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Physical activity is the most underutilized medical intervention in prevention 
and management of cardiovascular disease. This despite the fact that it is 
inexpensive, relatively low risk, and easily incorporated in most lifestyles. 
The link between physical activity and health was recognized by Hippocrates 
in the fifth century BC. Hippocrates stated that a sedentary lifestyle renders 
the body liable to disease and premature aging. Conversely, moderate physi-
cal activity promotes health and slows the aging process. Scientific scrutiny 
of this concept began in the early 1950s with the landmark work of Morris 
and coworkers reporting that mortality rates were approximately 50% lower 
in civil servants with jobs requiring more physical activity versus those serv-
ing in more sedentary positions. For more than half a century now, a plethora 
of evidence has accumulated from large, long-term epidemiological studies 
that support a strong, inverse, and independent association between physical 
activity, cardiorespiratory fitness, and cardiovascular and overall mortality in 
apparently healthy individuals and in patients with documented chronic dis-
ease. In addition, similar associations have been observed between incidence 
of chronic disease and fitness.

The exercise-related health benefits are related in part to favorable modu-
lations in both the traditional and novel cardiovascular risk factors that have 
been observed with increased physical activity patterns or structured exercise 
programs. The primary reason for this protection is the innate capacity of the 
body to adapt to an imposed demand. Specifically, the increased energy 
requirements during physical activity (work) place a greater demand on all 
biological systems involved to meet this demand. Consequently, acute 
changes occur to meet the increased metabolic demand. Moreover, if the 
demand (exercise) is adequate and chronic (over several weeks), the adapta-
tions made are also chronic and designed to make the systems involved in the 
task more efficient and, ultimately, more resilient to injury and disease. 
Specific mechanisms modulating these adaptations and the protection against 
disease and death have also been defined in recent years.

The overwhelming evidence on the link between cardiorespiratory fitness, 
chronic diseases, and mortality risk has shifted attention of the medical pro-
fession to seriously consider fitness status as part of the patient’s medical 
profile and to encourage patients to increase their daily physical activity.

Preface
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Accordingly, this book provides a comprehensive overview on exercise- 
related cellular, cardiovascular, and metabolic chronic adaptations in healthy 
and diseased populations and, in addition, an extensive review of the  literature 
on the preventive and therapeutic aspects of physical activity, exercise, and 
cardiorespiratory fitness on cardiovascular risk factors and cardiometabolic 
diseases.

Washington, DC, USA Peter Kokkinos
Burke, VA, USA Puneet Narayan
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Physical Activity, 
Cardiorespiratory Fitness, 
and Health: A Historical 
Perspective

Peter Kokkinos and Jonathan Myers

 Introduction

Survival for the primitive man depended on his 
ability to hunt, carry the prey back to his family, 
and at times fight fiercely to keep it. As ancient 
civilizations began to develop, the importance of 
physical strength and endurance in the battlefield 
was recognized, leading to the development and 
implementation of rigid training programs solely 
for the military purposes and ultimately for the 
expansion of the empire [1, 2].

A clear departure from this concept for the 
first time in history was observed in ancient 
Greece, particularly Athens. No other ancient 
civilization has held fitness in such high regard. 

Greeks viewed the development of a strong and 
enduring body not only as part of a military doc-
trine but also, and even more important, as an 
integral part in the pursuit of physical and mental 
health. The enduring concept of the harmonious 
existence between mind and body and the impor-
tance of equally cultivating both are also elo-
quently echoed later by the philosopher Plato in 
the following statement:

Physical activity is not merely necessary to the 
health and development of the body, but to balance 
and correct intellectual pursuits as well. The mere 
athlete is brutal and philistine, the mere intellectual 
unstable and spiritless. The right education must 
tune the strings of the body and mind to perfect 
spiritual harmony.

These concepts provided the basis for 
 athletics—from the Greek “athlos” meaning com-
petition requiring physical attributes for ultimate 
achievement—the development of certain sports 
that are still practiced (running, discus and javelin 
throwing, decathlon, pentathlon, boxing, etc.), the 
spirit of competition, and, finally, the Olympics.

 Physical Activity and Health 
Connection

In addition to athletics, the overall health benefits 
of physical activity and fitness was recognized by 
founding medical practitioners including 
Hippocrates and Galen [3]. The most systematic 
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recordings of observations, concepts, and state-
ments describing health benefits attributed to 
physical activity are from ancient Greek physi-
cians and philosophers. These concepts had a 
great influence on Western civilization and pro-
vided the basis for our modern views in the asso-
ciation between physical activity and health.

More importantly, it is the precise statements 
and details that emphasize not only the connec-
tion between fitness and health but also the 
implementation of fitness to a large population, 
something we also struggle with today. For 
example, the Greek physician Hippocrates states:

Speaking generally, all parts of the body which 
have a function, if used in moderation and exer-
cised in labors to which each is accustomed, 
become thereby healthy and well developed and 
age slowly; but if unused and left idle, they become 
liable to disease, defective in growth, and age 
quickly.

Within that short statement, Hippocrates intro-
duces two major and essential concepts regarding 
fitness and health. First, he emphasizes the 
importance of moderation in the pursuit of health 
through increased physical activity, something 
that was documented only recently after years of 
research. Second, Hippocrates makes the connec-
tion between physical inactivity, the incidence of 
disease, and premature aging. In another pro-
found statement, Hippocrates is more direct:

Walking is a man’s best medicine.

Today, after years of research, most authori-
ties on the subject agree that walking is the safest 
and the most effective form of exercise that can 
be implemented in large populations to foster 
health.

And then:

If we could give every individual the right amount 
of nourishment and exercise, not too little and not 
too much, we would have found the safest way to 
health.

In addition to combining diet and physical activ-
ity, Hippocrates in the later statement touches 
upon another important concept. He emphasizes 
the “right amount, not too little and not too 

much…” This statement clearly indicates that 
Hippocrates was keenly aware that only the 
proper amount will yield health benefits. Too 
much is likely to cause harm, and not enough will 
be ineffective.

Galen followed in the footsteps of Hippocrates. 
Overall, Galen viewed hygiene as an important 
part of medicine and exercise as a key branch of 
hygiene. Accordingly, in his text On Hygiene, 
Galen emphasized the need for physical activity 
in all ages. He also explains that for exercise to 
yield health benefits, it must be of certain vigor, 
enough to increase respiration, and that move-
ments which do not alter the respiration are not 
called exercise. He viewed hygiene as an impor-
tant part of medicine and exercise as a key branch 
of hygiene. He viewed health as not just the 
absence of disease but a physiological state that 
can be optimized by regimental exercise. He 
wrote “The term ‘health’ applies to a certain state; 
the term ‘good condition’ to excellence within the 
state, and to its stability.” Galen states that the 
healthiest body is a “well-conditioned” and con-
cludes that “the ‘well-conditioned’ is the healthi-
est arrangement, and the goal of all men” [4, 5].

Interestingly, Galen did not view athletes 
kindly. He accuses them of violating the concept 
“Παν μέτρον άριστον” (moderation in all is best) 
that prevailed in the ancient Greek world. Galen 
further suggests that athletes “exceed the proper 
measure in exertion, are in miserable pain,” and 
when they stop competing, most parts of their 
bodies become deformed. As discussed later, 
Galen’s view of athletes had lasting influence on 
Western medicine well into the late nineteenth 
century [4, 5].

Following the decline of Hellenism, the 
Romans, despite their admiration for the Greek 
civilization and their attempt to emulate it, the 
Athenian concept of fitness as an integral part of 
a healthy individual and a healthy vibrant society 
perished, and physical conditioning was, once 
again, used strictly for military purposes [6]. 
Fitness levels of the general Roman population 
declined as individuals became enamored with 
wealth and entertainment, such as the gladiator 
battles. Materialistic acquisition and excess 

P. Kokkinos and J. Myers
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became higher priorities than physical condition. 
The  historian Dr. Pierre Cagniart states and sums 
up the difference between Greek and Roman atti-
tude toward sports in the following statement: “a 
Greek would throw a javelin for distance whereas 
a Roman would throw at a target.” Eventually, the 
lavish lifestyle and decadence of the Romans led 
to a decline of interest in fitness and physical 
decay ensued. Some historians believe that this 
decay leads to the downfall of the Roman civili-
zation to the physically superior barbarian tribes 
from Northern Europe [7]. The lifestyle of these 
tribes consisted of hunting and gathering food, 
and once again, physical activity and fitness 
became a prerequisite for survival [8].

During the Renaissance, a renewed interest in 
the human body emerged. Physical education 
programs expanded within emerging nations of 
Europe, especially Germany, Denmark, Sweden, 
and Great Britain. Educators such as Per Henrik 
Ling of Sweden used science and physiology to 
better understand the importance of fitness. Per 
Henrik Ling and Archibald Maclaren, a medical 
student in England, also advocated that exercise 
programs should be tailored based on individual 
differences [9, 10].

 Physical Activity in the United 
States

In the 1800s United States, fitness to some extent 
was influenced by European concepts. Benjamin 
Franklin and Thomas Jefferson recognized the 
importance of regular physical activity for good 
health and encouraged physical activity for all 
Americans [11]. President Thomas Jefferson 
acknowledged the necessity for fitness and advo-
cated no less than 2 h a day should be devoted to 
exercise regardless of weather.

Galen’s unfavorable view of athletics was 
shared by many physicians of the nineteenth cen-
tury as they witnessed athletes enduring severe 
injuries related to participation in college and 
professional sports. Following the civil war, a 
number of scholars and physicians with vision 
believed that physical education programs should 

be developed and promote exercise that would 
improve health-related fitness, not sports and 
games. They founded and led the “physical edu-
cation” movement and were the proponents of 
moderate exercise for all, focusing on bodily 
development and health instruction. However, 
the popularity of sports was increasing. 
Consequently, the majority of physical education 
programs focused on sports and games. Physical 
education gradually became associated with 
sports skills, and those who taught physical edu-
cation classes were generally coaches. 
Accordingly, they focused on highly skilled stu-
dents and neglected the less athletically inclined 
majority.

The debate between health-related fitness and 
skill-related fitness physical education programs 
continued to exist [12]. Harvard educator Dudley 
Allen Sargent was motivated to understand how 
exercise prescription could make the weak strong 
and the strong well and ensure a course of action 
that would attack the incipient forms of diseases. 
While Sargent was not an exercise physiologist, 
he was a physical educator and conducted semi-
nal observational studies using physical exami-
nations, strength assessments, and anthropometric 
measurements to assess human performance. His 
work framed questions related to understanding 
how individuals varied in size, strength, and 
development compared to the mean values for the 
same age and sex. He developed simple tests 
such as the Sargent vertical jump test and the 
40-yard dash which have been used for decades 
to assess power, explosive strength, and speed. 
Clearly, one can appreciate the diversity in body 
types, or somatotypes, ranging from ectomorph 
to mesomorph to endomorph. However, physical 
fitness was not promoted in the United States as 
was in Europe and, despite the attempts of schol-
ars such as Dr. J.C. Warren and Catherine 
Beecher, remained missing from the public edu-
cation system for the better part of the nineteenth 
century [10].

