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As with all previous editions, the ninth edition of 
Exercise Physiology: Theory and Application to Fit-

ness and Performance is intended for students inter-
ested in exercise physiology, clinical exercise 
physiology, human performance, kinesiology/exercise 
science, physical therapy, and physical education. The 
overall objective of this text is to provide the student 
with an up-to-date understanding of the physiology 
of exercise. Moreover, the book contains numerous 
clinical applications including exercise tests to evalu-
ate cardiorespiratory fi tness and information on exer-
cise training for improvements 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 15-week semester. 
This is by design. The book was written to be com-
prehensive and afford instructors the freedom to 
select the material that they consider to be the most 
important for the composition of their class. Further-
more, if desired, the  book could be used in a two-
semester sequence of exercise physiology courses 
(e.g., Exercise Physiology I and II) to cover the entire 
25 chapters contained in the text.

NEW TO THIS EDITION
The ninth edition of our book has undergone major 
revisions and 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 suggested 
readings.

New Topics and Updated Content
The content of this new edition has been markedly 
updated. Specifi cally, each chapter has been revised 

and updated to include new and amended box fea-
tures, new illustrations, new research fi ndings, and 
the inclusion of up-to-date references and suggested 
readings. The following list describes some of the sig-
nifi cant changes that have made the ninth edition 
more complete and up-to-date:

■ Contemporary section on careers in exercise 
science and kinesiology (Chap. 0).

■ Revised section on estimating the energy cost 
of activities and a new discussion regarding 
the economy of running (Chap. 1).

■ Expanded discussion on the regulation of 
homeostasis during exercise along with an 
up-to-date summary of the role that heat 
shock proteins play in cellular adaptation to 
stress (Chap. 2).

■ New and improved illustrations added to 
enhance learning about the how and why of 
bioenergetics (Chap. 3). 

■ Updated information on the Cori cycle and 
fat-burning exercise (Chap. 4). 

■ Numerous new fi gures depicting hormone 
action along with the latest information on 
growth hormone, anabolic steroids, adipose 
tissue as an endocrine organ, and skeletal 
muscle as an endocrine organ (Chap. 5).

■ Expanded details about how key cellular 
components of immunity protect against 
infection and the latest fi ndings regarding the 
impact of exercise on the immune system 
(Chap. 6).

■ Expanded discussion of muscle 
chemoreceptors and the role that they play in 
providing regulatory feedback to the nervous 
system during exercise (Chap. 7).

■ New and improved fi gures depicting the 
steps leading to muscle contraction along 
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with new fi ndings describing the molecular 
events that are responsible for muscle force 
production (Chap. 8).

■ Improved illustrations and the latest research 
fi ndings regarding the cardiovascular 
adjustments to exercise (Chap. 9).

■ Up-to-date information regarding the control 
of breathing during exercise (Chap. 10). 

■ Expanded discussion of both cellular and 
extracellular buffer systems (Chap. 11).

■ Addition of the latest research fi ndings 
regarding temperature regulation during 
exercise (Chap. 12). 

■ Expanded information on exercise-induced 
changes in muscle fuel selection (Chap. 13).

■ Increased focus on risk factors and chronic 
diseases, latest information on the risk factors 
for coronary artery disease, and expanded 
discussion on the impact of exercise and diet on 
infl ammation and chronic disease (Chap. 14). 

■ Addition of the new Par-Q+, expanded 
presentation of the Canadian Aerobic Fitness 
Test, and revised discussion on the 
verifi cation of V~  O2 max (Chap. 15). 

■ New section on importance of 
cardiorespiratory fi tness relative to the risk of 
chronic disease, updated guidelines on 
resistance training and fl exibility, and 
expanded discussion on the benefi ts of 
aerobic exercise versus resistance training 
(Chap. 16). 

■ Updated information on both type I and II 
diabetes, new guidelines for exercise and 
pregnancy, and the latest fi ndings regarding 
exercise and older adults (Chap. 17).

■ Fresh information on the glycemic index, new 
fi ndings regarding obesity, and the latest 
recommendations from the American College 
of Cardiology on the importance of exercise 
and diet in weight loss (Chap. 18). 

■ Contemporary information regarding the role 
that free radicals play in muscle fatigue and a 
discussion of why Kenyans and Ethiopians 
win marathon races (Chap. 19).

■ Latest information regarding laboratory 
testing of athletes (Chap. 20).

■ New section on nutritional infl uences on 
training adaptations and addition of new 
information on concurrent strength and 
endurance training programs (Chap. 21). 

■ Recent research fi ndings regarding the 
incidence of athletic amenorrhea and the 
female athlete triad (Chap. 22).

■ Updates on the timing of protein intake to 
optimize protein synthesis during training 
and contemporary information on vitamin D 
supplementation (Chap. 23).

■ Latest information regarding altitude training 
(i.e., live high/train low), updates on factors 
impacting heat illness, and updates on the 
impact of exercise in polluted environments 
(Chap. 24).

■ New information on dietary supplements and 
athletic performance and a state-of-the-art 
discussion on new techniques for detecting 
doping in athletes (Chap. 25). 
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How does SmartBook work? 

