a state of non-anemic iron depletion. 

This argues for better tracking of female athletes over 

their careers (59). Iron defi ciency and anemia are also 

concerns for the military. Two recent studies from Israel 

indicate that 24% of female recruits were anemic (28), 

and 4.5% of males had hemoglobin levels below 12 g   

dl 1 (98).

 Generally, when a person has a deficiency in iron 

stores there is an increased uptake of dietary iron. 

Unfortunately, athletes do not appear to follow that pat-

tern; studies show that athletes absorb less than half 

the dietary iron absorbed by a comparable group of sed-

entary anemic individuals (47). This absorption prob-

lem increases the difficulty of returning to normal iron 

status: athletes may have a higher need and yet, when 

deficient, do not absorb the iron as well as do sedentary 

individuals. Given that the total kcal intake of some ath-

letes (especially women) will be inadequate in terms of 

iron intake (6 mg iron per 1,000 kcal in the average 

American diet), supplementation may be needed (25). 

Women runners lose about 1.7 to 2.3 mg of iron per day 

while absorbing only about 1.0 mg; this leaves them in 

negative iron balance. Athletes who are at risk need to 

be educated about increasing iron intake in their diets 

by making wise food choices. Some may choose to take 

an iron supplement each day as an ounce of prevention, 

but such a practice is not without problems (e.g., intol-

erance, overdose, drug interactions), and should not be 

done indiscriminately (3, 21, 130).

Vitamins

Chapter 18 provided the details about the RDA for 

each vitamin. Many of these vitamins are directly 

involved in energy production, acting as coenzymes 

in mitochondrial reactions associated with aerobic 

metabolism. Unfortunately, the old adage that “if a 

little is good, more will be better” has been applied to 

the question of whether the RDA for athletes is higher 

than that for sedentary people, rather than a factual 

research base. In general, the major reviews of this 

issue over the past thirty years have systematically con-

cluded that, in general:

■ vitamin supplementation is unnecessary for 

the athlete on a well-balanced diet,

■ people who are clearly deficient in certain 

vitamins have improved performance when 

values return to normal, and

■ individuals taking large doses of fat-soluble 

vitamins or vitamin C should be concerned 

about toxicity (8, 24, 120, 127).

The central concern raised by these reviewers is for the 

small athlete on a low-energy diet who may not make 

wise food selections, a point reinforced in a recent set 

of recommendations (3). In fact, some adolescent and 

adult female athletes have dietary intakes of vitamin E, 

B6, B12, and folate below the RDA standards (63). In 

these situations a single RDA multivitamin/mineral pill 

might be appropriate (3, 8). For those who believe the 

adage and want to take a high-potency  multivitamin, 

Figure 23.9 Recovery of various physiological capacities 

with iron repletion. Note that recovery of endurance 

lagged behind V̇O2 max.
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Stages Description Test

Iron depletion Lack of iron stores in the bone and liver due  Bone marrow biopsy; serum ferritin  12 g   ᐉ 1 

    to long-term dietary iron defi ciency

Iron-defi cient  Red blood cell production decreases due to  Unbound protoporphyrin (used in the formation 

 erythropoieses  inadequate hemoglobin formation  of hemoglobin) increases due to low iron stores

Iron defi ciency  Hemoglobin falls to low levels Men:  13 g   dl 1

 anemia  Women:  12 g   dl 1; with evidence that fi rst 

     two stages exist

TABLE 23.1  Stages of Iron Defi ciency

From Haymes (62).
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one study showed that ninety days on such a pill had 

no effect on maximal aerobic power, endurance run-

ning performance, or strength (114). Additional infor-

mation on the use of nutritional supplements to 

improve athletic performance is presented in chap-

ter 25, where ergogenic aids are discussed.

■ Iron defi ciency in American athletes may be 

related to an inadequate intake of dietary iron 

as well as a potentially greater loss in sweat 

and feces. In spite of this defi ciency, athletes 

may absorb less than half of what a sedentary 

group of anemic individuals absorbs. Iron sup-

plementation may be recommended for female 

athletes as a result of an annual clinical assess-

ment of iron status.

■ Vitamin supplementation is unnecessary for an 

athlete on a well-balanced diet. However, for 

those with a clear defi ciency, supplementation 

is warranted.

IN SUMMARY

Precompetition Diet

The two most important nutritional practices associ-

ated with optimal performance in endurance exercise 

are (a) to eat a high-carbohydrate diet in the days pre-

ceding competition when the intensity and duration of 

workouts are reduced, and (b) to drink liquids at regu-

lar intervals during the competition. Consistent with 

our previous discussion, the purposes of the pregame 

meal are the following (3, 60, 128):

■ to provide adequate hydration,

■ to provide carbohydrate to “top off” already 

high carbohydrate stores in the liver,

■ to avoid the sensation of hunger on a 

relatively empty stomach,

■ to minimize GI tract problems (gas, diarrhea), 

and 

■ to allow the stomach to be relatively empty at 

the start of competition.

 Unfortunately, the type of pregame meal served at 

various universities throughout this country may rely 

more on tradition than nutrition. The standard rare 

steak before a boxing match or football game to bring 

out the animal instinct, or careful planning to make 

sure that the color of the Jell-O is the same as it was 

when the team won last year’s championship, are less 

than rational, but may be useful in pulling the team 

together to get ready for competition. Problems arise 

when the pregame meal is responsible for poor per-

formance because of its own characteristics (high fat 

and protein) or the inability of the athlete to toler-

ate the meal without vomiting or experiencing diar-

rhea due to the emotion associated with competition. 

These latter conditions would cause a dehydration 

inconsistent with optimal performance. It is clear that 

beyond what is recommended in the nutrient make-

up of a pregame meal, the ability of the athlete to tol-

erate it must be considered (3, 128).

Nutrients in Pregame Meal The number of kcal in 

a pregame meal should be 500 to 1,000, and the pri-

mary nutrient should be complex carbohydrates 

because they are easily digested and provide glucose 

to increase liver glycogen. It is generally recommended 

that large amounts of simple sugars, especially fruc-

tose, should not be consumed immediately prior to 

competition (128). The fat content of the pregame 

meal should be kept to a minimum because fat is more 

slowly digested and is not needed as a fuel for exercise. 

Body stores are more than adequate. The protein con-

tent of the pregame meal should be small. The diges-

tion and metabolism of protein increases the quantity 

of acids in the blood that must be buffered and finally 

excreted by the kidneys (60, 128). Table 23.2 presents 

two pregame meals that meet these considerations 

Breakfast Calories Lunch Calories

4 ounces orange juice 60 4 ounces tomato juice 25

8 ounces skim milk 80 2 ounces turkey 100

2 slices toast 140 2 slices bread 140

2 tablespoons preserves 110 8 ounces skim milk 80

1 poached egg 80 1 orange 60

    2 plain cookies 120     

Total calories 470  525

TABLE 23.2  Suggested Pregame Meals

From M. H.  Williams, Nutritional Aspects of Human Physical and Athletic Performance, 2d ed. Copyright © 1985. Charles C  Thomas, Publisher, 

Springfi eld IL. Reprinted by permission.

Jell-O is a registered trademark of General Foods, Inc.
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(128). These meals should be eaten about three hours 

prior to competition (126, 128).

 Some coaches and athletes prefer one of the com-

mercially available liquid meals as the pregame meal 

because of convenience. These liquid meals can also 

be consumed throughout the day (along with 

additional water) when events or games are scheduled 

over long periods of time. Given that some people 

may not react favorably to any new “food,” these liq-

uid meals should be tried on practice days rather than 

on game day to make sure they are suitable.

■ The pregame meal should provide for hydration 

and adequate carbohydrate to “top off” stores 

while minimizing hunger symptoms, gas, and 

diarrhea. Varieties of commercially available 

liquid meals are consistent with these goals.

IN SUMMARY

BODY COMPOSITION AND 
PERFORMANCE

A simple observation of the track-and-field events at 

the Olympic Games suggests that the physical charac-

teristics of those successful in the shot put are dif-

ferent from those successful in the marathon. The 

purpose of this section is to reinforce that observa-

tion by providing a brief review of somatotype and 

body fatness related to performance.

SOMATOTYPE

In 1940, Sheldon (108) published The Varieties of 

Human Physique, in which he introduced the concept 

of the somatotype. In his scheme each person could 

be characterized as possessing a certain amount of 

the following three components of body form:

Endomorphy—relative predominance of soft 

roundness and large digestive viscera. He used 

the prefix endo as it relates to the endodermal 

embryonic layers from which the digestive track 

is derived.

Mesomorphy—relative predominance of mus-

cle, bone, and connective tissue ultimately 

derived from the mesodermal embryonic layer.

Ectomorphy—relative predominance of linearity 

and fragility with a great surface area-to-mass 

ratio giving great sensory exposure to the envi-

ronment. The nervous system is derived from the 

ectodermal embryonic layer.

 Sheldon photographed 4,000 college men and 

ranked each of these three components on a scale 

of 1 to 7, with 1 representing the least amount of a 

component and 7 representing the greatest amount. 

A somatotype is a three-number sequence (e.g., 171 

is one-seven-one) characterizing the endomorphic, 

mesomorphic, and ectomorphic components, respec-

tively. Figure 23.10 shows the extremes of each 

somatotype. It must be remembered that somatotype 

considers only body form or shape and does not con-

sider size. Tanner (116) used a two-dimensional plot 

of the original somatotypes of Sheldon’s 4,000 college 

students on whom the 1 to 7 scale was based. This 

distribution of somatotypes is shown in figure 23.11 

Figure 23.10 Extremes of somatotypes: endomorphy 

(top), mesomorphy (middle), and ectomorphy (bottom). 

Photo courtesy of W. H. Sheldon Trust.
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Figure 23.11 Contrast of the distribution of somatotypes 

of American college students and Olympic track-and-field 

athletes.
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where a contrasting distribution is also presented, 

showing the somatotypes of 137 Olympic track-and-

field athletes. Not surprisingly, the body form or type 

associated with world-class performance is different 

from that of the average population and differs by 

sport and event.

 The values used in these figures were based on 

the Sheldon photographs (109), but according to the 

somatotyping method of Heath and Carter (65), 

Sheldon’s 1 to 7 scale was too confining in that there 

are components in certain body types that exceed 

that given the value of 7. Using their method of 

somatotyping, Heath and Carter (65) cite the follow-

ing examples of extremes in somatotypes: (a) extremely 

obese individuals having endomorphy values as high 

as 12, (b) members of the Manu tribe of the Admiralty 

Islands with values of 9.5 for mesomorphy, and (c) 

members of the Nilote tribe in Africa having ectomor-

phic values of 8 and 9. When Olympic athletes were 

rated with this Heath-Carter scale, weight lifters and 

throwers were outside the normal distribution of 

Sheldon’s mesomorphy scale. As one moves from 

these weight lifters and throwers to the distance run-

ners and basketball players, the somatotype becomes 

progressively more ectomorphic. The distribution of 

somatotypes for the women athletes was shifted 

down and to the left, indicating smaller mesomor-

phic and larger endomorphic components (44).

 Further, the Heath-Carter scale views the somato-

type, especially the endomorphic and mesomorphic 

components, to be dynamic with the potential to 

change over time. Sheldon had viewed the somato-

type as more of a permanent form for a given individ-

ual. The Heath-Carter method sees the endomorphic 

component as being equivalent to relative fatness or 

leanness and is closely tied to the sum of skinfolds. 

The mesomorphic component is viewed as being an 

estimate of the relative musculoskeletal development 

and similar to lean body mass. This latter translation 

of somatotype values into body composition values is 

a good lead into our next section.

Body Fatness and Performance

The somatotypes of the athletes involved in the 

Olympic Games represent low relative fatness (low 

endomorphy) and high relative fat-free mass (high 

mesomorphy). This two-component system of body 

composition was described in detail in chapter 18, 

where optimal body fatness goals were presented for 

health and fitness:

Males:    10%–20% fat

Females: 15%–25% fat

The question is, are these values optimal for athletic 

performance?

 Table 23.3 lists a summary of body fatness values 

by sport (129). Many are average values and do not 

represent the range that might be observed in a study. 

For example, a study might find an average value of 

12% body fat for a group of football players, but the 

range might be 5% to 19%. In a sport or activity in 

which body weight must be carried along (e.g., run-

ning or jumping), there is a negative correlation 

between body fatness and performance (129, 131).

 There is little question that regular measure-

ments of body composition are useful for athletes to 

monitor changes during the season as well as over 

the off-season. In this way the athlete will know 
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whether changes in body weight represent gains or 

losses of body fatness. What is more difficult is pro-

viding a fixed absolute recommendation about what 

body fatness should be for optimal performance for 

each individual.

 One of the main reasons one must be careful in 

making absolute recommendations, such as “This 

athlete should reduce her percent body fat from 

15.6% to 14.0%,” is that the athlete may already be 

14% body fat. Each individual estimate of body fatness, 

even done by the underwater weighing technique, 

has an error in measurement that cannot be ignored. 

From J. H. Wilmore, “Body Composition in Sport Medicine: 

Directions for Future Research,” in Medicine and Science in Sports 

Medicine 15:21–31, 1983. Copyright © 1983 American College of 

Sports Medicine, Indianapolis IN. Reprinted by permission.

Athletic Group 

or Sport Male Female

Baseball 11.8–14.2 —

Basketball  7.1–10.6 20.8–26.9

Canoeing 12.4 —

Football

  Backs  9.4–12.4 —

  Linebackers 13.7 —

  Linemen 15.5–19.1 —

  Quarterbacks, kickers 14.1 —

Gymnastics  4.6  9.6–23.8

Ice hockey 13–15.1 —

Jockeys 14.1 —

Orienteering 16.3 18.7

Pentathlon — 11.0

Racquetball  8.3 14.0

Skiing

  Alpine  7.4–14.1 20.6

  Cross-country  7.9–12.5 15.7–21.8

  Nordic combined  8.9–11.2 —

Ski jumping 14.3 —

Soccer  9.6 —

Speed skating 11.4 —

Swimming  5.0–8.5 20.3

Tennis 15.2–16.3 20.3

Track and fi eld

  Distance runners  3.7–18.0 15.2–19.2

  Middle distance 

   runners 12.4 —

  Sprinters 16.5 19.3

  Discus 16.3 25.0

  Jumpers/hurdlers — 20.7

  Shot put 16.5–19.6 28.0

Volleyball — 21.3–25.3

Wrestling  4.0–14.4

TABLE 23.3   Percent Body Fat Values for 

Male and Female Athletes

With  appropriate methods and careful measurement, 

percent fat can be estimated with an error of about 

3% to 4% fat. So when an athlete is measured as being 

15.0% body fat, the true value may be as high as 19% 

and as low as 11% (72).

 Another reason caution must be used in making 

an absolute recommendation for each athlete is that 

it ignores the normal variation in body fatness found 

in elite athletes in any particular sport. An elite group 

of volleyball players may have an average value of 

12%, but the range among the team members might 

be 6% to 16%. No one would think of telling the ath-

lete with 6% body fat to increase body fatness to reach 

the team average, and the same advice holds true 

for the one at 16% body fatness who is playing with 

world-class skill. A recommendation to alter body 

composition to achieve better performance must be 

made against the background of present performance 

and general health status as seen in sleeping pat-

terns, adequate diet, mental outlook, and so on. The 

implementation of longer workouts or a reduction 

in caloric intake might change the percent body fat 

in the appropriate direction, but either one could 

adversely affect the athlete’s ability to tolerate a work-

out or to study for exams. Wilmore’s (131) observation 

of one of the best female distance runners who held 

most of the American middle distance records should 

be remembered when making such  recommendations: 

The champion was 17% body fat when most of the 

elite female runners were  12%.

 Monitoring body fatness in athletes by skinfold 

or underwater weighing is a reasonable procedure to 

follow because it allows a coach or trainer to observe 

changes in body fatness over the course of a season 

and from one year to the next. The information is also 

useful to the athletes who, when they finish their 

competitive careers, must attend to what is a reason-

able body weight in order to be within the optimal 

body fatness range for health and fitness.

■ A somatotype is a numerical representation on a 

1 to 7 scale of the degree to which a person pos-

sesses a high level of endomorphy, mesomorphy, 

or ectomorphy. Athletes are clearly different from 

the ordinary population, indicating a natural pre-

disposition needed for success.

■ The body fat percentage consistent with 

 excellence in performance is different for men 

and women, and varies within gender from 

sport to sport. Average values for a team should 

not be applied to any single individual without 

regard to overall health status as seen in diet, 

sleep, and mental outlook. Further, it is “natu-

ral” for some athletes to have a higher body fat-

ness than others in order to perform optimally.

IN SUMMARY
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STUDY QUESTIONS

 1.  What procedures would you follow to cause a super-
compensation of muscle glycogen?

 2.  How much of a change in carbohydrate intake would be 
required for an individual who already achieves the 
dietary goal for carbohydrate?

 3.  How could glucose ingestion prior to exercise actually 
increase the rate of glycogen depletion?

 4.   Does carbohydrate ingestion during exercise slow down 
muscle glycogen depletion? Does it improve performance?

 5.  Is the protein requirement of an athlete higher than that of 
a sedentary person? Should protein intake be increased?

 6.  How would you recommend that a person replace water 
loss due to exercise?

 7.  How does the fluid replacement strategy differ for short 
and long races?

 8.  How would you recommend that a potential iron defi-
ciency anemia condition be dealt with?

 9.  Does an athlete need additional vitamins for optimal 
performance? Why?

10.  What are the primary considerations for a pre-
game meal?

11.  What is a somatotype and how is it different for athletes 
compared to the average college population?

12.  Given a female distance runner with 17% body fat, what 
should you consider before making a recommendation 
for change?
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■ Objectives

By studying this chapter, you should be able to do the following:

 1.  Describe the changes in atmospheric pressure, 

air temperature, and air density with increasing 

altitude.

 2.  Describe how altitude affects sprint 

performances and explain why that is 

the case.

 3.  Explain why distance running performance 

decreases at altitude.

 4.  Draw a graph to show the effect of altitude 

on V̇ O2 max and list the reasons for this 

response.

 5.  Graphically describe the effect of altitude on 

the heart rate and ventilation responses to 

submaximal work, and explain why these 

changes are appropriate.

 6.  Describe the process of adaptation to altitude, 

and the degree to which this adaptation can 

be complete.

 7.  Explain why such variability exists among 

athletes in the decrease in V̇ O2 max 

upon exposure to altitude, the degree of 

improvement in V̇ O2 max at altitude, and the 

gains made upon return to sea level.

 8.  Describe the potential problems associated 

with training at high altitude and how one 

might deal with them.

 9.  Explain the circumstances that caused 

physiologists to reevaluate their conclusions 

that humans could not climb Mount Everest 

without oxygen.

10.  Explain the role that hyperventilation plays in 

helping to maintain a high oxygen-hemoglobin 

saturation at extreme altitudes.

11.  List and describe the factors influencing the 

risk of heat injury.

12.  Provide suggestions for the fitness participant 

to follow to minimize the likelihood of heat 

injury.

13.  Describe in general terms the guidelines 

suggested for running road races in 

the heat.

14.  Describe the three elements in the heat stress 

index, and explain why one is more important 

than the other two.

15.  List the factors influencing hypothermia.

16.  Explain what the wind chill index is relative to 

heat loss.

17.  Explain why exposure to cold water is more 

dangerous than exposure to air of the same 

temperature.

18.  Describe what the “clo” unit is and how 

recommendations for insulation change when 

one does exercise.

19.  Describe the role of subcutaneous fat and 

heat production in the development of 

hypothermia.

20.  List the steps to follow to deal with 

hypothermia.

21.  Explain how carbon monoxide can influence 

performance, and list the steps that should be 

taken to reduce the impact of pollution on 

performance.
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the same at altitude as at sea level, any change in the 

partial pressure of each gas is due solely to the change in 

the atmospheric or barometric pressure (see chap-

ter 10). The decrease in the partial pressure of O2 (PO2) 

with increasing altitude has a direct effect on the satu-

ration of hemoglobin and, consequently, oxygen trans-

port. This lower PO2 is called hypoxia, with normoxia 

being the term to describe the PO2 under sea-level con-

ditions. The term hyperoxia describes a condition in 

which the inspired PO2 is greater than that at sea level 

(see chapter 25). In addition to the hypoxic condition at 

altitude, the air temperature and humidity are lower, 

adding potential temperature regulation problems to 

the hypoxic stress of altitude. How do these changes 

affect performance? To answer that question we will 

divide performances into short-term anaerobic perfor-

mances and long-term aerobic performances.

Short-Term Anaerobic Performance

In chapters 3 and 19 we described the importance of 

the anaerobic sources of ATP in maximal perfor-

mances lasting two minutes or less. If this information 

is correct, and we think it is, then the short-term anaer-

obic races shouldn’t be affected by the low PO2 at alti-

tude, because O2 transport to the muscles is not 

limiting performance. Table 24.1 shows this to be the 

case when the sprint performances of the 1968 Mexico 

City Olympic Games were compared to those in the 

1964 Tokyo Olympic Games (58). The performances 

improved in all but one case, in which the time for the 

400-meter run for the women was the same. The rea-

sons for the improvements in performance include the 

“normal” gains made over time from one Olympic 

Games to the next and the fact that the density of the 

air at altitude offers less resistance to movements at 

high speeds. Improvements in the 100-meter and 

 400-meter races for each increase of 1,000 meters in 

By now it should be clear that performance is depen-

dent on more than simply having a high V̇ O2 max. In 

chapter 23, we saw the role of diet and body composi-

tion on performance, and in chapter 25 we will formally 

consider “ergogenic” or work-enhancing aids and per-

formance. Sandwiched between these chapters is a dis-

cussion of how the environmental factors of altitude, 

heat, cold, and pollution can influence performance.

ALTITUDE

In the late 1960s, when the Olympic Games were sched-

uled to be held in Mexico City, our attention was directed 

at the question of how altitude (2,300 meters at Mexico 

City) would affect performance. Previous experience at 

altitude suggested that many performances would not 

equal former Olympic standards or, for that matter, the 

athlete’s own personal record (PR) at sea level. On the 

other hand, some performances were actually expected 

to be better because they were conducted at altitude. 

Why? What happens to V̇ O2 max with altitude? Can a 

sea-level resident ever completely adapt to altitude? We 

will address these and other questions after a brief 

review of the environmental factors that change with 

increasing altitude.

Atmospheric Pressure

The atmospheric pressure at any spot on earth is a 

measure of the weight of a column of air directly over 

that spot. At sea level the weight (and height) of that 

column of air is greatest. As one climbs to higher and 

higher altitudes the height and, of course, the weight of 

the column are reduced. Consequently, atmospheric 

pressure decreases with increasing altitude, the air is 

less dense, and each liter of air contains fewer mole-

cules of gas. Since the percentages of O2, CO2, and N2 are 
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A CLOSER LOOK 24.1

Jumping Through Thin Air

In the 1968 Olympic Games in Mexico 

City, Bob Beamon shattered the world 

record in the long jump with a leap of 

29 feet 2.5 inches. Due to the fact that 

the record was achieved at altitude 

where air density is less than that at 

sea level, some questions were raised 

about the true magnitude of the 

achievement. Recent progress in bio-

mechanics has made it possible to 

determine just how much would have 

been gained by doing the long jump at 

altitude (117). The calculations had to 

consider the mass of the jumper, a drag 

coeffi cient based on the frontal area 

exposed to the air while jumping, 

and the difference in the air density 

between sea level and Mexico City. The 

result indicated that approximately 

2.4 cm (less than an inch) would have 

been gained by doing the jump at alti-

tude where the air density is less. Sci-

entists have tried to predict the effect 

of altitude on running performances by 

considering the opposing factors of 

lower air density and the reduced avail-

ability of oxygen (87). The latter factor 

is discussed relative to long-distance 

races.

TABLE 24.1   Comparison of Performances in Short Races in the 1964 and 1968 Olympic Games

Olympic Games Short Races: Men Short Races: Women

 100 m 200 m 400 m 800 m 100 m 200 m 400 m 800 m

1964 (Tokyo) 10.0 s 20.3 s 45.1 s 1 m 45.1 s 11.4 s 23.0 s 52.0 s 2 m 1.1 s

1968 (Mexico City)  9.9 s 19.8 s 43.8 s 1 m 44.3 s 11.0 s 22.5 s 52.0 s 2 m 0.9 s

% change*  1.0  2.5  2.9  0.8  3.5  2.2 0  0.2

*  sign indicates improvement over 1964 performance.

From E. T. Howley, “Effect of Altitude on Physical Performance,” in G. A. Stull and T. K. Cureton, Encyclopedia of Physical Education, Fitness and Sports: 

Training, Environment, Nutrition, and Fitness. Copyright © 1980 American Alliance for Health, Physical Education, Recreation and Dance, Reston VA. 

Reprinted by permission.

altitude have been estimated to be about 0.08 s and 

0.06 s, respectively (6, 92). The issue of lower air 

 resistance sparked controversy over Bob Beamon’s 

 fantastic performance in the long jump in the Mexico 

City Games (see A Closer Look 24.1).

Long-Term Aerobic Performance

Maximal performances in excess of two minutes are pri-

marily dependent on oxygen delivery, and, in contrast to 

the short-term performances, are clearly affected by the 

lower PO2 at altitude. Table 24.2 shows the results of the 

distance running events from 1,500 meters up through 

the marathon and the 50,000-meter walk, and as you can 

see, performance was diminished at all distances but 

the 1,500-meter run (58). This performance is worthy of 

special note, given that it was expected to be affected as 

were the others. It is more than just of passing interest 

that the record setter was Kipchoge Keino, who was born 

and raised in Kenya at an altitude similar to that of 

Mexico City. Did he possess a special adaptation due to 

his birthplace? We will come back to this question in a 

later section. We would like to continue our discussion 

of the effect of altitude on performance by asking, “Why 

did the performance fall off by as much as 6.2% in the 

long-distance races?”

■ The atmospheric pressure, PO2, air temperature, 

and air density decrease with altitude.

■ The lower air density at altitude offers less resis-

tance to high-speed movement, and sprint perfor-

mances are either not affected or are improved.

IN SUMMARY

Maximal Aerobic Power and Altitude

The decrease in distance running performance at alti-

tude is similar to what occurs when a trained runner 

becomes untrained—it would clearly take longer to 

run a marathon! The similarity in the effect is related 

to a decrease in maximal aerobic power that occurs 

with detraining and with increasing altitude. Fig-

ure 24.1 shows that V̇ O2 max decreases in a linear 

fashion, being about 12% lower at 2,400 meters (7,400 

feet), 20% lower at 3,100 meters (10,200 feet), and 27% 

lower at about 4,000 meters (13,100 feet) (13, 24, 27, 

36). While it should be no surprise that endurance 

performance decreases with such changes in V̇ O2 max, 

why does V̇ O2 max decrease?

Cardiovascular Function at Altitude Maximal oxy-

gen uptake is equal to the product of the maximal cardiac 
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Figure 24.1 Changes in maximal aerobic power with 

increasing altitude. The sea-level value for maximal aero-

bic power is set to 100%. From E. T. Howley, “Effect of 

Altitude on Physical Performance,” in G. A. Stull and T. K. 

Cureton, Encyclopedia of Physical Education, Fitness and Sports: 

Training, Environment, Nutrition, and Fitness. Copyright © 1980 

American Alliance for Health, Physical Education, Recre-

ation and Dance, Reston VA. Reprinted by permission.

TABLE 24.2   Comparison of Performances in Long Races in the 1964 and 1968 Olympic Games

Olympic Games Long Races: Men

 1,500 m 3,000 m 5,000 m 10,000 m Marathon 50,000 m Walk

1964 (Tokyo) 3 m 38.1 s 8 m 30.8 s 13 m 48.8 s 28 m 24.4 s 2 h 12 m 4 h 11 m 11.2 s

     11.2 s

1968 (Mexico City) 3 m 34.9 s 8 m 51.0 s 14 m 05.0 s 29 m 27.4 s 2 h 20 m 4 h 20 m 13.6 s

     26.4 s

% change* ⫹1.5 ⫺3.9 ⫺1.9 ⫺3.7 ⫺6.2 ⫺3.6

*⫹ sign indicates improvement over 1964 performance.

From E. T. Howley, “Effect of Altitude on Physical Performance,” in G. A. Stull and T. K. Cureton, Encyclopedia of Physical Education, Fitness and Sports: 

Training, Environment, Nutrition, and Fitness. Copyright © 1980 American Alliance for Health, Physical Education, Recreation and Dance, Reston VA. 

Reprinted by permission.

output and the maximal arteriovenous oxygen difference, 

V̇ O2 ⫽ CO ⫻ (CaO2 ⫺ C  
_
 v  O2). Given this relationship, the 

decrease in V̇ O2 max with increasing altitude could be 

due to a decrease in cardiac output and/or a decrease in 

oxygen extraction. It will become clear in the following 

paragraphs that oxygen extraction is a major factor caus-

ing a decrease in V̇ O2 max at all altitudes, with cardiac 

output contributing at higher altitudes.

 Maximal cardiac output is equal to the product of 

maximal heart rate and maximal stroke volume. In 

several studies the maximal heart rate was unchanged 

at altitudes of 2,300 meters (33, 90), 3,100 meters (45), 

and 4,000 meters (13), while changes in maximal stroke 

volume were somewhat inconsistent (63). If these two 

variables, maximal stroke volume and maximal heart 

rate, do not change at these altitudes, then the 

decrease in V̇ O2 max must be due to a difference in 

oxygen extraction.

 Although oxygen extraction (CaO2 ⫺ C  
_
 v  O2) could 

decrease due to a decrease in the arterial oxygen con-

tent (CaO2) or an increase in the mixed venous oxygen 

content (C  
_
 v  O2), the primary cause is the desaturation 

of the arterial blood due to the low PO2 at altitude. As 

you recall from chapter 10, as the arterial PO2 falls 

there is a reduction in the volume of oxygen bound to 

hemoglobin. At sea level, hemoglobin is about 96% to 

98% saturated with oxygen. However, at 2,300 meters 

and 4,000 meters, saturation falls to 88% and 71%, 

respectively. These decreases in the oxygen saturation 

of hemoglobin are similar to the reductions in V̇ O2 

max at these altitudes described earlier. Since maxi-

mal oxygen transport is the product of the maximal 

cardiac output and the arterial oxygen content, the 

capacity to transport oxygen to the working muscles at 

altitude is reduced due to desaturation, even though 

maximal cardiac output may be unchanged up to alti-

tudes of 4,000 meters (63). However, it must be added 

that a variety of studies have shown a decrease in 

maximal heart rate at altitude. Although some of 

these decreases have been observed at altitudes of 

3,100 meters (27) and 4,300 meters (33), it is more 

common to find lower maximal heart rates above alti-

tudes of 4,300 meters. For example, compared to maxi-

mal HR at sea level, maximal HR was observed to be 24 

to 33 beats/minute lower at 4,650 meters (15,300 feet) 

and 47 beats/minute lower at about 6,100 meters 

(20,000 feet) (48, 91). This depression in maximal heart 

rate is reversed by acute restoration of normoxia, or the 

use of atropine (48). This altitude-induced bradycardia 

suggests that myocardial hypoxia may trigger the 

slower heart rate to decrease the work and, therefore, 

the oxygen demand of the heart muscle. Given this 

lower maximal HR, it means that V̇ O2 max may decrease 

at a faster rate at the higher altitudes due to the com-

bined effects of the desaturation of hemoglobin and 

the decrease in maximal cardiac output.

 This desaturation of arterial blood at altitude 

affects more than V̇ O2 max. The cardiovascular 
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responses to submaximal work are also influenced. 

Due to the fact that each liter of blood is carrying less 

oxygen, more liters of blood must be pumped per min-

ute in order to compensate. This is accomplished 

through an increase in the HR response, since the 

stroke volume response is at its highest point already, 

or it is actually lower at altitude due to the hypoxia (2). 

This elevated HR response is shown in figure 24.2 (45). 

This has implications for more than the performance-

based athlete. The average person who participates in 

an exercise program will have to decrease the intensity 

of exercise at altitude in order to stay in the target 

heart rate zone. Remember, the exercise prescription 

needed for a cardiovascular training effect includes a 

proper duration of exercise to achieve a total caloric 

expenditure of about 200 to 300 kcal, and if the inten-

sity is too high the person will have more difficulty 

completing the workout.

Respiratory Function at Altitude In the introduc-

tion to this section we mentioned that the air is less 

dense at altitude. This means that there are fewer O2 

molecules per liter of air, and if a person wished to 

consume the same number of liters of O2, pulmonary 

ventilation would have to increase. At 5,600 meters 

(18,400 feet), the atmospheric pressure is one-half that 

at sea level and the number of molecules of O2 per liter 

of air is reduced by one-half; therefore, a person would 

have to breathe twice as much air to take in the same 

amount of O2. The consequences of this are shown in 

figure 24.3, which presents the ventilation responses of 

a subject who exercised at work rates demanding about 

a V̇ O2 of 1 to 2 L   min 1 at sea level and at three altitudes 

exceeding 4,000 meters. The pulmonary ventilation is 

elevated at all altitudes, reaching values of almost 180 L 

  min 1 at 6,400 meters (21,000 feet) (91). This extreme 

ventilatory response requires the respiratory muscles, 

primarily the diaphragm, to work so hard that fatigue 

may occur. We will see more on this in a later section 

dealing with the assault on Mount Everest.

■ Distance-running performances are adversely 

affected at altitude due to the reduction in the 

PO2, which causes a decrease in hemoglobin 

saturation and V̇ O2 max.

■ Up to moderate altitudes ( 4,000 meters) the 

decrease in V̇ O2 max is due primarily to the 

decrease in the arterial oxygen content brought 

about by the decrease in atmospheric PO2. At 

higher altitudes, the rate at which V̇ O2 max falls 

may be increased due to a reduction in maximal 

cardiac output.

■ Submaximal performances conducted at alti-

tude require higher heart rate and ventilation 

responses due to the lower oxygen content of 

arterial blood and the reduction in the number 

of oxygen molecules per liter of air, respectively.

IN SUMMARY

Adaptation to High Altitude

The body’s response to the low PO2 at altitude is 

to produce additional red blood cells to compensate 

for the desaturation of hemoglobin. In the mining 

community of Morococha, Peru, where people reside 

at altitudes above 4,540 meters, hemoglobin levels 

of 211 g   L 1 have been measured, in contrast to the 

normal 156 g   L 1 of the sea-level residents in Lima. 

This higher hemoglobin compensates rather com-

pletely for the low PO2 at those altitudes (61):

Sea level: 156 g   L 1 times 1.34 ml O2   g
 1 at

98% saturation   206 ml   L 1

4,540 m: 211 g   L 1 times 1.34 ml O2   g
 1 at 

81% saturation   224 ml   L 1

Probably the best test of the degree to which these 

high-altitude residents have adapted is found in the 

V̇ O2 max values measured at altitude. Average values of 

46 to 50 ml   kg 1   min 1 were measured on the alti-

tude natives (64, 72, 73, 74), which compares favorably 
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with sea-level natives in that country and in ours. In 

addition, recreational runners at 3,600 meters have 

been shown to have V̇ O2 max values similar to those of 

their sea-level counterparts (44).

 There is no question that any sea-level resident who 

makes a journey to altitude and stays a while will experi-

ence an increase in red blood cell number. However, the 

adaptation will probably never be complete. This con-

clusion is drawn from a study that compared V̇ O2 max 

values of several different groups: (a) Peruvian lowland-

ers and Peace Corps volunteers who came to altitude as 

adults, (b) lowlanders who came to altitude as children 

and spent their growing years at altitude, and (c) perma-

nent altitude residents (36). The V̇ O2 max values were 

46 ml   kg 1   min 1 for the altitude residents and those 

who arrived there as children. In contrast, the lowlanders 

who arrived as adults and spent only one to four years at 

altitude had values of 38 ml   kg 1   min 1. This indicates 

that to have complete adaptation, one must spend the 

developmental years at high altitude. This may help 

explain the surprisingly good performance of Kipchoge 

Keino’s performance in the 1,500-meter run at the 

Mexico City Olympic Games mentioned earlier, because 

he spent his childhood at an altitude similar to that of 

Mexico City. This proposition has been supported in a 

review of how humans adapt to high altitude (102, 106). 

However, another explanation for the faster adaptation 

of those who were born and raised at altitude is a genetic 

predisposition acquired over thousands of years by 

those who have lived at high altitude. Support for this 

comes from studies done on those living in both the 

Andes region (102) and Tibet (70).

■ Persons adapt to altitude by producing more 

red blood cells to counter the desaturation 

caused by the lower PO2. Altitude residents who 

spent their growing years at altitude show a 

rather complete adaptation as seen in their 

arterial oxygen content and V̇ O2 max values. 

Lowlanders who arrive as adults show only a 

modest adaptation.

IN SUMMARY

Training for Competition 

at Altitude

It was clear to many of the middle- and long-distance 

runners who competed in the Olympic Trials or Games 

in 1968 that the altitude was going to have a detrimen-

tal effect on performance. Using V̇ O2 max as an indica-

tor of the impact on performance, scientists studied 

the effect of immediate exposure to altitude, the rate of 

recovery in V̇ O2 max as the individual stayed at altitude, 

and whether or not V̇ O2 max was higher than the 

prealtitude value upon return to sea level. The results 

were interesting, not due to the general trends that 

were expected, but to the extreme variability in response 

among the athletes. For example, the decrease in V̇ O2 

max upon ascent to a 2,300-meter altitude ranged from 

8.8% to 22.3% (90), at 3,090 meters it ranged from 13.9% 

to 24.4% (27), and at 4,000 meters the decrease ranged 

from 24.8% to 34.3% (13). One of the major conclusions 

that could be drawn from these data is that the best 

runner at sea level might not be the best at altitude if 

that person had the largest drop in V̇ O2 max. Why such 

variability? Studies of this phenomenon suggest that 

the variability in the decrease in V̇ O2 max across indi-

viduals relates to the degree to which athletes experi-

ence desaturation of arterial blood during maximal 

work (65, 69, 84). Chapter 10 described the effect that 

arterial desaturation has on V̇ O2 max of superior ath-

letes at sea level. If such desaturation can occur under 

sea-level conditions, then the altitude condition should 

have an additional impact, with the magnitude of the 

impact being greater on those who suffer some desatu-

ration at sea level. Consistent with that, exposure to a 

simulated altitude of 3,000 meters resulted in a 20.8% 

decrease in V̇ O2 max for trained subjects and only a 

9.8% decrease for untrained subjects (65).

 The decrease in V̇ O2 max upon exposure to altitude 

was not the only physiological response that varied 

among the athletes. There was also a variable response 

in the size of the increase in V̇ O2 max as the subjects 

stayed at altitude and continued to train. One study, 

lasting twenty-eight days at 2,300 meters, found the 

V̇ O2 max to increase from 1% to 8% over that time (90). 

Some found the V̇ O2 max to gradually improve over a 

period of ten to twenty-eight days (7, 25, 27, 90), while 

others (33, 45) did not. In addition, when the subjects 

returned to sea level and were retested, some found 

the V̇ O2 max to be higher than before they left (7, 25, 

27), whereas others found no improvements (13, 36, 

42). Why was there such variability in response?

 There are several possibilities. If an athlete was 

not in peak condition before ascending to altitude, 

then the combined stress of the exercise and altitude 

could increase the V̇ O2 max over time while at alti-

tude and show an additional gain upon return to sea 

level. Evidence exists both for (101) and against 

(1, 32) the idea that the combination of altitude and 

exercise stress leads to greater changes in V̇ O2 max 

than exercise stress alone. Another reason for the 

variability is related to the altitude at which the train-

ing was conducted. When runners trained at high 

(4,000 meters) altitude, the intensity of the runs 

(relative to sustained sea-level speeds) had to be 

reduced to complete a workout, due to the reduction 

in V̇ O2 max that occurs at altitude. As a result, the 

runner might actually “detrain” while at altitude, and 

subsequent performance at sea level might not be as 

good as it was before going to altitude (13). Daniels 

and Oldridge (25) provided a way around this prob-

lem by having  runners alternate training at altitude 
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(seven to fourteen days) and sea level (five to eleven 

days). Using an altitude of only 2,300 meters, the run-

ners were still able to train at “race pace” and detrain-

ing did not occur. In fact, thirteen personal records 

were achieved by the athletes when they raced at sea 

level. A recent study using the one-leg training model 

supports this approach. Subjects trained one leg 

under hypoxic conditions equivalent to 2,300 meters 

altitude, while the control leg was exercised under 

normoxic (sea level) conditions at the same work 

rate. The subjects exercised three to four times per 

week for four weeks. The combination of exercise and 

hypoxia resulted in higher mitochondrial enzyme 

activity and myoglobin concentration compared to 

the control leg (112). See The Winning Edge 24.1 for 

more on this topic. In contrast, but consistent with 

our previous discussion, those exposed to extreme 

altitude (e.g., Mount Everest) experienced decreases 

in muscle fiber area and mitochondria volume (42, 

53, 57, 68). See the following discussion for addi-

tional details.

■ When athletes train at altitude, some experience 

a greater decline in V̇ O2 max than others. This 

may be due to differences in the degree to which 

each athlete experiences a desaturation of hemo-

globin. Remember, some athletes experience 

desaturation during maximal work at sea level.