In 1887, the physician, J. William White, a 
faculty member at the University of 
Pennsylvania, wrote: “Let it be understood that 
the main object and idea of exercise is the 

1 Physical Activity, Cardiorespiratory Fitness, and Health: A Historical Perspective
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acquirement or preservation of health; that it is 
by far the most important therapeutic and 
hygienic agency at the command of the physi-
cian of today; that it can be prescribed on as 
rational a basis with as distinct reference to the 
correction of existing troubles or the preven-
tion of threatened ones as any of the drugs of 
the pharmacopeia” [13]. By 1900, all states 
required instruction in the “Laws of Health,” 
which became part of the curriculum of “phys-
ical education.” The earliest books about phys-
ical fitness were “Health, Strength and Power”, 
written by Harvard M.D.  Dudley Sargent in 
1904 [14] and Exercise in Education and 
Medicine, published in 1909 by R.  Tait 
McKenzie, a University of Pennsylvania physi-
cian and physical educator [15].

At the beginning of the twentieth century, 
the decadence of the twenties and the great 
depression that followed shifted the nations’ 
emphasis elsewhere, and up to World War II, 
fitness was ignored [10, 16, 17]. During this 
time, two reports prompted action towards 
emphasis on fitness. First, The World War II 
statistics gathered on draftees revealed a 
gloomy picture on the physical fitness of young 
men. Of the nine million registrants, almost 
three million were not qualified to serve for 
physical and mental reasons [16, 18]. Shortly 
after, the finding of muscular fitness of school-
children released in 1954 was equally disturb-
ing. The Kraus-Weber test consisted of six 
simple movements of key muscle groups was 
administered to US children. Almost 58% of 
the children failed the test compared to only 
8.7% of European children [19]. These find-
ings prompted President Eisenhower to call for 
a special White House Conference, held in 
1956. As a result of this, the President’s 
Council on Youth Fitness and the President’s 
Citizens Advisory Committee on the Fitness of 
American Youth were formed.

An important departure from the random 
approach to physical activity and fitness also 
came during the 1940s. Dr. Thomas K. Cureton at 
the University of Illinois introduced the applica-
tion of research to fitness. Dr. Cureton recognized 

the numerous benefits of regular exercise and 
strived to answer questions concerning on the 
type and volume of exercise required to achieved 
health. He also developed fitness tests for muscu-
lar strength and flexibility and cardiorespiratory 
endurance. His research resulted in multiple rec-
ommendations for the improvement of cardiore-
spiratory fitness, including the identification of 
exercise intensity guidelines necessary for 
improved fitness levels. His suggestions became 
the fundamental basis behind future exercise pro-
grams. This is an enormous contribution because 
it propelled physical activity, human perfor-
mance, and health from the hearsay to a disci-
pline governed by scientific principles.

In 1954, the American College of Sports 
Medicine (ACSM) was formed. Perhaps this is 
the most important and a pivotal event in the his-
tory of physical activity and health. Throughout 
its history, ACSM has established position stands 
on various exercise-related issues based on scien-
tific research. The College has been one of the 
premier organizations in the promotion of health 
and fitness to the American society and world-
wide and provides merit and legitimacy to the 
coming fitness movement [12].

In the 1960s, President John F. Kennedy 
was a major proponent of fitness and its health-
related benefits to the American people. 
Kennedy spoke openly about the need for 
American citizens to improve their fitness lev-
els including writing an article in Sports 
Illustrated entitled “The Soft American.” He 
said, “We are under-exercised as a nation; we 
look instead of play; we ride instead of walk” 
[20, 21]. Kennedy prompted the federal gov-
ernment to become more involved in national 
fitness promotion and started youth programs. 
In a statement that is reminiscent of ancient 
Greek philosophical concepts on fitness and 
health, Kennedy said that “For physical fitness 
is not only one of the most important keys to a 
healthy body; it is the basis of dynamic and 
creative intellectual activity. The relationship 
between the soundness of the body and the 
activities of the mind is subtle and complex. 
Much is not yet understood. But we do know 
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what the Greeks knew: that intelligence and 
skill can only function at the peak of their 
capacity when the body is healthy and strong; 
that hardy spirits and tough minds usually 
inhabit sound bodies” [20, 21].

Perhaps the most influential individual for 
the popularity and promotion of exercise and 
fitness in the United States and around the 
world was Dr. Kenneth Cooper. He is generally 
credited with encouraging more individuals to 
exercise than any other individual in history. 
The publication of his first book entitled 
Aerobics in 1968 expended the concept of fit-
ness beyond the high school or college gyms. 
Almost overnight exercise and fitness became 
popular. He coined the word “aerobics” for 
activities such as running, biking, swimming, 
and walking and proclaimed that such activi-
ties are the best exercises to promote fitness. In 
addition, the book sent a powerful message to 
the American people to prevent the develop-
ment of chronic diseases, exercise regularly, 
and maintain high fitness levels throughout 
life. Cooper advocated a philosophy that 
shifted away from disease treatment to one of 
disease prevention.

 Physical Activity, Exercise Capacity, 
and Health

The fifties marked the beginning of the scientific 
scrutiny of the association between physical 
activity and health. In 1953, a landmark study 
was published in the distinguished British medi-
cal journal The Lancet [22]. In this study, Dr. 
Morris and his co-workers observed that mail 
handlers who walked to deliver the mail and bus 
conductors who climbed up and down the stairs 
of the double-decker busses were dying from car-
diovascular disease at half the rate of bus drivers 
and postal workers with desk jobs. This finding 
sparked an interest worldwide. A number of sci-
entific investigations followed from different 
countries reached the same conclusion: The death 
rate for physically active individuals was about 
half compared to that of sedentary.

In the 1970s, several studies published by 
Professor Paffenbarger and his co-workers 
assessed mortality risk related to occupational 
physical work of longshoremen and leisure time 
physical activity of Harvard alumni [23–26]. 
These studies concluded that increased physical 
activity was associated with lower risk of coro-
nary mortality [longshoremen] and the risk of 
fatal and nonfatal myocardial infarctions. 
Several important findings of these studies had 
public health relevance. First, reduction in risk 
was only evident if physical activity was main-
tained throughout life. Those who played var-
sity sports but did not maintain a physically 
active lifestyle had higher mortality rate com-
pared to those who maintained a physically 
active lifestyle in adulthood. Moreover, those 
who avoided athletics in college but subse-
quently took up a more active lifestyle also had 
similarly low rates of mortality [25]. Second, 
there was a consistent, inverse, and graded asso-
ciation toward lower all-cause mortality rate; as 
physical activity-related caloric expenditure 
increased from 500 Kcal to 2000 Kcal per week, 
the mortality rate decreased. Third, the investi-
gators speculated that physical activity 
accounted for approximately 1–2 years of addi-
tional life. Finally, for the first time, there was 
evidence suggesting excessive exercise may be 
harmful. The investigators observed that an 
increase, although slight, in mortality risk in 
those expending more than 3500 Kcal per week 
[25, 26]. This will be equivalent to about 
30–35 miles of jogging per week.

The Aerobic Center Longitudinal Study, a 
prospective, observational cohort study, was 
designed to examine the effects of physical 
activity and fitness on various health outcomes. 
Over the years, this study, under the direction of 
Professor Steven Blair, has provided a wealth of 
epidemiologic evidence to support the associa-
tion and benefits of regular exercise and health. 
Dr. Blair’s work clearly demonstrated that most 
of the exercise-related health benefits are real-
ized at moderate-intensity physical activities 
such as brisk walking most days a week for 
approximately 30–40 min per session. This was 
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of enormous public health significance as this 
level of physical activity is well tolerated by 
most middle- aged and older individuals. It was 
also a paradigm shift for the concept of high-
intensity exercise that prevailed during the 
decade of the 1970s and 1980s [27, 28].

As a wealth of scientific evidence accumu-
lated over the years, it became increasingly more 
convincing that physical activity is the cheapest 
and perhaps the single most powerful deterrent 
for a number of chronic diseases that plague the 
human race. In general, their findings are based 
on middle-aged and relatively healthy cohorts. In 
addition, many of these cohorts lack comorbidi-
ties and medications of the participants.

At the beginning of the twenty-first century, 
a number of relatively large prospective epide-
miologic studies assessed the cardiorespiratory 
fitness (CRF) and health association in US vet-
erans from two Veterans Affairs Medical 
Centers in Washington, DC (Drs. Peter 
Kokkinos and Charles Faselis), and Palo Alto, 
CA (Dr. Jonathan Myers) with multiple cardiac 
risk factors, and chronic disease referred for an 
exercise tolerance test for clinical reasons. In 
general, these studies have strongly supported a 
strong, inverse, and graded association between 
the incidence of chronic disease (hypertension, 
type 2 DM, atrial fibrillation, major cardiac 
events, heart failure, etc.) and the risk of all-

cause mortality (Fig.  1.1). In addition, these 
studies provided strong evidence that the cost 
of health care is significantly reduced by small 
gains in CRF [29–50].

The unique contributions of these studies 
are noteworthy. First, the cohort consisted of 
middle- aged or older black and white males 
with multiple comorbidities. Second, detailed 
information on the medication used to treat 
chronic illness of the participants allowed 
investigators to assess the interaction between 
CRF and certain medications [44, 49, 50]. 
Finally, equal access to health care indepen-
dent of financial status and the electronic 
health records that exist in the Veterans Affairs 
Healthcare System minimized the influence of 
disparities in medical care and also enabled the 
investigators to account for prior history and 
alterations in health status and the interactions 
between certain medications and CRF.

 A Call to Action

Despite the overwhelming evidence on the impact 
of CRF on human health, the alarming increase of 
obesity in both adults and children, and the related 
health consequences, efforts to foster a physically 
active lifestyle nationwide have been sporadic and 
with questionable success.

Fig. 1.1 Exercise 
effects on chronic illness 
and mortality
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In 1992, physical inactivity was declared an 
independent risk factor for the development of 
CHD equal in status to the traditional risk factors 
of HTN, DM, dyslipidemia, and smoking [51]. In 
1996, the Surgeon General’s Report on Physical 
Activity and Health [52], the Center for Disease 
Control, the American Heart Association, and a 
number of other health agencies have declared 
physical inactivity as a health hazard for all peo-
ple. It is now recognized by authorities that 
increasing physical activity is an important pub-
lic health objective of equal importance as sound 
nutrition, the use of seat belts, and the prevention 
of adverse health effects of tobacco use. The 
main message that the government and health 
organizations want to get across is that “People 
can substantially improve their health and Quality 
of life by including moderate amounts of physi-
cal activity in their daily lives.” The report con-
tinues by stating the amount of physical activity 
and recommended that every US adult should 
accumulate 30 min of moderate-intensity physi-
cal activity on most, preferably all, days of the 
week.

In the summer of 2007, the American Heart 
Association and the American College of 
Sports Medicine issued two reports on exercise 
recommendations for the public [53, 54]. The 
central message of these reports is that all 
adults should participate in daily physical 
activity. The reports also clearly quantify the 
recommended amount of exercise needed for 
health (150 min of moderate- intensity aerobic 
physical activity for a minimum of 30 min on 
5  days each week and aerobic activity for a 
minimum of 20  min on 3  days each week). 
Resistance exercises (weight training) are also 
recommended to maximize strength develop-
ment, flexibility, and exercise to improve bal-
ance for older adults. In 2013, the AHA 
Scientific Meeting, the AHA Global Congress 
All Hearts Need Exercise: A Global Call to 
Action by The American Heart Association. 
Finally, several publications by prominent sci-
entists have emphasized the need to consider 
physical activity and CRF as part of the 
patient’s evaluation [55].