■ Preview: Students start off by Previewing the 
content, where they are asked to browse the 
chapter content to get an idea of what 
concepts are covered. 

■ Read: Once they have Previewed the content, 
the student is prompted to Read. As he or she 
reads, SmartBook will introduce LearnSmart 
questions in order to identify what content 
the student knows and doesn’t know. 

■ Practice: As the student answers the 
questions, SmartBook tracks their progress in 
order to determine when they are ready to 
Practice. As the students Practice in 
SmartBook, the program identifi es what 
content they are most likely to forget and 
when. 

■ Recharge: That content is brought back for 
review during the Recharge process to ensure 
retention of the material 
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engages with SmartBook, the reading experience con-
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with a personalized reading experience that 
helps them study effi ciently. 

■ SmartBook includes powerful reports that 
identify specifi c topics and learning objectives 
the student needs to study. 

■ Students can access SmartBook anytime via a 
computer and mobile devices.

Key Instructor Benefi ts 

■ Students will come to class better prepared 
because SmartBook personalizes the reading 
experience, allowing instructors to focus their 
valuable class time on higher level topics. 

■ Provides instructors with a comprehensive set 
of reports to help them quickly see how 
individual students are performing, identify 
class trends, and provide personalized 
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 Chapter Two Control of the Internal  Environment 31

 RESEARCH FOCUS 2.1

  How to Understand Graphs:  A Picture Is Worth a Thousand 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 un-
derstand. 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 in-
tensity.  Figure 2.3  is a line graph illus-
trating the relationship between heart 
rate and exercise intensity. In this il-
lustration, exercise intensity (indepen-
dent variable) is placed on the x-axis 
(horizontal) and heart rate (dependent 

variable) is located on the y-axis (verti-
cal). Heart rate is considered the de-
pendent variable because it changes 
as a function of exercise intensity. 
Because exercise intensity is indepen-
dent of heart rate, it is the independent 

variable. Note in   Fig. 2.3  that heart rate 
increases as a linear (straight-line) func-
tion of the exercise intensity. This type 
of line graph makes it easy to see what 
happens to heart rate when exercise 
intensity is changed.    
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The relationship 
between heart 
rate and exercise 
inten sity (ex-
pressed as a per-
cent of V̇ O 2  max).  

body core temperature during 60 minutes of constant-
load submaximal exercise in a thermoneutral environ-
ment (i.e., low humidity and low temperature). Note 
that core temperature reaches a new and steady level 
within 40 minutes after commencement of exercise. 
This plateau of core temperature represents a steady 
state because temperature is constant; however, this 
constant temperature is above the normal resting body 
temperature and thus does not represent a true ho-
meostatic condition. Therefore, the term homeostasis 
is generally reserved for describing normal resting con-
ditions, and the term steady state is often applied to 
exercise wherein the physiological variable in question 
(i.e., body temperature) is unchanging but may not 
equal the “homeostatic” resting value.  
  Although the concept of homeostasis means 
that the internal environment is unchanging, this 
does not mean that the internal environment re-
mains absolutely constant. In fact, most physiologi-
cal variables vary around some “set” value, and thus 
homeostasis represents a rather dynamic constancy. 
An example of this dynamic constancy is the arterial 
blood  pressure.  Figure 2.2  shows the mean (average) 

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 

   Figure 2.2 Changes in arterial blood pressure across 
time during resting conditions. Notice that although 
the arterial pressure oscillates across time, the mean 
 pressure remains unchanged. 
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8 Section One Physiology of Exercise

  PHYSICAL EDUCATION TO 
EXERCISE SCIENCE AND 
KINESIOLOGY 
  Undergraduate academic preparation in physical 
education has changed over the past fi ve decades 
to refl ect the explosion in the knowledge base re-
lated to the physiology of exercise, biomechanics, 
and exercise prescription. This occurred at a time 
of a perceived reduced need for school-based physi-
cal education teachers and an increased need for 
exercise professionals in the preventive 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 
or Kinesiology. 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 (35). 
There has been an increase in the number of pro-
grams requiring undergraduates to take one year 
of calculus, chemistry, and physics, and courses in 
organic chemistry, biochemistry, anatomy, physiol-
ogy, and nutrition. In many colleges and universi-
ties, little difference now exists 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 

regular 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 in 1996 and the appearance of the fi rst U.S. 
Physical Activity Guidelines in 2008 put them to rest 
(see “A Closer Look 0.1”). 

 IN SUMMARY   
   ■    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. In WWII, being underweight 
and small of stature were major reasons for 
rejecting military recruits; today, obesity is a 
major cause for rejection.  

   ■    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. Government and profes-
sional 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.   