IN SUMMARY

THE WINNING EDGE 24.1

Live High, Train Low

The observations mentioned earlier 

have led some to recommend the “live 

high, train low” strategy as a way of im-

proving endurance performance. How-

ever, support for this is mixed due to 

the infl uence of a wide variety of fac-

tors: subjects, length of study, intensity 

and volume of training, the altitude (be 

it simulated or real), and the length of 

stay at altitude (127). One study tried to 

shed some light on why there is such 

variability in response to this training 

strategy (20). Thirty-nine collegiate run-

ners were divided into “responders” 

and “nonresponders” on the basis of 

changes in their 5,000-meter run time 

following training at a high-altitude 

training camp. All of the runners had 

lived “high” (2,500 m), but some had 

trained at 2,500 to 3,000 m (high-high 

group), some at 1,200 to 1,400 m (high-

low group), and some had done low-

intensity training at 2,500 to 3,000 m and 

interval work at low altitude (high-high-

low). The responders were found to 

have an increase in plasma erythropoi-

etin (EPO), red blood cell volume, and 

V̇ O2 max, which provides a strong physi-

ological connection to the increased 

performance in the 5,000-m run after 

altitude training. Interestingly, while the 

nonresponders had an increase in EPO, 

they did not have an increase in either 

red blood cell mass or V̇ O2 max. Another 

difference between the responders and 

nonresponders was in their ability to 

maintain the  quality of their workouts at 

altitude: nonresponders demonstrated 

a 9% reduction in interval-training veloc-

ity and a signifi cantly lower V̇ O2 during 

the intervals. There were two take-home 

messages from this study:

■ live at a high enough altitude to 

elicit an increase in red blood 

cell mass (due to an acute in-

crease in EPO), and

■ train low enough to maintain 

interval-training velocity. For run-

ners who experience a signifi cant 

desaturation of hemo-globin at 

sea level, even low-altitude train-

ing may be inconsistent with 

maintaining interval-training 

velocity.

 It would seem that the physiology 

related to improvements in endurance 

performance following a live-high, train-

low protocol is well described and 

accepted; however, that is not the case. 

Since the above study (20) was pub-

lished, there has been a “point-

counterpoint” debate on this issue (66), 

along with a series of letters to the edi-

tor in response to the debate (Journal of 

Applied Physiology 99:2453, 2005), and an 

explosion of new research. Simply put, 

in contrast to the above link of altitude 

exposure to the increase in red blood 

cell mass, and then V̇ O2 max and perfor-

mance, other studies have shown that 

six weeks of intermittent hypoxia during 

training improved V̇ O2 max and muscle 

oxidative potential and performance, 

without a change in red cell mass (29, 83, 

133). A summary of potential mecha-

nisms, other than red cell mass, linked 

to the improved performance following 

exposure to hypoxia was recently pub-

lished (41). The focus in this review was 

on improved mitochondrial function 

and increased buffering capacity.

 Given that intermittent hypobaric 

hypoxia (3 hrs/day, 5 days/wk at 4,000–

5,500 m) for four weeks increased EPO, 

but did not increase red blood cell pro-

duction or improve performance (40, 98), 

questions have been raised about what 

“dose” of altitude exposure is needed to 

generate a response. On the basis of sev-

eral studies, it appears that four weeks 

of altitude exposure of  22 hrs/day at 

2000–2500 meters is needed to elicit 

increases in red blood cell mass, V̇ O2 

max, and performance (118, 126). If a sim-

ulated altitude is used for fewer hours 

per day (12–16 hrs), a higher elevation 

(2,500–3,000 m) is needed. Clearly, such 

changes in V̇ O2 max can have a favorable 

effect on athletic performances such as 

the marathon (21), so it is no surprise 

that the World Anti-Doping Agency 

(WADA) has examined the live-high, 

train-low approach to improving perfor-

mance (because it results in changes in 

red blood cell mass similar to blood 

doping—see chapter 25). Interestingly, 

although WADA raised concerns from 

both an ethical standpoint and a viola-

tion of the “spirit of sport” criterion, it has 

not taken action at this time (125). 
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 continued

■ Some athletes show an increase in V̇ O2 max 

while training at altitude whereas others do 

not. This may be due to the degree to which the 

athlete was trained before going to altitude.

■ In addition, some athletes show an improved V̇ O2 

max upon return to sea level, whereas others do 

not. Part of the reason may be the altitude at 

which they train. Those who train at high altitudes 

may actually “detrain” due to the fact that the 

quality of their workouts suffers at the high alti-

tudes. To get around this problem, athletes can 

alternate low-altitude and sea-level exposures.

The Quest for Everest

The most obvious tie between exercise and altitude is 

mountain climbing. The climber faces the stress of alti-

tude, cold, radiation, and, of course, the work of climb-

ing up steep slopes or sheer rock walls. A goal 

of some mountaineers has been to climb Mount Ever-

est, at 8,848 meters, the highest mountain on earth. 

Figure 24.4 shows various attempts to climb Everest 

during the twentieth century (119). Special note should 

be made of Hillary and Tensing, who were the first to do 

it, and Messner and Habeler, who, to the amazement 

of all, did it without supplementary oxygen in 1978. 

See Messner in the Suggested Readings for complete 

details on how they accomplished this feat. This 

achievement brought scientists back to Everest in 1981 

asking how this was possible. This section provides 

some background to this fascinating story.

 In 1924, Norton’s climbing team attempted to scale 

Everest without O2, and almost succeeded—they 

stopped only 300 meters from the summit (80). This 

1924 expedition was noteworthy because data were 

collected on the climbers and porters by physicians 

and scientists associated with the attempt. In addition, 

new questions have been raised about two of the climb-

ers who died in their attempt to reach the summit (see 

A Closer Look 24.2). The story of this assault is good 

reading for those interested in mountain climbing and 

provides evidence of the keen powers of observation of 

the scientists. Major Hingston noted the respiratory 

distress associated with climbing to such heights, stat-

ing that at 5,800 meters (19,000 feet) “the very slightest 

exertion, such as the tying of a bootlace, the opening of 

a ration box, the getting into a sleeping bag, was asso-

ciated with marked respiratory distress.” At 8,200 meters 

(27,000 feet) one climber “had to take seven, eight, or 

ten complete respirations for every single step forward. 

And even at that slow rate of progress he had to rest for 

a minute or two every twenty or thirty yards” (80). Pugh, 

who made observations during a 1960–61 expedition to 

Everest, believed that fatigue of the respiratory mus-

cles may be the primary factor limiting such endeavors 

at extreme altitudes (91). Further, Pugh’s observations 

of the decreases in V̇ O2 max at the extreme altitudes 

suggested that V̇ O2 max would be just above basal 

metabolism at the summit, making the task an unlikely 

one at best. How then did Messner and Habeler climb 

Everest without O2?

 This was one of the primary questions addressed 

by the 1981 expedition to Everest. As mentioned ear-

lier, V̇ O2 max decreases with altitude due to the lower 

 barometric pressure, which causes a lower PO2 and a 

desaturation of hemoglobin. In effect, the V̇ O2 max at 

the summit of Everest was predicated on the observed 

rate of decrease in V̇ O2 max at lower altitudes and then 

extrapolated to the barometric pressure at the top of 

the mountain. One of the first major findings of the 

1981 expedition was that the barometric pressure at 

the summit was 17 mm Hg higher than previously 
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Figure 24.4 The highest altitudes attained by 

climbers in the twentieth century. In 1924 the 

climbers ascended within 300 meters of the 

summit without oxygen. It took another fifty-

four years to climb those last 300 meters.
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believed (121, 122). This higher barometric pressure 

increased the estimated inspired PO2 and made a big 

difference in the predicted V̇ O2 max. Figure 24.5 shows 

that the V̇ O2 max predicted from the 1960–61 

expedition was near the basal metabolic rate, whereas 

the value predicted from the 1981 expedition was 

closer to 15 ml   kg 1   min 1 (121, 122). This V̇ O2 max 

value was confirmed in the Operation Everest II  project 

in which subjects did a simulated ascent of Mount 

Everest over a forty-day period in a decompression 

chamber (24, 111). This V̇ O2 max value of 15 ml   kg 1   

min 1 helps to explain how the climbers were able to 

reach the summit without the aid of supplementary 

oxygen. However, it was not the only reason.

 The arterial saturation of hemoglobin is depen-

dent upon the arterial PO2, PCO2, and pH (see chap-

ter 10). A low PCO2 and a high pH cause the oxygen 

hemoglobin curve to shift to the left, so that hemoglo-

bin is more saturated under these conditions than 

under normal conditions. A person who can ventilate 

great volumes in response to hypoxia can exhale more 

CO2 and cause the pH to become elevated. It has been 

shown that those who successfully deal with altitude 

have strong hypoxic ventilatory drives, allowing them 

to have a higher arterial PO2 and oxygen saturation 

(107). In fact, when alveolar PCO2 values were obtained 

at the top of Mount Everest in the 1981 expedition, the 

climbers had values much lower than expected (120). 

This ability to hyperventilate, coupled with the baro-

metric pressure being higher than expected, resulted in 

higher arterial PO2, and of course, V̇O2 max values. How 

high must your V̇ O2 max be to climb Mount Everest?

 Figure 24.5 shows that the climbers in the 1981 

expedition had V̇ O2 max values at sea level that were 

higher than those of the 1960–61 expedition. In fact, sev-

eral of the climbers had been competitive marathon run-

ners (122), and, given the need to transport oxygen at 

these high altitudes to do work, having such a high V̇ O2 

max would appear to be a prerequisite to success in 

climbing without oxygen. Subsequent measurements on 

other mountaineers who had scaled 8,500 meters 

or more without oxygen confirmed this by showing them 

to possess primarily type I muscle fibers and to have 

an average V̇ O2 max of 60   6 ml   kg 1   min 1 (81). How-

ever, there was one notable exception: One of the sub-

jects in this study was Messner, who had climbed Mount 

Everest without oxygen; his V̇ O2 max was 48.8 ml   kg 1   

min 1 (81). West et al. (123) provide food for thought in 

this regard: “It remains for someone to elucidate the evo-

lutionary processes responsible for man being just able 

A CLOSER LOOK 24.2

Mallory and Irvine—Did They Reach the Summit?

In the 1924 Everest expedition, two of 

the climbers, Norton and Somervell, 

left camp at 8,220 m (27,000 feet) to 

challenge the summit without supple-

mental oxygen. Somervell had to stop 

due to the cold air aggravating his frost-

bitten throat, but Norton continued on 

until he reached 8,580 m (28,314 feet)—

a record for those not using supple-

mental oxygen that lasted for fi fty-four 

years. A few days later, George L. Mal-

lory and Andrew C. Irvine made an 

attempt with oxygen, but they never 

returned. Given that they were last 

seen on the way to the summit, ques-

tions were raised about whether they 

had made it, and died on the way down. 

The 1999  Mallory and Irvine Research 

Expedition attempted to answer this 

question by fi nding their remains, and 

perhaps, some evidence that they 

might have achieved their goal. They 

knew that both climbers had cameras, 

and they were hoping to fi nd photo-

graphic evidence to put this question 

to rest. The team did fi nd Mallory’s 

body at 27,000 feet, but unfortunately, 

could not fi nd a camera. After burying 

Mallory, they looked for additional evi-

dence to try to determine where he fell 

from, to land where he did. One of his 

oxygen bottles placed him in a position 

consistent with a move to the summit; 

however, there was not enough evi-

dence to conclude that the two climb-

ers had achieved their goal. Nor was 

there enough to prove that they had 

not. The mystery continues (50). See 

Johnson, Hemmleb, and Simonson in 

the Suggested Readings for more on 

this adventure.
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Figure 24.5 Plot of maximal oxygen uptake measured at 

a variety of altitudes, expressed as inspired PO2 values. 

The 1964 data of Pugh et al. predicted the V̇ O2 max to 

be equal to basal metabolic rate. The estimation based 

on the finding that the barometric pressure (and PO2) 

was higher than expected at the summit shifts the 

estimate to about 15 ml   kg 1   min 1.
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to reach the highest point on Earth while breathing 

ambient air.” However, there is more to consider in climb-

ing Mount Everest than a person’s V̇ O2 max.

 It has been a common experience in mountain 

climbing, especially with prolonged exposure to high 

altitudes, for climbers to lose weight, secondary to a 

loss of appetite (62). Clearly, if a large portion of this 

weight loss were muscle, it would have a potential 

impact in the climber’s ability to scale the mountain. 

Some recent work from both simulated and real 

ascents of Mount Everest provides some insight into 

what changes are taking place in muscle and what 

may be responsible for those changes. In the Opera-

tion Everest II forty-day simulation of an ascent to 

Mount Everest, the subjects experienced a 25% reduc-

tion in the cross-sectional area of type I and type II 

muscle fibers, and a  14% reduction in muscle area 

(42, 68). These observations were supported by data 

from a real ascent that combined both heavy exercise 

and severe hypoxia (53, 57). What could have caused 

these changes? The Operation Everest II data on 

nutrition and body composition showed that caloric 

intake decreased 43% from 3,136 to 1,789 kcal/day 

over the course of the forty-day exposure to hypoxia. 

The subjects lost an average of 7.4 kg, with most of 

the weight from lean body mass, despite the avail-

ability of palatable food (100). The hypoxia itself was 

a sufficient stimulus to suppress the appetite and 

alter body composition. Whether or not such changes 

in muscle mass are linked directly to changes in V̇ O2 

max, they would clearly affect performance. (See A 

Closer Look 24.3 for how acute, versus chronic, expo-

sure to altitude can affect the lactate response to 

exercise.)

A CLOSER LOOK 24.3

The Lactate Paradox

When a submaximal test is conducted at 

altitude, the heart rate, ventilation, and 

lactate responses are higher than what 

are measured at sea level. This is no sur-

prise for the heart rate and ventilation 

responses, because there is less oxygen 

per liter of blood and air, respectively. 

The elevated lactate response is also 

not unexpected, the assumption being 

that the hypoxia of altitude provides 

additional stimulation of glycolysis. 

What is surprising is that when the same 

exercise is done after the subject has 

been acclimatized to altitude for three 

or four weeks (chronic hypoxia), the lac-

tate response is substantially reduced. 

This is the lactate paradox—that the 

same hypoxic stimulus in chronic 

hypoxia gives rise to a lower lactate 

response than observed when the sub-

ject is first exposed (acute hypoxia) to 

altitude (96).

 A variety of studies have been done 

to try to uncover the causes of the re-

duced lactate response to exercise dur-

ing chronic exposure to altitude. The 

results from some of these studies have 

shown that the lower lactate is not 

due to a greater oxidative capacity of 

the muscle, an improved capillary-

 to-fiber ratio, or an improvement in 

oxygen delivery (43, 96). Instead, the 

reduction in lactate seems to be associ-

ated with a lower plasma epinephrine 

concentration which, as we know from 

chapter 5, would provide less stimula-

tion of  glycogenolysis via ␤-adrenergic 

receptor stimulation (75, 96). Evidence 

supporting this proposition comes 

from a study in which propranolol (a ␤-

adrenergic receptor blocking drug) was 

shown to reduce the lactate response to 

acute hypoxia to a level seen only after 

chronic hypoxia (96). However, the 

changes in epinephrine with acclimati-

zation to altitude cannot entirely explain 

the lower lactate response (75). The 

lower lactate response may also be due 

to muscular adaptations resulting in 

tighter metabolic control such that the 

ADP concentration does not increase as 

much during exercise; this results in 

less stimulation of glycolysis (see chap-

ter 13) (43). Consequently, the lactate 

paradox may be the result of both hor-

monal (epinephrine) and intracellular 

(lower [ADP]) adaptations that occur 

with chronic exposure to hypoxia.

 A study by van Hall et al. (114), 

published in 2001, suggested that the 

lactate paradox was simply a time-

dependent phenomenon, being pres-

ent during the early weeks of acclimati-

zation and disappearing thereafter. A 

recent study by Pronk et al. (85) chal-

lenged this conclusion. They measured 

the lactate response to the same abso-

lute work load on ascent to altitude and 

at two, four, six, and eight weeks to track 

changes in the response over time at 

altitude. They observed the expected 

increase in the blood lactate response 

to exercise upon ascent to altitude, and 

the now-classic decrease in the blood 

lactate response with continued expo-

sure to altitude. They also confirmed 

the link of the lactate response to 

changes in plasma catecholamines. 

They concluded that there was no evi-

dence of a reversal of the lactate para-

dox with continued altitude exposure. 

Lundby and van Hall’s response (67) to 

this study, and Pronk’s counterresponse 

(86), make interesting reading, but indi-

cate how much the two are apart. Since 

that exchange, there have been two in-

journal debates on whether the lactate 

paradox even exists—literally, some 

observe the lactate paradox during 

chronic exposure to hypoxia and others 

do not. It may be related to the altitude 

at which the study is conducted (muscle 

wasting occurs during exposure to high 

altitudes), the pattern of altitude expo-

sure (some go to higher altitudes and 

then return to lower altitudes for mea-

surements), or some other research 

design-related issue (116, 124). Invita-

tions for scientists from both camps to 

work collaboratively to solve this riddle 

have been extended; perhaps we will 

have a fi nal answer in the next few years. 

These short, pointed debates (116, 123) 

could be incorporated into a class dis-

cussion of this topic.
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■ Climbers reached the summit of Mount Everest 

without oxygen in 1978. This surprised scientists 

who thought V̇ O2 max would be just above rest-

ing  V̇ O2 at that altitude. They later found that 

the barometric pressure was higher than they 

previously had thought and that the  estimated 

V̇ O2 max was about 15 ml   kg 1   min 1 at this 

altitude.

■ Those who are successful at these high alti-

tudes have a great capacity to hyperventilate.

This drives down the PCO2 and the [H ] in 

blood, and allows more oxygen to bind with 

hemoglobin at the same arterial PO2.

■ Finally, those who are successful at climbing 

to extreme altitudes must contend with the 

loss of appetite that results in a reduction in 

body weight and in the cross-sectional area of 

type I and type II muscle fi bers.

IN SUMMARY HEAT

Chapter 12 described the changes in body temperature 

with exercise, how heat loss mechanisms are activated, 

and the benefits of acclimatization. This section will 

extend that discussion by considering the prevention 

of thermal injuries during exercise.

Hyperthermia

Our core temperature (37  C) is within a few degrees of 

a value (45  C) that could lead to death (see chapter 12). 

Given that, and the fact that distance running races, 

triathlons, fitness programs, and football games occur 

during the warmer part of the year, the potential for 

heat injury is increased (14, 46, 60). Heat injury is not 

an all-or-none affair, but includes a series of stages that 

need to be recognized and attended to in order to pre-

vent a progression from the least to the most serious 

(59). Table 24.3 summarizes each stage, identifying 

TABLE 24.3   Heat-Related Problems

Heat Illness Signs and Symptoms Immediate Care

Heat syncope Headache Normal intake of fl uids

 Nausea

Heat cramps Muscle cramping (calf is very common)  Isolated cramps: Direct pressure to cramp and

 release, stretch muscle slowly and gently, gentle 

 massage, ice

 Multiple cramping (very serious) Multiple cramps: Danger of heat stroke, treat as 

   heat exhaustion

Heat exhaustion Profuse sweating Move individual out of sun to a well-ventilated area

 Cold, clammy skin Place in shock position (feet elevated 12–18 in); 

 Normal temperature or slightly   prevent heat loss or gain

  elevated Gentle massage of extremities

 Pale Gentle range of motion of the extremities

 Dizzy Force fl uids

 Weak, rapid pulse Reassure

 Shallow breathing Monitor body temperature and other vital signs

 Nausea Refer to physician

 Loss of consciousness

Heat stroke Generally, no perspiration This is an extreme medical emergency

 Dry skin Transport to hospital quickly

 Very hot Remove as much clothing as possible without 

 Temperature as high as 106  F  exposing the individual

 Skin color bright red or fl ushed  Cool quickly starting at the head and continuing down

  (blacks—ashen)  the body; use any means possible (fan, hose down, 

 Rapid and strong pulse  pack in ice)

 Labored breathing—semi-reclining  Wrap in cold, wet sheets for transport

  position Treat for shock; if breathing is labored, place in a 

   semi-reclining position

From E. T. Howley and B. D. Franks, Health/Fitness Instructor’s Handbook. 2d ed. Copyright © 1992 Human Kinetics Publishers, Inc., Champaign IL. Used 

by permission.
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signs, symptoms, and the immediate care that should 

be provided (18). The most rapid and preferred way to 

reduce body temperature of those with heat stroke is 

by cold water immersion (5, 19). Although it is impor-

tant to recognize and deal with these problems, it is 

better to prevent them from happening.

 Figure 24.6 shows the major factors related to heat 

injury. Each one independently influences suscep-

tibility to heat injury:

Fitness A high level of fitness is related to a 

lower risk of heat injury (39). Fit subjects can tol-

erate more work in the heat (28), acclimatize 

faster (14), and sweat more (11). However, very 

fi t individuals can still develop exercise-related 

heat stroke (5).

Acclimatization Exercise in the heat for 10 to 

14 days, either at low intensity ( 50% V̇ O2 max) 

and long duration (60–100 min), or at moderate 

intensity (75% V̇ O2 max) and short duration 

(30–35 min), increases the capacity to sweat, 

and reduces salt loss (56). Acclimatization leads 

to lower body temperature and HR responses 

during exercise and a reduced chance of salt 

depletion (14). Interestingly, although acclima-

tization increases work tolerance in the heat, 

exhaustion is experienced at similar core tem-

peratures (79). Acclimatization is the best pro-

tection against exercise-related heat stroke and 

heat exhaustion (5).

Hydration Inadequate hydration reduces sweat 

rate and increases the chance of heat injury (14, 

103, 104, 105). Chapter 23 discussed the proce-

dures for fluid replacement. Generally, there are 

no differences among water, electrolyte drinks, or 

carbohydrate-electrolyte drinks in replacing body 

water during exercise (17, 23, 128).

Environmental Temperature Convection and 

radiation heat loss mechanisms are dependent 

on a temperature gradient from skin to environ-

ment. Exercising in temperatures greater than 

skin temperatures results in a heat gain. Evapora-

tion of sweat must then compensate if body tem-

perature is to remain at a safe value. See the later 

discussion on the use of the Wet Bulb Globe 

Temperature as a guide to reducing the risk of 

heat injury.

Clothing Expose as much skin surface as pos-

sible to encourage evaporation. Choose mate-

rials, such as cotton, that will “wick” sweat to 

the surface for evaporation. Materials imper-

meable to water will increase the risk of heat 

injury. Figure 24.7 shows the influence of 

different  uniforms on the body temperature 

response to treadmill  running (71). Because 

many exercise-related heat injuries occur dur-

ing the fi rst four days of American football 

practice, attention to limiting clothing as well 

as attending to acclimatization and hydration 

is advised (5).

Humidity (water vapor pressure) Evaporation 

of sweat is dependent on the water vapor pres-

sure gradient between skin and environment. In 

warm/hot environments, the relative humidity is a 

good index of the water vapor pressure, with a 

lower relative humidity facilitating evaporation. 

See the later discussion on the use of the Wet 

Bulb Globe Temperature as a guide to reducing 

the risk of heat injury.

Metabolic Rate Given that core temperature 

is proportional to work rate, metabolic heat 

Acclimatization

Metabolic rate

Hydration

Wind HEAT INJURY

Fitness

Environmental
humidity (water
vapor pressure)

Clothing

Environmental
temperature

Figure 24.6 Factors affecting heat injury.

Figure 24.7 The effect of different types of uniforms on 

the body temperature response to treadmill running.
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production plays an important role in the overall 

heat load the body experiences during exercise. 

Decreasing the work rate decreases this heat load, 

as well as the strain on the physiological systems 

that must deal with it.

Wind Wind places more air molecules into 

contact with the skin and can influence heat 

loss in two ways. If a temperature gradient for 

heat loss exists between the skin and the air, 

wind will increase the rate of heat loss by con-

vection. In a similar manner, wind increases the 

rate of evaporation, assuming the air can accept 

moisture.

 For a practical guide on the prevention and treat-

ment of heat-related illness, see Howe and Boden in  

the Suggested Readings.

Implications for Fitness The person exercising for 

fitness needs to be educated about all of the previously 

listed factors. Suggestions might include:

■ providing information on heat illness symp-

toms: cramps, lightheadedness, and so on,

■ exercising in the cooler part of the day to avoid 

heat gain from the sun or structures heated by 

the sun,

■ gradually increasing exposure to high heat/ 

humidity to safely acclimatize,

■ drinking water before, during, and after exercise 

and weighing in each day to monitor hydration,

■ wearing only shorts and a tank top to expose as 

much skin as possible,

■ taking heart rate measurements several times 

during the activity and reducing exercise 

intensity to stay in the target heart rate 

(THR) zone.

The latter recommendation is most important. The 

heart rate is a sensitive indicator of dehydration, 

environmental heat load, and acclimatization. Varia-

tion in any of these factors will modify the heart rate 

response to any fixed, submaximal exercise. It is 

therefore important for fitness participants to monitor 

heart rate on a regular basis and to slow down to stay 

within the THR zone. Age is sometimes raised as a 

predisposing factor related to heat injury, but that 

may not be the case once you account for the factors 

mentioned above. We would like to direct the inter-

ested reader to a brief and clearly written review of 

this topic by Kenney and Munce in the Suggested 

Readings.

Implications for Performance Heat injury has 

been a concern in athletics for decades. Initially, the 

vast majority of attention was focused on football 

because of the large number of heat-related deaths 

associated with that sport (15). Emphasis on pre-

season conditioning to improve fitness and promote 

acclimatization, replacing water during practice and 

games, and weighing in each day to monitor hydra-

tion resulted in a steady reduction of heat-related 

deaths throughout the early 1990s. However, since 

that time there has been an increase in the number 

of heat-related deaths in football, especially at the 

high school level. In fact, among U.S. high school 

athletes, heat illness is the third leading cause of 

death (22). There is a need to return to the vigilance 

and practices that resulted in the low death rates of 

the early 1990s. It might be added that during the 

time that the number of heat-related deaths in foot-

ball players was decreasing, there was an increase 

in  another athletic activity—long-distance road 

races (46, 60). In response to this problem, and on 

the basis of sound research, the American College 

of Sports Medicine developed a Position Stand on 

the Prevention of Thermal Injuries During Distance 

Running (3), parts of which have been recently 

updated (5). The elements recommended in this 

position statement are consistent with what we pre-

viously presented:

Medical Director

■ A sports medicine physician should work with 

the race director to enhance safety and coordi-

nate first-aid measures.

Race Organization

■ Minimize environmental heat load by plan-

ning races for the cooler months, and at a time 

of day (before 8:00 A.M. or after 6:00 P.M.) to 

reduce solar heat gain.

■ Use an environmental heat stress index (see 

next section, Environmental Heat Stress) to 

help make decisions about whether or not 

to run a race.

■ Have a water station every 2 to 3 km; encour-

age runners to drink 150 to 300 milliliters of 

water every fifteen minutes.

■ Clearly identify the race monitors and have 

them look for those who might be in trouble 

due to heat injury.

■ Have traffic control for safety.

■ Use radio communication throughout the race 

course.

Medical Support

■ Medical director coordinates ambulance 

service with local hospitals and has the 

authority to evaluate or stop runners who 

appear to be in trouble.

■ Medical director coordinates medical facilities 

at race site to provide first aid.
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Competitor Education

■ Provide information about factors related to 

heat illness that were discussed previously.

■ Encourage the “buddy system” (see chapter 17).

The primary focus in these recommendations is on 

safety.

Environmental Heat Stress The previous discu s-

sion mentioned high temperature and relative humid-

ity as factors increasing the risk of heat injuries. To 

quantify the overall heat stress associated with any 

environment, a Wet Bulb Globe Temperature (WBGT) 

guide was developed (3). This overall heat stress index is 

composed of the following measurements:

Dry Bulb Temperature (Tdb)

■ ordinary measure of air temperature taken in 

the shade

Black Globe Temperature (Tg)

■ measure of the radiant heat load measured in 

direct sunlight

Wet Bulb Temperature (Twb)

■ measurement of air temperature with a 

thermometer whose mercury bulb is covered 

with a wet cotton wick. This measure is 

sensitive to the relative humidity (water 

vapor pressure) and provides an index of 

the ability to evaporate sweat.

The formula used to calculate the WBGT index shows 

the importance of this latter wet bulb temperature in 

determining heat stress (3):

WBGT   0.7 Twb   0.2 Tg   0.1 Tdb

The risk of exercise-related heat stroke (EHS) is classi-

fi ed as follows (5, 97):

■ WBGT  50.0  F  Risk of hypothermia;  

( 10.0  C) EHS can occur

■ WBGT 50–65  F  Low risk of both 

(10–18.3  C)  hypothermia and 

hyperthermia; EHS 

can occur

■ WBGT 65.1–72.0  F  Caution: moderate risk of 

(18.4–22.2  C)   heat illness increases; high-

risk persons monitored or 

not compete

■ WBGT 72.1–78.0  F  Extreme caution; risk of 

(22.3–25.6  C)  hyperthermia increased 

for all

■ WBGT 78.1–82.0  F Extreme caution; high

 (25.7–27.8  C) risk for unfi t, non-

  acclimatized

■ WBGT  82.1  F Extreme risk of 

( 27.9  C)  hyperthermia; cancel 

or postpone

 In addition to environmental factors contributing 

to the risk of heat injury, there is no question about 

their impact on performance. For example, the fastest 

marathons are run at environmental temperatures of 

10.6–12.8  C for men and 11.6–13.6  C for women; times 

are systematically slower with higher environmental 

temperatures (29, 30). Not surprisingly, precooling the 

body prior to exercise in the heat improves perfor-

mance; however, practical recommendations on how to 

do this are not available (93).

■ Heat injury is infl uenced by environmental 

factors such as temperature, water vapor 

 pressure, acclimatization, hydration, clothing, 

and metabolic rate. The fi tness participant 

should be educated about the signs and symp-

toms of heat injury, the importance of drinking 

water before, during, and after the activity, grad-

ually becoming acclimated to the heat, exercis-

ing in the cooler part of the day, dressing 

appropriately, and checking the HR on a regular 

basis.

■ Road races conducted in times of elevated 

heat and humidity need to refl ect the coordi-

nated wisdom of the race director and medical 

director to minimize heat and other injuries. 

Concerns include running the race at the 

correct time of the day and season of the year, 

frequent water stops, traffi c control, race mon-

itors to identify and stop those in trouble, and 

communication between race monitors, 

medical director, ambulance services, and 

hospitals.

■ The heat stress index includes dry bulb, wet 

bulb, and globe temperatures. The wet bulb 

temperature, which is a good indicator of the 

water vapor pressure, is more important than 

the other two in determining overall heat 

stress.

IN SUMMARY

COLD

Altitude and heat stress are not the only environ-

mental factors having an impact on performance. A 

WBGT  of 10  C or less is associated with hypother-

mia.  Hypothermia results when heat loss from the 

body exceeds heat production. and is defi ned, clini-

cally, as a core temperature below 35  C (95  F), which 

is a drop of about 2  C (3.5  F) below normal body 
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temperature (4). Cold air facilitates this process in 

more ways than are readily apparent. First, and most 

obvious, when air temperature is less than skin 

temperature, a gradient for heat loss exists for con-

vection, and physiological mechanisms involving 

peripheral vasoconstriction and shivering come into 

play to counter this gradient. Second, and less obvi-

ous, cold air has a low water vapor pressure, which 

encourages the evaporation of moisture from the 

skin to further cool the body. The combined effects 

can be deadly, as witnessed in Pugh’s report of three 

deaths during a “walking” competition over a forty-

five-mile distance (88).

 Hypothermia can range in severity from mild to 

severe (4): 

■ A 2  C drop in core temperature (mild 

hypothermia) is associated with maximal 

shivering.

■ A 4  C drop in core temperature (moderate 

hypothermia) is associated with ataxia and 

apathy.

■ A 6  C drop in core temperature (severe 

hypothermia) is associated with 

unconsciousness.

■ As core temperature continues to fall, 

physiological changes become more severe 

(e.g., ventricular fi brillation, reduced brain 

blood fl ow, asystole), leading to death.

 Figure 24.8 shows the factors related to hypother-

mia. These include environmental factors such as 

temperature, water vapor pressure, wind, and whether 

air or water is involved; insulating factors such as cloth-

ing and subcutaneous fat; the characteristics of the 

individuals involved (e.g., age and gender); and the 

capacity for sustained heat production, including fuels 

available. We will now comment on each of these rela-

tive to hypothermia. For a thorough presentation on 

this topic, see the American College of Sports Medi-

cine’s recent position stand (4).

Environmental Factors

Heat loss mechanisms introduced in chapter 12 in-

cluded conduction, convection, radiation, and evapo-

ration. Given that hypothermia is the result of higher 

heat loss than heat production, understanding how 

these mechanisms are involved will facilitate a discus-

sion of how to deal with this problem.

 Conduction, convection, and radiation are depen-

dent on a temperature gradient between skin and 

environment; the larger the gradient, the greater the 

rate of heat loss. What is surprising is that the envi-

ronmental temperature does not have to be below 

freezing to cause hypothermia. In effect, other envi-

ronmental factors interact with temperature to create 

the dangerous condition by facilitating heat loss— 

namely, wind and water.

Wind Chill Index The rate of heat loss at any given 

temperature is directly influenced by the wind speed. 

Wind increases the number of cold air molecules com-

ing into contact with the skin so that heat loss is 

accelerated. The wind chill index indicates what the 

“effective” temperature is for any combination of tem-

perature and wind speed. Siple and Passel (110) 

developed a formula for predicting how fast heat 

would be lost at different wind speeds and tem-

peratures:

Wind chill (kcal   m 2   h 1)   

     
_________

 WV   100     10.45   WV      (33   TA)

where WV   wind velocity (m   sec 1); 10.45 is a con-

stant; 33 is 33  C, which is taken as the skin tempera-

ture; and TA   ambient dry bulb temperature in  C. 

Siple and Passel estimated how long it would take for 

exposed flesh to freeze and tabulated the levels of 

“danger” associated with combinations of wind speed 

and temperature.

 This formula (38), which had been used for many 

years, was thought to overestimate the effect of in-

creasing wind speed on tissue freezing and under-

estimated the effect of decreasing temperature (26). 

The following wind chill formula has been adopted by 

the National Weather Service (http://www.crh.noaa.gov/ 

dtx/New_Wind_Chill.htm):

Wind chill ( F)   35.74   0.6215 (T)   35.75 (V0.16)

   0.4275T (V0.16)

where wind speed (V) is in mph, and temperature (T) is 

in   F.

 Table 24.4 provides the calculated wind chill tem-

peratures for a variety of wind speeds and tempera-

tures, along with estimates of the time it would take 

for frostbite to occur. Keep in mind that if you are run-

ning, riding, or cross-country skiing into the wind, you 

must add your speed to the wind speed to evaluate 

HYPOTHERMIA

Heat productionDescriptive
Characteristics
    Age
    Gender

Environmental factors
    Temperature
      Water vs. air
    Water-vapor pressure
    Wind

Insulating factors
    Subcutaneous fat
    Clothing
      Wet vs. dry

Figure 24.8 Factors affecting hypothermia.
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the full impact of the wind chill. For example, cycling 

at 20 mph into calm air at 0  F is equivalent to a wind 

chill temperature of  22  F. However, it is clear that 

wind is not the only factor that can increase the rate of 

heat loss at any given temperature.

Water The thermal conductivity of water is about 

twenty-five times greater than that of air, so you can 

lose heat twenty-five times faster in water compared 

to air of the same temperature (54). Figure 24.9 

shows death can occur in only a few hours when a 

person is shipwrecked in cold water. Unlike air, water 

offers little or no insulation at the skin-water inter-

face, so heat is rapidly lost from the body. Given that 

movement in such cold water would increase heat 

loss from the arms and legs, the recommendation 

is to stay as still as possible in long-term immer-

sions (4, 54).

■ Hypothermia is infl uenced by natural and 

added insulation, environmental temperature, 

vapor pressure, wind, water immersion, and 

heat production.

■ The wind chill index describes how wind low-

ers the effective temperature at the skin such 

that convective heat loss is greater than what 

it would be in calm air at that same  tem-

perature.

■ Water causes heat to be lost by convection 

twenty-fi ve times faster than it would be by 

exposure to air of the same temperature.

IN SUMMARY

Insulating Factors

The rate at which heat is lost from the body is 

inversely related to the insulation between the body 

and the environment. The insulating quality is 

related to the thickness of subcutaneous fat, the 

ability of clothing to trap air, and whether the cloth-

ing is wet or dry.

Subcutaneous Fat An excellent indicator of total 

body insulation per unit surface area (through which 

heat is lost) is the average subcutaneous fat thickness 

(49). Pugh and Edholm’s (89) observation that a “fat” 

man was able to swim for seven hours in 16  C water 

with no change in body temperature, whereas a “thin” 

man had to leave the water in thirty minutes with a 

core temperature of 34.5  C, supports this statement. 

Long-distance swimmers tend to be fatter than short-

course swimmers. The higher body fatness does more 

than help maintain body temperature; fatter swim-

mers are more buoyant, requiring less energy to swim 

at any set speed (52). In addition, body fatness plays 

a role in the onset and magnitude of the shivering 

response to cold exposure (see later discussion in the 

Heat Production section).

Clothing Clothing can extend our natural subcuta-

neous fat insulation to allow us to sustain very cold 

environments. The insulation quality of clothing is 

given in clo units, where 1 clo is the insulation needed 

at rest (1 MET) to maintain core temperature when 

the environment is 21  C, the RH   50%, and the air 

movement is 6 m   min 1 (12). Still air next to the 

body has a clo rating of 0.8. As the air temperature 

falls, clothing with a higher clo value must be worn 

to maintain core temperature, because the gradient 

between skin and environment increases (82). Fig-

ure 24.10 shows the insulation needed at different 
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energy expenditures across a broad range of temper-

atures from  60 to  80  F (12). It is clear that as heat 

production increases, insulation must decrease to 

maintain core  temperature. By wearing clothing in 

 layers, insulation can be removed piece by piece, 

since less insulation is needed to maintain core tem-

perature. By following these steps, sweating, which 

can rob the clothing of its insulating value, will be 

minimized. A practical example of how clothing helps 

maintain body temperature (and comfort) can be 

seen in the following study. Heat loss from the head 

increases linearly from  32  C to  21  C, with about 

half of the entire heat production being lost through 

the head when the temperature is  4  C. Wearing a 

simple “helmet” with a clo rating of 3.5 allows an 

individual to stay out indefinitely at 0  C (37).

 Clothing offers insulation by trapping air, a poor 

conductor of heat. If the clothing becomes wet, the 

insulating quality decreases, because the water can 

now conduct heat away from the body at a faster rate 

(54). A primary goal, then, is to avoid wetness, due 

either to sweat or to weather. This problem is exacer-

bated by the cold environment’s very low water vapor 

pressure. Recall from chapter 12 that the water 

vapor pressure in the environment is the primary fac-

tor influencing evaporation and that at low environ-

mental temperatures the water vapor pressure is low 

even when the relative humidity is high. Think of a 

time when you finished playing a game indoors and 

stepped outside into cold, damp weather to cool off. 

You noticed “steam” coming off your body; how is this 

possible when the RH is near 100%? The water vapor 

pressure is high at the skin surface, since the skin 

temperature is elevated; so, a gradient for water vapor 

pressure exists. You will cool off very fast under these 

circumstances. This is why cold, wet, windy environ-

ments carry an extra risk of hypothermia. The wind not 

only provides for greater convective heat loss as 

described in the wind chill chart, but it also acceler-

ates evaporation (47).

Heat Production

Figure 24.10 shows that the amount of insulation 

needed to maintain core temperature decreases as 

energy expenditure increases. This is also true for our 

“natural” insulation, subcutaneous fat. McArdle et al. 

(77) showed that when fat men (27.6% fat) were 

immersed for one hour in 20  C, 24  C, and 28  C water, 

the resting V̇O2 and core temperature did not change 

compared to values measured in air. In thinner men 

( 16.8% fat), the V̇ O2 increased to counter the rapid 

loss of heat; however, the core temperature still 

decreased. When these same subjects did exercise in 

the cold water, requiring a V̇ O2 of 1.7 ᐉ   min 1, the fall 

in body temperature was either prevented or retarded 

(76), showing the importance of high rates of heat 

production in preventing hypothermia. More recent 

studies support these observations, showing an earlier 

onset and greater magnitude of shivering in lean sub-

jects when exposed to cold air (113). Similar findings 

have been reported for fit subjects (8). 

Fuel Use Shivering can increase oxygen consumption 

to 1000 ml/min during resting immersion in cold water, 

and like moderate exercise of the same intensity, fat is a 

primary fuel to support shivering in well-fed individuals 

(4). However, it is clear that inadequate carbohydrate 

stores may lead to hypoglycemia, which can impact one’s 

ability to shiver. Further, bursts of shivering lead to greater 

muscle glycogen depletion. Consequently, having ade-

quate carbohydrate stores is important to reduce the risk 

for hypothermia (4). Given the importance of body fatness 

and body type in the metabolic response to cold expo-

sure, are there differences due to gender and age?

Descriptive Characteristics 

Subject characteristics, such as gender and age, infl u-

ence the metabolic and body temperature responses to 

cold exposure.

Gender Sex differences in response to cold water 

exposure are linked to a woman’s higher body fatness, 

thicker subcutaneous layer, less lean mass, and higher 

surface area-to-mass ratio, compared to men of the 

same weight and age. At rest, women show a faster 

reduction in body temperature than do men, even 

when subcutaneous fat thickness is the same. In con-

trast, when exercise is done in cold water, women and 

men of the same body fatness have similar decreases 

in body temperature. Consequently, any gender differ-

ences in core temperature responses to cold exposure 

can be explained primarily on the basis of differences 

in body composition and anthropometry. It must be 

added that amenorrheic women cannot maintain core 

temperature during exercise in the cold as well as 

eumenorrheic women can (4).

Age In general, individuals over 60 years may be less 

tolerant to cold exposures than younger individuals 

because the ability of older individuals to vasocontrict 

skin blood vessels and conserve heat is reduced. They 

also have less thermal sensitivity. That is, their response 

to a decrease in temperature is reduced, allowing time 

for greater heat loss. In contrast to adults, children have 

a larger surface area-to-mass ratio and less subcutane-

ous fat. This results in a faster fall in core temperature on 

cold water exposure and a greater risk of hypothermia. 

Similar to the gender differences (or lack thereof) men-

tioned above, 11- to 12-year-old boys with the same

subcutaneous fat as men had the same core temperature 

response when doing exercise in cold air (4). See A Look 

Back—Important People in Science for an individual who 
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 in V̇ O2 and body fatness. Women cool faster than 

men when exposed to cold water, exhibiting a 

longer delay in the onset of shivering and a lower 

V̇ O2, despite a greater stimulus to shiver.

Dealing with Hypothermia

As body temperature falls, the person’s ability to carry 

out coordinated movements is reduced, speech is 

slurred, and judgment is impaired (108). People can die 

from hypothermia, and the condition must be dealt 

with when it occurs. The following steps on how to do 

this are taken from Sharkey (108):

■ Get the person out of the cold, wind, and rain.