 Final Note

Despite the indisputable evidence of the associa-
tion between exercise, CRF, and health benefits, it 
is difficult to find any progress in our fitness status 
as a nation since the Surgeon General’s report in 
1996. On the contrary, all indications are that we 
are becoming fatter and less fit by the day. In fact, 
the epidemic proportions of obesity that is sweep-
ing across the United States and the galloping 
increase in the prevalence of type 2 diabetes, even 
in children as young as 10 years, are directly and 
indirectly related to the physical inactivity epi-
demic that is prevailing throughout the country. 
Approximately 55–60% of US adults are classi-
fied as overweight, and approximately 25% of 
these individuals are obese. Even more alarming 
is that children are becoming overweight and 
obese at progressively younger age. This trend in 
childhood obesity raises concerns of an even 
greater preponderance of adult obesity and 
chronic health problems. Still, many businesses 
allow or at least tolerate multiple “breaks” 
throughout the day for smoking. However, few 
allocate time for exercise. Perhaps it is time to 
give equal time to those who wish to walk as we 
give to those who wish to smoke.

Attempts to reverse this trend have begun on 
the national level. Although this is a welcoming 
and long overdue approach, it falls short of a long-
lasting solution. We, as a nation, need to change 
our attitude toward fitness, sports, and diet. For 
several decades now, there is a debate whether 
physical education programs should emphasize 
sports or health-related fitness. This should have 
never been debated. The two should and must 
coexist, for each complements the other. Our pur-
suit of sports and athletics should be inspired 
more by the olive wreath of ancient Olympians 
and less by the sword of ancient gladiators.
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Abbreviations

CMD Cardiometabolic disease
miRNA MicroRNA
RISC RNA-induced silencing complex
PGC-1α Peroxisome proliferator-activated 

receptor gamma coactivator 1-alpha
T2D Type II diabetes
OXPHOS Oxidative phosphorylation
HATs Histone acetyltransferases
HDACs Histone deacetylases

 Introduction

This chapter deals with the regulation of gene 
activity in cardiometabolic disease (CMD) and 
how exercise/physical activity can alter gene 
expression to ameliorate CMD. The definition of 
physical activity is “bodily movement produced 

by skeletal muscles that results in energy expen-
diture,” encompassing all types, intensities, and 
domains [1]. Exercise is defined as “physical 
activity that is planned, structured, repetitive, and 
designed to improve or maintain physical fitness, 
physical performance, or health” [1].

The adaptations that follow regular exercise 
training over weeks, months, and years are 
induced by cellular signaling events, including 
protein modifications and changes in gene activ-
ity in various tissues. In connection with each 
exercise session, the internal environment is 
affected. Some of these changes, often referred to 
as stimuli, are biophysical, e.g., increased body 
temperature, lowered O2 pressure, increased vas-
cular wall shear stress (friction) resulting from 
higher blood flow, and mechanical tension in the 
heart, skeletal muscles, and tendons. Additionally, 
biochemical stimuli include changes in cytoplas-
mic calcium concentrations, pH, adenosine 
monophosphate/adenosine triphosphate (AMP/
ATP) ratio, and reactive oxygen species (ROS) 
abundance. Furthermore, physiological stimuli 
during exercise constitute the release of growth 
factors and cytokines, enhanced immune cell 
activity, hormone level changes, acetylcholine 
release from α-motor neuron activation, and the 
arrival of blood-borne substrates. The level of 
change of specific stimuli depends on exercise 
type (e.g., endurance or strength) and dose (inten-
sity, duration, and frequency), which influences 
the nature and magnitude of the training response.
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The exercise-induced stimuli described above 
result in gene expression changes that, in turn, 
cause adaptation in numerous tissues within the 
body. Additionally, physical inactivity, obesity, 
and type II diabetes are all associated with 
changes in gene expression patterns. The altered 
gene expression states in these disorders arise, in 
part, from elevated blood glucose levels, insulin 
resistance, and inflammatory factors [2, 3]. As a 
way to better understand how physical activity 
can be beneficial for cardiometabolic disease risk 
factors and symptoms, this chapter will specifi-
cally discuss gene regulation in metabolically 
active tissues implicated in cardiometabolic dis-
eases and how physical activity has the potential 
to improve health via alterations in gene expres-
sion. Before we specifically discuss gene regula-
tion in cardiometabolic disease, it is important to 
discuss gene regulation in general.

 Gene Regulation

The control of gene expression takes place at 
various levels between the original gene 
sequences in DNA and the production of a func-
tional protein. Despite the various levels of gene 
expression control, perhaps the most important 
step, and the one that will be the focus of this 
chapter, is transcriptional control. Transcription 
is the first step in gene expression where DNA is 
transcribed into various forms of RNA transcripts 
[4]. Numerous processes take place to either pre-
vent or promote the transcription of genes. 
Among these processes are the binding of gene 
regulatory proteins (i.e., transcription factors) to 
DNA, local chromatin structure reorganization 
via covalent histone modifications, and covalent 
modifications directly on DNA nucleotides. 
These covalent alterations affecting gene expres-
sion are termed epigenetic modifications. In addi-
tion to these processes that regulate gene 
transcription, this chapter will touch on some 
processes that affect the presence and stability of 
mature mRNA transcripts.

 Transcription Factor Binding

Gene regulatory proteins, or, more commonly, 
transcription factors, bind to DNA in order to 
either positively or negatively regulate gene 
expression [4]. Sections of genes called enhanc-
ers and promoters are particularly important for 
gene regulation because protein binding at these 
two sites is critical for the initiation of transcrip-
tion [4]. Transcription factors bind and assemble 
at the gene promoter – a region upstream of the 
gene to be transcribed. Additional proteins bind, 
including RNA polymerase, and the RNA poly-
merase is maneuvered into position between 
DNA strands [4]. This group of transcription fac-
tors, RNA mediator proteins, and RNA poly-
merase is called the transcription initiation 
complex. Once the transcription initiation com-
plex is assembled, activator proteins bound to an 
area upstream of the promoter (the enhancer 
region) make contact with the transcription initi-
ation complex, causing transcription initiation 
[4]. Gene regulation at the point of transcription 
initiation is a common way that gene expression 
is controlled. Specifically, the presence or 
absence of transcription factors plays a large role 
in the activation or silencing of genes. As this 
chapter will highlight, several transcription fac-
tors and the corresponding gene expression are 
associated with cardiometabolic disease. 
Additionally, physical activity has the ability to 
alter the presence of various transcription factors 
and potentially influence the gene expression 
profile in tissues important in cardiometabolic 
disease.

 Epigenetic Control: Histone 
Modifications

In order to understand the role of histone modifi-
cations on gene expression, it is important to 
understand how DNA is organized within the 
nucleus of our cells. DNA is tightly packed 
around a group of eight core histone proteins 
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called a nucleosome. The nucleosome is com-
posed of a group of four core histone proteins 
(H2A, H2B, H3, and H4) grouped together as 
two H2A/H2B dimers and an H3/H4 tetramer 
[4]. Generally, DNA in contact with the nucleo-
some is inaccessible for protein binding, and 
thus, gene transcription is inhibited. Alternatively, 
DNA can unravel from nucleosomes, making it 
available for transcription to occur. Histones 
within nucleosomes can be covalently modified 
resulting in DNA rearrangement around histones, 
histone protein removal, or histone insertion to 
either promote or inhibit gene expression. These 
histone modifications are diverse and include 
methylation, acetylation, ubiquitylation, phos-
phorylation, SUMOylation, citrullination, and 
ADP-ribosylation [4].

The complex of DNA and histones is termed 
chromatin and is found in either the “transcription-
ally available” state of euchromatin or “transcrip-
tionally unavailable” state of heterochromatin [4]. 
The covalent modifications mentioned above play 
a large role in dictating whether the chromatin is in 
the euchromatic or heterochromatic state. The most 
common histone modifications that dictate chro-
matin state, and the ones to be discussed through-
out this chapter, are acetylation and methylation. 
Specifically, acetylation of histone proteins H3 and 
H4 and di- and trimethylation of lysine 4 on the H3 
protein subunit, denoted as H3K4me2 (dimethyl-
ated) or H3K4me3 (trimethylated), correspond to 
a euchromatic region open for transcription. 
However, transcriptionally repressed heterochro-
matic regions are associated with minimal acetyla-
tion and methylation of H3K9 and H3K27 [5, 6].

 Epigenetic Control: DNA Methylation

In addition to covalent modifications on histones 
that affect gene transcription, methyl groups can 
bind directly to DNA itself to influence gene 
expression. Generally, DNA methylation in gene 
promoters is associated with gene silencing. This 
gene silencing is thought to block the binding of 

proteins to DNA important for transcription ini-
tiation. Furthermore, there is a set of proteins that 
specifically bind to methylated DNA thereby 
blocking other proteins from binding [4]. DNA 
methylation primarily occurs in CpG islands of 
the genome, which are areas dense in cytosine 
bases followed by a guanine nucleotide. These 
CpG islands typically correspond with promoter 
regions of genes, especially near common house-
keeping genes [4]. Cytosine methylation is an 
effective way to silence genes that are not 
expressed in a particular cell type. Simply put, 
since every cell nucleus contains the entire 
genome, DNA methylation is a way to silence 
genes that are not required for a particular cell 
type. For example, a cardiomyocyte does not 
need genes for the production of bile, so these 
genes would be silenced. In addition to epigeneti-
cally silencing genes that are not important for a 
particular cell’s function, DNA methylation also 
functions to transcriptionally regulate genes in 
response to environmental changes [6]. In this 
way, DNA methylation acts to acutely regulate 
gene expression via methylation and demethyl-
ation of particular nucleotides.

 miRNA

In addition to transcriptional control, gene 
expression can also be altered once a fully func-
tional mRNA transcript is created. This is accom-
plished in various ways, but this chapter will 
focus on microRNAs (miRNA). miRNA 
decreases or completely inhibits translation by 
first binding to a group of proteins to create an 
RNA-induced silencing complex (RISC) [7]. The 
assembled RISC then binds to complementary 
nucleotide sequences in the mRNA transcript. 
RISC binding on mRNA transcripts in eukary-
otes typically leads to inefficient translation and a 
degradation of the poly-A tail on the mRNA tran-
script [4]. This destabilization of the transcript 
ultimately leads to its degradation and inhibition 
of protein translation.
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 Gene Regulation in CMD

Prior to discussing the genetic and epigenetic 
alterations that occur with exercise training, it is 
important to first understand the genetic and 
 epigenetic landscape of cardiometabolic disease. 
Recently, a significant amount of work has been 
done examining gene regulation in individuals 
with cardiometabolic disease in an effort to 
understand the underlying mechanisms of the 
disease. Here, we will outline some of the major 
recent findings that examine how CMD influ-
ences the expression of genes critical for main-
taining a healthy efficient metabolism.