A CLOSER LOOK 0.1

 By the early to mid-1980s, it had be-
come clear that physical inactivity was 
a major public health concern (30). In 
1992, the American Heart Association 
made physical inactivity a major risk 
factor for cardiovascular 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 rec-
ommendation that “Every U.S. adult 
should accumulate 30 minutes or 
more of moderate-intensity physical 
activity on most, preferably all, days of 
the week” (28). A year later, the  Sur-
geon General’s Report on Physical Activ-
ity and Health  was published (36). 
  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 physical activity, and 25% were 
not active at all. This report was 
based on the large body of evidence 
available from epidemiological stud-
ies, small-group training studies, and 
clinical investigations showing 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 
and promote psychological 
well-being   

 In 2008 the fi rst edition of the  U.S. 
Physical Activity Guidelines  was 

 published (http://www.health
.gov/paguidelines/guidelines
/default.aspx). This document was 
developed on the basis of an Advisory 
Committee’s comprehensive review 
of the research since the publication 
of the  Surgeon General’s Report  in 
1996 (for the Advisory Committee Re-
port, see http://www.health.gov
/paguidelines/Report/ Default
.aspx). Recently, a Midcourse Report 
focusing on strategies to increase physi-
cal activity among youth was pub-
lished (http://www.health.gov
/ paguidelines/midcourse/) . 
The  U.S. Physical Activity Guidelines , 
along  with the  Dietary Guidelines 
for Americans 2010  (http://www
.health.gov/dietaryguidelines/), 
provides important information on how 
to address our problems of inactivity 
and obesity. (We discuss this in more 
detail in  Chaps. 16, 17, and 18.) 
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       RECOVERY FROM EXERCISE: 
METABOLIC RESPONSES    
 If a subject is running on the treadmill at a speed that 
can be maintained comfortably for 20 or 30 minutes, 
and then jumps off to the side, the metabolic rate 
(V̇ O 2 ) does not fall instantaneously from the steady-
state value measured during the exercise to the 
resting V̇ O 2  value associated with standing by the 
treadmill. The metabolic rate remains elevated for 
several minutes immediately following exercise. This 

is shown in  Fig. 4.3(a) , with a steady-state V̇ O 2  being 
achieved by minute 3 of submaximal exercise, and 
the oxygen uptake returning to resting levels by fi ve 
minutes after exercise. In contrast,  Fig. 4.3(b)  shows 
the subject doing nonsteady-state exercise that can 
be maintained for only six minutes before exhaustion 
occurs. This test is set at an intensity that exceeds the 
highest V̇ O 2   the subject can attain. In this case, the 
subject could not meet the oxygen requirement for 
the task as shown by the much larger oxygen defi cit, 
and the subject’s V̇ O 2  is still not back to the rest-
ing level by 14 minutes after exercise. Clearly, the 

 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 oxygen 
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 consumption at the onset of 
submaximal exercise. 

 QUESTION: What is so important about 
the oxygen consumption response 
at the onset of submaximal, con-
stant work-rate exercise? 

 ANSWER: First, it is critical to realize 
that O 2  consumption is a reliable 
indicator of the energy supplied 
by oxidative phosphorylation (i.e., 
the oxidative or aerobic energy sys-
tem). The fact that there is a “lag” 
or delay before oxygen consump-
tion rises to a steady-state level 
tells us that aerobic metabolism 
(i.e., oxidative phosphorylation in 
the mitochondria) is not fully acti-
vated at the onset of exercise. The 
importance of this response is that 
it can provide information about 
the control or regulation of oxida-
tive phosphorylation. Further, this 
delayed response tells us that the 
anaerobic 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 is oxidative phosphor-
ylation not fully activated instanta-
neously at the onset of exercise? 

 ANSWER: Historically, two alternative 
hypotheses 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 mol-
ecules of oxygen available to accept 
electrons at the end of the electron 
transport chains. Clearly, if this is 
correct, the oxidative phosphoryla-
tion 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 phosphory-
lation require some time to reach 
their fi nal levels and to have their full 
effects for a given exercise intensity. 
As discussed in Chap. 3, the electron 
transport chain is stimulated by ADP 
and P i  (e.g., Table 3.3). Shortly after 
the onset of exercise, the concentra-
tions of ADP and P i  are barely above 
resting levels because the ATP con-
centration is being maintained by the 
creatine kinase reaction (PC 1 ADP → 
ATP 1 C) and accelerated glycolysis 
(with lactate accumulation). How-
ever, the concentrations of ADP and 
P i  will continue to rise as PC is broken 
down, gradually providing additional 

stimulation to “turn on” oxidative 
phosphorylation until this aerobic 
pathway is providing essentially 100% 
of the energy requirement of the ex-
ercise. The key point is that these 
stimulators of oxidative phosphoryla-
tion rate do not instantaneously rise 
from resting concentrations to the 
steady-state concentration levels. This 
has sometimes been referred to as the 
“inertia of metabolism.” 

 QUESTION: Which of the two hypoth-
eses is correct? 