■ Remove all wet clothing.

■ Provide warm drinks, dry clothing, and a warm, 

dry sleeping bag for a mildly impaired person.

■ If semiconscious, keep the person awake, 

remove clothing, and put into a sleeping bag 

with another person.

■ Find a source of heat (e.g., camp fire).

had a major impact on our understanding of the physiol-

ogy of how humans adapt to extreme environments.

■ Subcutaneous fat is the primary “natural” insula-

tion and is very effective in preventing rapid heat 

loss when a person is exposed to cold water.

■ Clothing extends this insulation, and the insu-

lation value of clothing is described in clo units, 

where a value of 1 describes what is needed to 

maintain core temperature while sitting in a 

room set at 21  C and 50% RH with an air move-

ment of 6 m   sec 1.

■ The amount of insulation needed to maintain 

core temperature is less when one exercises 

because the metabolic heat production helps 

maintain the core temperature. Clothing should 

be worn in layers when exercising so one can 

shed one insulating layer at a time as body 

temperature increases.

■ Heat production increases on exposure to cold, 

with an inverse relationship between the increase

IN SUMMARY

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

L. G. C. E. Pugh Furthered Our Understanding of How to Survive and Function Well 

in Extreme Environments 

In this chapter that 

deals with the effect of 

cold, heat, and altitude 

on performance, we 

thought it would be 

appropriate to highlight 

an individual who had a 

major impact on our understanding of 

the physiology involved in adapting to 

adverse environments: Lewis Griffi th 

Cresswell Evans (L.G.C.E.) Pugh, M.D.

 L.G.C.E. Pugh was born in 1909 in 

England. He attended New College, 

Oxford, and completed his B.A. in 1931. 

He then studied natural sciences dur-

ing 1931–33 and medicine until 1938, at 

which time he received his B.M and 

M.A. degrees. He was a competitive 

downhill and cross-country skier and 

qualifi ed for England’s 1936 winter 

Olympics. In 1939 he entered the army 

as a medical offi cer and served in 

Europe and the Middle East. In 1943, he 

was sent to the Mountain Warfare Train-

ing Centre in Lebanon to select, train, 

and evaluate troops for mountain 

warfare. There he became involved in 

the systematic study of the interaction 

of altitude, environmental temperature, 

nutrition, clothing, and fi tness on human 

performance, and he developed train-

ing manuals based on his work. Follow-

ing the war he was involved in British 

navy research expeditions to the Arctic, 

and in 1950 he accepted a position in 

the Medical Research Council’s Division 

in Human Physiology to study the 

effects of extreme environments.

 Dr. Pugh was a major participant in 

several high-altitude expeditions dur-

ing the 1950s and 1960s. The fi rst, in 

1952, gave him insight into what kinds 

of clothing, nutrition, hydration, and 

oxygen were required for humans to 

function at extreme altitudes. His work 

is recognized as being crucial to the 

success of the 1953 British expedition 

to Mt. Everest in which Edmund Hillary 

and Tenzing Norgay were the fi rst to 

reach the summit. In the late 1950s he 

joined Edmund Hillary for an  Antarctic 

expedition in which he studied human 

tolerance to extreme cold; it was also 

during this time that the two planned 

to return to Everest. Dr. Pugh was the 

principal scientist in the 1960–61 Scien-

tifi c and Mountaineering Expedition to 

Everest that  provided ground-breaking, 

and yet fundamental, information about 

how humans adapt to chronic exposure 

to high altitude. In addition, in the late 

1960s he was involved in helping ath-

letes prepare for the Olympic Games 

which were to take place in Mexico City 

at an altitude of  2,300 m. His life’s 

work revolved around understanding 

how humans adapt to exercise in 

extreme environments and his fi ndings 

are as relevant today as they were 60 

years ago. He died in 1994.

Sources: Peter H. Hansen. Pugh, (Lewis) Griffi th 

Cresswell Evans (1909–1994), physiologist and 

mountaineer. Oxford Dictionary of National Biography.

University of California, San Diego. Mandeville 

Special Collections Library, Geisel Library. The 

Register of L. G. C. E. Pugh Papers 1940–1986.
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■ If a person becomes hypothermic, get the per-

son out of the wind, rain, and cold; remove wet 

clothing and put on dry clothing; use a sleeping 

bag for warmth; and if it is a severe case, 

remove clothing from the person and have 

another person in the sleeping bag to provide 

warmth; fi nally, provide some source of heat.

IN SUMMARY

AIR POLLUTION

Air pollution includes a variety of gases and particu-

lates that are products of the combustion of fossil fuels. 

The “smog” that results when these pollutants are in 

high concentration can have a detrimental effect on 

health and performance. The gases can affect perfor-

mance by decreasing the capacity to transport oxygen, 

increasing airway resistance, and altering the percep-

tion of effort required when the eyes “burn” and the 

chest “hurts.” A study on traffic policemen, who are 

routinely exposed to a full range of pollutants through-

out their workday, makes the point. Although their 

physiological responses were normal at rest, during an 

exercise test about one-third of the policemen experi-

enced ECG changes and elevated blood pressure 

responses, with the vast majority of those individuals 

also experiencing a desaturation of hemoglobin (115). 

In addition, children living in an air-polluted environ-

ment had significantly lower V̇ O2 max values compared 

to those living in areas with better air quality (131).

 The physiological responses to these pollutants 

are related to the amount or “dose” received. The major 

factors determining the dose are the concentration of 

the pollutant, the duration of the exposure to the pol-

lutant, and the volume of air inhaled. This last factor 

increases during exercise and is one reason why physi-

cal activity should be curtailed during times of peak 

pollution levels (34). The following discussion focuses 

on the major air pollutants: particulate matter, ozone, 

sulfur dioxide, and carbon monoxide.

Particulate Matter

The air is full of microscopic and submicroscopic parti-

cles, many of which can be tied to motor vehicles (espe-

cially diesels) and industrial sources. Over the past ten 

years, more attention has been focused on the very 

small particles because of their potential to promote 

pulmonary infection and actually cross the epithelium 

to enter the circulation (35). Fine particle pollution 

causes an elevation in blood pressure in those with 

pre-existing cardiovascular disease and may contribute 

to an increased risk of cardiac mortality and morbidity 

(109, 132). The mechanisms by which this occurs 

include a decreased capacity of the blood vessels to 

dilate and a reduction in fi brinolytic activity (78). 

Finally, evidence exists that these particles cause 

systemic oxidative stress with damage to DNA (9), and 

that antioxidant supplements may moderate this effect, 

especially in those with vitamin defi ciencies (99).

Ozone

The ozone we breathe is generated by the reaction of 

UV  light and emissions from internal combustion 

engines. While a single, two-hour exposure to a high 

ozone  concentration, 0.75 part per million (ppm), 

decreases V̇ O2 max, recent studies show that a six- to 

twelve-hour exposure to a concentration of only 0.12 

ppm (the U.S. air quality standard) decreases lung func-

tion and increases respiratory symptoms. Further, in 

amateur cyclists who practiced and raced in air contain-

ing varying concentrations of ozone, the decrease in 

pulmonary function following activity was directly 

related to the ozone concentration (10). Interestingly, 

an adaptation to ozone exposure can occur, with sub-

jects showing a diminished response to subsequent 

exposures during the “ozone season.” However, concern 

about long-term lung health suggests that it would be 

prudent to avoid heavy exercise during the time of day 

when ozone and other pollutants are elevated (34).

Sulfur Dioxide

Sulfur dioxide (SO2) is produced by smelters, refineries, 

and electrical utilities that use fossil fuel for energy gen-

eration. SO2 does not affect lung function in normal sub-

jects, but it causes bronchoconstriction in asthmatics. 

These latter responses are influenced by the tempera-

ture and humidity of the inspired air, as mentioned in 

chapter 17. Nose breathing is encouraged to “scrub” the 

SO2, and drugs like cromolyn sodium and ␤2-agonists 

can partially block the asthmatic’s response to SO2 (34).

Carbon Monoxide

Carbon monoxide (CO) is derived from the burning of 

fossil fuel, coal, oil, gasoline, and wood, as well as from 

cigarette smoke. Carbon monoxide can bind to hemo-

globin to form carboxyhemoglobin (HbCO) and 

decrease the capacity for oxygen transport. This has the 

potential to affect the physiological responses to sub-

maximal exercise (51) and V̇O2 max, as does altitude. 

The carbon monoxide concentration [HbCO] in blood 

is generally less than 1% in nonsmokers, but may be as 

high as 10% in smokers (94). Horvath et al. (55) found 

that the critical concentration of HbCO needed to 

decrease V̇ O2 max was 4.3%. Figure 24.11 shows the 

relationship between the blood HbCO concentration 

and the decrease in V̇ O2 max; beyond 4.3% HbCO, V̇ O2 

max decreases 1% for each 1% increase in HbCO (95).

 In contrast, when one performs light work, at about 

40% V̇ O2 max, the [HbCO] can be as high as 15% before 

endurance is affected. The cardiovascular system has 

the capacity to compensate with a larger cardiac output 

when the HbO2 concentration is reduced during 
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submaximal work (55, 94, 95). Because it takes two to 

four hours to remove half the CO from the blood once 

the exposure has been removed, CO can have a lasting 

effect on performances (34).

 Unfortunately, it is difficult to predict what the 

actual [HbCO] will be in any given environment. One 

must consider the previous exposure to the pollutant, 

as well as the length of time and rate of ventilation 

associated with the current exposure. As a result, Raven 

(94) provides the following guidelines for exercising in 

an area with air pollution:

■ Reduce exposure to the pollutant prior to 

exercise, because the physiological effects are 

time- and dose-dependent.

■ Stay away from areas where you might receive a 

“bolus” dose of CO: smoking areas, high-traffic 

areas, urban environments.

■ Do not schedule activities around the times 

when pollutants are at their highest levels 

(7–10 A.M. and 4–7 P.M.) due to traffic.

 The Air Quality Index (AQI) is a measure of the 

quality of the air for five major air pollutants regulated by 

the Clean Air Act: ground-level ozone, particulate mat-

ter, carbon monoxide, sulfur dioxide, and nitrogen diox-

ide. Figure 24.12 shows a color-coded chart of the AIQ, 

with the interpretation of what the numerical values 

mean. Information on the AIQ is generally provided in 

a local community’s weather forecast and should be 

suited to the individual—some will experience symp-

toms at lower levels of pollution than others (6).

■ Air pollution can affect performance. Exposure 

to ozone decreases V̇ O2 max and respiratory 

function, while sulfur dioxide causes bron-

choconstriction in asthmatics.

■ Carbon monoxide binds to hemoglobin and 

reduces oxygen transport in much the same way 

that altitude does.

■ To prevent problems associated with pollution of 

any type, reduce exposure time; stay away from 

“bolus” amounts of the pollutant; and schedule 

activity at the least polluted part of the day.

■ The Air Quality Index should be monitored to 

determine if conditions are safe for exercising 

outdoors.

IN SUMMARY
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Figure 24.11 The effect of the concentration of carbon 

monoxide in the blood on the change in V̇ O2 max.

Figure 24.12 The Air Quality Index Source Air Quality Index (AQI)—A Guide to Air Quality and Your Health. AIRNow 

website. Available at: http://airnow.gov/index.cfm?action=static.aqi. Accessed April 28, 2008.
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STUDY QUESTIONS

 1.  Describe the changes in barometric pressure, PO2, and 
air density with increasing altitude.

 2.  Why is sprint performance not affected by altitude?
 3.  Explain why maximal aerobic power decreases at altitude 

and what effect this has on performance in long-
distance races.

 4.  Graphically describe the effect of altitude on the HR and 
ventilation responses to submaximal work and provide 
recommendations for fitness participants who occasion-
ally exercise at altitude.

 5.  Describe the process by which an individual adapts to 
altitude, and contrast the adaptation of the permanent 
residents of high altitude with that of the lowlander who 
arrives there as an adult.

 6.  While training at altitude can be beneficial, how could 
someone “detrain”? How can you work around this 
problem?

 7.  It was formerly believed that a person could not climb 
Mount Everest without oxygen because the estimated 

    V̇ O2 max at altitude was close to basal metabolic rate. 
When two climbers accomplished the feat in 1978, sci-
entists had to determine how this was possible. What 
were the primary reasons allowing the climb to take 
place without oxygen?

 8.  List and describe the factors related to heat injury.
 9.  What is the heat stress index and why is the wet bulb 

temperature weighed so heavily in the formula?
10.  List the factors related to hypothermia.
11.  Explain what the wind chill index is relative to convective 

heat loss.
12.  What is a clo unit, and why is the insulation requirement 

less when you exercise?
13.  What would you do if a person had hypothermia?
14.  Explain how carbon monoxide can influence V̇O2 max 

and endurance performance.
15.  What steps would you follow to minimize the effect of 

pollution on performance?

SUGGESTED READINGS

Howe, A. S., and B. P. Boden. 2007. Heat-related illness in 
athletes. American Journal of Sports Medicine 35:1384–95.

Johnson, L., J. Hemmleb, and E. Simonson. 1999. The Ghosts 
of Everest. Seattle, WA: Mountaineers Books. (Detailed 
account of the expedition that found Mallory’s body.)

Kenney, W. L., and T. A. Munce. 2003. Invited review: aging 
and human temperature regulation. Journal of Applied 
Physiology 95:2598–603.

Messner, R. 1999. Everest: Expedition to the Ultimate. Seattle, WA: 
Mountaineers Books. (A story of the first trip to the summit 
by Messner and Habeler without oxygen.)
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Ergogenic Aids

■ Objectives

By studying this chapter, you should be able to do the following:

 1. Define ergogenic aid.

 2.  Explain why a “placebo” treatment in a 

“double-blind design” is used in research 

studies involving ergogenic aids.

 3.  Describe, in general, the effectiveness of 

nutritional supplements on performance.

 4.  Describe the effect of additional oxygen on 

performance; distinguish between hyperbaric 

oxygenation and that accomplished by 

breathing oxygen-enriched gas mixtures.

 5.  Describe blood doping and its potential for 

improving endurance performance.

 6.  Explain the mechanism by which ingested 

buffers might improve anaerobic performances.

 7.  Explain how amphetamines might improve 

exercise performance.

 8.  Describe the various mechanisms by which 

caffeine might improve performance.

 9.  Identify the risks associated with using 

chewing tobacco to obtain a nicotine “high.”

10.  Describe the risks of cocaine use and how it 

can cause death.

11.  Describe the physiological and psychological 

effects of different types of warm-ups.
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The preceding chapters have described exercise 

and dietary plans related to performance. How-

ever, no presentation of factors affecting performance 

would be complete without a discussion of ergogenic 

aids. Ergogenic aids are defined as work-producing 

substances or phenomena believed to increase 

performance (85).

 Ergogenic aids include nutrients, drugs, warm-up 

exercises, hypnosis, stress management, blood dop-

ing, oxygen breathing, music, and extrinsic biomech-

anical aids. Although we discussed nutritional issues 

related to performance in chapter 23, we will provide 

additional detail about the role of dietary supplements 

as ergogenic aids in this chapter. In addition, we will 

discuss ergogenic aids related to aerobic performance 

(oxygen inhalation and blood doping) and anaerobic 

performance (blood buffers), as well as various drugs 

(amphetamines, caffeine, cocaine, and nicotine) and 

physical warm-up. Note that anabolic steroids and 

growth hormone were discussed in chapter 5.

 Although the attention of the reader will be 

focused on athletic performance, where an improve-

ment of less than 1% would alter world records, it 

must be noted that industrial physiologists have 

long been concerned about the relationship of light-

ing, environmental temperature, and background 

noise (music) to performance in the workplace (85). 

Research work in this area must be done carefully, 

with special attention to the research design due to 

the number of factors that can influence the outcome 

of the study.

RESEARCH DESIGN 
CONCERNS

It is sometimes difficult to compare the results of one 

research study on ergogenic aids with another. The 

reason for this is that the effect of an ergogenic aid 

depends on a number of variables (85):

■ Amount— too little or too much may show 

no effect

■ Subject— the ergogenic aid may be effective 

in “untrained” subjects but not 

“trained” subjects, or vice versa

 — the “value” of an ergogenic aid is 

determined by the subject

■ Task— may work in short-term, power-related 

tasks, but not in endurance tasks, or 

vice versa

 —  may work for gross-motor, large-muscle 

activities and not with fine-motor 

activities, or vice versa

■ Use— an ergogenic aid used on an acute 

(short-term) basis may show a positive 

effect, but in the long run may compro-

mise performance, or vice versa

 Given these variables, scientists are careful in 

designing experiments in order not to be “fooled” by 

the result. For example, an athlete may improve perfor-

mance because he or she believes the substance 

improves performance, so the “belief” is more impor-

tant than the substance in determining the outcome. 

Further, an investigator may “believe” in the ergogenic 

aid and inadvertently offer different levels of encour-

agement during the testing of athletes under the 

influence of the ergogenic aid. These problems are 

controlled for by using a placebo as a treatment con-

dition, and using a double-blind research design, 

respectively.

 A placebo is a “look-alike” substance relative to 

the ergogenic aid under consideration, but it contains 

nothing that will influence performance. The need for 

such a control is seen in figure 25.1, which describes 

the gain in strength by a group that was taking a pla-

cebo but was told it was an anabolic steroid. It is con-

trasted with the group’s performance prior to taking 

the placebo. The rate of strength gain was higher with 

the placebo, indicating the need for such a control if 

one is to isolate the true effect of a substance (2).

 A double-blind research design is one in which 

neither the subject nor the investigator knows who is 

receiving the placebo or the substance under investi-

gation. The subjects are randomly assigned to receive 

pill x or pill y. After all data are collected, the “code” is 

broken to find out which pill (x or y) was the placebo 

and which was the substance under investigation. 

These designs are very complex and difficult to carry 

out, but they reduce the chance of subject or investi-

gator bias (85).

 The scientist must also be careful in the selection 

of subjects. If a substance is tested as a potential aid 

to sprinters, it would be reasonable to select subjects 

Figure 25.1 Changes in performance when subjects were 

told they were taking an anabolic steroid, but were really 

taking a placebo.
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from that population so the results can be generalized 

to that group. Further, the tests used by the investiga-

tor should be as close as, or actually be, the perfor-

mance task (e.g., 100-meter dash). In short, results 

obtained on a proper subject population but under 

controlled laboratory conditions using conventional 

physiological tests may not be useful when taken to 

the “field” (85).

■ Ergogenic aids are defi ned as substances or 

phenomena that are work-producing and are 

believed to increase performance.

■ Due to the fact that an athlete’s belief in a sub-

stance may infl uence performance, scientists use 

a placebo or look-alike substance to control for 

this effect. In addition, scientists use a double-

blind research design in which the investigator 

and subject are both unaware of the treatment.

IN SUMMARY

DIETARY SUPPLEMENTS

We discussed issues related to basic nutrition in chap-

ter 18, and provided additional detail about the role of 

nutrition in performance in chapter 23. In this section we 

go a step further and discuss the role that dietary sup-

plements may play in athletic performance—a point of 

interest to many athletes. A survey of athletes indicated 

that 46% used dietary supplements. Elite athletes used 

supplements more than college or high school athletes, 

and women used them more than men (117). For recent 

reviews on dietary supplements and performance, see 

Maughn et al. (79) and Juhn (65) in references, and texts 

by Fink, Burgoon, and Mikesky (2006), and Jeukendrup 

and Gleeson (2004) in the Suggested Readings.

 One has only to open a strength-training magazine 

to become aware of the incredible number of dietary 

supplements promoted as improving the effects of a 

workout, be it size or strength. Table 25.1 provides a 

summary of a number of dietary supplements used by 

strength-training athletes to increase strength, mus-

cle mass, and athletic performance. The columns pro-

vide information about the claim made for each 

substance and the evidence for or against that claim. 

A quick reading of table 25.1 indicates that little or no 

support exists for any of the supplements, with the 

exception of creatine. We all know of the role of phos-

phocreatine (PC) in high-power events or at the onset 

of endurance exercise (see chapters 3 and 4). Numer-

ous studies show that creatine supplementation can 

increase the muscle’s creatine concentration. Does it 

affect performance? (See The Winning Edge 25.1 for 

more on this rapidly changing story.)

 Carnitine, another dietary supplement listed in 

table 25.1, is associated with the transport of fatty acids 

from the cytoplasm into the mitochondria. Table 25.1 

indicates that there was no support for its proported 

claim to promote fat loss. However, endurance athletes 

are also interested in carnitine because of its putative 

effect on fat use, which may spare carbohydrates and 

reduce the lactate concentration during exercise. How-

ever, Heinonen’s review (58) suggests that carnitine 

supplementation does not enhance fat oxidation nor 

spare glycogen, reduce body fat, affect lactate accumu-

lation, or affect maximal oxygen uptake.

 The use of supplements of any kind needs to be 

approached with a “buyer beware” attitude. When the 

U.S. Congress passed the Dietary Supplements Health 

and Education Act in 1994, it opened the door for the 

manufacture and sale of dietary supplements, includ-

ing some (e.g., prohormones) that were not originally 

envisioned (9, 130). The lack of regulation of these 

products means that supplements may contain con-

taminants, some of which may elicit a positive drug 

test. A case in point is a recent study by Baume et al 

(8). They examined 103 dietary supplements and found 

3 that had an anabolic steroid in very large amounts 

that would have generated a positive drug test. One 

creatine product revealed the presence of two anabolic 

steroids when urine samples were examined. To pre-

vent the problems associated with using contaminated 

supplements, extensive testing of products by an inde-

pendent lab may be warranted—or the athlete should 

only take those nutritional supplements recom-

mended by a nutritionist/registered dietician (29).

 For an update on the effect of herbs on athletic 

performance, see a review by Kundrat (2005) in the 

Suggested Readings.

■ For the most part, there is little evidence that 

dietary supplements provide a performance 

advantage to athletes, with the possible excep-

tion of creatine.

IN SUMMARY

AEROBIC PERFORMANCE

Chapter 20 detailed the various tests used to evaluate 

the physiological factors related to endurance perfor-

mance. Clearly, an increased ability to transport O2 to 

the muscles and a delay in the onset of lactate produc-

tion are related to improved performance. Two ergogenic 

aids have been used to try to influence O2 delivery: the 

breathing of O2-enriched mixtures and blood doping.

Oxygen

Given the importance of aerobic metabolism in the 

production of ATP for muscular work, it is not sur-

prising that scientists have been interested in the 
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TABLE 25.1  Dietary Supplements for Strength Trainers

Supplement Description Claim Evidence Comment

Antioxidants  Chemicals that Reduce muscle Little evidence that With continued

 (e.g., vitamins A,   protect cells from  damage resulting  performance is enhanced,  training, antioxidants

 C, and E)   oxidative damage   from severe or  but some evidence that   produced by the

    caused by free   eccentric   oxidative damage caused  body may be suffi -

    radicals  exercise  by exercise may be   cient; if diet is inade-

      lessened   quate, supplement

Proteins or  High-protein diets  Meet greater  Dietary intake already Diet adequate

 branched-chain   or unique amino   protein needs  exceeds upper limit 

 amino acids  acid supplements  associated with   of known protein

     training  requirements

Lysine, arginine,  Amino acids Increase growth May increase growth Costly and ineffective

 and ornithine   hormone secre-   hormone, but of very

     tion; promote   limited magnitude; no

     muscle growth   effect on muscle mass

␤-hydroxy– Metabolite of  Anti-catabolic— Might be useful in those Expensive and of little

 ␤-methylbutyrate amino acid leucine  decreases   beginning a training pro-  benefit

     muscle protein  gram; does not increase

     breakdown  strength or fat-free mass 

      in trained individuals

Chromium Plays role in  Enhances amino No effect on muscle mass If taken as picolinate

    insulin action  acid uptake  or strength   salt, may be 

dangerous

Vanadium Plays a role in  Enhances amino No effect on muscle mass High doses have

    insulin action  acid uptake  or strength  serious side effects

Boron Trace element Enhances  No effect Diet adequate for

     testosterone    normally nourished

     concentration   individuals

Creatine Amino acid Increases  Improves performance in See The Winning

     anaerobic power  selected tasks (e.g.,   Edge 25.1

      repeated sprint bouts)  

Dehydroepi- Precursor to Enhances No effect on testosterone,  Increases estrogen

 androsterone   testosterone  testosterone   strength, or muscle mass  levels and decreases

 (DHEA)   concentration    HDL cholesterol; 

     and muscle mass    could result in a 

positive drug test 

for testosterone

Androstenedione  Precursor to Enhances No effect on testosterone,  Increases estrogen

 (andro)  testosterone  testosterone   strength, or muscle mass  levels and decreases

     concentration    HDL cholesterol; 

     and muscle mass    could result in a 

positive drug test 

for testosterone

Carnitine Used in fat  Enhances fat use,  No deficiency in athletes;  Diet adequate

    metabolism  decreases body   no effect on metabolic

     fat  response to exercise

From Juhn (65) and Maughan, King, and Lea (79).
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THE WINNING EDGE 25.1

Creatine Monohydrate

We are all familiar with the importance 

of phosphocreatine (PC) as an energy 

source during short-term, explosive 

exercise, and as the energy source 

that helps us to make the transition to 

the steady state of oxygen uptake 

during submaximal aerobic exercise 

(see chapters 3 and 4). Because of PC’s 

importance in explosive exercise, there 

has been a great deal of interest in the 

potential of the dietary supplement 

creatine monohydrate to increase the 

muscle’s concentration of PC and, 

hopefully, performance.

 The total creatine concentration in 

muscle is about 120 mmol   kg 1, and 

2 grams are excreted per day. These 

2 grams are replaced by diet (1 gram) 

and by synthesis (1 gram) from amino 

acids (30, 131). The first step in a typi-

cal creatine monohydrate “loading” 

plan consists of adding 20 to 25 g to the 

diet per day for five to seven days. This 

results in a ⬃20% increase in muscle 

creatine, which approaches what is 

thought to be the upper limit of the 

muscle’s capacity to store creatine. 

There is evidence that this elevated 

level can be achieved with doses as 

low as 3 g per day—given time. Inde-

pendent of the means used to achieve 

the higher levels of creatine in muscle, 

there is great variability among sub-

jects (30, 131):

■ Individuals with lower initial 

values (e.g., vegetarians) have 

greater increases, and some 

individuals with high presupple-

ment values may not respond to 

the increased creatine. This has 

led to the terms responders and 

nonresponders.

■ The ingestion of glucose with 

the creatine reduces this varia-

tion and enhances uptake.

  In general, the short-term 

loading scheme appears to 

improve the ability to maintain 

muscular force and power out-

put during various exhaustive 

bouts of exercise, including in 

older individuals (54, 106), but 

not without exception (131, 138). 

Studies that controlled for pro-

tein and energy intake show 

convincingly that it is the cre-

atine itself that brings about 

these effects (27). In addition, 

creatine does not impact muscle 

glycogen, either at rest or follow-

ing exhaustive exercise (114).

 In contrast to scientists using a five- 

to seven-day loading regime to deter-

mine the effect of an elevated muscle 

creatine concentration, athletes take 

the creatine supplement for long peri-

ods of time to improve performance. 

The elevated level of creatine in mus-

cle achieved in the loading phase can 

be maintained by consuming 2 to 5 

grams of creatine monohydrate per 

day. Interestingly, the “mechanism” for 

any increase in performance may be 

only indirectly related to the creatine. 

For example, greater gains in strength 

achieved in a weight-training program 

may be mediated by the athlete’s abil-

ity to increase the intensity of training, 

which would, in turn, allow for a greater 

physiological adaptation (i.e., strength 

gain) to the training (100, 131). How-

ever, it must be noted that creatine 

supplementation does not reduce 

muscle damage resulting from severe 

exercise (101). What about the down 

side of creatine supplementation?

 Creatine supplementation appears 

to increase body mass, but this is 

probably due more to water retention 

than protein synthesis. Consequently, 

athletes who must “carry” their own 

body weight (e.g., runners) might 

have to be careful not to negatively 

affect performance (30, 138). There are 

reports of gastrointestinal distress, 

nausea, and muscle cramping associ-

ated with the use of this dietary sup-

plement; however, recent reports sug-

gest that at least out to 21 months, 

there are no long-term adverse effects 

(9, 99). Since an Upper Level of Intake 

(UL) standard is not yet available 

for creatine (see chapter 18 for a 

description of UL), the use of the 

Observed Safe Level (OSL) has been 

suggested as a fi rst step. Based on 

existing research, an amount of 5 g per 

day appears to be a safe level for 

chronic consumption (114). Should it 

be banned? Volek (131) provides an 

interesting analogy: Creatine supple-

mentation is linked to enhanced per-

formance of high-intensity, repetitive 

bouts of exercise in the same way 

that carbohydrate supplementation is 

linked to improvements in endurance 

performance (see chapter 23).

effect of additional oxygen (hyperoxia) on perfor-

mance. But to discuss this issue we must ask the fol-

lowing question: How and when was the O2 

administered to achieve a higher PO2 in the blood? 

In his insightful review of this topic, Welch (133) 

stressed the difficulty of comparing results from 

studies in which hyperoxia is achieved by increasing 

the percent of O2 in the inspired air with those that 

use a hyperbaric (high-pressure) chamber with 21% 

or higher O2 mixtures. Figure 25.2 shows that perfor-

mance (e.g., longer time to exhaustion) improves 

throughout the range of inspired oxygen pressures 

when O2-enriched mixtures are used at a normal 

pressure of 1 atmosphere (“constant  pressure”), 

compared to the use of a hyperbaric chamber 

(“increasing pressure”). A study using both weight-

lifting tasks and an endurance treadmill run con-

fi rmed the lack of effect of hyperbaric hyperoxia on 

performance (109). The second part of the question 

is related to the time of administration of the sup-

plemental O2. Results vary depending on whether 

the O2 is administered prior to, during, or following 

exercise. For that latter reason, this section on oxy-

gen is organized by those conditions.
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Prior to Exercise The rationale for the use of sup-

plemental oxygen prior to exercise is to try to “store” 

additional oxygen in the blood so that more will be 

available at the onset of exercise. It has been esti-

mated that the hemoglobin in arterial blood is about 

97% saturated with O2 at rest (200 ml O2  /L blood). 

Breathing 100% O2 would increase the O2 bound to 

hemoglobin by only 3%, or 6 milliliters. However, the 

amount of oxygen physically dissolved in solution is 

proportional to the arterial PO2, and when the PO2 

increases from about 100 mm Hg (breathing 21% O2 at 

sea level) to about 700 mm Hg (breathing 100% O2), 

the dissolved oxygen increases from 3 ml/L to 21 ml/L. 

If a person has a total blood volume of 5 liters, approx-

imately 100 milliliters of additional O2 can be “stored” 

prior to exercise. However, if the person takes a few 

breaths between the time the O2 breathing stops and 

the event begins, the O2 store will return to that asso-

ciated with air breathing (141).

 The focus of attention on the use of oxygen prior 

to exercise has been on short-term exercise. In gen-

eral, in runs of 880 yards or less, weight lifting, stair 

climbing, and swims of 200 yards or less, the O2 

breathing seemed to be beneficial (86, 141). In addi-

tion, evidence suggested that the O2 breathing 

needed to take place within two minutes of the task 

(141). Some concern has been expressed about these 

findings due to the fact that in some cases the sub-

jects knew they were breathing O2, a factor that could 

have affected the results (141). Overall, considering 

the fact that O2 cannot be breathed up to the start of 

a sprint event in swimming or track, any effect would 

be lost before the starter’s gun is fired. Therefore, 

unless one participates in a breath-holding event, 

oxygen breathing prior to exercise will have little 

effect on performance.

During Exercise The rationale for the use of oxy-

gen during exercise to improve performance is based 

on the proposition that muscle is hypoxic during exer-

cise and additional O2 delivery will alleviate the prob-

lem (134). If this is the case, then the additional O2 in 

the blood during O2 breathing should increase the 

delivery of O2 to the muscle and improve performance. 

However, Welch et al. (134) showed that when one 

breathes hyperoxic gas mixtures, the increase in the 

O2 content of arterial blood (CaO2) is balanced by a 

decrease in blood flow to the working muscles such that 

O2 delivery (CaO2   flow) is not different from nor-

moxic (21% O2) conditions. V̇ O2 max is increased by 

only 2% to 5% with hyperoxia, which is about what 

would be expected, since maximal cardiac output 

doesn’t change and the a-v̄ O2 difference does not in-

crease more than 5% to 6% (108) [V̇ O2 max   Q̇  max   

(CaO2   Cv̄O2)].

 In spite of similarities in O2 delivery during hyper-

oxia and normoxia, performance has been shown to 

increase dramatically as a result of an increase in 

inspired O2. Figure 25.2 shows time to exhaustion to 

be improved by 40% while breathing 100% O2. How 

could this be if O2 delivery to muscles is not substan-

tially different? The increased availability of O2 has 

been shown to decrease pulmonary ventilation and 

reduce the work of breathing, a change that should 

lead to an increase in performance (133, 142, 143). In 

addition, those athletes who experience “desatura-

tion” of hemoglobin during maximal work (see chap-

ters 9 and 24) while breathing 21% O2 could benefit by 

breathing oxygen-enriched gas mixtures (97). One 

study found that when sprinters did three repeat 300-

meter sprints at different speeds on a treadmill while 

breathing 40% oxygen (compared to 21%), hemoglo-

bin saturation was maintained and the fall in blood 

pH was less (90). Finally, the high PO2 slows glycolysis 

during heavy exercise, resulting in a slower accumula-

tion of lactate and H  in the plasma and extending 

the time to exhaustion (60, 133). The reduction in lac-

tate formation in hyperoxia appears to be due to a 

reduction in the rate of glycogen breakdown so that it 

is better matched with its subsequent oxidation in the 

Krebs cycle (120). Given the impracticality of trying to 

provide O2 mixtures to athletes during performance, 

this research on hyperoxia is more useful as a tool to 

answer questions related to the age-old question of 

what factor, O2 delivery or the muscle’s capacity to 

consume O2, limits aerobic performance (133). How-

ever, some have used hyperoxia during training in an 

attempt to improve performance. A recent study had 

subjects breathe 60% O2 (versus 21% O2) during train-

ing to see if it would result in larger gains in V̇ O2 max 

Figure 25.2 The effect of PO2 on performance. Constant 

pressure experiments used oxygen-enriched gas mixtures 

at sea-level pressure, while the increasing pressure 

experiments used a hyperbaric chamber to increase the 

PO2. From H. W. Welch, “Effects of Hypoxia and Hyper-

poxia on Human Performance” in Kent B. Pandolf, ed., 

Exercise and Sport Sciences Reviews, vol. 15. Copyright © 1987 

McGraw-Hill, Inc., New York. Reprinted by permission.
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and performance. Subjects were able to exercise at an 

8% higher work rate using 60% O2, but changes in V̇ O2 

max and time to exhaustion were not different between 

treatments (94).

After Exercise The rationale for the use of supple-

mental oxygen after exercise is that the subject might 

recover more quickly following exercise and be ready 

to go again. Some of the early work showed just that, 

but because the subjects knew what gas they were 

breathing, the results have to be interpreted with cau-

tion (86, 141). Wilmore (141) summarized the effects 

of several studies and concluded that there was no 

benefit of O2 breathing during recovery on heart rate, 

ventilation, and post-exercise oxygen uptake. This 

conclusion was supported by studies showing no 

effect of O2 breathing on subsequent performance in 

all-out exercise (103).

■ Oxygen breathing before or after exercise seems 

to have little or no effect on performance, 

whereas oxygen breathing during exercise 

improves endurance performance.

IN SUMMARY

Blood Doping

In chapter 13 we described how V̇ O2 max is limited by 

maximal cardiac output, given the constraint that 

blood pressure had to be maintained by vasoconstric-

tion of the active muscle mass. Because maximal O2 

transport is equal to the product of maximal cardiac 

output (Q̇ max) and the O2 content of arterial blood 

(CaO2), one way to improve O2 delivery to tissue when 

Q̇ max cannot change is to increase the quantity of 

hemoglobin in each liter of blood. Blood doping 

refers to the infusion of red blood cells (RBCs) in an 

attempt to increase the hemoglobin concentration 

([Hb]) and, consequently, O2 transport (CaO2 is equal 

to the [Hb]   1.34 ml O2/gm Hb). Other terms to de-

s cribe this are blood boosting and blood packing, 

with induced erythrocythemia being the proper 

medical term. However, before we get into this topic it 

must be remembered that an increase in blood vol-

ume (independent of an increase in the hemoglobin 

concentration) would also favorably affect V̇ O2 max 

and aerobic performance (52).

 In blood doping, a subject receives a transfusion 

of blood, which may be his or her own (autologous 

transfusion) or blood from a matched donor (homol-

ogous transfusion). The latter procedure is accept-

able in times of medical emergencies, but carries the 

risk of infection and blood-type incompatibility (51); 

it is therefore not recommended in blood-doping pro-

cedures. The need to use your own blood to achieve 

the goal of a higher [Hb] creates some interesting 

problems that led to confusion in the early days of 

research in this area. The primary problem was related 

to the mismatch between the maximum time blood 

could be refrigerated and the time period needed for 

the subject to produce new RBCs and bring the [Hb] 

back to normal before the reinfusion. Maximum stor-

age time with refrigeration is three weeks, during 

which time about 1% of the RBCs are lost per day. In 

addition, some RBCs adhere to the storage containers 

or become so fragile that they will not function upon 

reinfusion. Because of these problems only about 

60% of the removed RBCs could be reinfused (51). The 

normal time period for replacement of the RBCs fol-

lowing a 400-milliliter donation is three to four weeks, 

and following a 900-milliliter donation, five to six 

weeks or more are required. If the blood were rein-

fused at the end of the three-week maximal storage 

time, the investigator might not have been able to 

achieve the condition of an increased [Hb] due to RBC 

loss (decreased 40%) and the below-normal (anemic) 

values in the subjects. Gledhill (51) makes a strong 

case for this as a primary reason why studies prior to 

1978 showed inconsistent changes in V̇ O2 max and 

performance with blood doping. Another major prob-

lem encountered in these early studies was the lack of 

an adequate research design. There was a need to 

have a group undergoing a “sham” withdrawal (nee-

dle placed in the arm but no blood is removed) and a 

“sham” reinfusion (needle placed in the arm but 

blood is not returned) to act as placebo controls.

 The central factor allowing a more careful study of 

blood doping was the introduction of the freezer pres-

ervation technique, which allows the blood to be 

stored frozen for years with only a 15% RBC loss. This 

allows plenty of time for the subject to become nor-

mocythemic (achieve normal [Hb]), so that any effect 

of the reinfusion can be correctly evaluated (51).

 The general findings were that reinfusions of sin-

gle units (⬃450 milliliters) of blood showed small but 

insignificant increases in [Hb], V̇ O2 max, and perfor-

mance, whereas the infusion of two units (900 millili-

ters) significantly increased the [Hb] (8%–9%), V̇ O2 

max (4%–5%), and performance (3%–34%). The infu-

sion of three units (1,350 milliliters) of blood caused 

slightly greater increases in [Hb] (10.8%) and V̇ O2 max 

(6.6%). This large reinfusion caused borderline eryth-

rocythemia to be approached, so a 1,350-milliliter 

infusion probably represents the upper limit that can 

be used. Figure 25.3 shows a gradual reduction in 

[Hb] toward the normal value following reinfusion, 

indicating that increased O2 transport is maintained 

for ten to twelve weeks. This is an important point as 

far as performance gains are concerned (49).

 The classic study by Ekblom et al. in 1972 showed 

the impact of blood doping on V̇ O2 max and perfor-

mance (39). The improvements in performance (3%–

34%) were much more variable than the changes in 
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[Hb] or  V̇ O2 max. Part of the reason for this variation 

was the type of performance test used. The greatest 

change was observed in a running test to exhaustion 

that lasted less than ten minutes, and the smallest 

change was observed in a five-mile time trial, with 

the improvement being fifty-one seconds compared 

to a preinfusion run time of 30:17 (140). Early ques-

tions (37) about whether this procedure would “work 

in the fi eld” were answered in a study on cross- country 

skiers (13), and judging by the number of cyclists that 

withdrew from the Tour de France when records of 

blood doping were uncovered suggests that there is 

little question of the advantage it provides. See A 

Look Back—Important People in Science for an indi-

vidual who got this started.

 Although the blood doping issue will always 

raise a question of ethics, Gledhill presents what 

amounts to a moral dilemma in the use of blood dop-

ing in getting athletes ready for performance at alti-

tude. In chapter 24 we discussed the changes in V̇ O2 

max and performance at altitude. Those athletes who 

stay at altitude experience a natural increase in RBC 

production to deal with the hypoxia. As Gledhill (51) 

points out, those athletes who can afford to train at 

altitude accomplish what blood doping does in a 

manner that is acceptable to the International Olym-

pic Committee. The availability of a recombinant 

DNA analog of erythropoietin (EPO), the hormone 

that stimulates red blood cell production, has com-

plicated the picture.

 Erythropoietin is used as a part of therapy for 

those who undergo chemotherapy or dialysis (due to 

kidney disease). The hormone stimulates red blood 

cell production to reduce the chance of anemia. This 

is crucial for a variety of patients, and investigators are 

trying to optimize the use of EPO (75). Although nor-

mal cross-country training does not seem to increase 

plasma levels of naturally occurring  erythropoietin 

(12), acute exposure to 3,000 and 4,000 meters of sim-

ulated altitude has been shown to increase the con-

centration 1.8- and 3.0-fold, respectively (35). The real 

concern, of course, is the potential abuse of the DNA-

derived analog of this hormone to generate the effects 

of blood doping, without having to undergo the blood 

withdrawals and reinfusions. Such abuse is not with-

out its risks, in that RBC production can get out of 

hand. This could lead to extremely high RBC levels, 

which would impair blood flow to the heart and brain, 

resulting in a myocardial infarction or a stroke.

 In fact, within four years of its introduction, about 

twenty top European cyclists died, unexpectedly (38). 

The EPO causes an increase in the hemoglobin con-

centration by a simultaneous increase in the red 

blood cell volume and a decrease in plasma volume, 

such that blood volume is relatively unchanged (74). 