 Transcription Factors 
and Co-regulators

Perhaps the most important regulator in metabo-
lism is peroxisome proliferator-activated receptor 
gamma coactivator 1-alpha (PGC-1α). PGC-1α is 
a transcriptional coactivator that binds to a 
diverse array of transcription factors to regulate 
gene expression related to mitochondrial biogen-
esis, glucose/fatty acid metabolism, and fiber- 
type switching in skeletal muscle [8, 9]. Unlike 
transcription factors, coactivators, such as 
PGC-1α, do not bind directly to DNA.  Instead 
they bind to transcription factors to influence 
gene expression. PGC-1α binds to a diverse array 
of transcription factors, making it a potent activa-
tor of the genes associated with those transcrip-
tion factors. The transcription factors that 
PGC-1α binds to and the subsequent activation of 
associated genes have been extensively described 
in comprehensive reviews and thus will not be 
discussed in full detail here [8, 9]. In short, there 
are several transcription factors that PGC-1α tar-
gets, a majority of which influence the transcrip-
tion of genes encoding mitochondrial proteins, 
namely, NRF-1, NRF-2, PPARα, PPARδ, ERRα, 
and TR [8, 10, 11]. These transcription factors go 
on to stimulate the expression of various genes 
associated with ATP production, specifically 
genes associated with fatty acid beta-oxidation, 
the Krebs cycle, and oxidative phosphorylation 
[8]. In addition to its role in mitochondrial gene 

expression, PGC-1α also has been shown to play 
a large role in CMD.

Given the important role that PGC-1α has in 
maintaining a healthy metabolism, one should not 
be surprised that its expression is affected in 
CMD. In type II diabetes (T2D), there is a large 
body of evidence demonstrating a coordinated 
downregulation in genes that are stimulated by 
PGC-1α [12–15]. Specifically, these studies 
examined skeletal muscle from individuals with 
T2D using microarrays to examine the genes 
expressed in each biopsy. Interestingly, these 
studies showed a systemic downregulation of 
genes associated with oxidative phosphorylation 
(OXPHOS) in diabetic muscle compared with 
muscle from individuals with normal glucose 
control. Furthermore, Mootha et  al. identified a 
co-regulated subset of OXPHOS-associated genes 
(OXPHOS-CR) that are controlled by PGC-1α, 
which demonstrated a significantly lower expres-
sion in T2D compared with nondiabetic humans 
[12]. Following the identification of these 
OXPHOS-CR genes, this study went on to find a 
relationship (r2 = 0.22, P = 0.0012) between the 
expression level of these genes and overall meta-
bolic performance as measured by VO2 max [12]. 
This study demonstrates that the control of these 
OXPHOS-CR genes by PGC-1α is critical for 
proper metabolic health and function of skeletal 
muscle. Since the identification of PGC-1α as a 
major influencer of mitochondrial biogenesis and 
controller of metabolism, numerous studies have 
shown that with the downregulation of PGC-1α, 
there is a decrease in transcription of genes asso-
ciated with metabolism and mitochondrial health 
[8, 16, 17]. This decreased gene expression then 
leads to decreased OXPHOS, lipid oxidation, 
accumulation of lipids in skeletal muscle, and 
ultimately insulin resistance, obesity, and diabetes 
[13]. It should be pointed out though that a causal 
relationship is difficult to prove  – that is, is the 
downregulation of PGC-1α and its effectors a 
cause or the consequence of metabolic disease? It 
is likely that the majority of patients with T2D are 
also rather physically inactive and have lower 
aerobic fitness than a control population.

As described above, the consequences of 
PGC-1α downregulation in the skeletal muscle of 
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patients with CMD are severe. However, CMD is 
also associated with altered PGC-1α gene expres-
sion in other metabolically active tissues (i.e., 
liver and pancreas). PGC-1α expression levels in 
the liver are generally much lower than in skele-
tal muscle, but they rise significantly in the fasted 
state [18]. Increased PGC-1α expression in the 
liver results in the activation of the fatty acid oxi-
dation pathway. Additionally, PGC-1α activates 
genes involved in gluconeogenesis, which is nor-
mally important for avoiding hypoglycemia dur-
ing fasting [8, 18]. However, PGC-1α is also 
highly expressed in the non-fasted liver of dia-
betic and obese people, which then can lead to 
hyperglycemia [18]. Furthermore, elevated 
PGC-1α levels in the liver can promote insulin 
resistance by induction of TRB-3, which inhibits 
Akt, a major player in the insulin pathway. 
Similar to the liver, pancreatic islet cells have 
elevated levels of PGC-1α in animal models of 
T2D and obesity [18, 19]. Additionally, insulin 
secretion is inhibited by the overexpression of 
PGC-1α in islet cells, suggesting an avenue in 
which PGC-1α can induce or exacerbate the dia-
betic condition [20]. Interestingly, in diabetic or 
obese humans, the exact opposite PGC-1α 
expression pattern is found [21]. A causal link 
was also shown in the same study where 
decreased PGC-1α expression was experimen-
tally induced using siRNA knockdown of 
PGC-1α in healthy human islet cells. Decreased 
insulin secretion was seen in the cells with 
PGC-1α knockdown, confirming the findings 
seen in diabetic patients.

Up until this point, we have shown that 
PGC-1α expression and the genes it regulates are 
significantly reduced in individuals with CMD, 
but how exactly is the expression of PGC-1α 
decreased in CMD? To answer this question, 
many recent studies have focused on the epigen-
etic regulation of PGC-1α and found there to be 
significant alterations in the methylation patterns 
in the regions regulating PGC-1α [16, 17, 21–25]. 
These data beg the question – is it the methyla-
tion patterns causing these changes, or is it obe-
sity, lifestyle, and diabetes that cause these 
methylation changes? In an attempt to answer 
this question, researchers recruited 20 young 

healthy men with no family history of T2D to 
examine the effects of 10 days of bedrest on insu-
lin sensitivity and muscle gene expression [16]. 
The goal behind this study was to determine the 
mechanisms behind how inactivity can lead to 
metabolic disease through alterations in gene 
expression. Interestingly, insulin sensitivity 
decreased in response to bedrest, and this was 
accompanied by dramatic changes in muscle 
gene expression, including decreased PGC-1α 
expression. The decreased expression of PGC-1α 
was accompanied with a corresponding increase 
in methylation of the promoter region of PGC-1α, 
which is in line with other studies showing 
decreased PGC-1α expression with increased 
promoter methylation [17, 21]. The results from 
that study begin to shed light on how lifestyle 
choices, such as inactivity, can lead to insulin 
resistance and, eventually, T2D. It also highlights 
the fact that, in healthy humans not predisposed 
to T2D, a new epigenetic landscape develops 
with inactivity that leads to changes in gene 
expression and ultimately to a metabolic syn-
drome phenotype.

In a separate study attempting to link epigen-
etic alterations and CMD, Wahl and colleagues 
identified 187 CpG sites in the genome that are 
associated with body mass index (BMI) [26]. The 
study measured genome methylation from blood 
samples from over 5000 individuals to identify 
CpG sites associated with adiposity. Interestingly, 
through causality analyses, the authors were able 
to show that the altered methylation with adipos-
ity was actually a consequence, and not the cause, 
of increased BMI.  That study provided further 
evidence that the disease state is able to influence 
the epigenome and thus gene expression in CMD. 
Researchers in the field suggest that in addition to 
BMI influencing “classic” markers of CMD, such 
as hypertension, we should be aware that disease 
can be caused by an alteration in gene expression 
initiated from lifestyle choices [27].

 Transgenerational Epigenetics

In addition to epigenetics influencing how our 
own genes are expressed, evidence has been 
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found highlighting the possibility of transgenera-
tional epigenetics [28–33]. Epigenetic alterations 
were once thought to not be inherited from previ-
ous generations because during development the 
entire genome is cleansed of all epigenetic modi-
fications [34]. Despite this reprogramming of the 
epigenome, new evidence shows that some epi-
genetic patterns can indeed be inherited. In mice, 
for example, it has been shown that offspring 
with prediabetic fathers have an increased likeli-
hood of developing diabetes [31]. This inherited 
metabolic condition was hypothesized to be 
linked to epigenetic patterns present in sperm that 
are passed down to the next generation. These 
epigenetic patterns are preserved, potentially 
through the presence of spermatozoal RNAs, and 
passed on to the next generations [29]. In addi-
tion to factors following egg fertilization that 
influence epigenetic patterns in offspring, there is 
also evidence that diet and exercise influence the 
epigenetic landscape of a developing embryo 
[28]. This is a newly developing field with pri-
marily epidemiological data, and more research 
into the mechanisms behind transgenerational 
epigenetics is necessary to prove definitive links.

 Inflammation and CMD

Another large player in CMD is the presence of 
chronic inflammatory markers in individuals 
with CMD. “Classic” inflammatory markers such 
as C-reactive protein (CRP), interleukin 6 (IL-6), 
resistin, tumor necrosis factor-α (TNF-α), inter-
leukin 1−β (IL-1β), and nuclear factor kappa-B 
(NF-κΒ) among others are increased in CMD 
[35–39]. It is clear that the gene expression of 
these inflammatory markers is elevated in dia-
betic, insulin-resistant, and obese patients, but 
the question is, how do these inflammatory pro-
teins affect metabolic health [40, 41]? TNF-α 
production and secretion by adipose tissue play a 
pivotal role in the development/continuation of 
T2D, obesity, and insulin resistance [35]. TNF-α 
in adipose tissue stimulates IL-6 expression in 
adipose tissue and blood mononuclear cells, 
which then goes on to systemically stimulate 
gene expression of numerous inflammatory cyto-

kines, including CRP [35]. These inflammatory 
factors are largely stimulated by obesity and 
high-fat diets as well as elevated blood levels of 
insulin, leptin, and glucose common in metabolic 
syndrome [36, 41]. Additionally, the persistent 
presence of these inflammatory factors is impli-
cated in insulin resistance [2, 3, 42]. Similar to 
PGC-1α in the previous paragraphs, gene expres-
sion of these important inflammatory factors has 
recently been linked to epigenetic regulation.

The epigenetic links between metabolic dis-
ease and inflammatory factors show that the 
changes that occur are a consequence of the con-
dition and not the cause. For instance, in a study 
examining the activation of TNF-α expression, it 
was found that high levels of glucose in culture 
media result in the acetylation of histones in the 
promoter region of TNF-α in cultured human 
myocytes [43]. Acetylation of histone proteins, 
as described previously, is associated with an 
“open” euchromatic chromatin structure which 
allows for transcription factor binding and, ulti-
mately, expression of the gene. In addition to that 
study, it has been shown in other studies that an 
elevated blood glucose level can influence the 
activity of histone acetyltransferases (HATs) and 
histone deacetylases (HDACs) which then go on 
to influence the transcriptional availability of 
inflammatory genes related to metabolic diseases 
[44]. Persistent high blood sugar seen in diabetic 
patients could then, in theory, maintain the 
euchromatic chromatin configuration in regions 
coding for inflammatory genes, resulting in a 
chronic inflammatory state. The continual expres-
sion of these inflammatory genes then results in 
insulin resistance, increased plasma fatty acid 
levels, and a positive feedback loop that promotes 
continual inflammatory gene expression [2, 45].

 miRNA and CMD

In addition to increased inflammatory gene 
expression in CMD, there is also an alteration in 
miRNA expression that posttranscriptionally reg-
ulates many metabolic processes [7, 30, 38, 46–
49]. As mentioned previously, miRNAs do not 
regulate gene expression transcriptionally, but 
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instead modify the stability of existing mRNA 
transcripts. A review article detailing numerous 
miRNA families involved in metabolic disease 
was recently published and, thus, will not be 
 discussed in extensive detail here [48]. To keep 
the discussion focused, we will just describe vari-
ous miRNAs that have been examined in CMD as 
well as in response to exercise (to be discussed in 
further portions of this chapter). This discussion 
will result in a comprehensive understanding of 
how exercise-associated miRNA can potentially 
ameliorate the metabolic phenotype seen in 
CMD.  With regard to CMD, miRNAs regulate 
various aspects of obesity and diabetes, including 
genes involved in insulin signaling and inflam-
mation [48]. Unfortunately, the causal relation-
ship between miRNAs and health has been 
difficult to prove  – at the moment, in miRNA 
studies, it has been possible to detect disease- 
induced alterations in miRNA levels, but difficult 
to deduce how exactly they are acting [48, 50]. As 
such, miRNA levels can serve as markers for dis-
ease or health, but more research is clearly neces-
sary in this relatively new and exciting field.