 ANSWER: This is a diffi cult question 
because the two hypotheses are not 
mutually exclusive. My research 
with numerous colleagues (espe-
cially Drs. Bruno Grassi, Mike Hogan, 
and Harry Rossiter) provides support 
for the second hypothesis (i.e., “slow-
ness” in the stimuli required to fully 
activate oxidative phosphorylation). 
In particular, there is evidence for a 
signifi cant role of the creatine kinase 
reaction in “buffering” some of the 
most important signals (e.g., ADP con-
centration) for activating oxidative 
phosphorylation. Nevertheless, oxy-
gen supply limitation can also play a 
role, a role that likely becomes more 
important at higher exercise intensi-
ties. None of the possible regulators 
or controllers of oxidative phosphor-
ylation should be considered sepa-
rately. All of them interact with each 
other to provide the overall stimulus 
to oxidative phosphorylation under 
any given exercise condition. 
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who discovered them. Often, these names did not 
provide a clue as to the function of the enzyme. 
Therefore, to reduce confusion, an international 
committee developed a system that names the en-
zyme according to the type of chemical reaction it 
catalyzes. In this scheme, enzymes are provided a 
systematic name and a numerical identifi cation. In 
addition, a shorter version of the systematic name, 
called the recommended name, was provided for 
everyday use. With the exception of some older 
enzyme names (e.g., pepsin, trysin, and rennin) all 
enzyme names end with the suffi x “ase” and refl ect 
both the job category of the enzyme and the re-
action it catalyzes. For example, enzymes called ki-
nases add a phosphate group (i.e., phosphorylate), a 
specifi c molecule. Other enzyme categories include 
dehydrogenases, which remove hydrogen atoms 
from their substrates, and oxidases, which catalyze 
oxidation-reduction reactions involving molecular 
oxygen. Enzymes called isomerases rearrange atoms 
within their substrate molecules to form structural 
isomers (i.e., molecules with the same molecular for-
mula but with a different structural formula).

the enzyme’s active site is specifi c to the shape of a 
particular substrate, which allows the two molecules 
(enzyme 1 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 modifi ed by several factors; 
this will be discussed shortly.
 Note that cellular enzymes can often play a key 
role in diagnosing specifi c illnesses. For example, 
when tissues are damaged due to a disease, dead cells 
within these tissues release enzymes into the blood. 
Many of these enzymes are not normally found in 
blood and therefore provide a clinical “clue” to diag-
nose 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.

Classifi cation of Enzymes In the early days of 
biochemistry, enzymes were named by the scientist 

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. Because 
many of these intracellular enzymes 
are not normally found in blood, 
the presence of a specifi c enzyme in 
blood provides important diagnostic 
information regarding the source of 
the medical problem. In practice, the 
diagnostic test proceeds as follows. 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 specifi c enzyme in a 
test tube. The results of this test can 
often assist in making a  diagnosis. 
For example, the fi nding that the 
blood sample contains high levels 
of the enzyme lactate dehydrogenase 

would suggest that the patient expe-
rienced a myocardial infarction (i.e., 
heart attack). Similarly, elevated blood 
levels of the enzyme creatine kinase 
would also indicate cardiac injury and 
would provide additional evidence 
that the patient  suffered a heart at-
tack. See Table 3.1 for additional ex-
amples of the diagnostic usage for 
specifi c enzymes found in blood.

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-specifi c 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
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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 ex-
ercise (e.g., 100- to 200-meter dash) 
because the depletion of PC results 
in a reduction in the rate of ATP pro-
duction by the ATP-PC system. Stud-
ies have shown that ingestion of large 
amounts of creatine monohydrate 
(20 grams/day) over a fi ve-day period 
results in increased stores of muscle 
PC (2, 6, 14, 19, 26, 39). This creatine 
supplementation has been shown 
to improve performance in labora -
tory settings during short-duration 
(e.g., 30 seconds), high-intensity 
stationary cycling exercise (14, 19, 
24, 26, 39). Note, however, that 
 results on the infl uence of creatine 
supplementation on improving 
 performance during short-duration 
running and swimming are not con-
sistent (2, 14, 19, 26, 39).

 Interestingly, studies also suggest 
that creatine supplementation in con-
junction with resistance exercise train-
ing results in an enhanced physiologic 
adaptation to weight training (2, 5, 15, 
23, 32, 39). Specifi cally, these studies 
indicate that creatine supplementa-
tion combined with resistance training 
promotes an increase in both dynamic 
muscular strength and fat-free mass. 
Nonetheless, whether creatine sup-
plementation improves isokinetic or 
isometric muscular strength remains 
controversial (2).
 Does oral creatine supplementa-
tion result in adverse physiological 
side effects and pose health risks? Un-
fortunately, a defi nitive answer to this 
question is not available. Although an-
ecdotal reports indicate that creatine 
supplementation can be associated 
with negative side effects such as nau-
sea, neurological dysfunction, minor 
gastrointestinal distress, and muscle 
cramping, these reports are not well 

documented (2, 7, 14, 20, 39). At pres-
ent, due to limited data, a fi rm conclu-
sion 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 prolonged creatine sup-
plementation has not been established.
 An important issue related to the 
use of creatine and other dietary 
supplements is the possibility of con-
tamination within the product; that 
is, the supplement product may con-
tain other chemical compounds in ad-
dition to creatine (27). Indeed, this is 
an important safety issue in the “over-
the-counter supplement” industry 
because a large study has reported a 
high level of variability in the purity 
of over-the-counter products (27). For 
more information on creatine and ex-
ercise performance, see Tarnopolsky 
(2010) in the Suggested Readings.