Like the blood-doping procedure, the hemoglobin 

concentration remains elevated for several weeks 

while the EPO concentration decreases, making detec-

tion diffi cult. It should be no surprise that fi nding 

those athletes who use blood doping or EPO to gain 

an advantage is crucial to the “fairness” principle in 

sport.

 Over the past few years an organization composed 

of scientists, pharmaceutical companies, and hema-

tologists was formed to work systematically to prevent 

abuse of these products and practices by unethical 

athletes (3). Some progress has been made. For those 

using a homologous blood transfusion, tests can dis-

criminate between the donor and the recipient by 

focusing on minor blood group factors (70, 132). For 

those reinfusing their own packed red blood cells, 

that same testing procedure will not work because the 

blood groups are obviously the same. However, sys-

tematic progress has been made with an approach 

that tracks an athlete’s blood over years and notes 

changes in a variety of factors during that time (70). 

The term “hematological passport” has been applied 

to this approach, and one group has already made 

progress in establishing standards or cut-points 

to use in evaluating an out-of-line response (14). 

The measurement of hemoglobin mass may be added 

to that picture (95). It is clear that as some problems 

are solved, others appear—for example, artifi cial oxy-

gen carriers (112). However, there is little evidence 

of its usefulness at this time (38). Further, use of a 

 hemoglobin-based oxygen carrier (Hemopure™) was 

also shown to not improve performance (4).

■ Blood doping refers to the reinfusion of red blood 

cells to increase the hemoglobin concentration 

and oxygen-carrying capacity of the blood.

■ Due to improvements in blood storage tech-

niques, blood doping has been shown to be 

effective in improving V̇ O2 max and endurance 

performance.

IN SUMMARY

Figure 25.3 Changes in hemoglobin levels in blood fol-

lowing removal (phlebotomy) and reinfusion.
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ANAEROBIC 
PERFORMANCE

Improvements in endurance performance focus on the 

supply of carbohydrate and oxygen to muscle (see pre-

vious sections on oxygen and blood doping in this 

chapter and on carbohydrate in chapter 24). However, 

in short-term, all-out performances in which anaero-

bic energy sources provide the vast majority of energy 

for muscle contraction, the focus of attention shifts to 

the buffering of the H  released from muscle. This sec-

tion considers a means by which investigators have 

tried to buffer the H  and improve performance.

Blood Buffers

Elevations in the [H ] in muscle can decrease the 

activity of phosphofructokinase (PFK) (125), which may 

slow glycolysis, interfere with excitation- contraction 

coupling events by reducing Ca   efflux from the ter-

minal cisternae of the sarcoplasmic reticulum (47), 

and reduce the binding of Ca   to troponin (87). 

Decreases in muscle force development have been 

shown to be linked to increases in muscle [H ] in both 

frog muscle (43) and human muscle (123). Finally, 

when Adams and Welch (1) showed that performance 

times in heavy exercise (90% V̇ O2 max) could be altered 

by breathing 60% O2 compared to 21% or 17% O2, the 

point of exhaustion was associated with the same 

arterial [H ]. The mechanisms involved in the regula-

tion of the plasma [H ] were described in detail in 

chapter 11. Briefly, the primary means by which H  is 

buffered during exercise is through its reaction with the 

plasma bicarbonate reserve to form carbonic acid, 

which subsequently yields CO2 that is exhaled (respi-

ratory compensation). As the bicarbonate buffer store 

decreases, the ability to buffer H  is reduced and the 

plasma [H ] will increase. Knowing this, scientists 

have explored ways of increasing the plasma buffer 

store to slow down the rate of H  increase during 

strenuous exercise.

 As early as 1932 (31), induced alkalosis (means 

unknown) was shown to extend run time to exhaus-

tion from (min:sec) 5:22 to 6:04. Since that time a vari-

ety of studies have supported these findings. On the 

basis of several reviews (18, 61, 69, 91, 98, 102, 137) 

there appears to be agreement that:

■ the optimal dose of bicarbonate used to 

improve performance was 0.3 g per kilogram 

of body weight (along with 1 liter of water),

■ tasks of a minute or less in duration, even 

at extremes of intensity, did not seem to 

benefit from the induced alkalosis, and

■ performance gains were shown for tasks of 

high intensity that lasted about one to ten 

minutes, or involved repeated bouts of high-

intensity exercise with short recovery 

periods.

A LOOK BACK—IMPORTANT PEOPLE IN SCIENCE

Dr. Björn Ekblom, M.D., Ph.D. Studied Factors Affecting Oxygen Transport, 

Leading Others to “Blood Doping”

Björn Ekblom received 

his Ph.D. in 1969 and 

his M.D. in 1970 from 

the Karolinska Institu-

tute in Stockholm, 

Sweden, and was 

appointed Professor 

of Physiology at the Karolinska Insti-

tute in 1977. The focus of his research 

early in his career was on maximal oxy-

gen uptake (V̇ O2 max), the physiologi-

cal factors linked to V̇ O2 max, and the 

effect of training on V̇ O2 max in young 

and old subjects. Consistent with his 

interest in the factors affecting V̇ O2 

max, he examined the role of the 

hemoglobin concentration on oxygen 

transport and V̇ O2 max. ln 1972 he pub-

lished “Responses to exercise after 

blood loss and reinfusion,” which 

showed that as you lower or raise the 

hemoglobin concentration, you can 

alter V̇ O2 max in a systematic manner. 

This paper set in motion the interest in 

the use of blood doping to alter oxy-

gen transport, V̇ O2 max, and endurance 

performance, which is currently a major 

problem in sports (see discussion in 

this chapter). Dr. Ekblom’s studies also 

investigated the effect of EPO on V̇ O2 

max and, later, how to detect the pres-

ence of EPO in those who might use it 

in an unethical manner.

 Dr. Ekblom made major contribu-

tions over the past 40 years in our 

understanding of V̇ O2 max and the vari-

ous factors that affect it. However, his 

research interests went well beyond 

that. He studied temperature regula-

tion during exercise, hemodynamic 

(i.e., blood pressure, cardiac output) 

responses to exercise, effects of train-

ing on patients with rheumatoid arthri-

tis, and nutritional factors related to 

performance. In addition to making 

these important contributions to our 

understanding of the physiology related 

to physical training, he also published a 

number of books and pamphlets related 

to conditioning and training for differ-

ent sports. He has published more than 

140 peer-reviewed articles, numerous 

books, eight major review articles, and 

more than thirty chapters in books. He 

is currently Professor Emeritus at the 

Karolinska Institute, where he contin-

ues his productive career.
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 However, when bicarbonate is taken over several 

days (in contrast to just before the test), there appears 

to be a dose-response effect with 0.5 g   kg 1   d 1 

being better than 0.3 g   kg 1   d 1 (34). Given the 

potential for blood buffers to have a positive impact 

on performance, one must be careful to not be fooled 

by an inadequately designed study, as mentioned at 

the beginning of this chapter. In the case of blood buf-

fers, McClung and Collins (81) used a research design 

to help separate out the effect of being told you are get-

ting the buffer (drug) from actually getting the drug. 

They had four treatments:

1. Told they were going to get the drug/Got the drug

2. Told they were going to get the drug/Did not get 

the drug

3. Told they were not going to get the drug/Got the 

drug

4. Told they were not going to get the drug/Did not 

get the drug

 There were several important fi ndings in this 

study that we need to keep in mind when we deal with 

ergogenic aids. The “Told drug/Did not get drug treat-

ment (#2)” resulted in a better performance than the 

“Told they were not going to get the drug/Got the drug 

treatment (#3)”—in effect, the pure pharmacological 

effect of the bicarbonate was not as good as the expec-

tation that they were receiving the drug.

 The positive impact of the buffers may be related 

to maintaining the oxygen saturation of hemoglobin 

during maximal exercise, as well as any improve-

ments at the level of the muscle (89). Sodium citrate 

has also been shown to be an effective buffer for 

anaerobic performances of two to four minutes when 

taken at 0.5 g/kg (61, 84). However, a recent study 

comparing the relative benefits of a variety of buffers 

recommended bicarbonate as the better choice to 

enhance sprint performance (128). The variability in 

the effectiveness of the sodium bicarbonate treat-

ment suggests that some short-term anaerobic activi-

ties are more dependent on the muscle or plasma 

[H ] as a primary cause of fatigue than others. Welch 

(133) indicates that while subjects may stop at the 

same [H ] within any exercise protocol, the differ-

ences that exist among studies in the “terminal” [H ] 

suggest the other factors are more limiting as far as 

performance is concerned. The use of these agents to 

cause an alkalosis is not without risks. Large doses of 

sodium bicarbonate can cause diarrhea and vomit-

ing, both of which are sure to affect performance (50, 

69, 137).

■ The ingestion of sodium bicarbonate improves 

performances of one to ten minutes’ duration 

or repeated bouts of high-intensity exercise.

IN SUMMARY

DRUGS

A variety of drugs have been used to aid performance. 

Some drugs are as common and “legal” as caffeine 

and nicotine, whereas others, like amphetamines and 

cocaine, are banned from use. We will briefly examine 

each of these drugs, exploring how they might work to 

improve performance, as well as the evidence about 

whether or not they do.

Amphetamines

Amphetamines are stimulants that have been used pri-

marily to recover from fatigue and improve endurance. 

In 1972, Golding (53) indicated that it was the most 

abused group of drugs at that time. Amphetamines are 

readily absorbed in the small intestine, and although 

the effects reach a peak two to three hours after inges-

tion, they persist for twelve to twenty-four hours (62, 

71). Amphetamines are both a sympathomimetic drug 

(simulates catecholamine effects) and a central nervous 

system stimulant. The drug produces its effects by alter-

ing the metabolism and synthesis of catecholamines, or 

receptor affinity for catecholamines (62, 71).

 The most consistent effect of amphetamines is to 

increase one’s arousal or wakefulness, leading to a 

perception of increased energy and self-confidence 

(62). The drug affects the redistribution of blood flow, 

driving it away from the skin and splanchnic areas and 

delivering more to muscle or brain. This could lead to 

problems related to a decrease in lactic acid removal 

(see chapter 3) and an increase in body temperature 

(see chapter 12). Animal studies show that amphet-

amines can increase endurance-type performances. 

However, the dose of the drug was shown to be 

 important, in that smaller doses (1–2 mg/kg) did not 

have an effect different from control, and large doses 

(16 mg/kg) appeared to reduce the ability of the rat to 

swim. Data collected using run tests on rats indicate 

the same detrimental effect of high doses (7.5–10 

mg/kg) of amphetamines (62).

 Ivy (62) concluded from an analysis of studies on 

human subjects that amphetamines extend endurance 

and hasten recovery from fatigue. Time to exhaustion 

was increased in spite of no effect on submaximal or 

maximal V̇ O2 (20, 62). Two explanations have been 

offered. Ivy (62) believes that the endurance aspect of 

performance can be improved due to amphetamines’ 

catecholamine-like effect in mobilizing FFA and sparing 

muscle glycogen, similar to that of caffeine (see the caf-

feine section, this chapter). Chandler and Blair (20) 

believe that the amphetamines may simply mask fatigue 

and interfere with the perception of the normal biologi-

cal signals that fatigue has occurred. It is this latter con-

clusion that has raised the most concern about the 

safety of the athlete, in that during prolonged submaxi-

mal work, especially in a hot and/or humid environment, 
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the decreased blood flow to the skin could cause hyper-

thermia, leading to death (22, 62, 71).

 As mentioned at the beginning of this section, 

amphetamines’ major effect is in increasing wakeful-

ness and producing a state of arousal. However, 

although amphetamines have restored reaction time in 

fatigued subjects, the drug does not affect reaction time 

in alert, motivated, and nonfatigued subjects (24). Given 

that athletes are usually alert and motivated prior to 

competition, Golding (53) suggests that amphetamines 

would be counterproductive, making users hyperirrita-

ble and interfering with their sleep. Finally, it is risky to 

extrapolate from data collected under tightly controlled 

laboratory conditions using discrete measures related 

to performance (V̇ O2 max, endurance time, reaction 

time) to the actual performance in a skilled sport in 

front of a hostile audience for a national championship. 

That might be excitement enough. Sometimes a drug 

used for one purpose finds its way into the sporting 

world because of its unique impact on muscle. See A 

Closer Look 25.1 for such an example.

■ Amphetamines have a catecholamine-like effect 

that leads to an increased arousal and a percep-

tion of increased energy and self-confi dence.

■ Although amphetamines improve the performance 

of fatigued subjects, they do not have this effect 

on alert, motivated, and nonfatigued subjects.

IN SUMMARY

Caffeine

Caffeine is a stimulant that is found in a variety of 

common foods, drinks, and over-the-counter drugs 

(see table 25.2). Caffeine has been viewed as an on-

again, off-again ergogenic aid. Caffeine was banned 

by the International Olympic Committee (IOC) in 

1962, then removed from the list of banned drugs 

in 1972. In 1984, the IOC again banned “high levels” 

in the urine that might have been the result of caf-

feine injections or suppositories; the standard was 

set at 12 g/ml (127, 136). Caffeine is again off the list 

of banned substances. Part of the reason is the avail-

ability of caffeine in food and drinks, which makes it a 

very difficult thing to track and control in an athlete’s 

diet. Since the ban was lifted, analysis of caffeine lev-

els in urine samples from athletes of many different 

sports show power lifters to have the highest concen-

tration, followed by cyclists and body builders (129). 

Caffeine is absorbed rapidly from the GI tract, and is 

significantly elevated in the blood at fifteen minutes, 

with the peak concentration achieved at sixty min-

utes. Caffeine is diluted by body water, and the physi-

ological response is proportional to the concentration 

in the body water. There is a natural variability in how 

people respond to caffeine, with evidence that chronic 

users are less responsive than abstainers (11, 127).

 Although caffeine can affect a wide variety of tis-

sues, figure 25.4 shows that its role as an ergogenic aid 

is based on its effects on skeletal muscle and the 

A CLOSER LOOK 25.1

␤2-Agonists: Clenbuterol and Salbutamol

Clenbuterol is a drug that was devel-

oped to treat airway diseases such as 

asthma. Its chemical action in the body 

is to activate beta-2 receptors ( 2-

 agonists) in tissue (see chapter 5). 

Although the drug is useful in the treat-

ment of airway diseases, in the early 

1980s it was discovered that clenbuterol 

is a powerful anabolic agent in skeletal 

muscles. Indeed, a fourteen-day treat-

ment of animals with clenbuterol (2 mg/

kg/day) results in a 10% to 20% increase 

in muscle mass [see Yang (145) for a 

review]. The changes include a transi-

tion in fi ber type from type I to type II, 

and a selective hypertrophy of type II 

fi bers (28). Further, the time course of 

clenbuterol-induced muscular hyper-

trophy is rapid, with muscle growth 

beginning within two days after com-

mencement of treatment.

 Since the discovery that clenbuterol 

is a powerful anabolic agent in skeletal 

muscle, scientifi c interest in the clini-

cal use of this drug has grown. For 

example, this compound is potentially 

useful in the treatment of conditions 

that result in muscle wasting (i.e., aging, 

spinal cord injury, etc.) (77). Unfortu-

nately, some athletes now use clen-

buterol in an effort to increase muscle 

size and improve performance in power 

events (e.g., sprinting, football, etc.).

 Although there is evidence that oral 

administration of this drug increases 

muscle strength/mass in some popula-

tions, there is no evidence that this is 

the case for trained athletes. Further:

■ Even when muscle size is 

increased, resistance to fatigue 

may be worsened.

■ Some athletes who tried the 

drug stopped because of an 

increase in tremors.

■ Serious side effects include 

cardiac arrhythmias.

 Salbutamol is another  2-agonist 

used to treat asthma. When the drug is 

inhaled, there is little or no evidence 

that it positively affects performance 

(6, 118). On the other hand, when it is 

ingested (as a tablet), performance in 

supramaximal exercise (e.g., Wingate 

Test) is improved in both trained and 

untrained subjects (67, 68). The need 

for additional research in this area is 

crucial because screening criteria for 

determining the presence of asthma in 

athletes may become so restrictive (to 

prevent drug abuse) that some athletes 

may be denied therapeutic relief (92).
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central nervous system, and in the mobilization of fuels 

for muscular work. The evidence for the enhanced func-

tion of skeletal muscle is based primarily on in vitro and 

in situ muscle preparations and shows that caffeine 

can increase tension development (96, 127). This was 

shown most clearly in fatigued muscle and was believed 

to be due to enhanced Ca   availability (77). In one 

human study, caffeine had no effect on maximum vol-

untary contraction or the maximal tension elicited 

by electrical stimulation. However, there was greater 

tension development at lower levels of electrical stim-

ulation in both rested and fatigued muscles. The 

change in endurance measured by time at 50% of maxi-

mal voluntary contraction tension was variable and 

nonsignificant (73). Interestingly, the effect of caffeine 

on 1-RM strength is quite variable, with upper body 

lifts showing some improvements due to caffeine, and 

lower body lifts showing no change (5, 10, 44).

 Caffeine has long been recognized as a stimulator 

of the CNS. Caffeine can pass the blood-brain barrier 

and affect a variety of brain centers, which usually 

leads to an increased alertness and decreased drowsi-

ness (96, 127). The best evidence supporting caffeine 

as a CNS stimulant is in the decreased perception of 

fatigue during prolonged exercise in subjects who 

took caffeine (25). A recent systematic review of the 

literature supports this proposition with findings that 

the rating of perceived exertion (RPE) is lower during 

exercise with caffeine ingestion, accounting for some 

of the improvement in performance (33).

 The role of caffeine in the mobilization of fuel has 

received considerable attention as the primary means 

by which it exerts its ergogenic effect. Caffeine has been 

shown to cause an elevation of glucose and an increase 

in fatty acid utilization. The elevated glucose could be 

due to the stimulation of the sympathetic nervous sys-

tem and the resulting increase in catecholamines, 

which would increase the mobilization of glucose from 

the liver. On the other hand, the glucose concentration 

could be elevated due to a decreased rate of removal 

related to the suppression of insulin release by cate-

cholamines (see chapter 5) (127). However, some of 

these metabolic effects are not dependent on catechol-

amines; instead, they may be related to the products of 

caffeine breakdown (e.g., theophylline), which are met-

abolic stimuli in their own right (56). Interestingly, 

when caffeine is coingested with glucose, the ingested 

glucose is oxidized at a higher rate than when the glu-

cose is taken without caffeine (146).

 Lipid mobilization has been shown to be increased 

as a result of caffeine ingestion. Figure 25.5 shows 

that the mechanism of action could be related either 

to the elevated catecholamines increasing the level of 

cyclic AMP in the adipose cell or to caffeine’s blocking 

of phosphodiesterase activity, which is responsible 

for breaking down cyclic AMP. Van Handel (127) 

believes that the latter mechanism is less likely, given 

the dose of caffeine needed. Plasma free fatty acids 

increase quickly at rest after ingestion of caffeine 

(fifteen minutes) and continue to increase over the 

next several hours (127). However, during exercise, 

plasma FFA may (32, 121) or may not (25, 32, 40, 55, 

63) be significantly elevated as a result of caffeine 

ingestion. In addition, while the respiratory exchange 

ratio may (40, 63) or may not (55, 121) be reduced, 

Popular Beverages (8 oz) Caffeine (mg)

Coffee, drip 115–175

Coffee, brewed 80–135

Coffee, instant 65–100

Tea, iced 47

Tea, brewed (import) 60

Tea, brewed (domestic) 40

Tea, green 15

Soft Drinks (12 oz)

Low (e.g., root beer) 23

Most, (e.g., colas) ⬃45

High (e.g., Mountain Dew) ⬃55

Jolt 71

Red Bull 80

Non-Prescription Drugs

NoDoz 200

Vivarin 200

Midol 64

Pain Relievers

Anacin analgesic 64 mg

Excedrin 130

Tylenol 0

Sources: http://www.holymtn.com/tea/caffeine_content.htm and 

http://wilstar.com/caffeine.htm

TABLE 25.2   Caffeine Content of Popular 

Drinks and Drugs

Figure 25.4 Factors influenced by caffeine that might 

cause an improvement in performance.
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both glucose kinetics (108) and the lactate threshold 

(15, 32, 48) have been shown not to be affected by caf-

feine ingestion. In addition, there is also variability in 

the effect of caffeine on improvements in work output 

or total work time, making it an “ergogenic aid” for 

some and not for others (32, 33, 40, 48, 55, 63, 119, 

136). However, in better controlled studies, caffeine 

enhanced performance in intense cycling lasting 

about five minutes, simulated 1- to 1.5- kilometer time 

trials, and repeated sprints (56, 111, 139). What causes 

such variability?

 The ergogenic effect appears to be dose depen-

dent and may vary with the type of subject (23); how-

ever, gender and menstrual cycle status do not 

appear to affect the pharmacokinetics of how caf-

feine is handled (80). Although some studies show 

physiological changes with doses as low as 5 to 

7 mg/kg (25, 40), others find a 10 mg/kg dose to be 

inadequate (63). In fact, in other studies (82), a dose 

of 15 mg/kg was needed to see an increase in fat 

metabolism (82, 83). There is also evidence that pat-

terns of caffeine use affect the response to exercise. 

For example, habitual caffeine users who abstain 

from caffeine for four days are more responsive to 

caffeine during exercise than in their normal mode of 

daily caffeine use (42). Further, heavy caffeine users 

(⬎300 mg per day) respond differently than those 

consuming little caffeine (32). Van Handel (127) 

makes the point that what an investigator observes 

in a controlled laboratory setting may be masked by 

a normal sympathetic nervous system response to 

competition. Given the potential side effects such as 

insomnia, diarrhea, anxiety, tremulousness, and irri-

tability (127), and the variability among subjects in 

response to caffeine, one might not see much of an 

improvement in performance (36, 55, 119). Although 

caffeine has a diuretic effect, a recent study indicated 

that rehydration with caffeine-containing beverages 

during nonexercise periods of two-a-day practices 

did not hinder hydration status (41).

 In the past few years, there has been a dramatic 

increase in research dealing with caffeine-ephedrine 

mixtures. Ephedrine is a drug similar to amphet-

amines and is widely available in over-the-counter 

medications—purchases of which are controlled in 

many states to reduce the manufacture of metham-

phetamine. For a recent review of the impact of these 

combined caffeine-ephedrine mixtures on perfor-

mance, see the review by Magkos and Kavouras (2004) 

in the Suggested Readings.

Figure 25.5 Mechanisms by which caffeine might increase free-fatty-acid mobilization.
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■ Caffeine can potentially improve performance 

at the muscle or in the central nervous system, 

or in the delivery of fuel for muscular work. Caf-

feine can elevate blood glucose and simultane-

ously increase the utilization of fat.
■ Caffeine’s ergogenic effect on performance is 

variable, and appears to be dose-related and 

less pronounced in subjects who are daily users 

of caffeine.

IN SUMMARY

Nicotine

Nicotine is a drug with no therapeutic application. 

However, the fact that it is a part of cigarette and 

chewing tobacco makes it one of the most abused 

substances. Nicotine has unpredictable effects due to 

the fact that it can simultaneously increase sympa-

thetic, parasympathetic, and central nervous system 

activities (see figure 25.6). Small doses of nicotine 

increase autonomic activity, while large doses lead to 

a blocking of the response. The cardiovascular system 

responds with increases in heart rate and blood pres-

sure due to increased sympathetic nerve activity, and 

the GI tract responds with an increase in activity via 

parasympathetic nerve stimulation. There is evidence 

that both resting metabolic rate and cardiovascular 

responses to light exercise are increased following 

nicotine administration (78, 93). Nicotine is easily 

absorbed through the lungs, mucous membranes, 

and the skin, and the half-life of nicotine is about 

thirty to sixty minutes (122).

 Nicotine is primarily taken in by either smoking or 

chewing tobacco. Independent of whether it has a 

calming or a stimulating effect on an individual, the 

smoking and chewing of tobacco are associated with 

major health problems. We already know from chap-

ter 14 that cigarette smoking is linked directly to a 

variety of cancers and heart and lung diseases. That 

alone is motivation enough to discourage smoking, 

independent of the fact that it increases the work of 

breathing (105), decreases V̇ O2 max (66), and length-

ens the time needed for V̇ O2 to achieve a steady state 

during submaximal exercise (107). The point is, of 

course, that cigarette smoke contains more than nico-

tine, specifi cally, carbon monoxide and various car-

cinogens. But what if the nicotine could be obtained 

without the cigarette smoke?

 Smokeless tobacco has become a part of the 

American sport scene. Smokeless tobacco includes 

(a) loose leaf tobacco that is placed between the cheek 

and lower gum and is “chewed,” (b) snuff, moist or dry 

powdered tobacco, that is “dipped” and placed 

between the cheek or lip and lower gum, and (c) com-

pressed tobacco, a “plug,” that is used as loose leaf 

tobacco.

 In the 1990s, the focus of attention was on the use 

of these products by athletes and the impact that 

might have on children. Despite media and educa-

tional campaigns to inform the public about the 

risks involved, we have not been as successful as we 

might like in curbing use of smokeless tobacco. About 

7.8 million people over the age of twelve use smoke-

less tobacco. Unfortunately, the percentage of high 

school senior boys using these products (11.8%) is 

higher than that of adult males (9.5%) (88).

 Although one might be worried about a young 

person becoming addicted to nicotine through the 

use of smokeless tobacco, the greatest concern is 

with regard to damage to teeth (dental caries) and 

gums (periodontal disease), including oral cancer. 

The increase in dental caries (2.4 times more than 

nonusers) is related, in part, to the sugar content in 

the pouch (35%) and plug (24%) tobacco. However, it 

is more important to focus attention on periodontal 

disease and cancer. The withdrawal of the gum from a 

tooth’s surface exposes the tooth to greater damage 

that can lead to the loss of the tooth and potentially 

to bone loss. The loss of the gum occurs in the area 

where the tobacco is held in the mouth, indicating a 

clear link. Further, lesions of the mucosa can develop, 

which can ultimately lead to cancer. While it is known 

that regular smoking can cause oral cancer, smokeless 

Figure 25.6 Schematic repre-

sentation of how nicotine can 

have both relaxing and stimulat-

ing effects.
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tobacco users are actually at a greater risk. Indepen-

dent of any potential beneficial effect of nicotine 

on performance, the use of smokeless tobacco should 

be discouraged. Once a person is “hooked,” the habit 

is more difficult to break than that associated with 

cigarette smoking.

■ Nicotine has varied effects depending on 

whether the parasympathetic or sympathetic 

nervous system is stimulated. The use of 

smokeless tobacco can cause dental caries, 

gum disease, and oral cancer.

IN SUMMARY

PHYSICAL WARM-UP

Warming up prior to moderate or strenuous activity is 

a general recommendation made for those involved in 

fitness programs or athletes involved in various types 

of performance. Most of us accept this as a reason-

able recommendation, but is there good scientific 

support for it? In Franks’s original 1972 review (45), he 

found that 53% of the studies supported the proposi-

tion that warm-up was better than no warm-up, 7% 

the opposite, and 40% found no difference between 

the two. Concerns were raised about the wide variety 

of tasks and the methods used to evaluate the effec-

tiveness of warm-up. In his 1983 review, Franks (46) 

analyzed the role of the participant (trained or un-

trained), the duration and intensity of the warm-up, 

and the type of performance as the variables involved 

in a determination of the effectiveness of warm-up. 

Before we summarize these findings, a few definitions 

must be presented.

 Warm-up refers to exercise conducted prior to a 

performance, whether or not muscle or body tempera-

ture is elevated. Warm-up activities can be identical to 

the performance (baseball pitcher throwing with normal 

form and high speed to a catcher prior to the batter 

stepping up), directly related to the performance (shot put-

ter practicing at 75% of normal effort prior to a compe-

tition), or indirectly related to a performance (general 

activities to increase body temperature or arousal) 

(46). Generally all three are used in a typical warm-up 

prior to performance, in the reverse order of the above 

descriptions.

 The theoretical benefits of warm-up are physio-

logical, psychological, and safety-related. Physiologi-

cal benefits would include less muscle resistance and 

faster enzymatic reactions at high body temperatures. 

This might lower the oxygen deficit at the onset of 

work (64, 104), decrease the RER during the subse-

quent activity (59), or cause a favorable shift in the 

lactate threshold (21). A recent review supported 

most of these effects, but questioned the impact of 

the warm-up on speeding up rate-limiting enzyme 

reactions (16). Increases in body temperature as a 

result of warm-up have been linked to improved per-

formance (46). Skilled performances benefit from 

identical and direct warm-up, with indirect warm-up 

sometimes acting in a facilitatory manner. The warm-

up procedures can increase arousal, which is good up 

to a point, and provide the optimal “mental set” for 

improved performance (16, 46).

 Stretching, as a part of warming up, has been rec-

ommended as a way to reduce the risk of soft tissue 

injury. There is no question that such a practice im-

proves joint flexibility, but the most recent reviews on 

this topic provide little support that injury risk is 

reduced. Weldon and Hill (135) found that most of the 

available studies were of poor quality, and it was not 

possible to draw a definitive conclusion regarding 

stretching and exercise-related injuries. A group of 

researchers at the Centers for Disease Control and 

Prevention drew the same conclusion from their re-

view of the literature, and indicated that there was not 

enough evidence to either endorse or discontinue 

routine stretching before or after exercise to prevent 

injuries (124). Witvrouw and colleagues (144) agreed 

with these general conclusions when applied to most 

sports. However, for those sports demanding high-

intensity stretch-shortening cycles (e.g., soccer, bas-

ketball), stretching was viewed as important to keep 

the muscle-tendon unit compliant enough to store 

and release energy during explosive movements. 

Finally, Shrier’s comment on the CDC article indicated 

that there was a need to separate out the effects of 

stretching outside of periods of exercise from the 

stretching that precedes exercise. There is evidence 

that the former approach is associated with injury 

prevention. Clearly, more research is needed (115). 

From a safety standpoint, apart from the potential for 

soft tissue injuries, some evidence suggests that 

warm-up reduces the “stress” experienced when doing 

strenuous work. In Barnard et al.’s (7) classic study, six 

of ten fire fighters who did not warm up experienced 

an ischemic response (reduced myocardial blood 

flow) as shown by a depressed ST segment on the 

ECG during strenuous exercise (see chapter 17). All 

had normal ECG responses when a gradual warm-up 

preceded the strenuous exercise.

 Warming up obviously affects a variety of factors, 

but is there evidence that it favorably affects perfor-

mance? The answer is “yes,” but with some caveats (17).

■ In short-term performances (max effort of 

 10 s) a three- to five-minute warm-up 

improves performance. However, an intense 

warm-up may result in a decrement in 

performance due, in part, to a reduction 

in high-energy phosphates.
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■ Warm-up improves intermediate-term 

performances ( 10 s, but  5 min), but not if 

the intensity is too low ( 40% V̇ O2 max) or 

the recovery time is too long (5–10 minutes). 

The goal is to begin the performance with a 

slightly elevated baseline V̇ O2, and be 

sufficiently recovered.

■ For long-term performances (fatiguing effort 

for  5 minutes), an elevated baseline V̇ O2 also 

improves performance. However, if the warm-

up depletes muscle glycogen or increases 

thermal strain (by elevating body temperature 

too much), performance may suffer.

So, what is the recommended warm-up? For short-term 

performances, a warm-up at ⬃40% to 60% V̇ O2 max

for 5 to 10 minutes, followed by a five-minute recov-

ery, is recommended. For intermediate- or long-term 

performances, the warm-up at ⬃60% to 70% V̇ O2 max 

for 5 to 10 minutes, with a  5 minute recovery, is rec-

ommended (17). This is very similar to what Franks 

reported some 25 years ago (46).

■ Warm-up activities can be identical to perfor-

mance, directly related to performance, or 

 indirectly related to performance (general 

warm-up). Warm-up causes both physiological 

and psychological changes that are beneficial 

to performance.

IN SUMMARY

STUDY QUESTIONS

 1.  What is an ergogenic aid?
 2.  Why must an investigator use a “placebo” treatment to 

evaluate the effectiveness of an ergogenic aid?
 3.  Provide a brief summary of the role that dietary supple-

ments play in improving performance.
 4.  What is a double-blind research design?
 5.  Does breathing 100% O2 improve performance? 

Recovery?
 6.  Breathing hyperoxic gas mixtures improves perfor-

mance without changing O2 delivery to tissue. How is 
this possible?

 7.  What is blood doping and why does it appear to im-
prove performance now when it did not in the earliest 
investigations?

 8.  How might ingested buffers improve short-term 
performances?

 9.  While amphetamines improve performance in fatigued 
individuals, they might not have this effect on moti-
vated subjects. Why?

10.  How might caffeine improve long-term performances? 
Can the results be extrapolated to “real” performances 
in the field?

11.  Chewing tobacco may provide a nicotine “high,” but not 
without risks. What are they?

12.  Describe the different types of warm-up activities 
and the mechanisms by which they may improve 
performance.
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Calculation of Oxygen 

Consumption

Calculation of oxygen consumption is a relatively sim-

ple process that involves subtracting the amount of 

oxygen exhaled from the amount of oxygen inhaled:

 (1) Oxygen consumption (V̇ O2)   

[volume of O2 inspired]   [volume of O2 expired]

The volume of O2 inspired (I) is computed by multi-

plying the volume of air inhaled per minute (V̇ 
I) by 

the fraction (F) of air that is made up of oxygen. Room 

air is 20.93% O2. Expressed as a fraction, 20.93% 

be comes .2093 and is symbolized as FIO2. When we 

exhale, the fraction of O2 is lowered (i.e., O2 diffuses 

from the lung to the blood) and the fraction of O2 in 

the expired (E) gas is represented by FEO2. The vol-

ume of expired O2 is the product of the volume of 

expired gas (V̇E) and FEO2. Equation (1) can now be 

symbolized as:

(2) V̇O2   (V̇I   FIO2)   (V̇E   FEO2)

 The exercise values for FIO2, FEO2, V̇I, and V̇E for a 

subject are easily measured in most exercise physiol-

ogy laboratories. In practice, FIO2 is not generally 

measured but is assumed to be a constant value of 

.2093 if the subject is breathing room air. FEO2 will be 

determined by a gas analyzer, and V̇I and V̇E can be 

measured by a number of different laboratory devices 

capable of measuring airfl ow. Note that it is not nec-

essary to measure both V̇I and V̇E. This is true because 

if V̇I is measured, V̇E can be calculated (and vice versa). 

The formula used to calculate V̇E from the mea-

surement of V̇I is called the “Haldane transforma-

tion” and is based on the fact that nitrogen (N2) is 

neither used nor produced in the body. Therefore, the 

volume of N2 inhaled must equal the volume of N2 

exhaled:

(3) [V̇I   FIN2]   [V̇E   FEN2]

Therefore, V̇I can be computed if V̇E, FIO2, and FEO2 are 

known. For example, to solve for V̇I:

(4) V̇1     
(V̇E   FEN2) _________ 

F1N2 
  

Likewise, if V̇I was measured, V̇E can be computed as:

(5) V̇E     
(V̇1   F1N2) _________ 

FEN2
  

The values for FIN2 and FEN2 are obtained in the fol-

lowing manner. If the subject is breathing room air, 

FIN2 is considered to be a constant .7904. The fi nal 

remaining piece to the puzzle is FEN2. Recall that the 

three principal gases in air are N2, O2, and CO2 and 

the sum of their fractions must add up to 1.0 (i.e., 

FECO2   FEO2   FEN2   1.0). Therefore, FEN2 can be 

computed by subtracting the sum of FECO2 and FEO2 

from 1 (i.e., FEN2   1   (FECO2   FEO2). Because the 

expired fractions of O2 and CO2 will be determined by 

gas analyzers, FEN2 can then be calculated.

Calculation of Carbon Dioxide 

Production

The volume of carbon dioxide produced (V̇ CO2) can be 

calculated in a manner similar to V̇ O2. That is, the vol-

ume of CO2 produced is equal to:

(6) V̇CO2 = [Volume of CO2 expired] 

  [Volume of CO2 inspired]

or

(7) V̇CO2   ( V̇E   FECO2)   (V̇I   FICO2)

The steps in performing this calculation are the same 

as in the computation of V̇ O2. That is, V̇E and V̇I must 

be measured (or calculated) and the fraction of expired 

carbon dioxide (FECO2) must be determined by a gas 

analyzer. Similar to FIO2, the fraction of inspired car-

bon dioxide (FICO2) is considered to be a constant 

value of .0003.

Calculation of Oxygen 
Uptake and Carbon Dioxide 
Production
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Standardization of Gas Volumes

By convention, V̇ O2 or V̇ CO2 are expressed in liters   

min 1 and standardized to a reference condition 

called “STPD.” STPD is an acronym for “standard tem-

perature pressure dry.” In a similar manner, pulmo-

nary ventilation is expressed in liters   min 1 and 

standardized to a reference standard called BTPS, an 

acronym for “body temperature pressure saturated.” 

The purpose of these reference standards is to allow 

comparison of gas volumes measured in laboratories 

throughout the world, which may vary in ambient 

temperature and barometric pressures. Standardiza-

tion of gas volumes to a specifi ed temperature and 

pressure is necessary because gas volume is depen-

dent upon both temperature and pressure. For 

in stance, a given number of gas molecules will occupy 

a greater volume at a higher temperature and lower 

pressure than at a lower temperature and higher pres-

sure. This means that a fi xed number of gas molecules 

would change volume as a function of the ambient 

temperature and barometric pressure. This poses a 

serious problem to researchers trying to make com-

parisons of respiratory gas exchange, because tem-

perature and pressures vary day by day and vary from 

one laboratory to another. By standardizing tempera-

ture and pressure conditions for gases, the scientist 

or technician knows that two equal volumes of gas 

contain the same number of molecules. For these rea-

sons, respiratory gases must be corrected to a refer-

ence temperature and volume.

CORRECTION OF GAS 

VOLUMES TO REFERENCE 

CONDITIONS

Before we begin a discussion of “how to” calculate gas 

volume corrections, it is necessary to introduce two 

important gas laws. The fi rst, called “Charles’s Law,” 

states that the relationship between temperature and 

gas volume is directly proportional. That is, the gas 

volume is directly related to temperature, so that 

increasing or decreasing the temperature of a gas (at 

a constant pressure) causes a proportional volume 

increase or decrease, respectively. This relationship is 

expressed mathematically in the following way:

(8)   
T1 __ 
T2

       
V1 __ 
V2

  

The units for temperature in equation (8) are the 

Kelvin (K) or Absolute (A) scale, where 0  C = 273  K 

[i.e., 20  C   (273    20 )   293  K]. In using Charles’s 

Law for gas temperature corrections, we rearrange 

equation (8) to solve for V2:

(9) V2     
V1   T2 ______ 

T1
  

Let’s leave Charles’s Law for the moment and intro-

duce a second gas law known as Boyle’s Law. Boyle’s 

Law states that at a constant temperature, the  number 

of gas molecules in a given volume varies inversely 

with the pressure and is represented mathematically 

in the following equation:

(10) P1V1   P2V2

Again, rearranging equation (10) to solve for V2:

(11) V2     
P1   V1 ______ 

P2
  

Pressure in equations (10) and (11) is expressed in 

mm Hg or Torr. Note that when respiratory gases are 

corrected for pressure differences, a correction is often 

made for water vapor, even though water vapor pres-

sure is dependent only upon temperature (because 

respiratory gas is saturated with water vapor). When 

the gas volume is to be corrected to “0” water vapor 

pressure or “dried” as in STPD, the vapor pressure of 

water (PH2O) at the ambient temperature is subtracted 

from the ambient or initial pressure (P1) in Boyle’s Law 

as follows:

(12) V2     
V1(P1   PH2O)

  _____________ 
P2

  

COMBINED CORRECTION 

FACTORS

We can now combine Charles’s Law and Boyle’s Law 

(complete with water vapor correction) into one 

equation for STPD and BTPS conditions. Let’s con-

sider the STPD correction fi rst.

STPD Correction

Gas volumes measured in the laboratory under room 

conditions of temperature and pressure are expressed 

as “ambient temperature pressure and saturated” 

(ATPS). This means that the gas volume is not a stan-

dardized volume but rather a volume that is subject to 

the ambient conditions of temperature and pressure. 

As previously stated, because ATPS conditions may 

vary from laboratory to laboratory, there is a need to 

correct V̇ O2 and V̇ CO2 volumes to the reference vol-

ume, STPD. Correcting a volume to STPD requires the 

standardization of temperature to 0  C (273  K), pres-

sure to 760 mm Hg (sea level), and a correction for 

vapor pressure. For simplicity we will divide the gas 

cor rection procedure into two parts: (1) temperature 

and (2) pressure correction.
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Step 1: Temperature Correction Let’s consider 

the temperature correction fi rst. For this correction, 

we use equation (9) (Charles’s Law):

V2     
V1   T2 ______ 

T1
  

where:

V2    volume corrected to standard temperature 

(VST)

V1   ATPS volume (VATPS)

T1    absolute temperature in ambient surround-

ings (273  K   Ta  C)

where: Ta   ambient temperature

T2   absolute standard temperature (273  K)

Therefore, correcting an ATPS gas volume to VST is 

performed using the following equation:

(13) VST   VATPS     273  __________ 
(273    Ta)

     

Step 2: Barometric Pressure and Water Vapor 

Pressure Correction To correct for barometric pres-

sure and vapor pressure, we use equation (12), where:

V1   volume ATPS

V2    volume corrected to standard pressure 

and dry (VSPD)

P1   ambient barometric pressure in mm Hg

P2   standard barometric pressure (760 mm Hg)

PH2O    partial pressure of water vapor at ambi-

ent temperature (see table A.1 for a list 

of vapor pressures at various ambient 

temperatures)

Therefore, when correcting VSPD from ATPS volumes, 

the following equation is used:

(14) VSPD   VATPS      P1   PH2O __________ 
760 mm Hg

     
At this point we are ready to combine both the tem-

perature correction factor equation (13) and the pres-

sure and vapor pressure correction factor equation 

(14) into one equation and compute one single STPD 

correction factor. Combining equations (13) and (14) 

we arrive at:

(15) VSTPD   VATPS      273  __________ 
(273    Ta)

           (P1   PH2O)
  ___________ 

760 mm Hg
     

Let’s consider a sample problem to illustrate correc-

tion of ATPS volumes to STPD volumes.