In terms of skeletal muscle-specific miRNA 
implicated in insulin resistance, the major player 
is miR-133a, which was found to be significantly 
reduced in T2D [51]. Additionally, miR-133a 
was found to be negatively correlated with fast-
ing glucose levels as well as with HbA1c (percent 
glycosylated hemoglobin) and 2-hour glucose 
tolerance. It should be highlighted that an exact 
mechanism of action behind how miR-133a’s 
downregulation could influence insulin resis-
tance in skeletal muscle could not be found. In a 
separate study examining miRNA expression in 
skeletal muscle of monozygotic twins (one with 
T2D and the other without), it was found that glu-
cose tolerance was related to miRNA expression 
[47]. In that study, 20 miRNAs were found to be 
significantly downregulated in the diabetic twin 
compared with the nondiabetic twin. Interestingly, 
no miRNAs were shown to be upregulated. The 
miRNA-15 family of miRNAs showed the most 
highly significant downregulation in the diabetic 
population compared with nondiabetic controls. 
There are numerous predicted mRNA targets 
(>900) for this miRNA family, but the most sig-

nificantly affected ingenuity canonical pathway 
implicated was insulin signaling [47]. Again, it is 
important to point out that only some relation-
ships between miRNA expression and insulin 
signaling genes were found and no significant 
effects on insulin signaling were found upon 
inhibition of the miRNA-15 family in  vitro. 
Given this, further studies aimed at finding a con-
clusive link between miRNA levels and their 
influence on metabolic signaling.

 Treatments for CMD to Alter Gene 
Expression

Although efforts have been made to treat CMD in 
ways that attempt to alter the aberrant gene 
expression patterns described above, they have 
seen mixed results. For instance, histone deacety-
lase inhibitors (HDACi), in theory, could be used 
to alter the acetylated state of histones to affect 
expression of gene associated with insulin resis-
tance [52]. In fact, valproate, a branch-chain 
amino acid with HDAC inhibitor functionality, 
has been shown to alter insulin release, but the 
mechanism of action is unclear. It could stem 
from its HDAC inhibition properties or another 
mechanism. This area of research is still develop-
ing, but exercise mimetics altering gene expres-
sion via epigenetic mechanisms could potentially 
alter the CMD disease state. That being said, it is 
unlikely that such therapies could recapitulate the 
wide-ranging effects of exercise training. In this 
regard, research is showing that physical activity 
and exercise can actually have a broad and effec-
tive influence on gene expression to prevent/treat 
CMD.

 Gene Regulation with Exercise

Physical activity has the ability to dramatically 
and robustly alter gene expression in response to 
both acute and long-term exercise [53, 54]. These 
profound gene expression changes induced by 
exercise alter a variety of processes in the body, 
including mitochondrial biogenesis, angiogene-
sis, and muscle hypertrophy to name a few. 
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However, for the interest of this chapter, we will 
focus on exercise-induced gene expression 
changes that can positively influence CMD.

As stated in the previous sections, PGC-1α is 
a major regulator of metabolic health in humans. 
It is well established that PGC-1α gene expres-
sion rapidly rises in skeletal muscle following a 
bout of exercise [55–58]. The implications of 
increased PGC-1α expression are far reaching 
and influence the expression of numerous genes, 
as described above, to promote exercise adapta-
tion and cellular ATP production. The processes 
positively regulated by PGC-1α following exer-
cise oppositely mirror the processes that occur 
with PGC-1α downregulation seen with 
CMD. Upon PGC-1α expression in muscle, gene 
expression of mitochondrial genes associated 
with biogenesis and respiration are increased 
[59]. In addition, increased PGC-1α expression 
following exercise helps to mediate the process 
by which cells increase expression of the glucose 
transporter GLUT4 [55]. Increased expression of 
GLUT4 corresponds to increased glucose uptake 
in skeletal muscle and thus improved systemic 
glucose control in response to both endurance 
and resistance training [60, 61]. Increased mito-
chondrial biogenesis, improved glucose control, 
and insulin sensitivity resulting from both aero-
bic and resistance training highlight the effective-
ness of physical activity on CMD [46].

Just as PGC-1α expression was downregu-
lated by epigenetic alterations in CMD, the same 
mechanisms are at play with physical activity to 
promote expression of PGC-1α. The ability for 
exercise to alter DNA methylation patterns was 
shown for the first time following an acute bout 
of cycling exercise [62]. In contrast to the epigen-
etic patterns seen in CMD discussed previously, 
acute exercise induced an overall hypomethyl-
ation in genes involved in mitochondrial biogen-
esis and energy usage, including PGC-1α. Until 
quite recently, epigenetic alterations to the DNA 
were thought to accrue over long periods of time 
to influence gene expression, so these findings 
that one acute bout of exercise could influence 
DNA methylation were somewhat unexpected 
and groundbreaking. Additionally, the research-
ers found that methylation at the PGC-1α pro-

moter region preceded an increase in mRNA 
expression, thus strongly indicating an inverse 
relationship between promoter methylation and 
gene expression. A separate study examined the 
role of long-term aerobic training on the epigen-
etic landscape of skeletal muscle and found there 
to be alterations at 4000 sites in the genome, pri-
marily in the enhancer regions of genes as 
opposed to the promoter regions [54]. Not only 
does the methylation state of healthy individuals 
change with exercise, but a study also found that 
an exercise program (composed primarily of 
endurance training) resulted in altered DNA 
methylation state [63]. Thus, although high glu-
cose levels have the power to alter the methyla-
tion of important metabolic genes, there is strong 
evidence that this can be combatted with exercise 
training. The epigenetic response to exercise is 
clearly robust, and it is currently an active area of 
research. A vast majority of studies have per-
formed observational studies (i.e., comparing the 
DNA methylation status of differently trained 
individuals), so a more thorough study of direct 
influences of training on epigenetics and path-
ways of metabolic disease is warranted [64].

Not only does physical activity affect the epi-
genetic landscape in muscle, but methylation pat-
terns are also affected in adipose tissue. In a 
6-month intervention study, the methylation sta-
tus of adipose tissue from physically inactive 
healthy men was investigated [65]. In contrast to 
skeletal muscle studies, endurance exercise pri-
marily induced an increase in DNA methylation 
(139 sites increased methylation; 4 decreased 
methylation) and a decrease in the corresponding 
mRNA transcript levels. Some of these changes 
occurred at sites known to be genes implicated in 
either obesity or diabetes [65]. Those data show 
the systemic effects that exercise has on the body 
and that metabolic adaptation to exercise does 
not only occur in skeletal muscle.

 Inflammation and Exercise

Inflammation plays a large role in the adaptation 
process to exercise. Following an acute exercise 
bout, various pro-inflammatory and anti- 

M. A. Chapman and C. J. Sundberg



19

inflammatory cytokines are released [66]. Over 
the long term, however, the chronic effects of 
exercise are anti-inflammatory in nature [35, 66]. 
Many of the same cytokines that are elevated in 
CMD, such as resistin, CRP, and TNF-α, are 
decreased in response to chronic exercise [35]. 
The mechanism by which this occurs has been 
suggested to be IL-6-induced. Interestingly, 
while IL-6 promotes inflammation in CMD, it 
does the opposite when released as a myokine 
from skeletal muscle [35]. IL-6’s anti- 
inflammatory properties stem from its ability to 
inhibit the expression of TNF-α and its stimula-
tion of IL-1ra and IL-10. Both IL-1ra and IL-10 
serve to inhibit downstream pro-inflammatory 
cytokines including IL-1β, TNF-α, and the IL-1 
receptor complex [35]. As previously discussed, 
since the epigenetic alterations seen in CMD 
with regard to inflammation are a consequence of 
the disease condition, they are reversible with 
exercise training. Indeed, following an endurance 
training program, various inflammatory cyto-
kines were decreased in patients with CMD [67]. 
Interestingly, many genes associated with inflam-
matory processes were demethylated, thus dem-
onstrating an influence of exercise on the 
epigenetic regulation of inflammatory genes [54]. 
These studies all show the potential for regular 
exercise to decrease the chronic low-grade 
inflammation that is so prominent with CMD.

 miRNA

As discussed previously, miRNAs serve to post-
translationally regulate gene expression. Similar 
to miRNA research in CMD, the studies examin-
ing miRNA expression in response to exercise 
are predominantly correlative. Numerous miR-
NAs have been shown to be exercise responsive, 
and many of these show opposite expression pat-
terns when compared with CMD [50]. For 
instance, miRNA-133a was upregulated in serum 
3 hours following an acute bout of cycling. As 
downregulation of miRNA-133a is associated 
with poor glucose handling, its upregulation fol-
lowing exercise could serve to improve meta-
bolic health. The same trends for increased 

expression following acute exercise are seen 
with the miRNA-15 family [68, 69]. Kilian et al. 
demonstrated that circulating miR-16 was upreg-
ulated following 90 min of high-volume endur-
ance cycling exercise, while Radom-Aizik et al. 
showed upregulation of circulating mir-15a fol-
lowing 20 min of cycling. Both of these studies 
also documented the upregulation of a vast array 
of miRNAs linked to exercise adaptation, such 
as vascular remodeling. Although those studies 
show that miRNAs downregulated in CMD are 
upregulated with exercise, a definitive link 
between their presence and healthy metabolism 
is lacking. As discussed previously, the current 
state of research primarily relegates miRNAs to 
biomarkers of health or disease as researchers 
have difficulties determining definitive roles for 
these molecules.

 Variability in Training Response

Despite the large amount of data that suggest 
metabolism and fitness improve with exercise 
training due to alterations in gene expression, it is 
known that the effect size of a standardized type 
and dose of exercise are not uniform between 
individuals, i.e., there is a substantial interindi-
vidual variability in responsiveness to exercise 
with some individuals responding strongly (“high 
responders”) and others less so (“low respond-
ers”) [70–72]. Some of the response variability 
could depend on differences in pre-training sta-
tus, adherence to the exercise training protocol, 
intake of alcohol or other drugs, and injuries or 
diseases but also on measurement errors and day- 
to- day variations [73]. High responders seem to 
activate key genes to a greater extent than low 
responders [74, 75]. Approximately 50% of the 
heritability for training responsiveness is 
explained by genetic variability [70]. Sequence 
differences (single-nucleotide polymorphisms, 
SNPs) in individual genes explain a very small 
fraction of the response variability, whereas sets 
of gene variants may explain a larger part [72, 
75–77].