A CLOSER LOOK 3.2

Lactic Acid or Lactate?
In many textbooks, the terms “lac-
tic acid” and “lactate” are used 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 explanation: 

The term lactate refers to the salt of 
lactic acid (Fig. 3.12) (4). You may re-
call from another science course that 
when acids dissociate and release hy-
drogen ions, the remaining molecule 
is called the conjugate base of the acid. 
It follows that lactate is the conjugate 
base of lactic acid. Because of the close 

 relationship between lactic acid and 
lactate, many authors use these terms 
interchangeably (3). Remembering the 
relationship between lactic acid and 
lactate will reduce confusion when 
you read about these molecules in fu-
ture 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.

breakdown of glucose or glycogen to form two mol-
ecules of pyruvate or lactate (Fig. 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 sarcoplasm of the muscle cell and produces a 
net gain of two molecules of ATP and two mole-
cules of pyruvate or lactate per glucose molecule 
(see A Closer Look 3.2).
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■   Objectives  

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

1.  Describe the scope of exercise physiology as a 
branch of physiology. 

2.  Describe the infl uence of European scientists 
on the development of exercise physiology. 

3.  Name the three Nobel Prize winners whose 
research work involved muscle or muscular 
exercise.  

4.  Describe the role of the Harvard Fatigue 
Laboratory in the history of exercise physiology 
in the United States.  

5.  Describe factors infl uencing physical fi tness in 
the United States over the past century.  

6.  List career options for students majoring in 
exercise science or kinesiology.  

Introduction to Exercise 
Physiology       
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 Does one need to have a “genetic gift” of speed to 
be a world-class runner, or is it all due to train-

ing? What happens to your heart rate when you take 
an exercise test that increases in intensity each min-
ute? What changes occur in your muscles as a result 
of an endurance-training program that allows you to 
run at faster speeds over longer distances? What fuel— 
carbohydrate or fat—is most important when running 
a marathon? Research in exercise physiology provides 
answers to these and similar questions.  
  Physiology is the study of the function of tis-
sues (e.g., muscle, nerve), organs (e.g., heart, lungs), 
and systems (e.g., cardiovascular). Exercise physiology 
extends this to evaluate the effect of a single bout of 
exercise (acute exercise) and repeated bouts of exer-
cise (i.e., training programs) on these tissues, organs, 
and systems. In addition, the responses to acute ex-
ercise and training may be studied at high altitude 
or in extremes of heat and humidity to determine 
the impact of these environmental factors on our abil-
ity to respond and adapt to exercise. Finally, stud-
ies are conducted on young and old individuals, both 
healthy and those with disease, to understand the 
role of exercise in the prevention of or rehabilitation 
from various chronic diseases. 
  Consistent with this perspective, we go beyond 
simple statements of fact to show how information 
about the physiology of exercise is applied to the pre-
vention of and rehabilitation from coronary heart dis-
ease, the performances of elite athletes, and the ability 
of a person to work in adverse environments such as 
high altitudes. The acceptance of terms such as  sports 
physiology, sports nutrition , and  sports medicine  is evi-
dence of the growth of interest in the application 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 medi-
cine, are of interest to students studying exercise 
physiology. We will expand on career opportunities 
later in the chapter. 

  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 pre-
sented (i.e., muscle, cardiovascular responses, altitude). 
We hope that by linking a person to a major accom-
plishment within the context of a chapter, history will 
come alive and be of interest to you. 

  BRIEF HISTORY OF 
EXERCISE PHYSIOLOGY 
  The history of exercise physiology represents a global 
perspective involving scientists from many different 
countries. In this section we begin with the impact 
European scientists have had on the development of 
exercise physiology. We then describe the role of the 
Harvard Fatigue Laboratory in the growth of exercise 
physiology in this country. 

  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 (12). Hill 
and Meyerhof shared the Nobel Prize in Physiology 
or Medicine in 1922. Hill was recognized for his pre-
cise measurements of heat production during muscle 
contraction and recovery, and Meyerhof for his discov-
ery of the relationship between the consumption of 
oxygen 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 un-
derstand the physiological factors related to distance-
running performance (6) (see Chap. 19).     

A. Archibald V. Hill, B. August Krogh, C. Otto F. Meyerhof

A B C
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  Although Krogh received the Nobel Prize for his 
research on the function of capillary circulation, he 
had a major impact on numerous areas of investiga-
tion. Furthermore, like many productive investigators, 
his infl uence was due not only to his own work, but to 
that of his students and colleagues as well. Krogh’s col-
laboration with Johannes Lindhard resulted in classic 
studies dealing with carbohydrate and fat metabolism 
during exercise, and how the cardiovascular and respi-
ratory systems’ responses are controlled during exer-
cise (4). Three of Krogh’s students, Erling Asmussen, 
Erik Hohwü-Christensen, and Marius Nielsen (called 
the three musketeers by Krogh), had a major impact on 
exercise physiology research throughout the middle 
of the twentieth century. These investigators, in turn, 
trained a number of outstanding physiologists, several 
of whom you will meet throughout this text. The 
A ugust Krogh Institute in Denmark contains some of 
the most prominent exercise physiology laboratories 
in the world. Marie Krogh, his wife, was a noted sci-
entist in her own right and was recognized for her in-
novative work on measuring the diffusing capacity of 
the lung. We recommend the biography of the Kroghs 
written by their daughter, Bodil Schmidt-Nielsen (see 
Suggested Readings), for those interested in the history 
of  exercise physiology. 
  Several other European scientists must also be 
mentioned, not only because of their contributions to 
the exercise physiology, but also because their names 
are commonly used in a discussion of exercise physi-
ology. 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 (15). 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 con-
ducted at various altitudes. The canvas-and- rubber gas 

 IN SUMMARY   
   ■    A. V. Hill, August Krogh, and Otto Meyerhof 

received the Nobel Prize for work related to 
muscle or muscular exercise.  