Given:

VATPS   90.0 liters

Laboratory temperature   21  C

Ambient barometric pressure   742 mm Hg

 H2O vapor pressure at 21  C (from table A.1) 

  18.7 mm Hg

Using the above sample conditions and equation (15), 

the STPD correction would be as follows:

VSTPD   90      273  ___________ 
(273    21 )

           742   18.7 __________ 
760

     
  79.5 liters STPD

It is important to point out that if inspired gas vol-

umes are measured and the relative humidity of the 

inspired gas is not 100%, then equation (15) must be 

modifi ed by multiplying the relative humidity (RH) of 

the inspired gas (expressed as a fraction) by the par-

tial pressure of water vapor at ambient temperature 

(e.g., if RH   80%, then use .8   PH2O).

BTPS Correction

As previously mentioned, all ventilatory volumes are 

corrected to BTPS conditions. This correction pro-

cedure is similar to the STPD correction procedure 

with two exceptions: (1) Standard temperature is 

310  K instead of 273  K (e.g., 310    273  K   37  C 

[normal core temperature]). This correction is neces-

sary because body temperature is usually greater than 

ambient temperature and results in an increase in gas 

volume. (2) The partial pressure of vapor pressure at 

body temperature is subtracted from P1 in equation 

(14). This correction is necessary because the partial 

pressure of water vapor at body temperature is gener-

ally greater than PH2O at ambient conditions (i.e., at 

37  the PH2O   47 mm Hg).

 Therefore, correcting from ATPS to BTPS would 

involve the following equation:

(16) VBTPS   VATPS      310  _________ 
273    Ta

           P1   PH2O __________ 
P1   47

     
Let’s consider a sample calculation of converting VATPS 

to VBTPS using the following conditions:

TABLE A.1 Water Vapor Pressure as a 

Function of Ambient Temperature

 Saturation Water Vapor

Temperature ( C) Pressure (PH2O), mm Hg

 18 15.5

 19 16.5

 20 17.5

 21 18.7

 22 19.8

 23 21.1

 24 22.4

 25 23.8

 26 25.2

 27 26.7
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Laboratory temperature   20  C

Ambient barometric pressure   752 mm Hg

PH2O at 20  C   17.5 mm Hg

VATPS   60 liters

Therefore:

VBTPS   60     310  __________ 
273    20 

           752   17.5 __________ 
752   47

     
  65.4 liters BTPS

Problems

1. Calculate V̇ O2 and V̇ CO2 given:

V̇ 
E (ATPS)   100 liters   min 1

FEO2   .1768

FECO2   .0351

Assume FIO2 = .2093 and FICO2   .0003

Ambient temperature   21  C

Barometric pressure   749 mm Hg

2. Calculate the respiratory exchange ratio (R) from 

V̇ O2 and V̇ CO2 values computed in question 1.

3. Calculate VBTPS and VSTPD given:

VATPS   45.3 liters

Laboratory temperature   19  C

 Ambient barometric temperature    746 mm Hg

Body temperature   37  C

Answers

1. V̇ O2   2.73 ᐉ   min 1

 V̇ CO2   3.54 ᐉ   min 1

2. R   1.15

3. VBTPS   50.19 liters

 VSTPD   40.65 liters



APPENDIX B 

Estimated Energy 
Expenditure During 
Selected Activities

It is often desirable to estimate energy expenditure 

during various types of physical activities. The follow-

ing table provides a means of computing an estimated 

energy expenditure (per minute) using both the indi-

vidual’s body weight and the number of metabolic 

equivalents (METS) required to perform the activity. 

Specifi cally, one MET is equal to 0.0175 kcal   kg 1   

min 1. Therefore, the formula to compute caloric ex-

penditure during physical activity is:

  Energy expenditure (kcal per min)   0.0175 kcal  

kg 1   min 1   MET 1   METS   body weight (kg)

For example, the energy cost of bicycling (leisure, less 

than 10 mph) is 4.0 METS (see table below). The 

caloric expenditure for a 70 kg person cycling at this 

speed can be computed as follows:

 Energy expenditure (kcal per min)   0.0175 kcal  

 kg 1   min 1   MET 1   4.0 METS   70 (kg)  

  4.9 kcal per min 

 Updated Compendium of Physical Activities

METS Specifi c Activity Examples

 8.5 bicycling, bicycling, BMX or mountain

 4.0 bicycling, bicycling,  10 mph, leisure, to work or for pleasure (Taylor Code 115)

 8.0 bicycling, bicycling, general

 6.0 bicycling, bicycling, 10–11.9 mph, leisure, slow, light effort

 8.0 bicycling, bicycling, 12–13.9 mph, leisure, moderate effort

 10.0 bicycling, bicycling, 14–15.9 mph, racing or leisure, fast, vigorous effort

 12.0 bicycling, bicycling, 16–19 mph, racing/not drafting or  19 mph drafting, very fast, racing general

 16.0 bicycling, bicycling,  20 mph, racing, not drafting

 5.0 bicycling, unicycling

 7.0 conditioning exercise, bicycling, stationary, general

 3.0 conditioning exercise, bicycling, stationary, 50 watts, very light effort

 5.5 conditioning exercise, bicycling, stationary, 100 watts, light effort

 7.0 conditioning exercise, bicycling, stationary, 150 watts, moderate effort

 10.5 conditioning exercise, bicycling, stationary, 200 watts, vigorous effort

 12.5 conditioning exercise, bicycling, stationary, 250 watts, very vigorous effort

 8.0 conditioning exercise, calisthenics (e.g., pushups, situps, pullups, jumping jacks), heavy, vigorous effort

Data compiled from Ainsworth, et al. 2000. “Compendium of Physical 

Activities: An Update of Activity Codes and MET Intensities.” Medicine 

and Science in Sports and Exercise: S498–S516.
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 (Continued)

METS Specifi c Activity Examples

 3.5 conditioning exercise, calisthenics, home exercise, light or moderate effort, general (example: back exercises), going up &

    down from fl oor (Taylor Code 150)

 8.0 conditioning exercise, circuit training, including some aerobic movement with minimal rest, general

 6.0 conditioning exercise, weight lifting (free weight, nautilus or universal-type), power lifting or body building, vigorous 

    effort (Taylor Code 210)

 5.5 conditioning exercise, health club exercise, general (Taylor Code 160)

 9.0 conditioning exercise, stair-treadmill ergometer, general

 7.0 conditioning exercise, rowing, stationary ergometer, general

 3.5 conditioning exercise, rowing, stationary, 50 watts, light effort

 7.0 conditioning exercise, rowing, stationary, 100 watts, moderate effort

 8.5 conditioning exercise, rowing, stationary, 150 watts, vigorous effort

 12.0 conditioning exercise, rowing, stationary, 200 watts, very vigorous effort

 7.0 conditioning exercise, ski machine, general

 6.0 conditioning exercise, slimnastics, jazzercise

 2.5 conditioning exercise, stretching, hatha yoga

 2.5 conditioning exercise, mild stretching

 6.0 conditioning exercise, teaching aerobic exercise class

 4.0 conditioning exercise, water aerobics, water calisthenics

 3.0 conditioning exercise, weight lifting (free, nautilus or universal-type), light or moderate effort, light workout, general

 1.0 conditioning exercise, whirlpool, sitting

 4.8 dancing, ballet or modern, twist, jazz, tap, jitterbug

 6.5 dancing, aerobic, general

 8.5 dancing, aerobic, step, with 6–8 inch step

 10.0 dancing, aerobic, step, with 10–12 inch step

 5.0 dancing, aerobic, low impact

 7.0 dancing, aerobic, high impact

 4.5 dancing, general, Greek, Middle Eastern, hula, fl amenco, belly, swing

 5.5 dancing, ballroom, fast (Taylor Code 125)

 4.5 dancing, ballroom, fast (disco, folk, square), line dancing, Irish step dancing, polka, contra, country

 3.0 dancing, ballroom, slow (e.g., waltz, foxtrot, slow dancing), samba, tango, 19th C, mambo, chacha

 5.5 dancing, Anishinaabe Jingle Dancing or other traditional American Indian dancing

 3.0 fi shing and hunting, fi shing, general

 4.0 fi shing and hunting, digging worms, with shovel

 4.0 fi shing and hunting, fi shing from river bank and walking

 2.5 fi shing and hunting, fi shing from boat, sitting

 3.5 fi shing and hunting, fi shing from river bank, standing (Taylor Code 660)

 6.0 fi shing and hunting, fi shing in stream, in waders (Taylor Code 670)

 2.0 fi shing and hunting, fi shing, ice, sitting

 2.5 fi shing and hunting, hunting, bow and arrow or crossbow

 6.0 fi shing and hunting, hunting, deer, elk, large game (Taylor Code 170)

 2.5 fi shing and hunting, hunting, duck, wading

 5.0 fi shing and hunting, hunting, general

 6.0 fi shing and hunting, hunting, pheasants or grouse (Taylor Code 680)

 5.0 fi shing and hunting, hunting, rabbit, squirrel, prairie chick, raccoon, small game (Taylor Code 690)

 2.5 fi shing and hunting, pistol shooting or trap shooting, standing

 3.3 home activities, carpet sweeping, sweeping fl oors

 3.0 home activities, cleaning, heavy or major (e.g., wash car, wash windows, clean garage), vigorous effort

 3.5 home activities, mopping

 2.5 home activities, multiple household tasks all at once, light effort

 3.5 home activities, multiple household tasks all at once, moderate effort

 4.0 home activities, multiple household tasks all at once, vigorous effort

 3.0 home activities, cleaning, house or cabin, general

 2.5 home activities, cleaning, light (dusting, straightening up, changing linen, carrying out trash)

 2.3 home activities, wash dishes—standing or in general (not broken into stand/walk components)

 2.5 home activities, wash dishes; clearing dishes from table—walking

 3.5 home activities, vacuuming
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METS Specifi c Activity Examples

 6.0 home activities, butchering animals

 2.0 home activities, cooking or food preparation—standing or sitting or in general (not broken into stand/walk

    components), manual appliances

 2.5 home activities, serving food, setting table—implied walking or standing

 2.5 home activities, cooking or food preparation—walking

 2.5 home activities, feeding animals

 2.5 home activities, putting away groceries (e.g., carrying groceries, shopping without a grocery cart), carrying packages

 7.5 home activities, carrying groceries upstairs

 3.0 home activities, cooking Indian bread on an outside stove

 2.3 home activities, food shopping with or without a grocery cart, standing or walking

 2.3 home activities, non-food shopping, standing or walking

 2.3 home activities, ironing

 1.5 home activities, sitting—knitting, sewing, lt. wrapping (presents)

 2.0 home activities, implied standing—laundry, fold or hang clothes, put clothes in washer or dryer, packing suitcase

 2.3 home activities, implied walking—putting away clothes, gathering clothes to pack, putting away laundry

 2.0 home activities, making bed

 5.0 home activities, maple syruping/sugar bushing (including carrying buckets, carrying wood)

 6.0 home activities, moving furniture, household items, carrying boxes

 3.8 home activities, scrubbing fl oors, on hands and knees, scrubbing bathroom, bathtub

 4.0 home activities, sweeping garage, sidewalk or outside of house

 3.5 home activities, standing—packing/unpacking boxes, occasional lifting of household items—light to moderate effort

 3.0 home activities, implied walking—putting away household items—moderate effort

 2.5 home activities, watering plants

 2.5 home activities, building a fi re inside

 9.0 home activities, moving household items upstairs, carrying boxes or furniture

 2.0 home activities, standing—light (pump gas, change light bulb, etc.)

 3.0 home activities, walking—light, non-cleaning (readying to leave, shut/lock doors, close windows, etc.)

 2.5 home activities, sitting—playing with child(ren)—light, only active periods

 2.8 home activities, standing—playing with child(ren)—light, only active periods

 4.0 home activities, walk/run—playing with child(ren)—moderate, only active periods

 5.0 home activities, walk/run—playing with child(ren)—vigorous, only active periods

 3.0 home activities, carrying small children

 2.5 home activities, child care: sitting/kneeling—dressing, bathing, grooming, feeding, occasional lifting of child—light

    effort, general

 3.0 home activities, child care: standing—dressing, bathing, grooming, feeding, occasional lifting of child—light effort

 4.0 home activities, elder care, disabled adult, only active periods

 1.5 home activities, reclining with baby

 2.5 home activities, sit, playing with animals, light, only active periods

 2.8 home activities, stand, playing with animals, light, only active periods

 2.8 home activities, walk/run, playing with animals, light, only active periods

 4.0 home activities, walk/run, playing with animals, moderate, only active periods

 5.0 home activities, walk/run, playing with animals, vigorous, only active periods

 3.5 home activities, standing—bathing dog

 3.0 home repair, airplane repair

 4.0 home repair, automobile body work

 3.0 home repair, automobile repair

 3.0 home repair, carpentry, general, workshop (Taylor Code 620)

 6.0 home repair, carpentry, outside house, installing rain gutters, building a fence (Taylor Code 640)

 4.5 home repair, carpentry, fi nishing or refi nishing cabinets or furniture

 7.5 home repair, carpentry, sawing hardwood

 5.0 home repair, caulking, chinking log cabin

 4.5 home repair, caulking, except log cabin

 5.0 home repair, cleaning gutters

 5.0 home repair, excavating garage

 5.0 home repair, hanging storm windows

 4.5 home repair, laying or removing carpet
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 (Continued)

METS Specifi c Activity Examples

 4.5 home repair, laying tile or linoleum, repairing appliances

 5.0 home repair, painting, outside home (Taylor Code 650)

 3.0 home repair, painting, papering, plastering, scraping, inside house, hanging sheet rock, remodeling

 4.5 home repair, painting (Taylor Code 630)

 3.0 home repair, put on and removal of tarp—sailboat

 6.0 home repair, roofi ng

 4.5 home repair, sanding fl oors with a power sander

 4.5 home repair, scraping and painting sailboat or powerboat

 5.0 home repair, spreading dirt with a shovel

 4.5 home repair, washing and waxing hull of sailboat, car, powerboat, airplane

 4.5 home repair, washing fence, painting fence

 3.0 home repair, wiring, plumbing

 1.0 inactivity, quiet lying quietly and watching television

 1.0 inactivity, quiet lying quietly, doing nothing, lying in bed awake, listening to music (not talking or reading)

 1.0 inactivity, quiet sitting quietly and watching television

 1.0 inactivity, quiet sitting quietly, sitting smoking, listening to music (not talking or reading), watching a movie in a

    theater

 0.9 inactivity, quiet sleeping

 1.2 inactivity, quiet standing quietly (standing in a line)

 1.0 inactivity, light reclining—writing

 1.0 inactivity, light reclining—talking or talking on phone

 1.0 inactivity, light reclining—reading

 1.0 inactivity, light meditating

 5.0 lawn and garden, carrying, loading or stacking wood, loading/unloading or carrying lumber

 6.0 lawn and garden, chopping wood, splitting logs

 5.0 lawn and garden, clearing land, hauling branches, wheelbarrow chores

 5.0 lawn and garden, digging sandbox

 5.0 lawn and garden, digging, spading, fi lling garden, composting (Taylor Code 590)

 6.0 lawn and garden, gardening with heavy power tools, tilling a garden, chain saw

 5.0 lawn and garden, laying crushed rock

 5.0 lawn and garden, laying sod

 5.5 lawn and garden, mowing lawn, general

 2.5 lawn and garden, mowing lawn, riding mower (Taylor Code 550)

 6.0 lawn and garden, mowing lawn, walk, hand mower (Taylor Code 570)

 5.5 lawn and garden, mowing lawn, walk, power mower

 4.5 lawn and garden, mowing lawn, power mower (Taylor Code 590)

 4.5 lawn and garden, operating snow blower, walking

 4.5 lawn and garden, planting seedlings, shrubs

 4.5 lawn and garden, planting trees

 4.3 lawn and garden, raking lawn

 4.0 lawn and garden, raking lawn (Taylor Code 600)

 4.0 lawn and garden, raking roof with snow rake

 3.0 lawn and garden, riding snow blower

 4.0 lawn and garden, sacking grass, leaves

 6.0 lawn and garden, shoveling snow, by hand (Taylor Code 610)

 4.5 lawn and garden, trimming shrubs or trees, manual cutter

 3.5 lawn and garden, trimming shrubs or trees, power cutter, using leaf blower, edger

 2.5 lawn and garden, walking, applying fertilizer or seeding a lawn

 1.5 lawn and garden, watering lawn or garden, standing or walking

 4.5 lawn and garden, weeding, cultivating garden (Taylor Code 580)

 4.0 lawn and garden, gardening, general

 3.0 lawn and garden, picking fruit off trees, picking fruits/vegetables, moderate effort

 3.0 lawn and garden, implied walking/standing—picking up yard, light, picking fl owers or vegetables

 3.0 lawn and garden, walking, gathering gardening tools

 1.5 miscellaneous, sitting—card playing, playing board games

 2.3 miscellaneous, standing—drawing (writing), casino gambling, duplicating machine
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METS Specifi c Activity Examples

 1.3 miscellaneous, sitting—reading, book, newspaper, etc.

 1.8 miscellaneous, sitting—writing, desk work, typing

 1.8 miscellaneous, standing—talking or talking on the phone

 1.5 miscellaneous, sitting—talking or talking on the phone

 1.8 miscellaneous, sitting—studying, general, including reading and/or writing

 1.8 miscellaneous, sitting—in class, general, including note-taking or class discussion

 1.8 miscellaneous, standing, reading

 2.0 miscellaneous, standing—miscellaneous

 1.5 miscellaneous, sitting—arts and crafts, light effort

 2.0 miscellaneous, sitting—arts and crafts, moderate effort

 1.8 miscellaneous, standing—arts and crafts, light effort

 3.0 miscellaneous, standing—arts and crafts, moderate effort

 3.5 miscellaneous, standing—arts and crafts, vigorous effort

 1.5 miscellaneous, retreat/family reunion activities involving sitting, relaxing, talking, eating

 2.0 miscellaneous, touring/traveling/vacation involving walking and riding

 2.5 miscellaneous, camping involving standing, walking, sitting, light-to-moderate effort

 1.5 miscellaneous, sitting at a sporting event, spectator

 1.8 music playing, accordion

 2.0 music playing, cello

 2.5 music playing, conducting

 4.0 music playing, drums

 2.0 music playing, fl ute (sitting)

 2.0 music playing, horn

 2.5 music playing, piano or organ

 3.5 music playing, trombone

 2.5 music playing, trumpet

 2.5 music playing, violin

 2.0 music playing, woodwind

 2.0 music playing, guitar, classical, folk (sitting)

 3.0 music playing, guitar, rock and roll band (standing)

 4.0 music playing, marching band, playing an instrument, baton twirling (walking)

 3.5 music playing, marching band, drum major (walking)

 4.0 occupation, bakery, general, moderate effort

 2.5 occupation, bakery, light effort

 2.3 occupation, bookbinding

 6.0 occupation, building road (including hauling debris, driving heavy machinery)

 2.0 occupation, building road, directing traffi c (standing)

 3.5 occupation, carpentry, general

 8.0 occupation, carrying heavy loads, such as bricks

 8.0 occupation, carrying moderate loads upstairs, moving boxes (16–40 pounds)

 2.5 occupation, chambermaid, making bed (nursing)

 6.5 occupation, coal mining, drilling coal, rock

 6.5 occupation, coal mining, erecting supports

 6.0 occupation, coal mining, general

 7.0 occupation, coal mining, shoveling coal

 5.5 occupation, construction, outside, remodeling

 3.0 occupation, custodial work—buffi ng the fl oor with electric buffer

 2.5 occupation, custodial work—cleaning sink and toilet, light effort

 2.5 occupation, custodial work—dusting, light effort

 4.0 occupation, custodial work—feathering arena fl oor, moderate effort

 3.5 occupation, custodial work—general cleaning, moderate effort

 3.5 occupation, custodial work—mopping, moderate effort

 3.0 occupation, custodial work—take out trash, moderate effort

 2.5 occupation, custodial work—vacuuming, light effort

 3.0 occupation, custodial work—vacuuming, moderate effort

 3.5 occupation, electrical work, plumbing
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METS Specifi c Activity Examples

 8.0 occupation, farming, baling hay, cleaning barn, poultry work, vigorous effort

 3.5 occupation, farming, chasing cattle, non-strenuous (walking), moderate effort

 4.0 occupation, farming, chasing cattle or other livestock on horseback, moderate effort

 2.0 occupation, farming, chasing cattle or other livestock, driving, light effort

 2.5 occupation, farming, driving harvester, cutting hay, irrigation work

 2.5 occupation, farming, driving tractor

 4.0 occupation, farming, feeding small animals

 4.5 occupation, farming, feeding cattle, horses

 4.5 occupation, farming, hauling water for animals, general hauling water

 6.0 occupation, farming, taking care of animals (grooming, brushing, shearing sheep, assisting with birthing, medical

    care, branding)

 8.0 occupation, farming, forking straw bales, cleaning corral or barn, vigorous effort

 3.0 occupation, farming, milking by hand, moderate effort

 1.5 occupation, farming, milking by machine, light effort

 5.5 occupation, farming, shoveling grain, moderate effort

 12.0 occupation, fi re fi ghter, general

 11.0 occupation, fi re fi ghter, climbing ladder with full gear

 8.0 occupation, fi re fi ghter, hauling hoses on ground

 17.0 occupation, forestry, ax chopping, fast

 5.3 occupation, forestry, ax chopping, slow

 7.0 occupation, forestry, barking trees

 11.0 occupation, forestry, carrying logs

 8.0 occupation, forestry, felling trees

 8.0 occupation, forestry, general

 5.0 occupation, forestry, hoeing

 6.0 occupation, forestry, planting by hand

 7.0 occupation, forestry, sawing by hand

 4.5 occupation, forestry, sawing, power

 9.0 occupation, forestry, trimming trees

 4.0 occupation, forestry, weeding

 4.5 occupation, furriery

 6.0 occupation, horse grooming

 8.0 occupation, horse racing, galloping

 6.5 occupation, horse racing, trotting

 2.6 occupation, horse racing, walking

 3.5 occupation, locksmith

 2.5 occupation, machine tooling, machining, working sheet metal

 3.0 occupation, machine tooling, operating lathe

 5.0 occupation, machine tooling, operating punch press

 4.0 occupation, machine tooling, tapping and drilling

 3.0 occupation, machine tooling, welding

 7.0 occupation, masonry, concrete

 4.0 occupation, masseur, masseuse (standing)

 7.5 occupation, moving, pushing heavy objects, 75 lbs or more (desks, moving van work)

 12.0 occupation, skindiving or SCUBA diving as a frogman (Navy Seal)

 2.5 occupation, operating heavy duty equipment/automated, not driving

 4.5 occupation, orange grove work

 2.3 occupation, printing (standing)

 2.5 occupation, police, directing traffi c (standing)

 2.0 occupation, police, driving a squad car (sitting)

 1.3 occupation, police, riding in a squad car (sitting)

 4.0 occupation, police, making an arrest (standing)

 2.5 occupation, shoe repair, general

 8.5 occupation, shoveling, digging ditches

 9.0 occupation, shoveling, heavy (more than 16 pounds/minute)

 6.0 occupation, shoveling, light (less than 10 pounds/minute)
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METS Specifi c Activity Examples

 7.0 occupation, shoveling, moderate (10 to 15 pounds/minute)

 1.5 occupation, sitting—light offi ce work, general (chemistry lab work, light use of hand tools, watch repair or

    micro-assembly, light assembly/repair), sitting, reading, driving at work

 1.5 occupation, sitting—meetings, general, and/or with talking involved, eating at a business meeting

 2.5 occupation, sitting; moderate (heavy levers, riding mower/forklift, crane operation), teaching stretching or yoga

 2.3 occupation, standing; light (bartending, store clerk, assembling, fi ling, duplicating, putting up a Christmas tree),

    standing and talking at work, changing clothes when teaching physical education

 3.0 occupation, standing; light/moderate (assemble/repair heavy parts, welding, stocking, auto repair, pack boxes for

    moving, etc.), patient care (as in nursing)

 4.0 occupation, lifting items continuously, 10–20 lbs, with limited walking or resting

 3.5 occupation, standing; moderate (assembling at fast rate, intermittent, lifting 50 lbs, hitch/twisting ropes)

 4.0 occupation, standing; moderate/heavy (lifting more than 50 lbs, masonry, painting, paper hanging)

 5.0 occupation, steel mill, fettling

 5.5 occupation, steel mill, forging

 8.0 occupation, steel mill, hand rolling

 8.0 occupation, steel mill, merchant mill rolling

 11.0 occupation, steel mill, removing slag

 7.5 occupation, steel mill, tending furnace

 5.5 occupation, steel mill, tipping molds

 8.0 occupation, steel mill, working in general

 2.5 occupation, tailoring, cutting

 2.5 occupation, tailoring, general

 2.0 occupation, tailoring, hand sewing

 2.5 occupation, tailoring, machine sewing

 4.0 occupation, tailoring, pressing

 3.5 occupation, tailoring, weaving

 6.5 occupation, truck driving, loading and unloading truck (standing)

 1.5 occupation, typing, electric, manual or computer

 6.0 occupation, using heavy power tools such as pneumatic tools ( jackhammers, drills, etc.)

 8.0 occupation, using heavy tools (not power) such as shovel, pick, tunnel bar, spade

 2.0 occupation, walking on job, less than 2.0 mph (in offi ce or lab area), very slow

 3.3 occupation, walking on job, 3.0 mph, in offi ce, moderate speed, not carrying anything

 3.9 occupation, walking on job, 3.5 mph, in offi ce, brisk speed, not carrying anything

 3.0 occupation, walking, 2.5 mph, slowly and carrying light objects less than 25 pounds

 3.0 occupation, walking, gathering things at work, ready to leave

 4.0 occupation, walking, 3.0 mph, moderately and carrying light objects less than 25 lbs

 4.0 occupation, walking, pushing a wheelchair

 4.5 occupation, walking, 3.5 mph, briskly and carrying objects less than 25 pounds

 5.0 occupation, walking or walk downstairs or standing, carrying objects about 25 to 49 pounds

 6.5 occupation, walking or walk downstairs or standing, carrying objects about 50 to 74 pounds

 7.5 occupation, walking or walk downstairs or standing, carrying objects about 75 to 99 pounds

 8.5 occupation, walking or walk downstairs or standing, carrying objects about 100 pounds or over

 3.0 occupation, working in scene shop, theater actor, backstage employee

 4.0 occupation, teach physical education, exercise, sports classes (non-sport play)

 6.5 occupation, teach physical education, exercise, sports classes (participate in the class)

 6.0 running, jog/walk combination ( jogging component of less than 10 minutes) (Taylor Code 180)

 7.0 running, jogging, general

 8.0 running, jogging, in place

 4.5 running jogging on a mini-tramp

 8.0 running, running, 5 mph (12 min/mile)

 9.0 running, running, 5.2 mph (11.5 min/mile)

 10.0 running, running, 6 mph (10 min/mile)

 11.0 running, running, 6.7 mph (9 min/mile)

 11.5 running, running, 7 mph (8.5 min/mile)

 12.5 running, running, 7.5 mph (8 min/mile)

 13.5 running, running, 8 mph (7.5 min/mile)
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METS Specifi c Activity Examples

 14.0 running, running, 8.6 mph (7 min/mile)

 15.0 running, running, 9 mph (6.5 min/mile)

 16.0 running, running, 10 mph (6 min/mile)

 18.0 running, running, 10.9 mph (5.5 min/mile)

 9.0 running, running, cross country

 8.0 running, running (Taylor Code 200)

 15.0 running, running, stairs, up

 10.0 running, running, on a track, team practice

 8.0 running, running, training, pushing a wheelchair

 2.0 self care, standing—getting ready for bed, in general

 1.0 self care, sitting on toilet

 1.5 self care, bathing (sitting)

 2.0 self care, dressing, undressing (standing or sitting)

 1.5 self care, eating (sitting)

 2.0 self care, talking and eating or eating only (standing)

 1.0 self care, taking medication, sitting or standing

 2.0 self care, grooming (washing, shaving, brushing teeth, urinating, washing hands, putting on make-up), sitting or

    standing

 2.5 self care, hairstyling

 1.0 self care, having hair or nails done by someone else, sitting

 2.0 self care, showering, toweling off (standing)

 1.5 sexual activity, active, vigorous effort

 1.3 sexual activity, general, moderate effort

 1.0 sexual activity, passive, light effort, kissing, hugging

 3.5 sports, archery (non-hunting)

 7.0 sports, badminton, competitive (Taylor Code 450)

 4.5 sports, badminton, social singles and doubles, general

 8.0 sports, basketball, game (Taylor Code 490)

 6.0 sports, basketball, non-game, general (Taylor Code 480)

 7.0 sports, basketball, offi ciating (Taylor Code 500)

 4.5 sports, basketball, shooting baskets

 6.5 sports, basketball, wheelchair

 2.5 sports, billiards

 3.0 sports, bowling (Taylor Code 390)

 12.0 sports, boxing, in ring, general

 6.0 sports, boxing, punching bag

 9.0 sports, boxing, sparring

 7.0 sports, broomball

 5.0 sports, children’s games (hopscotch, 4-square, dodge ball, playground apparatus, t-ball, tetherball, marbles,

    jacks)

 4.0 sports, coaching: football, soccer, basketball, baseball, swimming, etc.

 5.0 sports, cricket (batting, bowling)

 2.5 sports, croquet

 4.0 sports, curling

 2.5 sports, darts, wall or lawn

 6.0 sports, drag racing, pushing or driving a car

 6.0 sports, fencing

 9.0 sports, football, competitive

 8.0 sports, football, touch, fl ag, general (Taylor Code 510)

 2.5 sports, football or baseball, playing catch

 3.0 sports, frisbee playing, general

 8.0 sports, frisbee, ultimate

 4.5 sports, golf, general

 4.5 sports, golf, walking and carrying clubs

 3.0 sports, golf, miniature, driving range

 4.3 sports, golf, walking and pulling clubs
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 3.5 sports, golf, using power cart (Taylor Code 070)

 4.0 sports, gymnastics, general

 4.0 sports, hacky sack

 12.0 sports, handball, general (Taylor Code 520)

 8.0 sports, handball, team

 3.5 sports, hand gliding

 8.0 sports, hockey, fi eld

 8.0 sports, hockey, ice

 4.0 sports, horseback riding, general

 3.5 sports, horseback riding, saddling horse, grooming horse

 6.5 sports, horseback riding, trotting

 2.5 sports, horseback riding, walking

 3.0 sports, horseshoe pitching, quoits

 12.0 sports, jai alai

 10.0 sports, judo, jujitsu, karate, kick boxing, tae kwan do

 4.0 sports, juggling

 7.0 sports, kickball

 8.0 sports, lacrosse

 4.0 sports, motor-cross

 9.0 sports, orienteering

 10.0 sports, paddleball, competitive

 6.0 sports, paddleball, casual, general (Taylor Code 460)

 8.0 sports, polo

 10.0 sports, racquetball, competitive

 7.0 sports, racquetball, casual, general (Taylor Code 470)

 11.0 sports, rock climbing, ascending rock

 8.0 sports, rock climbing, rappelling

 12.0 sports, rope jumping, fast

 10.0 sports, rope jumping, moderate, general

 8.0 sports, rope jumping, slow

 10.0 sports, rugby

 3.0 sports, shuffl eboard, lawn bowling

 5.0 sports, skateboarding

 7.0 sports, skating, roller (Taylor Code 360)

 12.5 sports, roller blading (in-line skating)

 3.5 sports, sky diving

 10.0 sports, soccer, competitive

 7.0 sports, soccer, casual, general (Taylor Code 540)

 5.0 sports, softball or baseball, fast or slow pitch, general (Taylor Code 440)

 4.0 sports, softball, offi ciating

 6.0 sports, softball, pitching

 12.0 sports, squash (Taylor Code 530)

 4.0 sports, table tennis, ping pong (Taylor Code 410)

 4.0 sports, tai chi

 7.0 sports, tennis, general

 6.0 sports, tennis, doubles (Taylor Code 430)

 5.0 sports, tennis, doubles

 8.0 sports, tennis, singles (Taylor Code 420)

 3.5 sports, trampoline

 4.0 sports, volleyball (Taylor Code 400)

 8.0 sports, volleyball, competitive, in gymnasium

 3.0 sports, volleyball, non-competitive, 6–9 member team, general

 8.0 sports, volleyball, beach

 6.0 sports, wrestling (one match   5 minutes)

 7.0 sports, wallyball, general

 4.0 sports, track and fi eld (shot, discus, hammer throw)
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 6.0 sports, track and fi eld (high jump, long jump, triple jump, javelin, pole vault)

 10.0 sports, track and fi eld (steeplechase, hurdles)

 2.0 transportation, automobile or light track (not a semi) driving

 1.0 transportation, riding in a car or truck

 1.0 transportation, riding in a bus

 2.0 transportation, fl ying airplane

 2.5 transportation, motor scooter, motorcycle

 6.0 transportation, pushing plane in and out of hangar

 3.0 transportation, driving heavy truck, tractor, bus

 7.0 walking, backpacking (Taylor Code 050)

 3.5 walking, carrying infant or 15 pound load (e.g. suitcase), level ground or downstairs

 9.0 walking, carrying load upstairs, general

 5.0 walking, carrying 1 to 15 lb load, upstairs

 6.0 walking, carrying 16 to 24 lb load, upstairs

 8.0 walking, carrying 25 to 49 lb load, upstairs

 10.0 walking, carrying 50 to 74 lb load, upstairs

 12.0 walking, carrying 74  lb load, upstairs

 3.0 walking, loading/unloading a car

 7.0 walking, climbing hills with 0 to 9 pound load

 7.5 walking, climbing hills with 10 to 20 pound load

 8.0 walking, climbing hills with 21 to 42 pound load

 9.0 walking, climbing hills with 42  pound load

 3.0 walking, downstairs

 6.0 walking, hiking, cross country (Taylor Code 040)

 2.5 walking, bird watching

 6.5 walking, marching, rapidly, military

 2.5 walking, pushing or pulling stroller with child or walking with children

 4.0 walking, pushing a wheelchair, non-occupational setting

 6.5 walking, race walking

 8.0 walking, rock or mountain climbing (Taylor Code 060)

 8.0 walking, up stairs, using or climbing up ladder (Taylor Code 030)

 5.0 walking, using crutches

 2.0 walking, walking, household

 2.0 walking, walking, less than 2.0 mph, level ground, strolling, very slow

 2.5 walking, walking, 2.0 mph, level, slow pace, fi rm surface

 3.5 walking, walking for pleasure (Taylor Code 010)

 2.5 walking, walking from house to car or bus, from car or bus to go places, from car or bus to and from the

    worksite

 2.5 walking, walking to neighbor’s house or family’s house for social reasons

 3.0 walking, walking the dog

 3.0 walking, walking, 2.5 mph, fi rm surface

 2.8 walking, walking, 2.5 mph, downhill

 3.3 walking, walking, 3.0 mph, level, moderate pace, fi rm surface

 3.8 walking, walking, 3.5 mph, level, brisk, fi rm surface, walking for exercise

 6.0 walking, walking, 3.5 mph, uphill

 5.0 walking, walking, 4.0 mph, level, fi rm surface, very brisk pace

 6.3 walking, walking, 4.5 mph, level, fi rm surface, very, very brisk

 8.0 walking, walking, 5.0 mph

 3.5 walking, walking, for pleasure, work break

 5.0 walking, walking, grass track

 4.0 walking, walking, to work or class (Taylor Code 015)

 2.5 walking, walking to and from an outhouse

 2.5 water activities, boating, power

 4.0 water activities, canoeing, on camping trip (Taylor Code 270)

 3.3 water activities, canoeing, harvesting wild rice, knocking rice off the stalks

 7.0 water activities, canoeing, portaging
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 3.0 water activities, canoeing, rowing, 2.0–3.9 mph, light effort

 7.0 water activities, canoeing, rowing, 4.0–5.9 mph, moderate effort

 12.0 water activities, canoeing, rowing,  6 mph, vigorous effort

 3.5 water activities, canoeing, rowing, for pleasure, general (Taylor Code 250)

 12.0 water activities, canoeing, rowing, in competition, or crew or sculling (Taylor Code 260)

 3.0 water activities, diving, springboard or platform

 5.0 water activities, kayaking

 4.0 water activities, paddle boat

 3.0 water activities, sailing, boat and board sailing, windsurfi ng, ice sailing, general (Taylor Code 235)

 5.0 water activities, sailing, in competition

 3.0 water activities, sailing, Sunfi sh/Laser/Hobby Cat, Keel boats, ocean sailing, yachting

 6.0 water activities, skiing, water (Taylor Code 220)

 7.0 water activities, skimobiling

 16.0 water activities, skindiving, fast

 12.5 water activities, skindiving, moderate

 7.0 water activities, skindiving, scuba diving, general (Taylor Code 310)

 5.0 water activities, snorkeling (Taylor Code 320)

 3.0 water activities, surfi ng, body or board

 10.0 water activities, swimming laps, freestyle, fast, vigorous effort

 7.0 water activities, swimming laps, freestyle, slow, moderate or light effort

 7.0 water activities, swimming, backstroke, general

 10.0 water activities, swimming, breaststroke, general

 11.0 water activities, swimming, butterfl y, general

 11.0 water activities, swimming, crawl, fast (75 yards/minute), vigorous effort

 8.0 water activities, swimming, crawl, slow (50 yards/minute), moderate or light effort

 6.0 water activities, swimming, lake, ocean, river (Taylor Codes 280, 295)

 6.0 water activities, swimming, leisurely, not lap swimming, general

 8.0 water activities, swimming, sidestroke, general

 8.0 water activities, swimming, synchronized

 10.0 water activities, swimming, treading water, fast vigorous effort

 4.0 water activities, swimming, treading water, moderate effort, general

 4.0 water activities, water aerobics, water calisthenics

 10.0 water activities, water polo

 3.0 water activities, water volleyball

 8.0 water activities, water jogging

 5.0 water activities, whitewater rafting, kayaking, or canoeing

 6.0 winter activities, moving ice house (set up/drill holes, etc.)

 5.5 winter activities, skating, ice, 9 mph or less

 7.0 winter activities, skating, ice, general (Taylor Code 360)

 9.0 winter activities, skating, ice, rapidly, more than 9 mph

 15.0 winter activities, skating, speed, competitive

 7.0 winter activities, ski jumping (climb up carrying skis)

 7.0 winter activities skiing, general

 7.0 winter activities, skiing, cross country, 2.5 mph, slow or light effort, ski walking

 8.0 winter activities, skiing, cross country, 4.0–4.9 mph, moderate speed and effort, general

 9.0 winter activities, skiing, cross country, 5.0–7.9 mph, brisk speed, vigorous effort

 14.0 winter activities, skiing, cross country,  8.0 mph, racing

 16.5 winter activities, skiing, cross country, hard snow, uphill, maximum, snow mountaineering

 5.0 winter activities, skiing, downhill, light effort

 6.0 winter activities, skiing, downhill, moderate effort, general

 8.0 winter activities, skiing, downhill, vigorous effort, racing

 7.0 winter activities, sledding, tobogganing, bobsledding, luge (Taylor Code 370)

 8.0 winter activities, snow shoeing

 3.5 winter activities, snowmobiling

 1.0 religious activities, sitting in church, in service, attending a ceremony, sitting quietly

 2.5 religious activities, sitting, playing an instrument at church
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 1.5 religious activities, sitting in church, talking or singing, attending a ceremony, sitting, active participation

 1.3 religious activities, sitting, reading religious materials at home

 1.2 religious activities, standing in church (quietly), attending a ceremony, standing quietly

 2.0 religious activities, standing, singing in church, attending a ceremony, standing, active participation

 1.0 religious activities, kneeling in church/at home (praying)

 1.8 religious activities, standing, talking in church

 2.0 religious activities, walking in church

 2.0 religious activities, walking, less than 2.0 mph—very slow

 3.3 religious activities, walking, 3.0 mph, moderate speed, not carrying anything

 3.8 religious activities, walking, 3.5 mph, brisk speed, not carrying anything

 2.0 religious activities, walk/stand combination for religious purposes, usher

 5.0 religious activities, praise with dance or run, spiritual dancing in church

 2.5 religious activities, serving food at church

 2.0 religious activities, preparing food at church

 2.3 religious activities, washing dishes/cleaning kitchen at church

 1.5 religious activities, eating at church

 2.0 religious activities, eating/talking at church or standing eating, American Indian Feast days

 3.0 religious activities, cleaning church

 5.0 religious activities, general yard work at church

 2.5 religious activities, standing—moderate (lifting 50 lbs., assembling at fast rate)

 4.0 religious activities, standing—moderate/heavy work

 1.5 religious activities, typing, electric, manual, or computer

 1.5 volunteer activities, sitting—meeting, general, and/or with talking involved

 1.5 volunteer activities, sitting—light offi ce work, in general

 2.5 volunteer activities, sitting—moderate work

 2.3 volunteer activities, standing—light work (fi ling, talking, assembling)

 2.5 volunteer activities, sitting, child care, only active periods

 3.0 volunteer activities, standing, child care, only active periods

 4.0 volunteer activities, walk/run play with children, moderate, only active periods

 5.0 volunteer activities, walk/run play with children, vigorous, only active periods

 3.0 volunteer activities, standing—light/moderate work (pack boxes, assemble/repair, set up chairs/furniture)

 3.5 volunteer activities, standing—moderate (lifting 50 lbs., assembling at fast rate)

 4.0 volunteer activities, standing—moderate/heavy work

 1.5 volunteer activities, typing, electric, manual, or computer

 2.0 volunteer activities, walking, less than 2.0 mph, very slow

 3.3 volunteer activities, walking, 3.0 mph, moderate speed, not carrying anything

 3.8 volunteer activities, walking, 3.5 mph, brisk speed, not carrying anything

 3.0 volunteer activities, walking, 2.5 mph slowly and carrying objects less than 25 pounds

 4.0 volunteer activities, walking, 3.0 mph moderately and carrying objects less than 25 pounds, pushing something

 4.5 volunteer activities, walking, 3.5 mph, briskly and carrying objects less than 25 pounds

 3.0 volunteer activities, walk/stand combination, for volunteer purposes
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APPENDIX D 

Dietary Reference Intakes: 
Macronutrients

 Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Macronutrients

Food and Nutrition Board, Institute of Medicine, National Academies

 Total  Carbo- Total   Linoleic  ␣-Linolenic 

Life Stage  Watera  hydrate  Fiber  Fat  Acid  Acid  Proteinb 

Group (L/d) (g/d) (g/d) (g/d) (g/d) (g/d) (g/d)

Infants

  0–6 mo 0.7*   60* ND 31* 4.4* 0.5*  9.1*

  7–12 mo 0.8*   95* ND 30* 4.6* 0.5* 11.0c

Children

  1–3 yr 1.3* 130 19* ND  7* 0.7* 13

  4–8 yr 1.7* 130 25* ND 10* 0.9* 19

Males

   9–13 yr 2.4* 130 31* ND 12* 1.2* 34

  14–18 yr 3.3* 130 38* ND 16* 1.6* 52

  19–30 yr 3.7* 130 38* ND 17* 1.6* 56

  31–50 yr 3.7* 130 38* ND 17* 1.6* 56

  51–70 yr 3.7* 130 30* ND 14* 1.6* 56

   70 yr 3.7* 130 30* ND 14* 1.6* 56

Females

   9–13 yr 2.1* 130 26* ND 10* 1.0* 34

  14–18 yr 2.3* 130 26* ND 11* 1.1* 46

  19–30 yr 2.7* 130 25* ND 12* 1.1* 46

  31–50 yr 2.7* 130 25* ND 12* 1.1* 46

  51–70 yr 2.7* 130 21* ND 11* 1.1* 46

   70 yr 2.7* 130 21* ND 11* 1.1* 46

Pregnancy

  14–18 yr 3.0* 175 28* ND 13* 1.4* 71

  19–30 yr 3.0* 175 28* ND 13* 1.4* 71

  31–50 yr 3.0* 175 28* ND 13* 1.4* 71

Lactation

  14–18 yr 3.8* 210 29* ND 13* 1.3* 71

  19–30 yr 3.8* 210 29* ND 13* 1.3* 71

  31–50 yr 3.8* 210 29* ND 13* 1.3* 71

NOTE:  This table presents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intake (AIs) in ordinary type followed by an asterisk (*). RDAs and AIs 

may both be used as goals for individual intake. RDAs are set to meet the needs of almost all (97%–98%) individuals in a group. For healthy infants fed human milk, the AI is 

the mean intake. The AI for other life stage and gender groups is believed to cover the needs of all individuals in the group, but lack of data or uncertainty in the data prevent 

being able to specify with confidence the percentage of individuals covered by this intake.

aTotal water includes all water contained in food, beverages, and drinking water.

bBased on 0.8 g/kg body weight for the reference body weight.

cChange from 13.5 in prepublication copy due to calculation error.