In an analysis of 1687 people from 5 separate 
studies, it was concluded that only a small 
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 fraction of people exposed to regular exercise 
training seem to respond poorly in the disease 
risk factors that were measured (blood pressure, 
 high- density lipoprotein cholesterol, triglycer-
ides, insulin, and cardiorespiratory fitness) [78]. 
In each individual, regular exercise does not 
influence all disease risk factors in the same way 
(i.e., certain risk factors will react to an exercise 
program, while others may not be altered). This 
indicates that the gene networks involved that 
influence disease risk factors are somewhat inde-
pendent. It has also been shown that endurance 
training in people with T2D, irrespective of 
improvement in cardiorespiratory fitness, leads to 
significant reductions in HbA1c, waist circum-
ference, and body fat percentage [79]. There are 
studies that refute the notion that there are indi-
viduals that do not respond to exercise  – if the 
training regimen is optimized, everyone seems to 
improve [80].

 Conclusions

Various diseases can be traced to the aberrant 
regulation of gene expression. As was described 
in this chapter, CMD is not an exception. Several 
metabolic abnormalities found in CMD can be 
linked to the misregulation of mitochondrial, 
metabolic, and inflammatory genes. Interestingly, 
many of the same processes that are negatively 
affected in CMD show an opposite effect with 
exercise training. Given this, there is strong evi-
dence that physical activity and exercise can pre-
vent the development of CMD as well as reverse 
existing cases of CMD in individuals.
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AMPK AMP-dependent protein 
kinase

ATP Adenosine triphosphate
CaMK Ca2+-calmodulin-dependent 

protein kinase
CFCM Cross-fiber connection 

mitochondria
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D-loop Displacement loop
ERR Estrogen-related receptors
ETC Electron transport chain
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HIF-1 Hypoxia inducible factor
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PVM Paravascular mitochondria
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TCA Citrate acid cycle or 
tricarboxylic acid cycle

TFAM Mitochondrial transcription 
factor A

TFB1M/TFB2M Mitochondrial transcription 
factor B1/mitochondrial 
transcription factor B2

TIM Translocase of the inner 
membrane

TOM Translocase of the outer 
membrane

VO2 peak Peak maximal oxygen 
consumption

 Introduction

One of the world’s most important intracellular 
relationships started over billion years ago when 
free-living aerobic bacteria (prokaryotes) man-
aged to survive an endocytotic engulfment by 
eukaryotic cells and a successful symbiosis was 
established. This is known as the endosymbiotic 
theory which led to one of the most enduring 
concepts in biology [1]. In 1905, this relationship 
was recognized and elucidated further by the 
Russian biologist Constantin Mereschkowsky 
who postulated a model of intracellular union of 
two different kinds of cells [2]. However, in the 
early 1900s, Mereschkowsky did not recognize 
mitochondria as a product of endosymbiosis, 
although this symbiotic relationship seems to 
have formed the organelle that we now know as 
the mitochondrion. The formation of the mito-
chondrion made the evolution of more complex 
multicellular organisms possible [3].

This symbiosis occurred around the same time 
as oxygen levels in the earth’s atmosphere began 
to rise [4, 5]. This provided a survival benefit for 
the eukaryotic cell since an oxygen-dependent, 
highly efficient metabolic system became avail-
able [3]. This oxygen-dependent system in the 
mitochondria is essential for the formation of 
adenosine triphosphate (ATP) by oxidative phos-
phorylation. Without the fusion of the eukaryotic 
cell and these bacteria, all living animals would 
have been dependent on anaerobic glycolysis for 

ATP production. In addition, the mitochondria 
are abundantly present and vital for animal cells, 
involved in lipid and amino acid metabolism, and 
play important roles in various cellular processes 
such as cell proliferation, apoptosis, and cell dif-
ferentiation [6].

Although mammalian mitochondria have kept 
some bacterial features, it is estimated that only a 
small percentage of the mitochondrial proteome 
of the modern human mitochondria (approxi-
mately 10–20%) are derived from the original 
endosymbiont [7]. However, a number of ques-
tions regarding the endosymbiotic theory and 
formation of modern mitochondria remain unan-
swered or poorly understood [7, 8].

From a human perspective, the origin of our 
modern mitochondria has been suggested to 
come from Africa and is termed the “mitochon-
drial Eve” [9]. However, this mapping of the ori-
gin of our modern mitochondrial DNA (mtDNA) 
has been extensively discussed and disputed [10]. 
Moreover, during evolution, different hap-
logroups of different mitochondria arose through 
specific mtDNA mutations that have formed dif-
ferent classes of mtDNA pools [11]. Several 
studies have reported strong evidence of increased 
disease prevalence and risk as well as certain pro-
tective features regarding cardiovascular diseases 
(CVD) and stroke among different haplogroups 
[12–14]. Despite different single-nucleotide 
polymorphism mutations leading to the different 
mitochondrial haplogroups, physical activity is a 
major factor that modulates the overall function 
of mitochondria.

 The Magical Mitochondria

Mitochondria are organelles surrounded by two 
membranes, an outer and an inner membrane, 
which confine two aqueous compartments, the 
matrix and the intermembrane space (IMS). 
Tubular invaginations of the inner mitochondrial 
membrane form the cristae, which harbor the 
enzyme complexes of the electron transport chain 
(ETC) also known as the oxidative phosphoryla-
tion system (OXPHOS), which provides the cell 
with energy in the form of ATP. Other metabolic 
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systems such as the tricarboxylic acid (TCA) 
cycle and the ®-oxidation, involved in glucose 
and fatty acid breakdown, can be found within 
the matrix of the mitochondria [15]. Since the 
mitochondria are the main source of ATP within 
the cell, they are commonly referred to as the 
“powerhouse” of the cell. Mitochondria are pres-
ent in all tissues in the human body except the red 
blood cells [16]. Highly metabolic tissues such as 
the heart, skeletal muscles, and the liver are typi-
cally mitochondrially dense tissues [17].

Even though mitochondria are enclosed within 
a membrane and defined as an organelle, they 
should not be considered as a single entities, 
rather a network of interconnected membranes 
making up a tubular dynamic reticulum within 
the cell [18, 19]. Fusion and fission dynamics are 
constantly ongoing events which lead to branch-
ing of the reticulum of tubules [19].

Mitochondria are unique organelles since they 
contain their own circular DNA, and this mtDNA 
is inherited in a non-Mendelian manner. It is 
widely accepted that mtDNA is inherited solely 
from the mitochondria of the oocyte from which 
the animal develops. This makes it maternally 
inherited even though a “spillover” of mitochon-
dria from the sperm can occasionally be found 
[6]. However, sperm mitochondria are lost early 
in the embryogenesis and therefore do not con-
tribute to the mitochondrial pool [20]. The human 
mitochondrial genome contains a compact circu-
lar, double-stranded molecule of 16,569 base 
pairs with no known introns and very few non-
coding nucleotides. Traditionally, the human 
mtDNA contains 37 genes coding for 2 ribosomal 
ribonucleic acids (rRNAs), 22 transfer ribonu-
cleic acids (tRNAs), and 13 polypeptides [15, 
20]. The small size of the mtDNA limits its cod-
ing capacity and is thought only to account for a 
small fraction of the organelle’s proteome. The 
13 well-known proteins encoded by mammalian 
mtDNA are all components of the ETC. Different 
versions of the endosymbiotic theory have argued 
whether there was a massive transfer of genes 
from the endosymbiont into the nuclear genome 
during the evolution of the mitochondrion. 
Almost all of the genes encoding the proteins of 
modern mitochondria are found in the nuclear 

genomes of their host cells [21]. Hence, the mito-
chondrial genomic apparatus does not single- 
handedly control the organelle’s proteome, and 
the remaining ~77 subunits involved in the ETC 
are encoded by nuclear genes, as are all proteins 
required for the transcription, translation, modifi-
cation, and assembly of the 13 mtDNA proteins 
[22]. However, this view has recently been chal-
lenged, and previously unknown features of 
mitochondrial gene expression, function, and 
regulation have been suggested which indicate 
that the mitochondrial transcriptome and pro-
teome are far more complex than first thought 
[23, 24]. Technics such as proteomics have esti-
mated the mitochondrial proteome to consist of 
at least 1000–1500 different proteins, corre-
sponding to 1080 genes [21, 25].

Nuclear genome insertions of mitochondrial 
origin known as NUMTs have also been identi-
fied [26, 27]. In 1967 the first report of DNA 
fragments with homology to the mitochondrial 
genome was published [28]. Later, nuclear mito-
chondrial pseudogenes arose as a concept. A pos-
sible explanation for these integrations of mtDNA 
is incorporation into the nuclear genome during 
the repair of chromosomal breaks by nonhomolo-
gous recombination. Such a hypothesis, of a pos-
sible incorporation of mtDNA, is supported by 
the mtDNA fragments found in the nucleus [29, 
30]. There are over 500 NUMTs in the human 
genome [30, 31]. Although most NUMTs are 
considered pseudogenes, bioinformatics-based 
evidence suggests that at least some of the nuclear 
sequences might be functional genes [32].

The symbiosis between the mitochondrion 
and the eukaryotic cell created the need for a 
communication system, to coordinate mitochon-
drial protein synthesis during biogenesis and to 
communicate possible mitochondrial malfunc-
tions. Communication from the mitochondria to 
the nucleus is referred to as retrograde signaling, 
and communication from the nucleus to the mito-
chondria is known as antegrade signaling [33]. 
The mitochondria have traditionally been per-
ceived as  a end-function organelle that receive 
cellular signals and regulate processes such as 
energy conversion and apoptosis in response to 
these signals. However, in recent years it has 
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become evident that cellular homeostasis requires 
a constant and active flow of information between 
the mitochondria and the nucleus [34]. The 
research has mainly been focused on a limited 
number of retrograde signaling molecules and 
signaling pathways such as sirtuins (SIRT), cyto-
chrome C, reactive oxygen species (ROS), cal-
cium, iron, nitric oxide, and carbon monoxide 
[35–37]. It has also been shown, in the inflamma-
tion response, that mtDNA by itself can act as a 
retrograde signal [38, 39]. In addition to subcel-
lular signaling programs, mitochondrial factors 
can even be released from one cell and exert para-
crine or endocrine effects on other cells [40]. 
Beyond these retrograde signals, recent studies 
have identified a host of mitochondria-linked fac-
tors that influence the cellular and extracellular 
environments, including mitochondria-derived 
peptides (MDPs) and mitochondria-localized 
proteins [34, 41, 42]. The first described MDP 
was humanin [43], and more recently another 
small peptide also encoded from the mtDNA 
called MOTS-c has been discovered [44]. These 
small peptides are encoded from the 16 s rRNA 
and the 12 s rRNA regions in the mitochondria, 
respectively, which makes them a “gene within a 
gene”. Studies have shown that these MDPs seem 
to have functions outside the mitochondria and 
might be involved in metabolic regulation and 
insulin sensitivity and to have cyto-protective 
effects [34, 43, 45–49]. Which function these 
MDPs actually have in striated muscle such as 
cardiac and skeletal muscle and their role in 
metabolism is not yet fully known. However, a 
recent study in prediabetic males demonstrated 
that 12 weeks of resistance exercise increased the 
levels of humanin protein in skeletal muscle [49]. 
Further, the resistance trained group also exhib-
ited a significant correlation between the huma-
nin levels in serum and improvements in a 2  h 
glucose loading test. This study indicates that 
humanin protein might play a role in the regula-
tion of glucose metabolism in prediabetic males 
and that it is affected by exercise.