   ■    Numerous European scientists have had a major 
impact on the fi eld of exercise physiology.   

collection bag used for many years in  exercise physi-
ology 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 Chap. 10). Interestingly, it was Krogh 
who did the actual experiments that enabled Bohr to 
 describe his famous “shift.” (4, 15). 

    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 labora-
tory opened in 1927 until it closed in 1947 (18). 
 Table 0.1  shows that the scientists conducted re-
search in numerous areas, in the laboratory and in 
the fi eld, and the results of those early studies have 
been supported by recent investigations. Dill’s clas-
sic text,  Life, Heat, and Altitude  (14), is recommended 
reading for any student of exercise and environmental 
physiology. Much of the careful and precise work of 
the laboratory was conducted using the now-classic 
Haldane analyzer 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  Figure 0.1 ). 

The “three musketeers”: From left to right: Erling Asmussen, Erik 
Hohwü-Christensen, and Marius Nielsen David Bruce Dill
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  TABLE 0.1  Active Research Areas in the 
Harvard Fatigue Laboratory 

      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 assessment techniques  

   Vitamins  

   Foods    
   Physical fi tness  
    Harvard Step Test  

 Foreign “Fellows” included the “three muske-
teers” mentioned in the previous section (E. Asmus-
sen, E. Hohwü-Christensen, and M. Nielsen) and the 
Nobel Prize winner August Krogh. These scientists 
brought new ideas and technology to the lab, partici-
pated in laboratory and fi eld studies with other staff 
members, and published some of the most important 
work in the exercise physiology between 1930 and 
1980.  Rudolpho Margaria, from Italy, went on to ex-
tend 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 
standardize electronic gas analyzers (18).     
  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 r esearch outside Boulder City, Nevada, into the 
1980s. He died in 1986 at the age of 93. 
  Progress toward understanding any issue in ex-
ercise physiology transcends time, national origin, 
and scientifi c training. Solutions to diffi cult ques-
tions require the interaction of scientists from  diverse 
disciplines and professions such as physiology, bio-
chemistry, molecular biology, and medicine. We 
recommend  Exercise Physiology—People and Ideas  (see 
the Suggested Readings) to further your understand-
ing 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 scien-
tists and clinicians with our “Ask the Expert” boxes 
throughout the text, both to introduce them to you 

                   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 re-
search in the physiology of exercise. Two doctoral 
students, Steven Horvath and Sid Robinson, went on 
to distinguished careers at the Institute of Environ-
mental Stress in Santa Barbara and Indiana University, 
respectively. 

Figure 0.1 Comparison of old and new technology used to measure oxygen consumption and carbon dioxide produc-
tion during exercise. (Left: The Carnegie Institute of Washington, D.C.; Right: COSMED.)



100 years ago. Between the Civil War and the First 
World War (WWI), physical education was primarily 
concerned with the development and maintenance 
of fi tness, and many of the leaders in physical educa-
tion were trained in medicine (13) (p. 5). For example, 
Dr.  Dudley Sargent, hired by Harvard University in 
1879, set up a physical training program with indi-
vidual exercise prescriptions to improve a person’s 
structure and function to achieve “that prime physi-
cal condition called fi tness—fi tness for work, fi tness 
for play, fi tness for anything a man may be called 
upon to do” (33) (p. 297).     

and for them to share their current ideas. In addition, 
“A Look Back—Important People in Science,” is used to 
recognize well-known scientists who have infl uenced 
our understanding of exercise physiology. In this con-
text you will get to know those who have gone before 
and those who are currently leading the charge.     

 IN SUMMARY  
■  The Harvard Fatigue Laboratory was a focal 

point in the development of exercise physiol-
ogy 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 ex-
ercise and environmental physiology produced 
by the scientists in that laboratory formed the 
foundation for new ideas and experimental 
methods that still infl uence us today. 