Reprinted with permission from (Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients)) 

© 2005 by the National Academy of Sciences, courtesy of the National Academies Press, Washington, D.C.
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 Dietary Reference Intakes (DRIs):  Additional Macronutrient Recommendations

Food and Nutrition Board, Institute of Medicine, National Academies

Macronutrient Recommendation

Dietary cholesterol As low as possible while consuming a nutritionally adequate diet

Trans fatty acids As low as possible while consuming a nutritionally adequate diet

Saturated fatty acids As low as possible while consuming a nutritionally adequate diet

Added sugars Limit to no more than 25% of total energy

SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids.
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APPENDIX E 

Dietary Reference Intakes: 
Vitamins and Minerals

  Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Vitamins

Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage  Vit A  Vit C Vit D Vit E Vit K  Thiamin

Group ( g/d)a (mg/d) ( g/d)b,c (mg/d)d ( g/d) (mg/d)

Infants

  0–6 mo 400* 40*  5* 4* 2.0* 0.2*

  7–12 mo 500* 50*  5* 5* 2.5* 0.3*

Children

  1–3 yr 300 15  5*  6  30* 0.5

  4–8 yr 400 25  5*  7  55* 0.6

Males

   9–13 yr 600 45  5* 11  60* 0.9

  14–18 yr 900 75  5* 15  75* 1.2

  19–30 yr 900 90  5* 15 120* 1.2

  31–50 yr 900 90  5* 15 120* 1.2

  51–70 yr 900 90 10* 15 120* 1.2

   70 yr 900 90 15* 15 120* 1.2

Females

   9–13 yr 600 45  5* 11 60* 0.9

  14–18 yr 700 65  5* 15 75* 1.0

  19–30 yr 700 75  5* 15 90* 1.1

  31–50 yr 700 75  5* 15 90* 1.1

  51–70 yr 700 75 10* 15 90* 1.1

   70 yr 700 75 15* 15 90* 1.1

Pregnancy

  14–18 yr 750 80  5* 15 75* 1.4

  19–30 yr 770 85  5* 15 90* 1.4

  31–50 yr 770 85  5* 15 90* 1.4

Lactation

  14–18 yr 1,200 115  5* 19 75* 1.4

  19–30 yr 1,300 120  5* 19 90* 1.4

  31–50 yr 1,300 120  5* 19 90* 1.4

NOTE:  This table (taken from the DRI reports, see www.nap.edu) presents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in 

ordinary type followed by an asterisk (*). RDAs and AIs may both be used as goals for individual intake. RDAs are set to meet the needs of almost all (97%–98%) 

individuals in a group. For healthy breastfed infants, the AI is the mean intake.  The AI for other life stage and gender groups is believed to cover needs of all individuals 

in the group, but lack of data or uncertainty in the data prevent being able to specify with confidence the percentage of individuals covered by this intake.

aAs retinol activity equivalents (RAEs). 1 RAE   1 g retinol, 12 g ␤-carotene, 24 g ␣-carotene, or 24 g ␤-cryptoxanthin. The RAE for dietary provitamin A 

carotenoids is twofold greater than retinol equivalents (RE), whereas the RAE for preformed vitamin A is the same as RE.

bAs cholecalciferol. 1 g cholecalciferol   40 IU vitamin D.

cIn the absence of adequate exposure to sunlight.

dAs ␣-tocopherol. ␣-Tocopherol includes RRR-␣-tocopherol, the only form of ␣-tocopherol that occurs naturally in foods, and the 2R-stereoisomeric forms of 

␣-tocopherol (RRR-, RSR-, RRS-, and RSS-␣-tocopherol) that occur in fortified foods and supplements. It does not include the 2S-stereoisomeric forms of ␣-tocopherol 

(SRR-, SSR-, SRS-, and SSS-␣-tocopherol), also found in fortified foods and supplements.
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 Riboflavin Niacin  Vit B6  Folate  Vit B12  Pantothenic  Biotin  Choline 

 (mg/d) (mg/d)e (mg/d) ( g/d)f ( g/d) Acid (mg/d) ( g/d) (mg/d)g

 0.3* 2* 0.1* 65* 0.4* 1.7*  5* 125*

 0.4* 4* 0.3* 80* 0.5* 1.8*  6* 150*

 0.5  6 0.5 150 0.9 2*  8* 200*

 0.6  8 0.6 200 1.2 3* 12* 250*

 0.9 12 1.0 300 1.8 4* 20* 375*

 1.3 16 1.3 400 2.4 5* 25* 550*

 1.3 16 1.3 400 2.4 5* 30* 550*

 1.3 16 1.3 400 2.4 5* 30* 550*

 1.3 16 1.7 400 2.4i 5* 30* 550*

 1.3 16 1.7 400 2.4i 5* 30* 550*

 0.9 12 1.0 300 1.8 4* 20* 375*

 1.0 14 1.2 400i 2.4 5* 25* 400*

 1.1 14 1.3 400i 2.4 5* 30* 425*

 1.1 14 1.3 400i 2.4 5* 30* 425*

 1.1 14 1.5 400 2.4 h 5* 30* 425*

 1.1 14 1.5 400 2.4 h 5* 30* 425*

 1.4 18 1.9 600 j 2.6 6* 30* 450*

 1.4 18 1.9 600 j 2.6 6* 30* 450*

 1.4 18 1.9 600 j 2.6 6* 30* 450*

 1.6 17 2.0 500 2.8 7* 35* 550*

 1.6 17 2.0 500 2.8 7* 35* 550*

 1.6 17 2.0 500 2.8 7* 35* 550*

eAs niacin equivalents (NE). 1 mg of niacin   60 mg of tryptophan; 0–6 months   preformed niacin (not NE).

fAs dietary folate equivalents (DFE). 1 DFE   1g food folate   0.6 g of folic acid from fortified food or as a supplement consumed with food   0.5 g of a 

supplement taken on an empty stomach.

gAlthough AIs have been set for choline, there are few data to assess whether a dietary supply of choline is needed at all stages of the life cycle, and it may be that the 

choline requirement can be met by endogenous synthesis at some of these stages.

hBecause 10% to 30% of older people may malabsorb food-bound B12, it is advisable for those older than 50 years to meet their RDA mainly by consumng foods 

fortified with B12 or a supplement containing B12.

iIn view of evidence linking folate intake with neural tube defects in the fetus, it is recommended that all women capable of becoming pregnant consume 400 g from 

supplements or fortified foods in addition to intake of food folate from a varied diet.

jIt is assumed that women will continue consuming 400 g from supplements or fortified food until their pregnancy is confi rmed and they enter prenatal care, which 

ordinarily occurs after the end of the periconceptional period—the critical time for formation of the neural tube.

Copyright 2004 by the National Academy of Sciences.  All rights reserved.

Reprinted with permission from (Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients)) 

© 2005 by the National Academy of Sciences, courtesy of the National Academies Press, Washington, D.C.
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   Dietary Reference Intakes (DRIs): Recommended Intakes for Individuals, Elements

Food and Nutrition Board, Institute of Medicine, National Academies

Life Stage  Calcium  Chromium  Copper Fluoride Iodine Iron  Magnesium 

Group (mg/d) ( g/d) ( g/d) (mg/d) ( g/d) (mg/d) (mg/d)

Infants

  0–6 mo   210*  0.2*   200* 0.01* 110*    0.27* 30*

  7–12 mo   270*  5.5*   220* 0.5* 130* 11 75*

Children

  1–3 yr   500* 11*   340 0.7* 90  7 80

  4–8 yr   800* 15*   440 1* 90 10 130

Males

   9–13 yr 1,300* 25*   700 2* 120 8 240

  14–18 yr 1,300* 35*   890 3* 150 11 410

  19–30 yr 1,000* 35*   900 4* 150  8 400

  31–50 yr 1,000* 35*   900 4* 150  8 420

  51–70 yr 1,200* 30*   900 4* 150  8 420

   70 yr 1,200* 30*   900 4* 150  8 420

Females

   9–13 yr 1,300* 21*   700 2* 120  8 240

  14–18 yr 1,300* 24*   890 3* 150 15 360

  19–30 yr 1,000* 25*   900 3* 150 18 310

  31–50 yr 1,000* 25*   900 3* 150 18 320

  51–70 yr 1,200* 20*   900 3* 150  8 320

   70 yr 1,200* 20*   900 3* 150  8 320

Pregnancy

  14–18 yr 1,300* 29* 1,000 3* 220 27 400

  19–30 yr 1,000* 30* 1,000 3* 220 27 350

  31–50 yr 1,000* 30* 1,000 3* 220 27 360

Lactation

  14–18 yr 1,300* 44* 1,300 3* 290 10 360

  19–30 yr 1,000* 45* 1,300 3* 290 9 310

  31–50 yr 1,000* 45* 1,300 3* 290 9 320

NOTE:  This table presents Recommended Dietary Allowances (RDAs) in bold type and Adequate Intakes (AIs) in ordinary type followed by an asterisk (*). RDAs and AIs 

may both be used as goals for individual intake. RDAs are set to meet the needs of almost all (97%–98%) individuals in a group. For healthy breastfed infants, the AI is the 

mean intake.  The AI for other life stage and gender groups is believed to cover needs of all individuals in the group, but lack of data or uncertainty in the data prevent being 

able to specify with confidence the percentage of individuals covered by this intake.

SOURCES: Dietary Reference Intakes for Calcium, Phosphorous, Magnesium, Vitamin D, and Fluoride (1997); Dietary Reference Intakes for Thiamin, Riboflavin, Niacin, Vitamin B6, 

Folate, Vitamin B 1 2, Pantothenic Acid, Biotin, and Choline (1998); Dietary Reference Intakes for Vitamin C, Vitamin E, Selenium, and Carotenoids (2000); Dietary Reference Intakes for 

Vitamin A, Vitamin K, Arsenic, Boron, Chromium, Copper, Iodine, Iron, Manganese, Molybdenum, Nickel, Silicon, Vanadium, and Zinc (2001); and Dietary Reference Intakes for Water, 

Potassium, Sodium, Chloride, and Sulfate (2004).  These reports may be accessed via http://www.nap.edu.

Copyright 2004 by the National Academy of Sciences.  All rights reserved.
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 Manganese Molybdenum  Phosphorus  Selenium  Zinc  Potassium  Sodium Chloride 

 (mg/d) ( g/d) (mg/d) ( g/d) (mg/d) (g/d)  (g/d) (g/d)

 0.003*  2*   100* 15*   2* 0.4* 0.12* 0.18*

 0.6*  3*   275* 20*  3 0.7* 0.37* 0.57*

 1.2* 17   460 20  3 3.0*  1.0* 1.5*

 1.5* 22   500 30  5 3.8*  1.2* 1.9*

 1.9* 34 1,250 40  8 4.5*  1.5* 2.3*

 2.2* 43 1,250 55 11 4.7*  1.5* 2.3*

 2.3* 45   700 55 11 4.7*  1.5* 2.3*

 2.3 45   700 55 11 4.7*  1.5* 2.3*

 2.3* 45   700 55 11 4.7*  1.3* 2.0*

 2.3* 45   700 55 11 4.7*  1.2* 1.8*

 1.6* 34 1,250 40  8 4.5*  1.5* 2.3*

 1.6* 43 1,250 55  9 4.7*  1.5* 2.3*

 1.8* 45   700 55  8 4.7*  1.5* 2.3*

 1.8* 45   700 55  8 4.7*  1.5* 2.3*

 1.8* 45   700 55  8 4.7*  1.3* 2.0*

 1.8* 45   700 55  8 4.7*  1.2* 1.8*

 2.0* 50 1,250 60 12 4.7*  1.5* 2.3*

 2.0* 50   700 60 11 4.7*  1.5* 2.3*

 2.0* 50   700 60 11 4.7*  1.5* 2.3*

 2.6* 50 1,250 70 13 5.1*  1.5* 2.3*

 2.6* 50   700 70 12 5.1*  1.5* 2.3*

 2.6* 50   700 70 12 5.1*  1.5* 2.3*
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APPENDIX F 

Dietary Reference Intakes: 
Estimated Energy 
Requirements

   Estimated Energy Requirements (EER) for Men and Women 30 Years of Agea

Food and Nutrition Board, Institute of Medicine, National Academies

 Weight for  Weight for 
EER, Mend EER, Womend

 BMIc of  BMI of
 (KCAL/DAY) (KCAL/DAY)

Height   18.5 kg/m2 24.99 kg/m2  BMI of  BMI of  BMI of  BMI of 

(m [in]) PALb (kg [lb]) (kg [lb]) 18.5 kg/m2 24.99 kg/m2 18.5 kg/m2 24.99 kg/m2

1.50 (59) Sedentary 41.6 (92) 56.2 (124) 1,848 2,080 1,625 1,762

 Low Active   2,009 2,267 1,803 1,956

 Active   2,215 2,506 2,025 2,198

 Very Active   2,554 2,898 2,291 2,489

1.65 (65) Sedentary 50.4 (111) 68.0 (150) 2,068 2,349 1,816 1,982

 Low Active   2,254 2,566 2,016 2,202

 Active   2,490 2,842 2,267 2,477

 Very Active   2,880 3,296 2,567 2,807

1.80 (71) Sedentary 59.9 (132) 81.0 (178) 2,301 2,635 2,015 2,211

 Low Active   2,513 2,884 2,239 2,459

 Active   2,782 3,200 2,519 2,769

 Very Active   3,225 3,720 2,855 3,141

aFor each year below 30, add 7 kcal/day for women and 10 kcal/day for men. For each year above 30, subtract 7 kcal/day for women and 10 kcal/day for men.

bPAL   physical activity level.

cBMI   body mass index.

dDerived from the following regression equations based on doubly labeled water data:

 Adult man:   EER   662   9.53   age (yr)   PA   (15.91   wt [kg]   539.6   ht [ml])

 Adult woman: EER   354   6.91   age (yr)   PA   (9.36   wt [kg]   726   ht [ml])

Where PA refers to coeffi cient for PAL

PAL ⴝ total energy expenditure ⴜ basal energy expenditure

 PA   1.0 if PAL   1.0   1.4 (sedentary)

 PA   1.12 if PAL   1.4   1.6 (low active)

 PA   1.27 if PAL   1.6   1.9 (active)

 PA   1.45 if PAL   1.9   2.5 (very active)

SOURCE: Dietary Reference Intakes for Energy, Carbohydrate, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (2002).

Reprinted with permission from (Dietary Reference Intakes for Energy, Carbohydrates, Fiber, Fat, Fatty Acids, Cholesterol, Protein, and Amino Acids (Macronutrients)) 

© 2005 by the National Academy of Sciences, courtesy of the National Academies Press, Washington, D.C.
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APPENDIX G 

Percent Fat Estimate for 
Men: Sum of  Triceps, Chest, 
and Subscapula Skinfolds

Sum of AGE TO LAST YEAR

Skinfolds (mm) Under 22 23–27 28–32 33–37 38–42 43–47 48–52 53–57 Over 57

 8–10 1.5 2.0 2.5 3.1 3.6 4.1 4.6 5.1 5.6

 11–13 3.0 3.5 4.0 4.5 5.1 5.6 6.1 6.6 7.1

 14–16 4.5 5.0 5.5 6.0 6.5 7.0 7.6 8.1 8.6

 17–19 5.9 6.4 6.9 7.4 8.0 8.5 9.0 9.5 10.0

 20–22 7.3 7.8 8.3 8.8 9.4 9.9 10.4 10.9 11.4

 23–25 8.6 9.2 9.7 10.2 10.7 11.2 11.8 12.3 12.8

 26–28 10.0 10.5 11.0 11.5 12.1 12.6 13.1 13.6 14.2

 29–31 11.2 11.8 12.3 12.8 13.4 13.9 14.4 14.9 15.5

 32–34 12.5 13.0 13.5 14.1 14.6 15.1 15.7 16.2 16.7

 35–37 13.7 14.2 14.8 15.3 15.8 16.4 16.9 17.4 18.0

 38–40 14.9 15.4 15.9 16.5 17.0 17.6 18.1 18.6 19.2

 41–43 16.0 16.6 17.1 17.6 18.2 18.7 19.3 19.8 20.3

 44–46 17.1 17.7 18.2 18.7 19.3 19.8 20.4 20.9 21.5

 47–49 18.2 18.7 19.3 19.8 20.4 20.9 21.4 22.0 22.5

 50–52 19.2 19.7 20.3 20.8 21.4 21.9 22.5 23.0 23.6

 53–55 20.2 20.7 21.3 21.8 22.4 22.9 23.5 24.0 24.6

 56–58 21.1 21.7 22.2 22.8 23.3 23.9 24.4 25.0 25.5

 59–61 22.0 22.6 23.1 23.7 24.2 24.8 25.3 25.9 26.5

 62–64 22.9 23.4 24.0 24.5 25.1 25.7 26.2 26.8 27.3

 65–67 23.7 24.3 24.8 25.4 25.9 26.5 27.1 27.6 28.2

 68–70 24.5 25.0 25.6 26.2 26.7 27.3 27.8 28.4 29.0

 71–73 25.2 25.8 26.3 26.9 27.5 28.0 28.6 29.1 29.7

 74–76 25.9 26.5 27.0 27.6 28.2 28.7 29.3 29.9 30.4

 77–79 26.6 27.1 27.7 28.2 28.8 29.4 29.9 30.5 31.1

 80–82 27.2 27.7 28.3 28.9 29.4 30.0 30.6 31.1 31.7

 83–85 27.7 28.3 28.8 29.4 30.0 30.5 31.1 31.7 32.3

 86–88 28.2 28.8 29.4 29.9 30.5 31.1 31.6 32.2 32.8

 89–91 28.7 29.3 29.8 30.4 31.0 31.5 32.1 32.7 33.3

 92–94 29.1 29.7 30.3 30.8 31.4 32.0 32.6 33.1 33.4

 95–97 29.5 30.1 30.6 31.2 31.8 32.4 32.9 33.5 34.1

 98–100 29.8 30.4 31.0 31.6 32.1 32.7 33.3 33.9 34.4

 101–103 30.1 30.7 31.3 31.8 32.4 33.0 33.6 34.1 34.7

 104–106 30.4 30.9 31.5 32.1 32.7 33.2 33.8 34.4 35.0

 107–109 30.6 31.1 31.7 32.3 32.9 33.4 34.0 34.6 35.2

 110–112 30.7 31.3 31.9 32.4 33.0 33.6 34.2 34.7 35.3

 113–115 30.8 31.4 32.0 32.5 33.1 33.7 34.3 34.9 35.4

 116–118 30.9 31.5 32.0 32.6 33.2 33.8 34.3 34.9 35.5

From A. S. Jackson and M. L. Pollock, “Practical Assessment of Body Composition” in The Physician and Sportsmedicine, 13(5):85, 1985. Copyright © 1985 McGraw-Hill 

Healthcare Group, Minneapolis, MN. Reprinted by permission.
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Percent Fat Estimate for 
Women: Sum of  Triceps, 
Abdomen, and Suprailium 
Skinfolds

APPENDIX H 

Sum of AGE TO LAST YEAR

Skinfolds (mm) 18–22 23–27 28–32 33–37 38–42 43–47 48–52 53–57 Over 57

 8–12 8.8 9.0 9.2 9.4 9.5 9.7 9.9 10.1 10.3

 13–17 10.8 10.9 11.1 11.3 11.5 11.7 11.8 12.0 12.2

 18–22 12.6 12.8 13.0 13.2 13.4 13.5 13.7 13.9 14.1

 23–27 14.5 14.6 14.8 15.0 15.2 15.4 15.6 15.7 15.9

 28–32 16.2 16.4 16.6 16.8 17.0 17.1 17.3 17.5 17.7

 33–37 17.9 18.1 18.3 18.5 18.7 18.9 19.0 19.2 19.4

 38–42 19.6 19.8 20.0 20.2 20.3 20.5 20.7 20.9 21.1

 43–47 21.2 21.4 21.6 21.8 21.9 22.1 22.3 22.5 22.7

 48–52 22.8 22.9 23.1 23.3 23.5 23.7 23.8 24.0 24.2

 53–57 24.2 24.4 24.6 24.8 25.0 25.2 25.3 25.5 25.7

 58–62 25.7 25.9 26.0 26.2 26.4 26.6 26.8 27.0 27.1

 63–67 27.1 27.2 27.4 27.6 27.8 28.0 28.2 28.3 28.5

 68–72 28.4 28.6 28.7 28.9 29.1 29.3 29.5 29.7 29.8

 73–77 29.6 29.8 30.0 30.2 30.4 30.6 30.7 30.9 31.1

 78–82 30.9 31.0 31.2 31.4 31.6 31.8 31.9 32.1 32.3

 83–87 32.0 32.2 32.4 32.6 32.7 32.9 33.1 33.3 33.5

 88–92 33.1 33.3 33.5 33.7 33.8 34.0 34.2 34.4 34.6

 93–97 34.1 34.3 34.5 34.7 34.9 35.1 35.2 35.4 35.6

 98–102 35.1 35.3 35.5 35.7 35.9 36.0 36.2 36.4 36.6

 103–107 36.1 36.2 36.4 36.6 36.8 37.0 37.2 37.3 37.5

 108–112 36.9 37.1 37.3 37.5 37.7 37.9 38.0 38.2 38.4

 113–117 37.8 37.9 38.1 38.3 39.2 39.4 39.6 39.8 39.2

 118–122 38.5 38.7 38.9 39.1 39.4 39.6 39.8 40.0 40.0

 123–127 39.2 39.4 39.6 39.8 40.0 40.1 40.3 40.5 40.7

 128–132 39.9 40.1 40.2 40.4 40.6 40.8 41.0 41.2 41.3

 133–137 40.5 40.7 40.8 41.0 41.2 41.4 41.6 41.7 41.9

 138–142 41.0 41.2 41.4 41.6 41.7 41.9 42.1 42.3 42.5

 143–147 41.5 41.7 41.9 42.0 42.2 42.4 42.6 42.8 43.0

 148–152 41.9 42.1 42.3 42.4 42.6 42.8 43.0 43.2 43.4

 153–157 42.3 42.5 42.6 42.8 43.0 43.2 43.4 43.6 43.7

 158–162 42.6 42.8 43.0 43.1 43.3 43.5 43.7 43.9 44.1

 163–167 42.9 43.0 43.2 43.4 43.6 43.8 44.0 44.1 44.3

 168–172 43.1 43.2 43.4 43.6 43.8 44.0 44.2 44.3 44.5

 173–177 43.2 43.4 43.6 43.8 43.9 44.1 44.3 44.5 44.7

 178–182 43.3 43.5 43.7 43.8 44.0 44.2 44.4 44.6 44.8

From A. S. Jackson and M. L. Pollock, “Practical Assessment of Body Composition” in The Physician and Sportsmedicine, 13(5):85, 1985. Copyright © 1985 McGraw-Hill 

Healthcare Group, Minneapolis, MN. Reprinted by permission.
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absolute V̇ O2 the amount of oxygen 
consumed over a given time period; 
expressed as liters ⭈ min⫺1.

acidosis an abnormal increase in 
blood hydrogen ion concentration 
(i.e., arterial pH below 7.35).

acids compounds capable of giving 
up hydrogen ions into  solution.

acromegaly a condition caused by 
hypersecretion of growth hormone 
from the pituitary gland; character-
ized by enlargement of the extremi-
ties, such as the jaw, nose, and 
fi ngers.

actin a structural protein of muscle 
that works with myosin in permitting 
muscular contraction.

action potential the all-or-none elec-
trical event in the neuron or muscle 
cell in which the polarity of the cell 
membrane is rapidly reversed and 
then reestablished.

adenosine diphosphate (ADP) a 
molecule that combines with inor-
ganic phosphate to form ATP.

adenosine triphosphate (ATP) the 
high-energy phosphate compound 
synthesized and used by cells to 
release energy for cellular work.

adenylate cyclase enzyme found in 
cell membranes that catalyzes the 
conversion of ATP to cyclic AMP.

adequate intake (AI) recommenda-
tions for nutrient intake when insuf-
fi cient information is available to set 
an RDA standard.

adrenal cortex the outer portion of 
the adrenal gland. Synthesizes and 
secretes corticosteroid hormones, 
such as cortisol, aldosterone, and 
androgens.

adrenaline see epinephrine.
adrenocorticotrophic hormone 

(ACTH) a hormone secreted by the 
anterior pituitary gland that stimu-
lates the adrenal cortex.

aerobic in the presence of oxygen.
afferent fi bers nerve fi bers (sensory 

fi bers) that carry neural informa-
 tion back to the central nervous 
 system.

afferent neuron sensory neuron 
carry ing information toward the 
 central nervous system.

aldosterone a corticosteroid hor-
mone involved in the regulation of 
electrolyte balance.

alkalosis an abnormal increase in 
blood concentration of OH⫺ ions, 
resulting in a rise in arterial pH 
above 7.45.

alpha receptors a subtype of 
 adrenergic receptors located on 
cell membranes of selected 
tissues.

alveolar ventilation (V̇ 
A) the volume 

of gas that reaches the alveolar 
region of the lung.

alveoli microscopic air sacs located 
in the lung where gas exchange 
occurs between respiratory gases 
and the blood.

amenorrhea the absence of menses.
anabolic steroid a prescription 

drug that has anabolic, or growth-
stimulating, characteristics similar 
to that of the male androgen, 
 testosterone.

anaerobic without oxygen.
anaerobic threshold a commonly 

used term meant to describe the 
level of oxygen consumption at 
which there is a rapid and systematic 
increase in blood lactate concen-
tration. Also termed the lactate 
 threshold.

anatomical dead space the total 
volume of the lung (i.e., conducting 
airways) that does not participate in 
gas exchange.

androgenic steroid a compound that 
has the qualities of an androgen; 
associated with masculine 
 characteristics.

androgens male sex hormones. Syn-
thesized in the testes and in limited 
amounts in the adrenal cortex. Ste-
roids that have masculinizing effects.

angina pectoris chest pain due to a 
lack of blood fl ow (ischemia) to the 
myocardium.

angiotensin I and II these com-
pounds are polypeptides formed 
from the cleavage of a protein 
(angiotensinogen) by the action of 
the enzyme renin produced by the 
kidneys, and converting enzyme in 
the lung, respectively.

anorexia nervosa an eating disorder 
characterized by rapid weight loss 
due to failure to consume adequate 
amounts of nutrients.

anterior hypothalamus the anterior 
portion of the hypothalamus. The 
hypothalamus is an area of the brain 
below the thalamus that regulates 
the autonomic nervous system and 
the pituitary gland.

anterior pituitary the anterior portion 
of the pituitary gland that secretes 
follicle-stimulating hormone, lutein-
izing hormone, adrenocorticotrophic 
hormone, thyroid-stimulating 
 hormone, growth hormone, and 
prolactin.

antidiuretic hormone (ADH) hormone 
secreted by the posterior  pituitary 
gland that promotes water retention 
by the kidney.

aortic bodies receptors located in 
the arch of the aorta that are capable 
of detecting changes in arterial PO2.

apophyses sites of muscle-tendon 
insertion in bones.

arrhythmia abnormal electrical 
activity in the heart (e.g., a prema-
ture ventricular contraction).

arteries large vessels that carry 
 arterialized blood away from the 
heart.

arterioles a small branch of an artery 
that communicates with a capillary 
network.

articular cartilage cartilage that 
 covers the ends of bones in a 
 synovial joint.

atherosclerosis a pathological condi-
tion in which fatty substances collect 
inside the lumen of arteries.

ATPase enzyme capable of breaking 
down ATP to ADP ⫹ Pi ⫹ energy.

ATP-PC system term used to describe 
the metabolic pathway involving 
muscle stores of ATP and the use of 
phosphocreatine to rephosphorylate 
ADP. This pathway is used at the 
onset of exercise and during short-
term, high-intensity work.

atrioventricular node (AV node) a 
specialized mass of muscle tissue 
located in the interventricular sep-
tum of the heart; functions in the 
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transmission of cardiac impulses 
from the atria to the ventricles.

autologous transfusion blood trans-
fusion whereby the individual 
receives his or her own blood.

autonomic nervous system portion 
of the nervous system that controls 
the actions of visceral organs.

autoregulation mechanism by which 
an organ regulates blood fl ow to 
match the metabolic rate.

axon a nerve fi ber that conducts a 
nerve impulse away from the neuron 
cell body.

basal metabolic rate (BMR) meta-
bolic rate measured in supine 
position following a twelve-hour 
fast, and eight hours of sleep.

bases compounds that ionize in 
water to release hydroxyl ions (OH⫺) 
or other ions that are capable of 
combining with hydrogen ions.

beta oxidation breakdown of free 
fatty acids to form acetyl-CoA.

beta receptor agonist (␤-agonist) a 
molecule that is capable of binding 
to and activating a beta receptor.

beta receptors adrenergic receptors 
located on cell membranes. Com-
bine mainly with epinephrine and, to 
some degree, with norepinephrine.

bioenergetics the chemical pro-
cesses involved with the production 
of cellular ATP.

biological control systems a control 
system capable of maintaining 
homeostasis within a cell or organ 
system in a living creature.

blood boosting a term that applies 
to the increase of the blood’s hemo-
globin concentration by the infusion 
of additional red blood cells. Medi-
cally termed induced erythrocythemia.

blood doping see blood boosting.
blood packing see blood boosting.
Bohr effect the right shift of the 

 oxyhemoglobin dissociation curve 
due to a decrease of blood pH. 
Results in a decreased affi nity for 
oxygen.

bradycardia a resting heart rate less 
than sixty beats per minute.

brain stem portion of the brain that 
includes midbrain, pons, and 
medulla.

buffer a compound that resists pH 
change.

bulimia an eating disorder char-
acterized by eating and forced 
 regurgitation.

bulk fl ow mass movement of mole-
cules from an area of high pressure 
to an area of lower pressure.

calcitonin hormone, released from 
the thyroid gland, that plays a minor 
role in calcium metabolism.

calmodulin part of second messen-
ger system involving calcium that 
results in changes in the activity of 
intracellular enzymes.

capillaries microscopic blood ves-
sels that connect arterioles and 
venules. Portion of vascular system 
where blood/tissue gas exchange 
occurs.

cardiac accelerator nerves part of 
the sympathetic nervous system that 
stimulates the SA node to increase 
heart rate.

cardiac output the amount of blood 
pumped by the heart per unit of 
time; equal to product of heart rate 
and stroke volume.

cardiovascular control center the 
area of the medulla that regulates 
the cardiovascular system.

carotid bodies chemoreceptors 
located in the internal carotid artery; 
respond to changes in arterial PO2, 
PCO2, and pH.

catecholamines organic compounds, 
including epinephrine, norepineph-
rine, and dopamine.

cell body the soma, or major portion 
of the body of a nerve cell. Contains 
the nucleus.

cell membrane the lipid-bilayer 
envelope that encloses cells. Called 
the sarcolemma in muscle cells.

cellular respiration process of 
 oxygen consumption and carbon 
dioxide production in cells (i.e., 
bioenergetics).

central command the control of the 
cardiovascular or pulmonary system 
by cortical impulses.

central nervous system (CNS) por-
tion of the nervous system that con-
sists of the brain and spinal cord.

cerebellum portion of the brain 
that is concerned with fi ne coor-
dination of skeletal muscles during 
movement.

cerebrum superior aspect of the 
brain that occupies the upper cranial 
cavity. Contains the motor cortex.

chemiosmotic hypothesis the mech-
anism to explain the aerobic forma-
tion of ATP in mitochondria.

cholesterol a twenty-seven-carbon 
lipid that can be synthesized in cells 
or consumed in the diet. Cholesterol 
serves as a precursor of steroid hor-
mones, and plays a role in the devel-
opment of atherosclerosis.

clo unit that describes the insulation 
quality of clothing.

concentric action occurs when a 
muscle is activated and shortens.

conduction transfer of heat from 
warmer to cooler objects that are in 
contact with each other. This term 
may also be used in association with 
the conveyance of neural impulses.

conduction disturbances refers to a 
slowing or blockage of the wave of 
depolarization in the heart, e.g., fi rst-
degree AV block, or bundle branch 
block.

conductivity capacity for conduction.
convection the transmission of heat 

from one object to another through 
the circulation of heated molecules.

Cori cycle the cycle of lactate-to-
 glucose between the muscle and 
liver.

coronary artery bypass graft surgery 
(CABGS) the replacement of a 
blocked coronary artery with another 
vessel to permit blood fl ow to the 
myocardium.

cortisol a glucocorticoid secreted by 
the adrenal cortex upon stimulation 
by ACTH.

coupled reactions the linking of 
energy-liberating chemical reactions 
to “drive’’ energy-requiring reactions.

critical power a specifi c submaximal 
power output that can be main-
tained without fatigue.

cromolyn sodium a drug used to 
 stabilize the membranes of mast 
cells and prevent an asthma 
attack.

cycle ergometer a stationary 
 exercise cycle that allows accurate 
measurement of work output.

cyclic AMP a substance produced 
from ATP through the action of ade-
nylate cyclase that alters several 
chemical processes in the cell.

cytoplasm the contents of the cell 
surrounding the nucleus. Called 
 sarcoplasm in muscle cells.

Daily Value a standard used in 
 nutritional labeling.

defi ciency a shortcoming of some 
essential nutrient.

degenerative diseases diseases 
not due to infection that result in a 
progressive decline in some bodily 
function.

delayed-onset muscle soreness 
(DOMS) muscle soreness that 
occurs twelve to twenty-four hours 
after an exercise bout.

dendrites portion of the nerve fi ber 
that transmits action potentials 
toward a nerve cell body.

dental caries tooth decay; related to 
sugar content in foods.

deoxyhemoglobin hemoglobin not 
in combination with oxygen.

diabetes mellitus a condition 
 characterized by high blood glucose 
levels due to inadequate insulin. 
Type I diabetics are insulin depen-
dent, whereas Type II diabetics are 
 resistant to insulin.

diabetic coma unconscious state 
induced by a lack of insulin.
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diacylglycerol a molecule derived 
from a membrane-bound phospho-
lipid, phosphatidylinositol, that 
 activates protein kinase C and alters 
cellular activity.

diaphragm the major respiratory 
muscle responsible for inspiration. 
Dome-shaped—separates the 
 thoracic cavity from the abdominal 
cavity.

diastole period of fi lling of the heart 
between contractions (i.e., resting 
phase of the heart).

Diastolic blood pressure arterial 
blood pressure during diastole.

Dietary Guidelines for Americans 
general statements related to food 
selection that are consistent with 
achieving and maintaining good 
health.

Dietary Reference Intakes the 
framework for nutrient recommenda-
tions being made as a part of the 
revision of the 1989 RDA.

diffusion random movement of 
 molecules from an area of high 
 concentration to an area of low 
 concentration.

direct calorimetry assessment of 
the body’s metabolic rate by direct 
measurement of the amount of heat 
produced.

dose the amount of drug or exercise 
prescribed to have a certain effect (or 
response).

double-blind research design an 
experimental design in which the 
subjects and the principal investiga-
tor are not aware of the experimental 
treatment order.

double product the product of heart 
rate and systolic blood pressure; 
estimate of work of the heart.

dynamic refers to an isotonic muscle 
action.

dynamic stretching stretching that 
involves controlled movement.

dynamometer device used to 
 measure force production (e.g., used 
in the measurement of muscular 
strength).

dysmenorrhea painful menstruation.
dyspnea shortness of breath or 

labored breathing. May be due 
to various types of lung or heart 
 diseases.

eccentric action occurs when a 
 muscle is activated and force is 
 produced but the muscle 
lengthens.

ectomorphy category of somatotype 
that is rated for linearity of body 
form.

effect change in variable (e.g., V̇ O2 
max) due to a dose of exercise (e.g., 
3 days per week, 40 min/day at 70% 
V̇ O2 max).

effector organ or body part that 
responds to stimulation by an 
 efferent neuron (e.g., skeletal muscle 
in a withdrawal refl ex).

efferent fi bers nerve fi bers (motor 
fi bers) that carry neural information 
from the central nervous system to 
the periphery.

efferent neuron conducts impulses 
from the CNS to the effector organ 
(e.g., motor neuron).

ejection fraction the proportion of 
end-diastolic volume that is ejected 
during a ventricular contraction.

electrocardiogram (ECG) a record-
ing of the electrical changes that 
occur in the myocardium during the 
cardiac cycle.

electron transport chain a series of 
cytochromes in the mitochondria 
that are responsible for oxidative 
phosphorylation.

element a single chemical substance 
composed of only one type of atom 
(e.g., calcium or potassium).

endergonic reactions energy-
 requiring reactions.

endocrine gland a gland that pro-
duces and secretes its products 
directly into the blood or interstitial 
fl uid (ductless glands).

endomorphy the somatotype 
 category that is rated for roundness 
(fatness).

endomysium the inner layer of 
 connective tissue surrounding a 
muscle fi ber.

endorphin a neuropeptide produced 
by the pituitary gland having pain-
suppressing activity.

end-plate potential (EPP) depolar-
ization of a membrane region by a 
sodium infl ux.

energy of activation energy required 
to initiate a chemical reaction.

energy wasteful systems metabolic 
pathways in which the energy gen-
erated in one reaction is used up in 
another that leads back to the fi rst, 
creating a futile cycle and requiring a 
higher resting metabolic rate.

enzymes proteins that lower the 
energy of activation and, therefore, 
catalyze chemical reactions. 
Enzymes regulate the rate of most 
metabolic pathways.

epidemiologic triad a model that 
shows connections between the 
environment, agent, and host that 
cause disease.

epidemiology the study of the distri-
bution and determinants of health-
related states or events in specifi ed 
populations, and the application of 
this study to the control of health 
problems.

epilepsy a neurological disorder 
manifested by muscular seizures.

epimysium the outer layer of connec-
tive tissue surrounding muscle.

epinephrine a hormone synthesized 
by the adrenal medulla; also called 
adrenaline.

epiphyseal plate (growth plate) car-
tilaginous layer between the head 
and shaft of a long bone where 
growth takes place.

EPOC an acronym for “excess post-
exercise oxygen consumption’’; often 
referred to as the oxygen debt.

EPSP excitatory post-synaptic poten-
tial. A graded depolarization of a 
post-synaptic membrane by a 
 neurotransmitter.

ergogenic aid a substance, appli-
ance, or procedure (e.g., blood 
 doping) that improves performance.

ergometer instrument for measuring 
work.

ergometry measurement of work 
 output.

erythrocythemia an increase in 
the number of erythrocytes in the 
blood.

erythropoietin hormone that stimu-
lates red blood cell production.

estrogens female sex hormones, 
including estradiol and estrone. 
 Produced primarily in the ovary 
and also produced in the adrenal 
cortex.

evaporation the change of water 
from a liquid form to a vapor form. 
Results in the removal of heat.

exercise a subclass of physical 
 activity.

exergonic reactions chemical 
 reactions that release energy.

extensors muscles that extend a 
limb—that is, increase the angle at a 
joint.

FAD fl avin adenine dinucleotide. 
Serves as an electron carrier in 
bioenergetics.

fasciculi a small bundle of muscle 
fi bers.

fast-twitch fi bers one of several 
types of muscle fi bers found in skel-
etal muscle; also called Type II 
fi bers; characterized as having low 
oxidative capacity but high glycolytic 
capacity.

ferritin the iron-carrying molecule 
used as an index of whole-body iron 
status.

fi eld test a test of physical perfor-
mance performed in the fi eld 
 (outside the laboratory).

fl exors muscle groups that cause 
fl exion of limbs—that is, decrease 
the angle at a joint.

follicle-stimulating hormone (FSH) 
a hormone secreted by the anterior 
pituitary gland that stimulates the 
development of an ovarian follicle in 
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the female and the production of 
sperm in the male.

food records the practice of keeping 
dietary food records for determining 
nutrient intake.

free fatty acid (FFA) a type of fat 
that combines with glycerol to form 
triglycerides. Is used as an energy 
source.