The humanin analog, HNG, has also recently 
been shown to protect cardiac mitochondria 
against oxidative stress which causes mitochon-
drial dysfunction [50]. These features make 

MDPs interesting targets to study further, espe-
cially in situations where mitochondrial dysfunc-
tion might occur such as in cardiovascular disease 
(CVD), chronic kidney disease, and type II dia-
betes [51–54]. Moreover, in 2013 transcriptional 
profiling identified over 70 different transcription 
factors that were actively involved in mitochon-
drial retrograde signaling. Among those, peroxi-
some proliferator-activated receptor (PPAR)-© γ 
coactivator 1 α (PGC-1α) and hypoxia- inducible 
factor (HIF-1) were presented as some of the 
main candidates affecting retrograde signaling 
pathways and mitochondrial function [55].

To summarize, mitochondria are unusual and 
vital organelles, surrounded by two membranes, 
and contain their own circular DNA. They form a 
dynamic network which acts as the powerhouse 
of the cell. The function and appearance of the 
mitochondria are highly important for the overall 
cell and whole body function and health.

 Heart Muscle Mitochondria

The cardiac mitochondria are densely packed, 
and approximately 30–35% of the cardiac muscle 
tissue volume consists of mitochondria [56]. The 
arrangement of mitochondria within the cardiac 
muscle tissue is highly ordered and mostly in 
long and dense rows parallel to the myofilaments 
[57]. This mitochondrial network ensures that the 
large demand of ATP by cardiac myocytes is met 
and appropriately distributed. Mitochondria syn-
thesize approximately 30 kg of ATP/day to pro-
vide energy for the basic cellular metabolism and 
to assure basic physiological functions of the car-
diovascular system [58]. Thus, the permanent 
contractile activity of the myocardium is sup-
plied 95% by mitochondrial respiration, mostly 
from fatty acid metabolism, to ensure continuous 
energy production [25].

Depending on where within the cell the mito-
chondria are located, they are divided into different 
subgroups called intermyofibrillar mitochondria 
and subsarcolemmal mitochondria [59]. However, 
new technics have recently revealed, in cardiomyo-
cytes and in skeletal myocytes, subgroups of mito-
chondria could actually be differed in more definite 

E.-K. Gidlund



27

groups and divided into paravascular mitochondria 
(PVM), paranuclear mitochondria (PNM), fiber 
parallel mitochondria (FPM), I-band mitochondria 
(IBM), intrafibrillar mitochondria (IFM) and cross-
fiber connection mitochondria (CFCM) [60]. As 
stated above, the mitochondria should not to be 
considered as single entities rather as a connected 
network. These networks, which comprise of many 
mitochondria, are linked through contact sites 
called intermitochondrial junctions (IMJs). In car-
diac and skeletal muscle tissue, the mitochondrial 
reticulum is segmented into sub-networks which 
allows a rapid electrical and physical separation of 
malfunctioning mitochondria. This separation 
occurs through detachment of IMJs and retraction 
of elongated mitochondria into condensed struc-
tures [61]. In this way, these subgroups of networks 
protect and limit the cellular impact of local dys-
function while the dynamic disconnection of dam-
aged mitochondria allows the remaining 
mitochondria to resume normal function within 
seconds [61]. Thus, mitochondrial network secu-
rity is comprised of both proactive and reactive 
mechanisms in striated muscle cells, especially 
important for hardworking tissues such as the car-
diac muscle.

 Mitochondrial Replication, 
Transcription, and Biogenesis

 Replication

The main function of the mitochondria is to act as 
the powerhouse of the cell, as stated above, pro-
viding the cell and the whole organism with suf-
ficient amount of ATP. Important in the process to 
maintain energy demands and function of the 
mitochondria, the mtDNA needs to be replicated 
and transcribed. However, in contrast to the 
nuclear genome, mitochondria are continuously 
turned over and replicated independent of the cell 
cycle [62]. In mammalian cells, the mtDNA is a 
multicopy genome which allows the cell to gen-
erally have 103–104 copies of mtDNA, with 2–10 
genomes per organelle [25].

The mtDNA consists of a circular double- 
stranded (a heavy-strand (HS) and a light-strand 

(LS)) genome also containing the noncoding 
regulatory region known as the displacement 
loop (D-loop), in which the promoter for tran-
scription of both the HS and the LS is located 
[63]. Almost the entire heavy strand (HS) is tran-
scribed from the other heavy-strand (HS2) pro-
moter (located in proximity to the D-loop), and 
the entire LS is transcribed from the LS promoter 
[1]. The HS promoters (H1 and H2) initiate the 
transcription of the two mitochondrial rRNA 
molecules [1, 64]. Two different models of 
mtDNA replication have been proposed, the 
strand displacement and the symmetric strand- 
coupled replication model [65]. Mammalian 
mtDNA molecules replicate by the strand dis-
placement model, and replication is induced by 
transcription within the noncoding D-loop. In 
brief, the replication proceeds clockwise from the 
origin of replication for the HS called the OH site 
(also known as OriH) until the origin of the LS 
replication site (OL) is exposed, allowing LS 
synthesis to proceed clockwise until the entire 
molecule is copied.

The replication of mtDNA is highly depen-
dent on nuclear events. Proteins known to be of 
importance for this process are DNA polymerase 
γ (POLG), mitochondrial single-stranded DNA- 
binding protein (mtSSB), and the Twinkle heli-
case (also known as PEO1). The Twinkle helicase 
has the ability to unwind short segments of 
mtDNA and thereby aiding the replication pro-
cess [66]. Unlike nuclear DNA, which is pack-
aged into nucleosomes, mtDNA molecules are 
tightly associated with the mitochondrial matrix 
and form compact structures called nucleoids, 
composed of mtDNA-protein complexes that 
include proteins involved in replication and tran-
scription such as mtSSB, DNA POLG, and mito-
chondrial transcription factor A (TFAM) [67].

When the mitochondrial replisome responsi-
ble for replication proceeds clockwise past the 
D-loop region, two thirds of the growing HS is 
formed before a point is reached at which a grow-
ing LS synthesis can start at the OL circle [1, 68]. 
As a newly exposed single-stranded template 
sequence in the HS forms a hairpin to constitute 
OL, HS replication (into an emerging LS) com-
mences in the opposite direction. Both strands 
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are thus replicated as leading strands (5′→3′ 
directed) rather than lagging strands [69]. The 
progeny molecules are released as dissimilar free 
circles. The new double-stranded mtDNA mole-
cule is formed through the removal of the RNA 
primers, gap filling, introduction of superhelical 
turns, and finally closure of the circle [1, 68].

 Transcription

Transcription of the mtDNA is, just as replication, 
a unique process within the mitochondria. 
Depending on which mtDNA strand is to be the 
template, transcription occurs from the light- 
strand promoter (LSP) or the heavy-strand pro-
moter (HSP), in opposite directions around the 
entire genomic circle. In addition, mitochondrial 
RNA polymerase (POLRMT) and the transcrip-
tional machinery influence the replication process 
of mtDNA. POLRMT generates the RNA primers 
used to initiate leading-strand mtDNA synthesis at 
the OH site for mtDNA replication [70]. 
Mitochondrial transcription requires nuclear-
encoded protein such as POLRMT with assistance 
and co-activation of the TFAM, together with 
either mitochondrial transcription factor B1 
(TFB1M) or B2 (TFB2M). The genes encoding 
TFB1M and TFB2M are ubiquitously expressed 
with the highest mRNA levels detected in the 
heart, skeletal muscle, and liver, and both TFB1M 
and TFB2M can form a heterodimeric complex 
with POLRMT [71]. However, how the mamma-
lian mitochondrial transcription machinery recog-
nizes promoter sequences is not yet fully 
understood. POLRMT in complex with TFB1M or 
TFB2M cannot initiate transcription in the absence 
of TFAM. One possible role for TFAM might be to 
introduce specific structural alterations in mtDNA, 
for example, unwinding of the promoter region, 
which might facilitate transcription initiation [71, 
72]. TFAM has also been shown to be upregulated 
by the nuclear respiratory factor (NRF-1), which 
coordinates nuclear- encoded respiratory chain 
expression with mitochondrial gene transcription 
and replication. Moreover, mitochondrial tran-
scription termination factors (mTERFs) have also 
been described as a family of additional regulators 

displaying multiple roles in the regulation of mito-
chondrial transcription. One function in which 
mTERFs act seems to involve binding an upstream 
enhancer of the two mtDNA strands and thereby 
promoting mitochondrial-encoded gene transcrip-
tion [25, 73].

 Biogenesis

The dynamic network of mitochondria has a cen-
tral role in cardiac contractility and function. The 
plasticity of mitochondrial networks is important 
for meeting the demands of the tissue, which is 
done by initiating growth, adaptation of mito-
chondrial structures, and to change the dynamics 
of the network organization. This plasticity and 
the dynamic abilities of the network rely on the 
formation of new mitochondria (biogenesis) and 
disposal of damaged and old ones (mitophagy).

To enable mitochondrial biogenesis to occur, 
the mitochondria are highly dependent on 
mtDNA replication [74]. Even though mitochon-
drion has its own DNA, it is highly dependent on 
the nucleus for its function and nuclear-encoded 
mitochondrial proteins. The small size of the 
mtDNA limits its coding capacity and is thought 
only to account for a small fraction of the organ-
elle’s entire proteome. Thus, this requires a spa-
tiotemporal coordination between protein 
synthesis and import and assembly of nuclear- 
encoded mitochondrial proteins together with 
mitochondrial-encoded proteins. This process 
has to occur jointly with the synthesis of phos-
pholipids and mitochondrial membranes. 
Furthermore, mitochondrial biogenesis is vastly 
dependent on the ability of the mitochondria to 
undergo fission/fusion events.

The dynamics of the mitochondrial network 
are steered, by these opposing processes (fission 
and fusion), which together work in concert to 
maintain the overall morphology of mitochon-
dria. The fission and fusion events need to be in 
balance since an excess of mitochondrial fission 
events results in mitochondrial fragmentation, 
whereas an excess of mitochondrial fusion events 
leads to hypertubulation. To ensure proper mito-
chondrial function, nuclear-encoded mitochon-
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drial proteins have to be imported from the 
nucleus to the mitochondria. Nuclear mRNAs are 
translated in the cytosol to precursor proteins 
with mitochondria-targeting sequences. They are 
then escorted and unfolded by molecular chaper-
ones and finally imported into the mitochondrial 
matrix via the translocase of the outer membrane 
(TOM) and the translocase of the inner mem-
brane (TIM) [75]. For details regarding the com-
plex transport machinery, see recent review from 
Wiedemann and Pfanner [76]. The orchestration 
of factors controlling the fission and fusion events 
has been reviewed in details elsewhere; see Iqbal 
and Hood 2015 [77].