 PHYSIOLOGY, PHYSICAL 
FITNESS, AND HEALTH  
 Physical fi tness is a popular topic today, and its popu-
larity has been a major factor in motivating college 
students to pursue careers in physical education, 
exercise physiology, health education, nutrition, 
physical therapy, and medicine. In 1980, the Public 
Health Service listed “physical fi tness and exercise” 
as one of 15 areas of concern related to improving 
the country’s overall health (30). This was far from 
a new idea. Similar  interests and concerns about 
physical fi tness existed in this country more than Dudley Sargent

A. Steven Horvath, B. Sid Robinson.

A B
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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, cardiorespiratory fi tness, and 
low-back function. A parallel fi tness test, FitnessGram, 
was developed by The Cooper Institute in 1982, in-
cluding software to support the scoring and printing 
of reports (see http://www.fi tnessgram.net
/home/). For readers interested in the history of fi t-
ness testing in schools, we recommend Morrow et al.’s 
review 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 
Ameri can 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 re-
sponsible for more deaths than the classic infectious 
and contagious diseases. In 1966, a major symposium 
highlighted the need for more research in the area of 
physical activity and health (31). In the 1970s, there 
was an increase in the use of exercise tests to diag-
nose heart disease and to aid in the prescription of 
exercise programs to improve cardio vascular health. 
Large corporations developed “executive” fi tness pro-
grams to improve the health status of that high-risk 
group. While most Americans are now familiar with 
such programs, and some students of exercise physiol-
ogy seek careers in “corporate fi tness,” such programs 
are not new. The photo in  Figure 0.2 , taken from the 
1923 edition of McKenzie’s  Exercise in Education and 
Medicine  (25), shows a group of businessmen in cos-
tume doing dance exercises. In short, the idea that 

  Sargent was clearly ahead of his time in pro-
moting health-related fi tness. Later, war became a 
primary force driving this country’s interest in physi-
cal fi tness. Concerns about health and fi tness were 
raised during WWI and WWII when large numbers 
of draftees failed the induction exams due to men-
tal and physical defects (17) (p. 407). These concerns 
infl uenced the type of physical education programs 
in the schools during these years, making them re-
semble premilitary training programs (37) (p. 484). 
Interestingly, whereas stunted growth and being 
underweight were major reasons for rejecting mili-
tary recruits in WWII, obesity is the major cause for 
rejecting recruits today (see “Still Too Fat to Fight” 
at http://www. missionreadiness.org/2012
/still-too-fat-to-fi ght/). 
  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 Euro-
pean children (37) (p. 516). Due to the latter fi nding, 
President Eisenhower initiated a conference in 1955 
that resulted in the formation of the President’s Coun-
cil on Youth Fitness. The  American Association for 
Health, Physical Education, and Recreation (AAHPER) 
supported 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” (22): 

  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 Fit-
ness” to highlight the concern for fi tness. The name 
was changed again in the Nixon administration to the 
“President’s Council on Physical Fitness and Sports,” 
which supported fi tness not only in schools, but 
also in business, industry, and for the general public. 
The name was most recently changed by President 
Obama to the “President’s Council on Fitness, Sports, & 
 Nutrition” to focus more attention on the obesity epi-
demic (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 Edu-
cation, Recreation, and Dance (AAHPERD) published 

Figure 0.2 A group of businessmen in a dancing class 
under the direction of Oliver E. Hebbert.

http://www.fitnessgram.net/home/
http://www.missionreadiness.org/2012/still-too-fat-to-fi ght/
www.fitness.gov
http://www.missionreadiness.org/2012/still-too-fat-to-fi ght/
http://www.fitnessgram.net/home/
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  PHYSICAL EDUCATION TO 
EXERCISE SCIENCE AND 
KINESIOLOGY 
  Undergraduate academic preparation in physical 
education has changed over the past fi ve decades 
to refl ect the explosion in the knowledge base re-
lated to the physiology of exercise, biomechanics, 
and exercise prescription. This occurred at a time 
of a perceived reduced need for school-based physi-
cal education teachers and an increased need for 
exercise professionals in the preventive 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 
or Kinesiology. 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 (35). 
There has been an increase in the number of pro-
grams requiring undergraduates to take one year 
of calculus, chemistry, and physics, and courses in 
organic chemistry, biochemistry, anatomy, physiol-
ogy, and nutrition. In many colleges and universi-
ties, little difference now exists 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 

regular 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 in 1996 and the appearance of the fi rst U.S. 
Physical Activity Guidelines in 2008 put them to rest 
(see “A Closer Look 0.1”). 

 IN SUMMARY   
   ■    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. In WWII, being underweight 
and small of stature were major reasons for 
rejecting military recruits; today, obesity is a 
major cause for rejection.  

   ■    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. Government and profes-
sional 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.   

A CLOSER LOOK 0.1

 By the early to mid-1980s, it had be-
come clear that physical inactivity was 
a major public health concern (30). In 
1992, the American Heart Association 
made physical inactivity a major risk 
factor for cardiovascular 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 rec-
ommendation that “Every U.S. adult 
should accumulate 30 minutes or 
more of moderate-intensity physical 
activity on most, preferably all, days of 
the week” (28). A year later, the  Sur-
geon General’s Report on Physical Activ-
ity and Health  was published (36). 
  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 physical activity, and 25% were 
not active at all. This report was 
based on the large body of evidence 
available from epidemiological stud-
ies, small-group training studies, and 
clinical investigations showing 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 
and promote psychological 
well-being   