G protein the link between the 
 hormone-receptor interaction on 
the surface of the membrane and the 
subsequent events inside the cell.

gain refers to the amount of correc-
tion that a control system is capable 
of achieving.

General Adaptation Syndrome 
(GAS) a term defi ned by Selye in 
1936 that describes the organism’s 
response to chronic stress. In re-
sponse to stress the organism has 
a three-stage response: (1) alarm 
reaction; (2) stage of resistance; and 
(3) readjustment to the stress, 
or exhaustion.

glucagon a hormone produced by 
the pancreas that increases blood 
glucose and free fatty acid levels.

glucocorticoids any one of a group 
of hormones produced by the 
 adrenal cortex that infl uences 
 carbohydrate, fat, and protein 
metabolism.

gluconeogenesis the synthesis of 
glucose from amino acids, lactate, 
glycerol, and other short carbon-
chain molecules.

glucose a simple sugar that is 
 transported via the blood and 
metabolized by tissues.

glucose polymer a complex sugar 
molecule that contains multiple 
 simple sugar molecules linked 
together.

glycogen a glucose polymer synthe-
sized in cells as a means of storing 
carbohydrate.

glycogenolysis the breakdown of gly-
cogen into glucose.

glycolysis a metabolic pathway in the 
cytoplasm of the cell that results in 
the degradation of glucose into 
 pyruvate or lactate.

Golgi tendon organ (GTOs) a ten-
sion receptor located in series with 
skeletal muscle.

graded exercise test see incremental 
exercise test.

gross effi ciency a simple measure of 
exercise effi ciency defi ned as the 
ratio of work performed to energy 
expended, expressed as a percent.

growth hormone hormone synthe-
sized and secreted by the anterior 
pituitary that stimulates growth of 
the skeleton and soft tissues during 
the growing years. It is also involved 

in the mobilization of the body’s 
energy stores.

HDL cholesterol (high-density 
lipoprotein cholesterol) choles-
terol that is transported in the blood 
via high-density proteins; related to 
low risk of heart disease.

hemoglobin a heme-containing pro-
tein in red blood cells that is respon-
sible for transporting oxygen to 
tissues. Hemoglobin also serves as a 
weak buffer within red blood cells.

hemosiderin an insoluble form of 
iron stored in tissues.

high-density lipoproteins (HDL) 
proteins used to transport choles-
terol in blood; high levels appear 
to offer some protection from athero-
sclerosis.

homeostasis the maintenance of a 
constant internal environment.

homeotherms animals that main-
tain a fairly constant internal 
 temperature.

homologous transfusion a blood 
transfusion using blood of the same 
type but from another donor.

hormone a chemical substance that 
is synthesized and released by an 
endocrine gland and transported to 
a target organ via the blood.

hydrogen ion (H⫹) a free hydrogen 
ion in solution that results in a 
decrease in pH of the solution.

hyperbaric chamber chamber where 
the absolute pressure is increased 
above atmospheric pressure.

hyperoxia oxygen concentration in 
an inspired gas that exceeds 21%.

hyperplasia an increase in the 
 number of cells in a tissue.

hyperthermia an above-normal 
increase in body temperature.

hypertrophy an increase in cell size.
hypothalamic somatostatin hypo-

thalamic hormone that inhibits 
growth hormone secretion; also 
secreted from the delta cells of the 
islets of Langerhans.

hypothalamus brain structure that 
integrates many physiological func-
tions to maintain homeostasis; site 
of secretion of hormones released by 
the posterior pituitary; also releases 
hormones that control anterior 
 pituitary secretions.

hypothermia a condition in which 
heat is lost from the body faster than 
it is produced.

hypoxia a relative lack of oxygen 
(e.g., at altitude).

immunotherapy procedure in which 
the body is exposed to specifi c 
 substances to elicit an immune 
response in order to offer better pro-
tection upon subsequent exposure.

incremental exercise test an exer-
cise test involving a progressive 
increase in work rate over time. 
Often graded exercise tests are used 
to determine the subject’s V̇ O2 max 
or lactate threshold. (Also called 
graded exercise test.)

indirect calorimetry estimation of 
heat or energy production on the 
basis of oxygen consumption, 
 carbon dioxide production, and 
nitrogen excretion.

induced erythrocythemia causing 
an elevation of the red blood cell 
(hemoglobin) concentration by 
infusing blood; also called blood 
 doping or blood boosting.

infectious diseases diseases due 
to the presence of pathogenic 
 microorganisms in the body (e.g., 
viruses, bacteria, fungi, and 
 protozoa).

inorganic relating to substances that 
do not contain carbon (C).

inorganic phosphate (Pi) a stimula-
tor of cellular metabolism; split off, 
along with ADP, from ATP when 
energy is released; used with ADP to 
form ATP in the electron transport 
chain.

inositol triphosphate a molecule 
derived from a membrane-bound 
phospholipid, phosphatidylinositol, 
that causes calcium release from 
intracellular stores and alters 
 cellular activity.

insulin hormone released from the 
beta cells of the islets of Langerhans 
in response to elevated blood glu-
cose and amino acid concentra-
tions; increases tissue uptake of 
both.

insulin-like growth factors groups 
of growth-stimulating peptides 
re leased from the liver and other 
tissues in response to growth hor-
mone. Also called somatomedins.

insulin shock condition brought on 
by too much insulin, which causes 
an immediate hypoglycemia; symp-
toms include tremors, dizziness, and 
possibly convulsions.

integrating center the portion of a 
biological control system that pro-
cesses the information from the 
receptors and issues an appropriate 
response relative to its set point.

intercalated discs portion of cardiac 
muscle cell where one cell connects 
to the next.

intermediate fi bers muscle fi ber 
type that generates high force at a 
moderately fast speed of contrac-
tion, but has a relatively large num-
ber of mitochondria (Type IIa).

ion a single atom or small molecule 
containing a net positive or negative 
charge due to an excess of either 
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protons or electrons, respectively 
(e.g., Na⫹, Cl⫺).

IPSP inhibitory post-synaptic 
potential that moves the post-
synaptic membrane further from 
threshold.

irritability a trait of certain tissues 
that enables them to respond to 
stimuli (e.g., nerve and muscle).

isocitrate dehydrogenase rate-
 limiting enzyme in the Krebs cycle 
that is inhibited by ATP and stimu-
lated by ADP and Pi.

isokinetic action in which the rate of 
movement is constantly maintained 
through a specifi c range of motion 
even though maximal force is 
exerted.

isometric action in which the muscle 
develops tension, but does not 
shorten; also called a static contraction. 
No movement occurs.

isotonic contraction in which a 
 muscle shortens against a constant 
load or tension, resulting in 
 movement.

ketosis acidosis of the blood caused 
by the production of ketone bodies 
(e.g., acetoacetic acid) when fatty 
acid mobilization is increased, as in 
uncontrolled diabetes.

kilocalorie (kcal) a measure of 
energy expenditure equal to the heat 
needed to raise the temperature of 
1 kg of water 1 degree Celsius; also 
equal to 1,000 calories and some-
times written as calorie rather than 
kilocalorie.

kilogram-meter a unit of work in 
which 1 kg of force (1 kg mass 
 accelerated at 1 G) is moved 
through a vertical distance of 
1 meter;  abbreviated as kg-m, 
kg ⭈ m, or kgm.

kinesthesia a perception of move-
ment obtained from information 
about the position and rate of 
 movement of the joints.

Krebs cycle metabolic pathway in 
the mitochondria in which energy is 
transferred from carbohydrates, fats, 
and amino acids to NAD for sub-
sequent production of ATP in the 
electron transport chain.

lactate threshold a point during a 
graded exercise test when the blood 
lactate concentration increases 
abruptly.

lactic acid an end product of glucose 
metabolism in the glycolytic path-
way; formed in conditions of inade-
quate oxygen and in muscle fi bers 
with few mitochondria.

lateral sac see terminal cisternae.
LDL cholesterol form of low-density 

lipoprotein responsible for the trans-

port of plasma cholesterol; high 
 levels are indicative of a high risk of 
coronary heart disease.

lipase an enzyme responsible for the 
breakdown of triglycerides to free 
fatty acids and glycerol.

lipolysis the breakdown of triglyc-
erides in adipose tissue to free 
fatty acids and glycerol for sub-
sequent transport to tissues for 
metabolism.

lipoprotein protein involved in 
the transport of cholesterol and 
triglycerides in the plasma.

low-density lipoproteins (LDL) form 
of lipoprotein that transports a 
majority of the plasma cholesterol; 
see LDL cholesterol.

luteinizing hormone (LH) also called 
“interstitial cell stimulating hor-
mone”; a surge of LH stimulates 
 ovulation in middle of menstrual 
cycle; LH stimulates testosterone 
production in men.

major minerals dietary minerals 
including calcium, phosphorus, 
potassium, sulfur, sodium, chloride, 
and magnesium.

mast cell connective tissue cell 
that releases histamine and other 
chemicals in response to certain 
stimuli (e.g., injury).

maximal oxygen uptake (V̇ O2 max) 
greatest rate of oxygen uptake by 
the body measured during severe 
dynamic exercise, usually on a cycle 
ergometer or a treadmill; dependent 
on maximal cardiac output and the 
maximal arteriovenous oxygen 
difference.

mesomorphy one component of a 
somatotype that characterizes the 
muscular form or lean body mass 
aspect of the human body.

MET an expression of the rate of 
energy expenditure at rest; equal to 
approximately 3.5 ml ⭈ kg⫺1 ⭈ min⫺1, 
or 1 kcal ⭈ kg⫺1 ⭈ hr⫺1.

mineralocorticoids steroid hor-
mones released from the adrenal 
cortex that are responsible for 
Na⫹ and K⫹ regulation (e.g., 
 aldosterone).

mitochondrion the subcellular 
organelle responsible for the produc-
tion of ATP with oxygen; contains the 
enzymes for the Krebs cycle, electron 
transport chain, and the fatty acid 
cycle.

mixed venous blood a mixture 
of venous blood from both the 
upper and lower extremities; com-
plete  mixing occurs in the right 
ventricle.

molecular biology branch of bio-
chemistry involved with the study of 
gene structure and function.

motor cortex portion of the cerebral 
cortex containing large motor neu-
rons whose axons descend to lower 
brain centers and spinal cord; asso-
ciated with the voluntary control of 
movement.

motor neurons efferent neurons that 
conduct action potentials from the 
central nervous system to the 
muscles.

motor unit a motor neuron and all 
the muscle fi bers innervated by that 
single motor neuron; responds in an 
“all-or-none” manner to a stimulus.

muscle action term used to describe 
muscle form development.

muscle spindle a muscle stretch 
receptor oriented parallel to skeletal 
muscle fi bers; the capsule portion is 
surrounded by afferent fi bers, and 
intrafusal muscle fi bers can alter the 
length of the capsule during muscle 
contraction and relaxation.

muscular strength the maximal 
amount of force that can be gener-
ated by a muscle or muscle group.

myocardial infarction death of a 
portion of heart tissue that no longer 
conducts electrical activity nor 
 provides force to move blood.

myocardial ischemia a condition in 
which the myocardium experiences 
an inadequate blood fl ow; some-
times accompanied by irregularities 
in the electrocardiogram (arrhyth-
mias and ST-segment depression) 
and chest pain (angina pectoris).

myocardium cardiac muscle; pro-
vides the force of contraction to eject 
blood; muscle type with many mito-
chondria that is dependent on a con-
stant supply of oxygen.

myofi brils the portion of the muscle 
containing the thick and thin 
 contractile fi laments; a series of 
 sarcomeres where the repeating 
 pattern of the contractile proteins 
gives the striated appearance to 
skeletal muscle.

myoglobin protein in muscle that can 
bind oxygen and release it at low 
PO2 values; aids in diffusion of oxy-
gen from capillary to mitochondria.

myosin contractile protein in the 
thick fi lament of a myofi bril that con-
tains the cross-bridge that can bind 
actin and split ATP to cause tension 
development.

NAD coenzyme that transfers hydro-
gen and the energy associated with 
those hydrogens; in the Krebs cycle, 
NAD transfers energy from sub-
strates to the electron transport 
chain.

negative feedback describes the 
response from a control system that 
reduces the size of the stimulus, 
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e.g., an elevated blood glucose con-
centration causes the secretion of 
insulin which, in turn, lowers the 
blood glucose concentration.

net effi ciency the mathematical ratio 
of work output divided by the energy 
expended above rest.

neuroendocrinology study of the 
role of the nervous and endocrine 
systems in the automatic regulation 
of the internal environment.

neuromuscular junction synapse 
between axon terminal of a motor 
neuron and the motor end plate of a 
muscle’s plasma membrane.

neuron nerve cell; composed of a 
cell body with dendrites (projec-
tions) that bring information to the 
cell body, and axons that take infor-
mation away from the cell body to 
infl uence neurons, glands, or 
 muscles.

nitroglycerin drug used to reduce 
chest pain (angina pectoris) due 
to lack of blood fl ow to the 
myocardium.

norepinephrine a hormone and 
 neurotransmitter; released from 
postganglionic nerve endings and 
the adrenal medulla.

normocythemia a normal red blood 
cell concentration.

normoxia a normal PO2.
nucleus membrane-bound organelle 

containing most of the cell’s DNA.
nutrient density the degree to which 

foods contain selected nutrients, 
e.g., protein.

open-circuit spirometry indirect cal-
orimetry procedure in which either 
inspired or expired ventilation is 
measured and oxygen consumption 
and carbon dioxide production are 
calculated.

organic describes substances that 
contain carbon.

osteoporosis a decrease in bone 
density due to a loss of cortical 
bone; common in older women and 
implicated in fractures; estrogen, 
exercise, and Ca⫹⫹ therapy are used 
to correct the condition.

overload a principle of training 
describing the need to increase the 
load (intensity) of exercise to cause 
a further adaptation of a system.

oxidative phosphorylation mito-
chondrial process in which inorganic 
phosphate (Pi) is coupled to ADP 
as energy is transferred along the 
electron transport chain in which 
oxygen is the fi nal electron acceptor.

oxygen debt the elevated post-
 exercise oxygen consumption (see 
EPOC); related to replacement of 
creatine phosphate, lactic acid 
resynthesis to glucose, and elevated 

body temperature, catecholamines, 
heart rate, breathing, etc.

oxygen defi cit refers to the lag in 
oxygen uptake at the beginning of 
exercise.

oxyhemoglobin hemoglobin com-
bined with oxygen; 1.34 ml of oxygen 
can combine with 1 g Hb.

pancreas gland containing both exo-
crine and endocrine portions; exo-
crine secretions include enzymes 
and bicarbonate to digest food in the 
small intestine; endocrine secretions 
include insulin, glucagon, and soma-
tostatin, which are released into the 
blood.

parasympathetic nervous system 
portion of the autonomic nervous 
system that primarily releases acetyl-
choline from its postganglionic nerve 
endings.

partial pressure the fractional part 
of the barometric pressure due to 
the presence of a single gas, e.g., 
PO2, PCO2, and PN2.

percent grade a measure of the 
 elevation of the treadmill; calculated 
as the sine of the angle.

percutaneous transluminal coronary 
angioplasty (PTCA) a balloon-
tipped catheter is inserted into a 
blocked coronary artery and plaque 
is pushed back to artery wall to open 
the blood vessel.

perimysium the connective tissue 
surrounding the fasciculus of 
 skeletal muscle fi bers.

peripheral nervous system (PNS) 
portion of the nervous system 
located outside the spinal cord and 
brain.

pH a measure of the acidity of a solu-
tion; calculated as the negative log10 
of the [H⫹] in which 7 is neutral; 
values that are ⬎7 are basic and 
⬍7 are acidic.

phosphocreatine a compound found 
in skeletal muscle and used to 
 resynthesize ATP from ADP.

phosphodiesterase an enzyme that 
catalyzes the breakdown of cyclic 
AMP, moderating the effect of the 
hormonal stimulation of adenylate 
cyclase.

phosphofructokinase rate-limiting 
enzyme in glycolysis that is respon-
sive to ADP, Pi, and ATP levels in the 
cytoplasm of the cell.

phospholipase C membrane-bound 
enzyme that hydrolyzes phosphati-
dylinositol into inositol triphosphate 
and diacylglycerol that, in turn, bring 
about changes in intracellular activity.

physical activity characterizes all 
types of human movement; associ-
ated with living, work, play, and 
 exercise.

physical fi tness a broad term 
describing healthful levels of cardio-
vascular function, strength, and 
 fl exibility; fi tness is specifi c to the 
activities performed.

pituitary gland a gland at the base of 
the hypothalamus of the brain hav-
ing an anterior portion that produces 
and secretes numerous hormones 
that regulate other endocrine glands 
and a posterior portion that secretes 
hormones that are produced in the 
hypothalamus.

placebo an inert substance that is 
used in experimental studies, e.g., 
drug studies, to control for any sub-
jective reaction to the substance 
being tested.

pleura a thin lining of cells that is 
attached to the inside of the chest 
wall and to the lung; the cells secrete 
a fl uid that facilitates the move-
ments of the lungs in the  thoracic 
cavity.

posterior hypothalamus area of the 
brain responsible for regulation of 
the body’s response to a decrease in 
temperature.

posterior pituitary gland portion of 
the pituitary gland secreting oxy-
tocin and antidiuretic hormone 
(vasopressin) that are produced 
in the hypothalamus.

power a rate of work; work per unit 
time; P ⫽ W/t.

power test a test measuring the 
quantity of work accomplished in a 
time period; anaerobic power tests 
include the Margaria stair climb test 
and the Wingate test;  aerobic 
power tests include the 1.5-mile 
run and cycle ergometer and tread-
mill tests in which power output 
and oxygen consumption are 
measured.

primary risk factor a sign (e.g., high 
blood pressure) or a behavior (e.g., 
cigarette smoking) that is directly 
related to the appearance of certain 
diseases independent of other risk 
factors.

progressive resistance exercise 
(PRE) a training program in which 
the muscles must work against a 
gradually increasing resistance; an 
implementation of the overload 
principle.

prolactin hormone secreted from the 
anterior pituitary that increases milk 
production from the breast.

proprioceptive neuromuscular 
 facilitation technique of preceding 
a static stretch with an isometric 
contraction.

proprioceptors receptors that pro-
vide information about the position 
and movement of the body; includes 
muscle and joint receptors as well as 
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the receptors in the semicircular 
canals of the inner ear.

protein kinase C part of second 
 messenger system that is activated 
by diacylglycerol and results in the 
activation of proteins in the cell.

provitamin a precursor of a vitamin.
pulmonary circuit the portion of the 

cardiovascular system involved in 
the circulation of blood from the 
right ventricle to the lungs and back 
to the left atrium.

pulmonary respiration term that 
refers to ventilation (breathing) of 
the lung.

Quebec 10-second test a maximal 
effort 10-second cycle test designed 
to assess ultra short-term anaerobic 
power during cycling.

radiation process of energy exchange 
from the surface of one object to the 
surface of another that is dependent 
on a temperature gradient but does 
not require contact between the 
objects; an example is the transfer of 
heat from the sun to the earth.

receptor in the nervous system, a 
receptor is a specialized portion of 
an afferent neuron (or a special cell 
attached to an afferent neuron) that 
is sensitive to a form of energy in 
the environment; receptor is also a 
term that applies to unique pro-
teins on the surface of cells that 
can bind specifi c hormones or 
neurotransmitters.

reciprocal inhibition when extensor 
muscles (agonists) are contracted, 
there is a refl ex inhibition of the 
motor neurons to the fl exor muscles 
(antagonists), and vice versa.

Recommended Dietary Allowances 
(RDA) standards of nutrition 
 associated with good health for the 
majority of people. Standards exist 
for protein, vitamins, and minerals 
for children and adults.

relative V̇ O2 oxygen uptake (con-
sumption) expressed per unit body 
weight (e.g., ml ⭈ kg⫺1 ⭈ min⫺1).

releasing hormone hypothalamic 
hormones released from neurons 
into the anterior pituitary that 
 control the release of hormones 
from that gland.

renin enzyme secreted by special 
cells in the kidney that converts 
angiotensinogen to angiotensin I.

repetition the number of times an 
exercise is repeated within a single 
exercise “set.”

residual volume (RV) volume of air 
in the lungs following a maximal 
expiration.

respiration external respiration is 
the exchange of oxygen and carbon 

dioxide between the lungs and the 
environment; internal respiration 
describes the use of oxygen by the 
cell (mitochondria).

respiratory compensation the buff-
ering of excess H⫹ in the blood by 
plasma bicarbonate (HCO3̄), and the 
associated elevation in ventilation to 
exhale the resulting CO2.

respiratory exchange ratio (R) the 
ratio of CO2 production to O2 con-
sumption; indicative of substrate 
 utilization during steady-state 
 exercise in which a value of 1.0 
 represents 100% carbohydrate 
metabolism and 0.7 represents 
100% fat metabolism.

resting membrane potential the 
voltage difference measured across a 
membrane that is related to the con-
centration of ions on each side of 
the membrane and the permeability 
of the membrane to those ions.

resting metabolic rate (RMR) meta-
bolic rate measured in the supine 
position following a period of fasting 
(4–12 hours) and rest (4–8 hours).

rest interval the time period between 
bouts in an interval training 
 program.

reversibility a principle of training 
that describes the temporary nature 
of a training effect; adaptations to 
training are lost when the training 
stops.

sarcolemma the cell (plasma)  mem-
brane surrounding a muscle fi ber.

sarcomeres the repeating contractile 
unit in a myofi bril bounded by 
Z-lines.

sarcoplasmic reticulum a membra-
nous structure that surrounds the 
myofi brils of muscle cells; location 
of the terminal cisternae or lateral 
sacs that store the Ca⫹⫹ needed for 
muscle contraction.

satellite cells undifferentiated cell 
found adjacent to skeletal muscle 
fi bers. These cells can fuse with 
existing muscle fi bers and contribute 
to muscle growth (hypertrophy). It 
may also be possible that these 
fi bers can differentiate and form a 
new muscle fi ber following muscle 
injury.

Schwann cell the cell that surrounds 
peripheral nerve fi bers, forming the 
myelin sheath.

second messenger a molecule 
(cyclic AMP) or ion (Ca⫹⫹) that 
increases in a cell as a result of an 
interaction between a “fi rst messen-
ger” (e.g., hormone or neurotrans-
mitter) and a receptor that alters 
cellular activity.

secondary risk factor a characteris-
tic (age, gender, race, body fatness) 

or behavior that increases the risk of 
coronary heart disease when primary 
risk factors are present.

set a basic unit of a workout contain-
ing the number of times (repetitions) 
a specifi c exercise is done (e.g., do 
three sets of fi ve repetitions with 
100 pounds).

sex steroids a group of hormones, 
androgens and estrogens, secreted 
from the adrenal cortex and the 
gonads.

sham reinfusion an experimental 
treatment at the end of a blood 
 doping experiment in which a needle 
is placed in a vein, but the subject 
does not receive a reinfusion of 
blood.

sham withdrawal an experimental 
treatment at the beginning of a 
blood doping experiment in which a 
needle is placed in a vein, but blood 
is not withdrawn.

sinoatrial node (SA node) special-
ized tissue located in the right 
atrium of the heart, that generates 
the electrical impulse to initiate 
the heartbeat. In a normal, healthy 
heart, the SA node is the heart’s 
pacemaker.

SI units system used to provide inter-
national standardization of units of 
measure in science.

sliding fi lament model a theory 
of muscle contraction describing 
the sliding of the thin fi laments 
(actin) past the thick fi laments 
(myosin).

slow-twitch fi bers muscle fi ber type 
that contracts slowly and develops 
relatively low tension but displays 
great endurance to repeated stimula-
tion; contains many mitochondria, 
capillaries, and myoglobin.

somatomedins groups of growth-
stimulating peptides released from 
the liver and other tissues in 
response to growth hormone. Also 
called insulin-like growth factors.

somatostatin hormone produced in 
the hypothalamus that inhibits 
growth hormone release from the 
anterior pituitary gland; secreted 
from cells in the islet of Langerhans 
and causes a decrease in intestinal 
activity.

somatotype body-type (form) classi-
fi cation method used to characterize 
the degree to which an individual’s 
frame is linear (ectomorphic), mus-
cular (mesomorphic), and round 
(endomorphic); Sheldon’s scale rates 
each component on 1–7 scale.

spatial summation the additive 
effect of numerous simultaneous 
inputs to different sites on a neuron 
to produce a change in the mem-
brane potential.
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specifi city a principle of training 
indicating that the adaptation of a 
tissue is dependent on the type of 
training undertaken; for example, 
muscles hypertrophy with heavy 
resistance training but show an 
increase in mitochondria number 
with endurance training.

spirometry measurement of various 
lung volumes.

static stretching stretching proce-
dure in which a muscle is stretched 
and held in the stretched position 
for ten to thirty seconds; in contrast 
to dynamic stretching, which 
involves motion.

steady state describes the tendency 
of a control system to achieve a 
 balance between an environmental 
demand and the response of a 
 physiological system to meet that 
demand to allow the tissue (body) to 
function over a period of time.

steroids a class of lipids, derived 
from cholesterol, that includes the 
hormones testosterone, estrogen, 
cortisol, and aldosterone.

stroke volume the amount of blood 
pumped by the ventricles in a single 
beat.

strong acids an acid that completely 
ionizes when dissolved in water to 
generate H⫹ and its anion.

strong bases a base (alkaline 
 substance) that completely ionizes 
when dissolved in water to generate 
OH⫺ and its cation.

ST segment depression an electro-
cardiographic change refl ecting an 
ischemia (inadequate blood fl ow) 
in the heart muscle; indicative of 
coronary heart disease.

summation repeated stimulation 
of a muscle that leads to an 
increase in tension compared to 
a single twitch.

supercompensation an increase in 
the muscle glycogen content above 
normal levels following an exercise-
induced muscle glycogen depletion 
and an increase in carbohydrate 
intake.

sympathetic nervous system portion 
of the autonomic nervous system 
that releases norepinephrine from its 
postganglionic nerve endings; epi-
nephrine is released from the adre-
nal medulla.

sympathomimetic substance that 
mimics the effects of epinephrine or 
norepinephrine, which are secreted 
from the sympathetic nervous 
 systems.

synapses junctions between nerve 
cells (neurons) where the electrical 
activity of one neuron infl uences 
the electrical activity of the other 
neuron.

systole portion of the cardiac cycle 
in which the ventricles are 
 contracting.

systolic blood pressure the highest 
arterial pressure measured during a 
cardiac cycle.

tapering the process athletes use to 
reduce their training load for several 
days prior to competition.

target heart rate (THR) range the 
range of heart rates describing the 
optimum intensity of exercise con-
sistent with making gains in maximal 
aerobic power; equal to 70%–85% HR 
max.

temporal summation a change in the 
membrane potential produced by 
the addition of two or more inputs, 
occurring at different times (i.e., 
inputs are added together to pro-
duce a potential change that is 
greater than that caused by a single 
input).

terminal cisternae portion of the 
sarcoplasmic reticulum near 
the transverse tubule containing the 
Ca⫹⫹ that is released upon 
 depolarization of the muscle; also 
called lateral sac.

testosterone the steroid hormone 
produced in the testes; involved in 
growth and development of repro-
ductive tissues, sperm, and second-
ary sex characteristics.

tetanus highest tension developed 
by a muscle in response to a high 
frequency of stimulation.

theophylline a drug used as a 
smooth muscle relaxant in the 
 treatment of asthma.

thermogenesis the generation of 
heat as a result of metabolic 
 reactions.

thyroid gland endocrine gland 
located in the neck that secretes 
 triiodothyronine (T3) and thyroxine 
(T4), which increase the metabolic 
rate.

thyroid-stimulating hormone (TSH) 
hormone released from the anterior 
pituitary gland; stimulates the 
thyroid gland to increase its secre-
tion of thyroxine and triiodothy-
ronine.

thyroxine hormone secreted from the 
thyroid gland containing four iodine 
atoms (T4); stimulates the metabolic 
rate and facilitates the actions of 
other hormones.

tidal volume volume of air inhaled or 
exhaled in a single breath.

tonus low level of muscle activity at 
rest.

total lung capacity (TLC) the total 
volume of air the lung can contain; 
equal to the sum of the vital capacity 
and the residual volume.

toxicity a condition resulting from a 
chronic ingestion of vitamins, espe-
cially fat-soluble vitamins, in quanti-
ties well above that needed for health.

trace elements dietary minerals 
including iron, zinc, copper, iodine, 
manganese, selenium, chromium, 
molybdenum, cobalt, arsenic, nickel, 
fl uoride, and vanadium.

transferrin plasma protein that binds 
iron and is representative of the 
whole body iron store.

transverse tubule an extension, 
invagination, of the muscle mem-
brane that conducts the action 
potential into the muscle to depolar-
ize the terminal cisternae, which 
contain the Ca⫹⫹ needed for muscle 
contraction.

triiodothyronine hormone secreted 
from the thyroid gland containing 
three iodine atoms (T3); stimulates 
the metabolic rate and facilitates the 
actions of other hormones.

tropomyosin protein covering the 
actin binding sites that prevents the 
myosin cross-bridge from touching 
actin.

troponin protein, associated with 
actin and tropomyosin, that binds 
Ca⫹⫹ and initiates the movement of 
tropomyosin on actin to allow the 
myosin cross-bridge to touch actin 
and initiate contraction.

twenty-four-hour recall a technique 
of recording the type and amount of 
food (nutrients) consumed during a 
twenty-four-hour period.

twitch the tension-generating 
response following the application 
of a single stimulus to muscle.

type I fi bers fi bers that contain large 
numbers of oxidative enzymes and 
are highly fatigue resistant.

type IIa fi bers fi bers that contain 
biochemical and fatigue characteris-
tics that are between Type IIb and 
Type I fi bers.

type IIb fi bers fi bers that have a 
 relatively small number of mitochon-
dria, a limited capacity for aerobic 
metabolism, and are less resistant to 
fatigue than slow fi bers.

underwater weighing procedure to 
estimate body volume by the loss 
of weight in water; result is used to 
calculate body density and, from 
that, body fatness.

U.S. Dietary Goals a series of 
 nutritional goals to achieve better 
health for the American population.

vagus nerve a major parasympa-
thetic nerve.

variable-resistance exercise strength 
training in which the resistance varies 
throughout the range of motion.



www.mhhe.com/powers7e Glossary G-9

veins the blood vessels that accept 
blood from the venules and bring it 
back to the heart.

ventilation the movement of air into 
or out of the lungs (e.g., pulmonary 
or alveolar ventilation); external 
 respiration.

ventilatory threshold (Tvent) the 
“breakpoint’’ at which pulmonary 
ventilation and carbon dioxide 
 output begin to increase expo-
nentially during an incremental 
 exercise test.

venules small blood vessels carrying 
capillary blood to veins.

vestibular apparatus sensory organ, 
consisting of three semicircular 
canals, that provides needed infor-
mation about body position to 
 maintain balance.

vital capacity (VC) the volume of air 
that can be moved into or out of the 
lungs in one breath; equal to the 
sum of the inspiratory and expiratory 
reserve volumes and the tidal  
volume.

web of causation an epidemiologic 
model showing the complex interac-
tion of risk factors associated with 

the development of chronic degener-
ative diseases.

whole-body density a measure of 
the weight-to-volume ratio of the 
entire body; high values are associ-
ated with low body  fatness.

Wingate test anaerobic power test to 
evaluate maximal rate at which gly-
colysis can deliver ATP.

work the product of a force and the 
distance through which that force 
moves (W ⫽ F ⫻ D).

work interval in interval training, the 
duration of the work phase of each 
work-to-rest interval.
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dealing with, 351–352
exercise testing/training 

for, 352–353
spirometry used for 

diagnosing, 207–
208, 207f, 208f

symptoms, 351

cilia, respiratory, 202
circulation. See blood fl ow
circulatory system. See 

cardiovascular system
circulatory system and 

exercise
arm vs. leg exercise, 193
beta-blockade and, 183
changes in cardiac 

output during, 
188–189

changes in heart rate 
and blood pressure, 
191–194

changes in oxygen 
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physical activity, 405
on sodium intake, 373
on sugar intake, 376, 382
updated 

recommendations 
by, 369

Dietary Reference Intakes 
(DRIs), 370

estimated energy 
requirements, A–24

macronutrients, 
A–18–A–19

vitamins and minerals, 
A–20–A–23

dietary supplements, 
500–501

creatine, 33b, 465, 538
list of, 537t
role in athletic 

performance, 536
weight loss and, 395

Dietary Supplements 
Health and Education 
Act (1994), 536

dieting, obesity and, 392
diffusion, of gases, 200, 

208–209
Dill, David Bruce, 3–4, 242, 

243
direct calorimetry, 111–112
disaccharides, 30
disease(s)

cellular enzymes and, 
27–28, 28b, 29t

epidemiology and, 
291–293

establishing cause of, 
292–293

exercise and chronic 
obstructive 
pulmonary, 206

failure of biological 
control systems 
and, 19b

McArdle’s Syndrome, 
62b

obesity and, 391
Parkinson’s disease, 136
promoting metabolic 

acidosis or 
alkalosis, 232

dissociation curve, 
oxyhemoglobin, 
213–214

distance running
importance of VO2 max 

for, 433
laboratory assessment of 

performance in, 
438–439

maximal oxygen uptake 
for, 424

measurement of peak 
running velocity to 
predict performance 
in, 436

distance swim tests, 
306–307

diverticulosis, 377
DNA (deoxyribonucleic 

acid), 24, 75, 76f
dopamine, 136
dose of exercise, 326–327
dose-response curve, 328–

329, 329f
dose-response effect of 

weight training, 460
dose-response 

relationship, 326–327, 
326f, 329f

double product, 193, 193t, 
310

double-blind research 
design, 535

Douglas, C.G., 3
down-regulation, 75
DRIs. See Dietary Reference 

Intakes (DRIs)
drug testing, anabolic 

steroids, 86
drugs. See also medications

amphetamines, 543–544
caffeine, 544–546
nicotine, 547–548
treating asthma, 349–350

dry bulb temperature, 522
dual energy X-Ray 

Absorptiometry 
(DEXA), 385

Dupont-Versteegden, 
Esther E., 159

duration of exercise
cardiorespiratory fi tness 

training, 331–332
fuel selection and, 60, 

62–63
dwarfi sm, 80
dynamic exercise, 160–161, 

161t
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dynamic stretching, 463
dynamometers, 445, 445f, 

446f
dysmenorrhea, 475
dyspnea, 205, 206, 306

E
EAR. See Estimated 

Average Requirement 
(EAR)

eardrum, temperature 
measurement near, 
243

eating disorders, 88, 391, 
475–476, 477

eccentric action, 160–161, 
161f, 161t

ECG (electrocardiogram), 
179, 180, 180f, 181f, 
310

ectomorphy, 502, 502f
education, physical, 5, 7
EER. See Estimated Energy 

Requirement (EER)
effect (response) to 

exercise, 326
effectors (control system), 

17
efferent fi bers, 121
effi ciency of muscle fi ber, 

155
eicosanoids, 490
Eisenhower, Dwight D., 5
ejection fraction, 268
Ekblom, Björn, 542
elderly, the. See 

also age/aging
changes in VO2 max, 356
exercise programs for, 

356–358
osteoporosis in, 357–358

electrocardiogram (ECG), 
179, 180, 180f, 181f, 310

electrolyte loss, 257, 496, 
498

electron transport chain, 
37, 43

in aerobic production of 
ATP, 40, 42

control of, 46
defi ned, 40
free radicals and, 41b

electrons, oxidation-
reduction reaction 
and, 27

elements, 23, 372
emotions, 192
emphysema, 206, 351
employment, fi tness 

programs and, 6
end systolic volume (ESV), 

267
end-diastolic volume 

(EDV), 184, 267
endergonic reactions, 24

endfoot, 128f
endocardium, 172, 173f
endocrine glands

function of, 73
rate of secretion of the 

hormone from, 74
summary of, 90t–91t

endocrine system, 
homeostasis and, 
18–19, 73

endomorphy, 502, 502f, 503
endomysium, 144, 145
endorphins, 90t
end-plate potential (EPP), 

147, 152
endurance exercise

changes in skeletal 
muscles from, 158

plasma glucose 
concentration and, 
273–274

endurance performance
laboratory tests to 

predict, 435–438
sports drinks and, 64b
study of, 426
Zone Diet for, 490

endurance training
biochemical changes in 

muscle due to, 271–
275, 277

blood pH and, 274–275
detraining and, 271–272
effects on performance 

and homeostasis, 
270–275, 277

fatigue during, 418
genetics and, 452
to improve aerobic 

power, 453–456
injuries and, 456–457
links between muscle 

and systemic 
physiology, 277–280

maximal oxygen uptake 
(VO2 max) and, 264

metabolic adaptations 
to, 270–271

oxidative capacity of 
muscle and, 
271–272, 271t

strength training and, 
283, 460–461

stroke volume during, 
267–268

energy. See also bioenergetics
fat and, 31
forms of, 24
fuel sources and, 65f
measuring expenditure 

of, 111–113
requirement of, at rest, 

51
energy balance equation, 

396, 399

energy drinks, 492
energy effi ciency, 

movement speed and, 
116

energy expenditure
basal metabolic rate, 

399–400
body fatness and, 400
direct calorimetry, 

111–112
estimation of, 113–115
indirect expenditure, 

112–113
measurement of, 111–113
physical activity and, 401
during selected 

activities, A–5–A–16
weight control and, 

398–406
energy generation phase of 

glycolysis, 34
energy investment phase 

of glycolysis, 34
energy metabolism

prolonged exercise, 56
rest-to-exercise 

transitions, 51–52
energy of activation, 27, 27f
energy systems, 4, 451, 

451t. See also aerobic 
metabolism; ATP-PC 
system; glycolysis

energy transformation, 
24–30

energy wasteful systems, 
400

environment
air pollution, 528–529
altitude. See altitude
cold. See cold and 

exercise
exercise intensity and, 

337–338
heat. See heat and 

exercise
obesity and, 394

enzymes
classifi cation of, 28–29, 

29t
defi ned, 27
diagnosis of diseases 

and, 27–28, 28b
diagnostic value of, 27–

28, 28b, 29t
energy of activation, 27, 

27f
energy of activation and, 

27–28, 27f
factors altering activity 

of, 29–30
rate-limiting, in 

metabolic pathway, 
45–46

regulatory, in 
metabolism, 45–46

enzyme-substrate complex, 
27

ephedrine-caffeine 
mixtures, 546–547

epicardium, 172, 173f
epidemiologic triad, 291, 

291f
epidemiology, 291–294. See 

also risk factors
defi ned, 291
uses of, 291
web of causation, 292–

293, 292f, 293f
epiglottis, 201, 201f
epilepsy, 482–483
epimysium, 144, 144f
epinephrine, 46, 58
epinephrine (E), 91t

carbohydrate 
metabolism and, 
61–62

changes in, during 
exercise, 92f

effect on insulin and 
glucagon, 98f

fast-acting effect of, 96
fi ght or fl ight response, 

82
glycogenolysis and, 89, 

92, 92f
infl uencing stroke 

control, 185
insulin secretion and, 74
physiological responses 

to, 82t
responses to endurance 

training study, 277, 
278

secretion of, 81
epiphyseal plate, 480, 480f
EPOC, 53
EPOC (excess post-

exercise oxygen 
consumption), 53

equilibrium, 133–134, 134f
ergogenic aids, 535–549

amphetamines, 543–544
blood buffers, 542–543
blood doping, 540–541
caffeine, 544–546
defi ned, 535
designing experiments 

on, 535–536
dietary supplements, 536
nicotine, 547–548
oxygen, 536, 538–540
physical warm-ups, 331, 

453
ergometers, 108–109, 108f

arm, 435
bench step, 108–109, 109f
cycle, 109f
treadmill, 109f, 110–111
types of, 109f

ergometry, 108
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erythrocytes, 212
erythrocythemia, 540
erythropoietin (EPO), 515, 

541
esophageal temperature, 

243
esophogal temperature, 496
esophogus, 201f
essential amino acids, 31, 

381–382
esterases, 28
Estimated Average 

Requirement (EAR), 
370

Estimated Energy 
Requirement (EER), 
370, A–24

estradiole, 87
estriol, 87
estrogen, 78, 91t, 359

bone mineral loss and, 
477

calcium intake and, 372
female secondary sex 

characteristics, 87f
muscle soreness and, 465
osteoporosis and, 

372–373
secretion of, 87–89

estrogen therapy, 372–373
estrogens, 82
estrone, 87
ethics, of testing, 431
ethnicity, obesity and, 

391–392
eumenorrheic athletes, 88
Europe, history of exercise 

physiology in, 3
evaporation, 245, 246, 249f, 

250f
excess post-exercise 

oxygen consumption 
(EPOC), 53, 55, 55f

“excitable tissue,” 122
excitation-contraction 

coupling, 148–153, 
152

excitatory postsynaptic 
neurotransmitter, 
127–129

excitatory transmitters, 127
exercise. See also physical 

activity
acid-base balance 

during, 231–238, 
234, 237–238

anaerobic vs. aerobic 
energy production, 
47b

blood glucose 
homeostasis during, 
93–99

body temperature during. 
See body 
temperature

bone health and, 359, 
373

cellular energy pro-
duction during, 23

change in muscle fi ber 
type from, 158

controlling blood 
pressure with, 
353–354

cortisol response to, 
93–94

diabetics and, 345–348
diagnostic use of the 

ECG during, 179, 
180

economy of. See exercise 
effi ciency

energy expenditure and, 
400

enhancing brain health, 
139–140

estimation of fuel 
utilization during, 
59–60

estrogen/progesterone 
and, 87–89, 87f

fast-acting hormones 
and, 96–99

free radicals formed 
during, 41b

fuels for, 30–31
homeostasis and, 20
hormones and. See 

hormones
increasing venous return 

during, 184–185
inducing change in 

skeletal muscles, 
157–158

intensity of. See intensity 
of exercise

lactic acid removal 
following, 54b

metabolism following, 53
muscle actions during, 

160–161
net energy expenditure, 

404–406, 406t
physical activity and, 326
during pregnancy, 358, 

360–362, 476–477
regulation of body 

temperature. See 
body temperature 
regulation

respiratory muscles 
adapting to, 205

resting metabolic rate 
and, 400

slow-acting hormones 
and, 93–95

for special populations. 
See special 
populations, 
exercise for

sudden cardiac death 
during, 195

summary of hormonal 
response to, 99f

ventilatory and blood-
gas responses to, 
217–219

ventilatory control 
during, 219–223

weight loss with, vs. 
caloric intake, 401

exercise effi ciency
calculation of, 115–117
fi ber type and, 115
net effi ciency, f115
tests to determine, 438
work rate and, 115–116

Exercise in Education and 
Medicine (McKenzie), 6

Exercise in Health and Disease 
(Pollock), 332

exercise metabolism, 51–67
energy requirements at 

rest, 51
estimation of fuel 

utilization during 
exercise, 59–60

excess post-exercise 
oxygen consumption 
(EPOC), 53, 55, 55f

factors governing fuel 
selection, 60–67

incremental exercise, 
56–57

interaction of fat/
carbohydrate 
metabolism, 63

lactate threshold, 57–59
menstrual cycle and, 

87–88
oxygen defi cit, 52–53
prolonged exercise, 56
recovery from exercise, 

53, 55
short-term intense 

exercise, 55–56
exercise performance. See 

also performance
in a hot environment, 

251, 253–254
pulmonary system 

limiting, 224–225
respiratory muscle 

fatigue and, 225
at sea level, 455–456

exercise physiology
applied to sports, 33b, 

47b
the consumer and, 10–11
European heritage, 3
Harvard Fatigue 

Laboratory, 3–4
history of physical 

fi tness, 5–6
interest in studying, 3

professional societies 
and research 
journals, 9–10

undergraduate and 
graduate education 
in, 7–9

Exercise Physiology-People and 
Ideas, 4–5

exercise prescription, 
326–339

Activity Pyramid, 337, 
339f

benefi ts of physical 
activity, 329–329

for cardiorespiratory 
fi tness, 331–335

dose-response 
relationship, 
326–327, 328

general guidelines for, 
329–331

intensity, 333
physical activity and 

health, 328–329
proper dose of exercise, 

328
scientist laying 

foundation for, 332
screening in, 330–331
sequence of physical 

activity, 335–336, 
337t

on sequence of physical 
activity, 335–336, 
337t

strength and fl exibility 
training, 337

for strength training, 459
on strength/fl exibility 

training, 337
warm-up/stretch/cool-

down in, 331
exercise pressor refl ex, 195
Exercise Pyramid, 337, 

339f
exercise science, 7, 11b, 25b
exercise test protocol, 

433–435
exercise training. See 

training
exercise-induced asthma 

(EIA), 205, 350–351
exercise-induced 

hypoxemia, 218–219, 
224, 225

exergonic reactions, 24, 
26f, 32

expiration, 203, 203f, 204
expiratory reserve volume 

(ERV), 208t
extensors, 144
external intercostal 

muscles, 204
external lamina (basement 

membrane), 145
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extracellular buffers, 
234–235

extrafusal fi bers, 130
extraocular muscles, 

innervation ratio, 133

F
FAD (fl avin adenine 

dinucleotide), 26, 36
FADH

aerobic ATP Tally and, 44
chemiosmotic theory, 41f
electron transport chain 

and, 40, 43
Krebs cycle and, 38–39, 

38f, 39f
oxidation and, 27

fascia, 144, 144f
fascicle, 144f, 145
fast-twitch (type II) muscle 

fi bers
aging and, 280
characteristics of, 157t
in combined strength 

and endurance 
training, 283

fatigue and, 421
fi ber typing and, 154
lactic acid formation, 58
muscular enlargement 

and, 282
muscular force and, 164
shift from fat to 

carbohydrate 
metabolism and, 61

shift to slow fi bers from, 
158

subtypes of, 156
fat cells, 392, 392f
fat metabolism

diet and, 60
intensity of exercise and, 

63b
interaction of, 63–64
shift to carbohydrate 

metabolism, 61–62
fat oxidation, 60, 63, 89, 

396–397
fat-free mass, 490
fatigue

amphetamines for, 543
carbohydrates and, 63, 64
central, 150, 417–418
defi ned, 150, 417
environmental heat and, 

255, 425
factors contributing to, 

150
factors involved in 

anaerobic, 421
fat/carbohydrate 

metabolism and, 
63–64

free radical formation 
and, 41b

muscle fi ber type and, 
420–421

peripheral, 419–421
racial production during 

exercise 
contributing to, 419

respiratory, 224, 225
role of carbohydrates in 

delaying, 491
sites of, 417–421, 418f

fats, 31. See also body 
fat/fatness

adipose tissue and, 84
aerobic metabolism and, 

39
dietary. See dietary fat
respiratory exchange 

ratio and, 60, 60f
sources of, during 

exercise, 64–66, 65t
fat-soluble vitamins, 372
fatty acid translocase 

(FAT), 274
fatty acids, 31. See also free 

fatty acids (FFAs)
beta oxidation and, 42b
Krebs cycle and, 39

feedback, negative. See 
negative feedback

female athlete triad, 477
female athletes. See also 

women
bone mineral disorders 

in, 476, 477
eating disorders in, 88, 

475–476, 477
menstrual disorders in, 

474–475, 477
pregnant, 476–478
reproductive disorders 

in, 88
risk of knee injury in, 478
three most common 

health problems 
among, 477

female secondary sex 
characteristics, 87f

females. See women
fen-phen, 395
ferritin, 373
fever, 248–249
FFAs. See free fatty acids 

(FFAs)
fi ber

classes of, 377
dietary, 377–378
dietary reference intake, 

A–18
Fick’s law of diffusion, 209
fi eld tests, estimating 

cardiorespiratory 
fi tness with, 
306–308

fi ght or fl ight hypothesis, 
81, 82

fi tness. See also physical 
fi tness

corporate programs, 5–6
heat injuries and, 520, 521
history of school testing, 5
instructors, 10
training and level of, 452

“fi tness boom,” 10
fi tness programs, 10
Fitts, Robert H., 4222
fi xed acids, 232–233
fl avin adenine dinucleotide 

(FAD), 26, 36
Fletcher, Walter, 54b
fl exibility training, 337, 

463, 466
fl exors, 144
fl uid intake

before exercise, 496
during exercise, 496–498
by pregnant athletes, 

476–477
sports drinks, 64

fl uoride, 372, 378t, 379t, 
A–22

folate, dietary reference 
intake, A–21

folic acid, 372, 374
follicle-stimulating 

hormone (FHS), 78, 
85, 85f, 90t

follicular phase of 
menstrual cycle, 87, 87f

Food Guide Pyramid, 382
Food Quotient (FQ), 397
food records, 383
football players

classifi cation of fi tness 
levels for, 441f

heat injuries in, 254
heat-related deaths, 521
running power tests for, 

440–441
sweat rate and, 251

force, muscular
regulation of, 162
relationship between 

speed of movement 
and, 162–164

forced convection, 245
forced expiratory volume 

(FEVI), 207–208, 208f
force-velocity/power-

velocity relationships, 
162–164, 164f

four-component model of 
body composition 
assessment, 386

40-yard dash power test, 
440–441, 441f

FQ (Food Quotient), 397
Framingham Heart Study, 

396
Framingham Study, 294–295
Franklin, Barry A., 311

Frank-Starling law, 184, 
186f, 189

Frank-Starling mechanism, 
267

free fatty acids (FFAs)
adaptation to endurance 

training and, 274
caffeine and, 545, 546f
cortisol and, 83f
exercise and, 93, 95, 96, 

98f, 99, 100
fat metabolism and, 62
as fuel source, 64–65
hypertension and insulin-

resistance, 298
insulin and, 97–98

free nerve endings, 130, 131
free radicals

electron transport chain 
and, 40

formed during aerobic 
metabolism, 41b

free weights, 460
free-weight testing of 

strength, 444–445
frequency of exercise, 331
friction-braked cycle 

ergometer, 109f
frontal sinus, 201f
frostbite, 258
fructose, 30, 380, 489
fructose index (FI), 380
fructose load, 380
FSH (follicle-stimulating 

hormone), 78, 85, 85t, 
90t

fuel selection, 60–62
exercise duration and, 

62–63
exercise intensity and, 

61–62
fuel sources

Cori Cycle, 66b
lactate as, 66b, 67, 67b

fuels
caffeine’s role in 

mobilization of, 545
carbohydrates. See 

carbohydrates
cold exposure and, 526
for exercise, 30–31, 73
fat. See fats
proteins. See proteins
storage sites, 64–67

functional fi ber, 376
functional residual 

capacity (FRC), 208t
functional syncytium, 172
“futile cycles,” 400–401

G
G protein, 75, 77
gain of a control system, 17
games, exercise 

prescription on, 336
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gamma motor neurons, 130
GAS (General Adaptation 

Syndrome), 84
gas volume corrections, A–2
gases, blood. See blood 

gases
gases, correction of 

volumes, A–2–A–4
gastric emptying, 497
gel electrophoresis, 154
gender differences. See also 

men; women
muscle soreness and, 465
in response to strength 

training, 461–462
in response to the cold, 

526
running economy and, 

117, 117f
in thermoregulation, 254
training and, 452

gene replacement therapy, 
159

gene therapy, 160
General Adaptation 

Syndrome (GAS), 84
genes

function of, 24
molecular biology and, 

25b
genetics

basal metabolic rate 
(BMR) and, 399

disease and, 294
maximal oxygen uptake 

(VO2 max) and, 264
obesity and, 392–394
training and, 452

GH (growth hormone). See 
growth hormone (GH)

gigantism, 80
Gladden, Bruce, 52b
glucagon

exercise and, 95, 97–98, 
97t, 98

secretion of, 85, 91t
glucocorticoids (cortisol), 

81–82, 83–84, 83f, 359
gluconeogenesis, 53, 

85, 98
glucose, 30. See also blood 

glucose; plasma 
glucose

aerobic ATP Tally from 
breakdown of, 44t

broken down into carbon 
dioxide, 26f

caffeine and, 545
carbohydrates and, 376
glycolysis and, 35f
insulin and, 85
lactate converted to, 66b
maintaining blood 

glucose with, 491
glucose polymers, 489, 491

glucose tranporters 
(GLUT4), 77

glycemic index (GI), 380
glycemic load (GL), 380
glycerol, 31, 39, 40f
glycogen, 30, 31. See also 

muscle glycogen
breakdown of, during 

exercise, 61b
carbohydrate storage 

and, 64
changes in during 

exercise, 92–93, 92f
depletion of, and muscle 

fatigue, 63, 64, 92f
glycogenolysis, 30, 61b, 89, 

92
glycolysis, 33–34, 34f, 35f, 

273
anaerobic threshold and, 

57–58
control of, 45–47
during heavy exercise, 

539
total energy yield of, 44
training to improve, 457

Golgi tendon organs (GTOs), 
129, 130, 131, 132f

Golgi tendon refl ex, 132f
Golgi-type receptors, 130
goosebumps 

(piloerection), 248
graded exercise tests 

(GXT), 304, 309–311
blood pressure 

measured in, 310
of cardiac rehabilitation 

patients, 355
considering population 

being tested for, 
315–316

ECG, 310
heart rate measured 

during, 309–310
incremental exercise 

test, 56–57
measurements and heart 

rate and blood 
pressure prior to, 306

Rating of Perceived 
Exertion, 310–311, 
312t

screening for, 304
terminating, 311, 312t
treadmill protocols, 

316–317, 316f
graphs, line, 15b
Grassi, Bruce, 52
group pacemaker 

hypothesis, 219
growth hormone (GH), 

78–79, 79f, 90t
concern over use of, 80
excess or inadequate 

amount of, 80

slow-acting, 93
slow-acting effect of, 95

growth hormone-releasing 
hormone (GHRH), 78

guanosine triphosphate 
(GTP), 39

Guidelines for Exercise Testing 
and Prescription (ACSM), 
311, 312t, 318, 326

H
H+, 42–43, 43b
H zones, 146, 149f
Haldane analyzer, 4
Haldane, J.S., 3
Haldane transformation, 

A–1
hand-grip dynamometer, 

445f
hard palate, 201f
Harvard Alumni Strategy, 

295
Harvard Fatigue Laboratory, 

3–5, 4t, 7, 8, 242, 243
Harvard University, 7
Harvey, William, 170
HDL cholesterol, 328, 329f, 

380
head injuries, 138
health issues. See also 

disease(s)
exercise and resistance 

to infection, 276
exercise-induced 

asthma, 205
hypertension and, 178
physical activity and, 

328–329
Health-Related Physical 

Fitness Test Manual 
(AAHPERD), 5

Healthy People (1979 ), 294
Healthy People 2000, 300
Healthy People 2010, 300, 304
Healthy People 2010: 

Understanding and 
Improving Health, 304

heart
abnormalities in, sudden 

cardiac death and, 
479

anterior view of, 171f
cardiac cycle, 173, 

175–176
conduction system of, 

179f
electrical activity of, 

178–182
layers of wall of, 172
muscles in, vs. skeletal 

muscles, 172–173
myocardium, 172–173
protective effect of 

exercise on, 174
pulmonary circuit, 171

structure of, 170–171
systemic circuit, 171
wall of, 173f

heart attack. See myocardial 
infarction (MI)

heart disease. See also 
coronary heart disease 
(CHD)

anabolic steroids and, 86
deaths from, 292
as a leading cause of 

death, 292, 294
Heart Disease and Rehabilitation 

(Pollock), 332
heart failure, blood 

pressure and, 178
heart mechanoreceptors, 

195
heart rate (HR), 182t. See 

also target heart rate 
(THR)

beta-blockade and 
exercise, 183

changes in, during 
exercise, 191–194

in cycle ergometer test, 
318, 319, 320f

effect of endurance 
training on, 277, 
278, 279

estimating VO2 max on 
basis of, 314–315, 
314f

exercise intensity and, 
15b

fl uid intake and, 496, 
496f

maximal, 188–189
maximal oxygen uptake 

(VO2) and, 315, 317
measured during graded 

exercise tests, 
309–310

measured prior to 
exercise test, 306

monitored during walk 
tests, 308

regulation of, 182–184
heart rate reserve (HRR), 

331, 333, 334
heat and exercise, 519–522

acclimatization, 254, 
256–257, 257b, 257t

blood fl ow and, 253
exercise performance 

and, 251, 253–254
exercise prescription on, 

337–338
fatigue and, 253–254, 

255, 425
gender differences in 

thermoregulation, 
254, 256

heat-related problems, 
519t
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heat and exercise (continued)
hyperthermia, 251
inability to lose heat, 251
limiting performance, 425
preventing dehydration, 

255
prolonged exercise, 217
prolonged exercise in, 

217f, 222
sweat rates and, 252

heat balance. See body 
temperature 
regulation

heat cramps, 519t
heat exhaustion, 519t
Heat Index (HI), 251, 252f
heat injuries, 253, 254

factors affecting, 520–521, 
520f

heat stress index, 522
implications for fi tness, 

521
implications for 

performance, 
521–522

preventing, 253
stages of, 519–520, 519t

heat loss, 244–246, 250f
heat production

during exercise, 249
preventing hypothermia 

with, 526
in skeletal muscle, 54b

heat shock proteins, 20b, 
256, 257

heat stress index, 522
heat stress research, 243
heat stroke, 519t
heat syncope, 519t
Heath-Carter scale, 503
Hebbert, Oliver E., 6f
height/weight tables, 385
hematocrit, 186, 186f
“hematological passport,” 

541
hemodynamics, 186–188
hemoglobin, 373, 499, 512

altitude and, 513
blood doping and, 540, 

541f
as a buffer, 235
myoglobin vs., 215
oxygen transport and, 

212–213
hemosiderin, 373
Henderson, L.J., 3, 243
Henderson-Hasselbach 

equation, 236
Henry’s law, 236
Henseleit, Kurt, 37b
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water, 371

nutrition, 370–384. See also 
nutrients

Basic Four Food Group, 
382

controlling obesity and, 
300

for diabetics, 348
dietary reference intake, 

A–18–A19
evaluating the diet, 383
food group plans, 

382–383
Food Guide Pyramid, 

382
food labels, 370, 371f
guidelines for a healthy 

diet, 382
recommendations on, 

368–369
standards of, 370
U.S. Dietary Goals, 

368–369
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nutrition and performance, 
487–504

carbohydrate intake, 
487–492

fl uids/electrolytes, 
495–498

minerals, 499–500
precompetition diet, 

501–502, 501t
protein, 492–495
salt intake, 498
vitamins, 500–501

nutritional supplements. See 
dietary supplements

O
obesity

adipose tissue and, 84
body fat distribution 

and, 392
body mass index and, 

393
childhood, 384
controlling, 299–300
demographics of, 391–392
diabetes 2 and, 347
diet and, 368
dietary restriction and, 

392
dietary supplements 

and, 395
diseases linked to, 391, 

392
genetic predisposition 

to, 392–394
methods of assessing, 

384–385
need for physical activity 

and, 6
overweight and, 300
set point and, 394–395

OBLA (onset of blood 
lactate accumulation), 
57

oculomotor center, 134
off-season conditioning, 

466
Olympic athletes, testing 

of, 86
Olympic Games, 350

altitude and, 510–511, 
511t

comparison of 
performance in long 
races, 512t

in Mexico, 527
Olympic Prize in Sports 

Sciences, 270, 295
omega-6 fatty acid, 377
1-RM test, 445–446
one-repitition maximum 

(1-RM) test, 445
onset of blood lactate 

accumulation 
(OBLA), 57

open-circuit spirometry, 
112–113, 112f

Operation Everest II 
project, 517, 518

oral cavity, 201f
oral creatine 

supplementation, 33b, 
465

organic acids, 233
organic compounds, 23
Ornish diet, 398
ornithine, 537t
osmoreceptors, 79
Osmotic Regulation (Krogh), 

110
osteoarthritis, 391
osteoclasts, 359
osteopenia, 477
osteoporosis, 89, 357–358, 

372
Otis, Arthur B., 10
ovaries, 85, 91t
overload, 262, 263, 452, 

454
overtraining, 457

of children, 480
the immune system, 467
symptoms of, 467–468, 

467f
overuse injuries, 457
Overweight: Causes Cost and 

Control (Mayer), 403
oxaloacetate, 37
oxidases, 28
oxidation, 24, 26, 26f, 35f, 

37, 40, 44, 493
oxidation-reduction 

reactions, 26–27
oxidative capacity of 

muscle fi ber, 155, 272
oxidative phosphorylation, 

37
aerobic ATP Tally, 44, 44t
effi ciency of, 44
electron transport chain, 

40
at onset of exercise, 52b
three stages of, 38f

oxidizing agent, 26
oxidoreductases, 28
oxygen

for aerobic performance, 
536, 538–540

aerobic production of 
ATP and, 43

ATP formation and, 33
electron transport chain 

and, 40, 42
elevation of, after 

exercise, 53–54
exercise and, 20
indirect calorimetry and, 

112
Mount Everest expedition 

and, 516, 517

partial pressure of, 
208–209, 210f

requirement of treadmill 
walking, 113, 114

requirement of walking/
running, 113, 113f

respiration and, 200
rest-to-exercise 

transitions and, 
51–52, 51f

transported in the blood, 
212–215

VCO2/VO2 ratio, 59–60
oxygen consumption

calculation of, A–1
at constant work-rate 

exercise, 52b
technique used to 

measure, 112
oxygen debt, 53, 53f, 54b
oxygen defi cit, 51, 51f, 53f, 

272–273
oxygen transport, 542
oxygen uptake (VO2), 

51–52, 53f
changes in, during 

incremental 
exercise test, 57f

in high-intensity 
exercise, 56f

in hot/humid 
environment, 56, 56f

during incremental 
exercise, 57, 57f

in prolonged exercise, 56
standardization of gas 

volumes, A–2–A–4
VCO2/VO2 ratio, 59–60

oxygen uptake reserve 
(VO2R), 331, 333

oxygenases, 28
oxyhemoglobin, 213
oxyhemoglobin 

dissociation curve, 
213–215, 213f, 214

oxytocin, 17, 79
ozone, 528

P
P wave, 179, 181f
PACER test, 307
pacinian corpuscles, 130
Pan-American athletes, 

testing of, 86
pancreas, 91t

blood glucose regulation, 
18–19, 18f

failure of biological 
control system, 19b

hormones secreted from, 
85

insulin release from, 74, 
74f

pantothenic acid, 372, 374, 
A–21

paraplegics, determining 
peak VO2 in, 435

parasympathetic division 
of autonomic nervous 
system, 139

parasympathetic nervous 
system, 182

parasympathetic tone, 182, 
183

parathyroid gland, 81
parietal pleura, 200, 201f
Parkinson’s disease, 136
PARmed-X (Physical Activity 

Readiness Medical 
Examination), 304, 
A–17

PAR-Q (Physical Activity 
Readiness 
Questionnaire), 304, 
305f, 308

partial pressure
atmospheric pressure 

and, 510
calculating, 208–209
gas exchange in the 

lung, 210f
ventilatory response to 

exercise and, 217
partial pressure of carbon 

dioxide (PCO2)
effect on ventilation, 

220–221, 221, 221f
gas exchange in the lung 

and, 210f
Mount Everest 

expedition and, 517
rest-to-work transitions, 

217
ventilatory control and, 

222
partial pressure of oxygen 

(P02)
effect on ventilation, 

220–221
expedition to Mount 

Everest and, 516–
517, 517f

oxygen supplementation 
and, 538, 539f

oxyhemoglobin 
dissociation curve, 
213, 213f

rest-to-work transitions, 
217

ventilatory responses to 
exercise and, 217, 
218

particulate matter, 528
pathyroid gland, 90t
PC. See phosphocreatine 

(PC)
peak expiratory fl ow rate, 

351
peak running velocity, 

435, 436
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(journal), 9

pediatric exercise science, 
480–481

Pediatric Exercise Science 
(journal), 480–481

Pennsylvania State 
University, Noll 
Laboratory, 7, 8

pepidases, 28
peptide bonds, 31
peptides/protein, 73
percent grade, 110–111, 

111f
percutaneous transluminal 

coronary angioplasty 
(PTCA), 354–355

performance. See also 
exercise performance

aerobic. See aerobic 
performance

anaerobic. See anaerobic 
performance

body composition and, 
502–504

body fatness and, 
503–504

endurance. See 
endurance 
performance

ergogenic acids and. See 
ergogenic aids

factors infl uencing, 417, 
417f, 423–425

fatigue in. See fatigue
heat and, 251, 253–254, 

425
heat injuries and, 

521–522
laboratory assessment 

of. See laboratory 
assessment of 
performance

long-term. See long-term 
performance

nutrition and. See 
nutrition and 
performance

short-term. See short-
term performance

training for. See training
perimysium, 144f, 145
periodization, strength 

training and, 282
peripheral 

chemoreceptors, 220, 
221f

peripheral control 
mechanisms, 279

peripheral fatigue, 419–421
peripheral nervous system

parts of, 121
relationship between 

central nervous 
system and, 122f

somatic motor portion 
of, 133

peripheral resistance, 267, 
267f, 268

permissive hormones, 
93–95

peroxidases, 28
personal record, 510, 515
PFK. See phospho-

fructokinase (PFK)
pH. See also acid-base 

balance
acidosis, 231
alkalosis, 231
blood, oxygen-

hemoglobin curve 
and, 213–214, 214f

continuum of, 231f
enzyme activity and, 

29–30, 30f
hydrogen ions and, 231
Mount Everest 

expedition and, 517
oxyhemoglobin 

dissociation curve, 
213–214

regulation of, 231
pharmacological stress 

test, 311
pharynx, 200, 201, 201f
phentolamine, 98
phosphagen system, 33
phosphatases, 28
phosphates, high energy, 

31–32. See also inor-
ganic phosphate (Pi)

phosphatidylinositol, 77
phosphdiesterase, 75, 77
phosphocreatine (PC), 33b, 

536, 538. See also ATP-
PC system

phosphodiesterase activity, 
545

phosphofructokinase 
(PFK), 45–46, 273

phospholipase C, 77, 77f
phospholipids, 31, 377
phosphoric acid, 232–233
phosphorous, 372
phosphorus, 378t, 379t, 

A–23
phosphorylase, 46, 61b, 62
phosphorylation, 34, 35f, 

43. See also oxidative 
phosphorylation

photon absorptiometry, 
385

photosynthesis, 30
phrenic nerves, 203
physical activity. See also 

exercise
appetite and, 402–403
benefi ts of, 6b
controlling obesity and, 

300

defi ned, 326
dose of, 326
energy expenditure and, 

400
health and, 328–329
health outcomes of 

vigorous vs. 
moderate, 330

health-related benefi ts 
of, 328–330

insulin resistance and, 
299

prescriptions, A–17
recommendations on 

needed amount of, 
329, 405

reducing risk coronary 
heart disease with, 
326

reducing risk of diabetes 
with, 347

sequence of, 335–336, 
337t

weight control and, 398, 
405

Physical Activity and Health: A 
Report of the Surgeon 
General, 326

Physical Activity Readiness 
Questionnaire (PAR-
Q), 304, 305f, 308

physical education
history of, 5
undergraduate academic 

preparation in, 7
physical fi tness

defi ned, 326
guidelines for improving, 

329–331
historical overview, 5–6

physical inactivity
as cause of death, 294
heart disease and, 297
muscular atrophy and, 

157, 158, 159
as a risk factor, 294f, 296, 

296f
as a risk factor for heart 

disease, 296–297
skeletal muscles and, 

158, 159
web of causation and, 

293, 294f
physical warm-up, 548–549
physiological set point 

model, 394–395, 394f
physiological testing. See 

laboratory assessment 
of performance

physiology, disease risk 
and, 297–299

Physiology of Bodily Exercise 
(Lagrange), 7

physiology of exercise. See 
exercise physiology

Pi. See inorganic phosphate 
(Pi)

piloerection (goosebumps), 
248

pituitary gland, 78
placebo, 535
plasma, 186

changes in volume, 74
hormone concentration 

in, 74
transport protein in, 74

plasma free fatty acids, 
64–65, 65f

plasma glucose, 273–274, 
345

blood glucose 
homeostasis, 93

fast-acting hormones 
and, 96–99

growth hormone and, 79
hormone-substrate 

interaction, 100
insulin secretion and, 85
role of cortisol in, 94f
role of plasma growth 

hormone on, 95, 95f
slow-acting hormones 

and, 93–95
plasma insulin, 97f, 490
plasma K+ ions, 83
plasma membrane, 23f, 24
plasma testosterone, 

86–87
plasma volume

decrease in maximal 
oxygen uptake and, 
267

detraining and, 269
heat acclimatization and, 

256
platelets, 186
pleura, 200
pneumotaxic center, 219
Pollock, Michael L., 332
Pollock’s Textbook of 

Cardiovascular Disease 
and Rehabilitation, 332

polysaccharides, 30
polyunsaturated fats, 381
pons, 135, 136
population attributable 

risk, 296
Position Stand on the 

Prevention of Thermal 
Injuries During 
Distance Running, 521

positive feedback, 17
posterior hypothalamus, 

248
posterior pituitary gland, 

78, 79, 90t
postganglionic neurons, 

139
postsynaptic membrane, 

128–129, 128f
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postsynaptic neuron, 126, 
128

postural tone, brain stem 
and, 135

potassium, 23, 221, 372, 
378t, 379t, A–23

potassium channels, 127f
potassium ions, 124–125, 

126f
potassium-40, 385
potency, of exercise, 327
power

calculation of output, 
108

common terms and units 
used to express, 
108t

defi ned, 108, 440
using the cycle 

ergometer, 110
power tests

cycling, 441–442, 
442–443

jumping, 440
running, 440–441, 443

power-velocity/force-
velocity relationships, 
162–164, 164f

preBötzinger Complex 
(preBötC), 219

precompetition diet, 
501–502

pregame meal, 501, 501t
preganglionic neurons, 139
pregnancy

exercise during, 358, 
360–362, 476–478

obesity and, 391
transport protein and, 74

prehypertension, 353
preload (end-diastolic 

volume), 184
prescription of exercise. See 

exercise prescription
preseason conditioning, 

466
President’s Council on 

Physical Fitness, 5
President’s Council on 

Physical Fitness and 
Sports, 5

President’s Council on 
Youth Fitness, 5

pressure-sensitive 
receptors. See 
baroreceptors

presynaptic membrane, 
128f

presynaptic neuron, 126–
127, 127, 128

primary bronchus, 202f
primary risk factors, 297
primary sensory ending, 

130
professional societies, 9

progesterone, 87–89
Progressive Aerobic 

Cardiovascular 
Endurance Run 
(PACER), 307

progressive resistance 
exercise (PRE), 459

prolactin, 78
prolonged exercise. See also 

low-intensity exercise
exercise metabolism 

and, 56
fuel selection and, 60
infl uencing impact of 

exercise on 
circulatory system, 
194

sports drinks and, 64b
propranolol, 98
proprioceptive 

neuromuscular 
facilitation (PNF), 463, 
465

proprioceptors, 129–131
prostaglandin, 490
proteases, 66–67
protein kinase C, 77, 89
protein receptors, 

hormones and, 75
protein requirements, 377
protein synthesis, 25f
proteins, 31, 381–382

aerobic metabolism and, 
39

dietary reference intake, 
A–18

metabolism of, 40f
needed in diet for 

athletes, 494–495
in pregame meal, 501
required for exercise, 

492–495
sources of, during 

exercise, 66–67
as a substrate during 

exercise, 60
provitamin, 371
Public Health Service, 5
Pugh, L.G.C.E., 527
pulmonary circuit, 171
pulmonary circulation, 

172f, 209–210, 211f
pulmonary respiration, 200
pulmonary semilunar 

valve, 171
pulmonary system

limiting maximal 
exercise 
performance, 
224–225

response to endurance 
training study, 
277–278

pulmonary ventilation. See 
ventilation

pulse pressure, 176
Purkinje fi bers, 179, 179f
pyrogens, 248
pyruvate, 37
pyruvic acid, 33–34, 34f, 36

anaerobic threshold and, 
57–58

converted to lactic acid, 
57–58, 58f

Krebs-cycle 
intermediates and, 
63–64

post-exercise lactic acid 
converted to, 54b

Q
Q10 effect, 55
QRS complex, 179, 181f
Quebec 10-second test, 

441–442

R
racing performance, 439
radiation, 244, 246f
radiative heat loss, 249f, 

250–251, 250f
radiography, 386
rate-pressure product, 193
rating of perceived exertion 

(RPE), 310, 312t, 491, 
545

RBCs. See red blood cells 
(RBCs)

RDA. See Recommended 
Dietary Allowance 
(RDA)

receptors
epinephrine/

norepinephrine 
binding to, 81, 82t

excitatory postsynaptic 
potentials (EPSPs), 
127

joint proprioceptors, 
129–130

muscle chemoreceptors, 
131

muscle proprioceptors, 
130–131

skin temperature, 248
reciprocal inhibition, 132
recombinant human GH 

(rhGH), 80
Recommended Dietary 

Allowance (RDA), 370
of minerals, 379t
of protein, 382, 492
of protein, for athletes, 

492–493, 495
of sodium, 373
of vitamins, 375t

rectal temperature, 243, 
249f

red blood cells (RBCs), 
186, 202f

blood doping, 540

carbon dioxide 
converted to 
bicarbonate within, 
216

hemoglobin, 212
2,3-diphosphyoglyceric 

acid in, 213, 
214–215

reducing agent, 26
reductases, 28
reduction, 26
refl ex arc, 131–132
refl exes, 131–132

knee-jerk, 130
spinal, 136–137
stretch, 130

regulation of body 
temperature. See body 
temperature regulation

rehydration, 255. See also 
fl uid intake

relative humidity (RH), 
245–246, 245t

relative VO2, 117
releasing hormones, 78
reliability, physiological 

performance tests, 432
renin, 82, 83f
repeated bout effect, 464, 

464f
repetition, defi ned, 454
repetitions maximum 

(RM), 282
repolarization, 125, 127f, 

129
reproductive disorders, 88
research

athletes treated as 
machines for, 427

designs used to study 
training, 263

at Harvard Fatigue 
Laboratory, 3–4

heat stress, 242, 243
historical overview, 7–9
signifi cant subject 

matters of, between 
1954–1994, 9t

specialization in, 9–10
research journals, 9
residual volume (RV), 207, 

208t
resistance of blood fl ow, 

187–188
resistance, progressive 

exercise, 459
resistance training. See also 

strength training
age-related loss of 

muscle mass and, 
160

change in muscle fi ber 
type and, 158

neural and muscular 
adaptations to, 281f
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Resource Manual for 
Guidelines for Exercise 
Testing and Prescri p-
tion (ACSM), 354

respiration. See also 
ventilation

cellular, 200
climbing Mount Everest 

and, 516
defi ned, 200
function at altitude, 513
function of the lung, 200
pulmonary, 200

respiratory assemblies, 43
respiratory bronchioles, 201
respiratory capacities, 

206–208
respiratory chain, 40. See 

also electron transport 
chain

respiratory compensation, 
238

respiratory control center, 
219–222

respiratory exchange ratio 
(R), 59–60

respiratory muscle fatigue, 
224, 225

respiratory muscles, 205
Respiratory Physiology: The 

Essentials (West), 212
respiratory pump, 

184–185
Respiratory Quotient (RQ), 

60, 397
respiratory system, 

200–226
acid-base balance, 

236–237
blood fl ow to the lung, 

209–210, 211f
carbon dioxide 

transported in 
blood, 215–216

chronic obstructive 
pulmonary disease, 
206

conducting zone, 
201–202, 201f

control of ventilation, 
219–223

diffusion of gases, 
208–209

lung. See lungs
mechanics of breathing, 

203–205
organs of, 200, 201f
oxygen transported in 

blood, 212–215
oxygen transported in 

muscle, 215
partial pressure of 

oxygen and carbon 
dioxide, 208–209, 
210f

pulmonary ventilation, 
203, 206

pulmonary volumes and 
capacities, 206–208

purpose of, 200
respiratory muscle 

adaptation to 
exercise, 205

respiratory zone, 
202–203

structure of, 200–203, 
201f

ventilation. See 
ventilation

respiratory volumes, 
206–208

respiratory zone, 201, 201f, 
202–203

rest, energy requirements 
at, 51

rest interval, 454
resting membrane 

potential, 122–125, 
123f, 124f

resting metabolic rate 
(RMR), 94, 399, 400

rest-to-exercise transitions, 
51–52

rest-to-work transitions, 
217

reticular formation, 135
retraining, 271–272
retrotrapezoid nucleus 

(RTN), 219
reversibility, 262, 263, 452
Ribisl, Paul M., 393
ribofl avin, 27, 374, A–21
ribofl avin (vitamin B2), 372
right atrium, 170, 171f, 173
right ventricle, 170, 171f, 

179f, 209
risk factors, 293, 294f

cardiovascular, 381
coronary heart disease, 

294–297, 326, 391
environmental/

behavioral, 294
inherited/biological, 294
physical inactivity, 

296–297
with strenuous exercise, 

329–330
RNA, messenger (mRNA), 

75, 76f
Robinson, Sid, 4
Rossiter, Harry, 52
Rowell, Loring, 10
RPE. See rating of perceived 

exertion (RPE)
rubber gas collection bag, 

3
rubber suit, 256
run training, 263
running. See also distance 

running

asthma and, 350
estimation of oxygen 

requirements, 114
exercise economy of, 438

running economy, 117
running tests, 306–308

for football players, 
440–441

power, 440–441, 443
for soccer players, 441

S
salt. See also sodium

intake, 380, 498
restriction, 353

sarcolemma, 144f, 145, 419
sarcomeres, 145f, 146
sarcopenia, 358
sarcoplasm, 24, 145–146, 

146f
sarcoplasmic calcium, 46
sarcoplasmic reticulum, 

144f, 146f, 149
Sargent, Dudley, 5
satellite cells, 145, 145f
saturated fats, 377, 381, 

A–19
Scholander, Peter F., 4
Schwann cells, 122, 123f
scientists in history

Alan Lloyd Hodgkin, 125
Andrew F. Huxley, 148
August Krogh, 110
A.V. Hill, 54b
Bengt Saltin, 270
Benjamin Levine, 456
Björn Ekblom, 542
Bruno Balke, 318
David Bruce Dill, 243
David L. Costill, 426
European, 3
Fred W. Kasch, 357
at Harvard Fatigue 

Laboratory, 4
Jean Mayer, 403
Jeremy N. Morris, 295
Joe Starnan, 175
John B. West, 212
John O. Holloszy, 270
Jonas Bergström, 488
L.G.C.E. Pugh, 527
Michael L. Pollock, 332
Peter Stewart, 236
Ralph S. Paffenbarger, Jr., 

295
research specialization 

of, 9–10
Robert Bruce, 434
Thomas K. Cureton Jr., 

8b
William Harvey, 170

screening
for asthma, 351
cardiorespiratory fi tness 

testing, 304, 306

for exercise test, 304
health status, 329–330

SCUBA diving, 482, 483
sea level, partial pressure 

at, 208–209
Sears, Barry, 490
second messengers, 75, 

76f, 77, 77f, 89
secondary hypertension, 

178
secondary risk factors, 297
secondary sensory ending, 

130
secondary sex 

characteristics
female, 87, 87f
male, 85f, 86

sedentary lifestyle. See 
physical inactivity

seizure disorders, 482–483
selenium, 372, 378t, 379t, 

A–23
Selye, Hans, 84
semilunar valves, 181–182, 

181f
seminiferous tubules, 85, 

85f
semi-starvation, 399, 399f
sensory nerve endings, 130
serotonin, fatigue and, 418
serum cholesterol, 368, 

380, 381
serum ferritin, 499
set, 454
settling point theory, 395
sex steroids, 82
Seyle, Hans, 84
“sham” reinfusion of blood, 

540
“sham” withdrawal of 

blood, 540
shivering, 244, 248, 400, 

523, 526
short-term, intense 

exercise
exercise metabolism 

and, 55–56
sports drinks and, 64b

short-term performance
altitude and anaerobic, 

510–511
factors limiting, 422–423, 

423f
tests of anaerobic power, 

440–443
SI (system international) 

units, 107, 107t
for power, 108, 108t

side effects of exercise, 327
simple muscle twitches, 

161, 162
single-set training, 460
sinoatrial (SA) node, 179f, 

182, 183f
Siri equation, 387
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skeletal muscle, 143–164
adaptation to endurance 

training, 271–272, 
272

adaptations to space 
travel, 422

age-related changes in, 
159, 160

biochemical and 
contractile 
characteristics of, 
155–156

biochemical changes in, 
277–2780

biochemical properties 
of, 155

caffeine’s effect on, 
544–545

cardiac muscles vs., 172–
173, 174f

changes in oxygen 
delivery to, 188–191

connective tissue 
surrounding, 144f

contractile properties of, 
155

depolarization of, 129
effects of inactivity on, 

158, 159
exercise-induced 

changes in, 157–158
fi ber types, 58, 154–157
force regulation in, 162
force-velocity/

power-velocity 
relationships, 
162–164

functions of, 144
muscle actions, 160–161
muscle atrophy due to 

inactivity, 158
muscle proprioceptors, 

130–131
muscle spindle, 130–131, 

131f
muscular contraction, 

147–153
myoglobin in, 215
neuromuscular junction, 

147
number, 144
pumping action of 

contracting, 184, 
185f

refl ex contraction of, 
131–132

respiratory, and exercise, 
205

speed of muscle action 
and relaxation, 161

sports-induced 
disturbances in 
muscle acid-base 
balance and, 233, 
233t

structure of, 144–146
training adaptations in, 

270–271
types of tissue, 144–145

skeletal muscle fi bers, 
144f, 145, 145f

cardiac fi bers vs., 
172–173

characteristics of types, 
157t

contraction speed of, 
155

determining types of, 
154

effi ciency of, 155
exercise causing change 

in type, 158
exercise effi ciency and, 

116
fast. See fast-twitch (type 

II) muscle fi bers
fatigue and, 420–421
force regulation, 162
slow. See slow-twitch 

(type I) muscle 
fi bers

somatic motor function 
and, 133

strength training and, 
282–283

timing of phases in a 
simple twitch, 161

training specifi city and, 
263

types of, 154–157
skin temperature, 242, 244. 

See also body 
temperature

skinfold thickness, in body 
composition analysis, 
386, 389–390, 393, 404

percent fat estimate for 
men, A–25

percent fat estimate for 
women, A–26

sleep
cold acclimatization 

during, 258
heat production during, 

244
sleep apnea, 391
sliding fi lament model of 

muscular contraction, 
147–148, 149f

slope of exercise, 327
slow-acting hormones, 75, 

93–95
slow-twitch (type I) muscle 

fi bers
aging and, 280
characteristics of, 155–

156, 157t
in elite athletes, 157t
endurance training and, 

271

exercise intensity and, 
272

fatigue and, 421
fi ber typing and, 154
in intermediate-length 

performance, 
424–425

lactic acid formation, 58
muscular enlargement 

and, 282
response to conditioning 

and deconditioning, 
271t

shift in fast fi bers to, 158
smokeless tobacco, 

547–548
smoking, 295, 296, 547
Snow, John, 291
soccer, running tests for, 

441
sodium, 23, 372, 378t, 379t, 

498, A–23
sodium bicarbonate, 543
sodium buffers, 235
sodium channels, 127f
sodium citrate, 543
sodium ions, 124–125, 126f
“The Soft American” 

(Kennedy), 5
soft palate, 201f
soma (cell body), 121, 122
somatic, defi ned, 133
somatic motor division, 

121
somatic motor function, 

133
somatic motor neurons, 

219
somatomedins, 78
somatostatin, 85
somatypes, 502–504
soreness. See muscle 

soreness
space travel, muscle 

adaptations to, 422
spatial summation, 128
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