 In 2008 the fi rst edition of the  U.S. 
Physical Activity Guidelines  was 

 published (http://www.health
.gov/paguidelines/guidelines
/default.aspx). This document was 
developed on the basis of an Advisory 
Committee’s comprehensive review 
of the research since the publication 
of the  Surgeon General’s Report  in 
1996 (for the Advisory Committee Re-
port, see http://www.health.gov
/paguidelines/Report/ Default
.aspx). Recently, a Midcourse Report 
focusing on strategies to increase physi-
cal activity among youth was pub-
lished (http://www.health.gov
/ paguidelines/midcourse/) . 
The  U.S. Physical Activity Guidelines , 
along  with the  Dietary Guidelines 
for Americans 2010  (http://www
.health.gov/dietaryguidelines/), 
provides important information on how 
to address our problems of inactivity 
and obesity. (We discuss this in more 
detail in  Chaps. 16, 17, and 18.) 

http://www.health.gov/paguidelines/guidelines/default.aspx
http://www.health.gov/paguidelines/guidelines/default.aspx
http://www.health.gov/paguidelines/guidelines/default.aspx
http://www.health.gov/paguidelines/Report/ Default.aspx
http://www.health.gov/paguidelines/midcourse/
http://www.health.gov/paguidelines/midcourse/
http://www.health.gov/dietaryguidelines/
http://www.health.gov/dietaryguidelines/
http://www.health.gov/paguidelines/Report/ Default.aspx
http://www.health.gov/paguidelines/Report/ Default.aspx
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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 Labo-
ratory is found at Pennsylvania State University. 
Dr. Ancel Keys, a staff member at the Harvard F atigue 
Laboratory, brought Henry Longstreet Taylor back 
to the Laboratory for Physiological Hygiene at the 
University of Minnesota, where he received his Ph.D. 
in 1941 (10). Taylor subsequently advised the re-
search work of Elsworth R. Buskirk, who designed 
and directed the Laboratory for Human Performance 
Research (Noll Laboratory) at Pennsylvania State Uni-
versity. Noll Laboratory continues in the tradition of 
the Harvard Fatigue Laboratory with a comprehen-
sive research program of laboratory and fi eld research 
into basic exercise, environmental, and industrial 
research questions (9). However, it is clear that ex-
cellent research in exercise and environmental physi-
ology is conducted in laboratories other than those 
that have a tie to the Harvard Fatigue Laboratory. 
Laboratories are found in physical education depart-
ments, physiology departments in medical schools, 
clinical medicine programs at hospitals, and in inde-
pendent facilities such as the Cooper Institute for 
Aerobics Research. The proliferation and specializa-
tion of research involving exercise is discussed in the 
next section. 
  It should be no surprise that the major issues 
studied by researchers in exercise physiology have 
changed over the years.  Table 0.2 , from Tipton’s look 
at the 50 years following the closing of the Harvard 
Fatigue Laboratory, shows the subject matter areas 
that were studied in considerable detail between 
1954 and 1994 (35). A great number of these topics 
fi t into the broad area of systemic physiology or were 
truly applied physiology issues. Although research 
continues to take place in most of these areas, Tip-
ton believes that many of the most important ques-
tions to be addressed in the future will be answered 
by those with special training in molecular biology. 
Baldwin (5) supported Tipton’s viewpoint and pro-
vided a summary of important questions dealing 
with exercise and chronic disease whose answers are 
linked to functional genomics and proteomics, im-
portant new tools for the molecular biologist. How-
ever, he also noted the need for increased research to 
address physical activity and chronic diseases at the 
lifestyle and behavioral levels. This “integrated” ap-
proach, crossing disciplines and technologies, should 
be refl ected in the academic programs educating the 
next generation of exercise science students. We 
recommend the chapters by Tipton (35) and Buskirk 
and Tipton (11) for those interested in a detailed 
look at the development of exercise physiology in 
the United States. 

tracks lie in the “application” courses that follow. 
Biomechanics, physiology of exercise, fi tness assess-
ment, exercise prescription, strength and condition-
ing, 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 ex-
ample of a rediscovery of old roots rather than a 
revolutionary change. Kroll describes two 4-year 
professional physical education programs in the 
1890s, one at Stanford and the other at Harvard, 
that were the forerunners of today’s programs (23) 
(pp. 51–64). They included the detailed scientifi c 
work and application courses with clear prerequi-
sites cited. Finally, considerable time was allotted 
for laboratory work. No doubt, Lagrange’s 1890 text, 
 Physiology of Bodily Exercise  (24), served as an im-
portant reference source for these students. The ex-
pectations 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 completing 
two years of study (23) (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 tremen-
dous expansion in the number of universities offering 
graduate study and research opportunities in exercise 
physiology. A 1950 survey showed that only 16 col-
leges or universities had research laboratories in de-
partments of physical education (19). By 1966, 151 
institutions had research facilities, 58 of them in ex-
ercise 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 (11, 35). 
  “The scholar’s work will be multiplied many 
fold through the contribution of his students.” This 
quote, taken from Montoye and Washburn (26, 27), 
expresses a view that has helped attract research-
ers and scholars to universities. Evidence to support 
this quote was presented in the form of genealogical 
charts of contributors to the  Research Quarterly  (27). 
These charts showed the tremendous infl uence a 
few people had through their students in the expan-
sion of research in physical education. Probably the 
best example of this is Thomas K. Cureton, Jr., of the 
University of Illinois, a central fi gure in the training 