In order to initiate mitochondrial biogenesis, a 
coordination between mitochondrial and nuclear 
gene expression must take place. This coordina-
tion is controlled by the interplay between spe-
cific transcription factors such as the nuclear 
respiratory factors (NRFs), the peroxisome 
proliferator- activated receptors (PPARs), the 
estrogen-related receptors (ERR), as well as 
PGC-1α. The transcription factor coactivator 
PGC-1α has long been recognized as “the master 
of mitochondrial biogenesis” and is known to be 
an important coactivator of NRF-1. In turn, 
NRF-1 activates TFAM, TFB1M, and TFB2M 
and thereby stimulates the cell to increase its 
mitochondrial copy number [78–80]. Recently, 
TFAM has also been suggested to play a role in 
the replication and checkpoint system of the 
mtDNA [81]. These activation pathways demon-
strate that mitochondrial replication and tran-
scription are tightly linked to and of major 
importance for mitochondrial biogenesis [82]. 
NRF-1 has also been shown to be responsible for 
the activation of many nuclear-encoded mito-
chondrial proteins to be transcribed, including 
OXPHOS proteins. In cardiac tissue, ERRs have 
been suggested to act as the main coordinator of 
a transcriptional program involved in energy fluc-
tuations and transport of ATP over the mitochon-
drial membranes [83]. PGC-1α levels have been 
shown to correlate with mitochondrial protein 
levels in both cardiac and skeletal muscle tissue, 
somewhat supporting its important role in con-
trolling mitochondrial biogenesis [84, 85]. 
However, in PGC-1α-deficient mice, mitochon-

drial volume can still be maintained even though 
mitochondrial genes are reduced suggesting that 
additional factors and mechanisms might control 
mitochondrial biogenesis [86, 87]. However, it is 
important to note that these kinds of animal mod-
els show cardiac dysfunction. Factors contribut-
ing to the maintenance of mitochondrial volume 
might be, for example, the recently discovered 
isoforms of PGC-1α that are transcribed from an 
alternative promotor, PGC-1β, or the energy- 
sensing AMP-activated protein kinase (AMPK), 
or calcium-/calmodulin-dependent protein kinase 
(CaMK) [88–90]. It has also been shown that the 
NAD+-sensing SIRT1  in coordination with 
AMPK regulates mitochondrial mass, nutrient 
oxidation, and ATP production to fit the cells’ 
needs via PGC-1α [91, 92]. It is noteworthy that 
mice lacking both PGC-1α and PGC-1β die 
shortly after birth and have small hearts and 
markedly reduced cardiac function probably due 
to arrest in mitochondrial biogenesis [93].

To initiate mitochondrial biogenesis, external 
stimuli together with an intercellular response are 
necessary. External stimuli such as exercise and 
oxidative stress have been shown to positively 
stimulate tissue to increase its mitochondrial copy 
number and are thereby important for mitochon-
drial biogenesis [94]. Communication between 
the outer and the inner environment, and the mito-
chondria, as well as in between different mito-
chondria is very important to make sure that the 
demands of the cell are met. Recently, new imag-
ing technics have allowed the visualization of 
nanotunnels connecting mitochondria with each 
other [95]. This mitochondrial tool for communi-
cation strengthens the importance of seeing the 
mitochondrial pool as a network rather than single 
entities. It has also been suggested that the actual 
nanotunnel might originate from stalled or incom-
plete fission of an existing mitochondria [96].

 Mitochondrial Medicine

 Mitochondrial Disorders

Mitochondrial disorders in humans are a group of 
genetically heterogeneous disorders usually 
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involving mutations in the mtDNA or the nuclear 
DNA.  In population genetics, the variability 
introduced into mtDNA sequences by mutations 
has been used to map human history. In epide-
miological studies, the prevalence of mtDNA dis-
ease was found to be approximately 1:5000 and 
heteroplasmic mtDNA mutations 1:200  in new-
borns [97, 98]. Compared to nuclear DNA genes, 
mtDNA genes have a very high sequence evolu-
tion rate and mutational load because of the con-
tinuous replication state and high number of 
mtDNA copies [99].

Mitochondrial diseases can appear at any age, 
affect any organ system and, depending on where 
the gene defect lies, originate from an autosome, 
X chromosomal or maternal inheritance. 
Currently, mitochondrial disorders cannot be 
cured, and available treatments are aimed at 
relieving symptoms [100]. The outcome of these 
mitochondrial disorders is somewhat varying 
depending on the organ or tissue affected and also 
by individual factors affecting patient’s protective 
and/or risk assessments by the alleles. In mam-
malian cells the mtDNA-linked disorders and 
their phenotypic variability may also depend on 
the fact that a mitochondrion can contain both 
mutated mtDNA and non-mutated mtDNA cop-
ies, which makes the mtDNA pool within a mito-
chondrion highly heteroplastic [99, 101]. Earlier 
it was thought that the mtDNA heteroplasmy was 
a rare event; however, new improved molecular 
methods analyzing mtDNA have revealed pres-
ence of heteroplasmic variance in healthy subjects 
sequenced, even though the levels found were 
quite low [102]. However, in the presence of het-
eroplasmy a minimum critical proportion of 
mutated mtDNA between 60% and 90% (mutant 
to wild-type DNA) seems necessary before bio-
chemical defects and tissue dysfunction become 
apparent  which migth  lead to disease [103]. 
Specific mitochondrial-linked mutations affecting 
the heart have been identified, and mitochondrial 
diseases have been shown to display cardiomy-
opathies in a frequency of approximately 20–40% 
of the disorders [104].

 Mitochondrial Dysfunction

Mitochondrial dysfunctions that are  not classi-
fied as genetic disorders have long been recog-
nized to be involved in a vast majority of 
different diseases including cardiovascular, 
metabolic, and neurodegenerative diseases 
[105]. Comparing identical twins discordant for 
obesity has revealed significant reduced amount 
of mtDNA and decreased mitochondrial mass in 
the obese twin [106]. This strengthens the evi-
dence that the mitochondria are highly involved 
in metabolically related diseases and affected by 
environmental factors, nutrition, and physical 
activity. Dysfunction of the mitochondria that 
effects the energy metabolism and mitochon-
drial biogenesis appears also to play an impor-
tant role in cardiac dysfunction and progression 
to heart failure. Further, both impairments in 
mitochondrial biogenesis and mitophagy seem 
to have a role in heart failure [107]. Also, loss of 
mtDNA in human heart failure has been attrib-
uted not to an alteration in genetic control (such 
as downregulation of PGC-1α), but rather due to 
increased oxidative damage to the DNA [108]. 
Furthermore, mitochondrial content depends on 
the etiology of heart failure, with mtDNA con-
tent being increased in patients with dilated car-
diomyopathy, yet unchanged in those from 
ischemic heart disease [109]. However, this 
increase in mtDNA was also accompanied by 
increased mtDNA mutations, deletions, and 
damage rate, indicating an overall mitochon-
drial dysfunction. Mitochondria also had a 
greater percentage of mutations and deletions 
caused by oxidative damage in the dilated car-
diomyopathic hearts compared to ischemic 
heart diseases. Despite this, heart failure sub-
groups exhibited lower OXPHOS capacity 
[109]. Thus, heart failure progression can fea-
ture a heterogeneously localized increase in the 
total numbers of defective mitochondria, inter-
spersed with a gradually  diminishing pool of 
normally functioning mitochondria, struggling 
to sustain cardiac output [109].
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As mentioned above, strong evidence exists 
that links factors such as environment, nutrition, 
and physical inactivity in the development of 
overall mitochondrial dysfunction. Beyond car-
diomyopathies and heart diseases, mitochondrial 
dysfunction has been associated with obesity, 
type II diabetes (T2D), and other commonly age- 
related diseases. Obesity, in addition of being a 
risk factor by itself, also increases the risk for 
other diseases such as cardiovascular disease, 
cancer, and diabetes [110].

It has been debated what is actually the cause 
and what is the consequence when it comes to 
obesity, T2D, and mitochondrial dysfunction. 
However, mitochondrial dysfunction, if not the 
cause, is likely to be a key contributor to both 
obesity and T2D. Obesity leads to processes like 
inflammation, which in turn have been linked to 
an increase in the mitochondrial ROS produc-
tion, which can cause oxidative stress [111]. 
This stress has been recognized to trigger mito-
chondrial changes that might lead to mitochon-
drial dysfunction. Moreover, excess nutrient 
intake has also been shown to accelerate ROS 
production by overwhelming the TCA cycle and 
the OXPHOS system and also to cause imbal-
ance in the mitochondrial fission and fusion 
events. This type of excessive eating or nutrient-
rich environment has been linked to increased 
fission events generating fragmented and sepa-
rated mitochondria [112]. For over a decade, 
studies in T2D patients have shown convincing 
evidence of mitochondrial dysfunction, mostly 
displayed as decreased mitochondrial activity, 
decreased size of the mitochondria, decreased 
OXPHOS gene activity, and decreased expres-
sion of nuclear- encoded genes important for nor-
mal mitochondrial function and biogenesis such 
as PGC-1α [113–119]. Studies of T2D patients 
are usually performed in tissues such as skeletal 
muscle and adipose tissue. Therefore it is highly 
interestingly that the heart of T2D patients has 
also shown a decreased number of subsarcolem-
mal mitochondria which have been linked to car-
diomyopathy [120].

 Aging and Longevity in Connection 
to Mitochondria

The function and capacity of mitochondria 
besides being implicated in metabolic disorders 
and obesity have also been connected to the aging 
process and life span. Preserved structure of the 
mitochondria has been suggested to delay the 
onset of aging. To preserve the morphology of 
the mitochondria, the regulation protein serine/
threonine protein kinases Pim-a (Pim-1) has an 
important function. Studies in mice with a Pim-1 
deficiency show signs of reduced mitochondrial 
area in the heart and display premature aging 
[121, 122]. Also factors such as the phospholipid 
cardiolipin, which is localized in the inner mem-
brane of the mitochondria, have been connected 
to the aging process [123, 124]. Studies have also 
shown that mitochondrial OXPHOS capacity and 
genes connected to this are decreased both in ani-
mal and human hearts with aging [125–127]. 
Several changes shown in heart mitochondria 
with aging have also been shown in skeletal mus-
cle along with decreased mitochondrial volume, 
increased oxidative damage, and reduced 
OXPHOS capacity [128]. In skeletal muscle of 
aging subjects (over 80  years old), it has been 
shown by PCR and Southern blotting that over 
70% of the mtDNA have random deletions that 
might play a role in the aging process [129]. 
Oxidative stress and increased ROS production 
have been proposed to play a key role in the aging 
process. According to this theory, as we age, 
mitochondria accumulate oxidative damage due 
to the production of ROS during the generation of 
ATP.  This process in turn causes further mito-
chondrial dysfunction, as ROS are highly reac-
tive and destroy macromolecules such as proteins, 
lipids, and DNA [130]. In addition, studies of 
Drosophila and mice have shown that overex-
pression of antioxidant enzymes, such as cata-
lases or superoxide dismutases, increases the life 
span of these animals [131, 132]. However, this 
ROS-mitochondrial theory of aging has been dis-
puted since inhibition of mitochondrial function 
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and thereby increased levels of ROS also have 
been shown to delay aging and increase the life 
span [133–136]. It is noteworthy that increased 
ROS levels in connection to increased life span 
have only been investigated and confirmed in 
small animals such as C. elegans, Drosophila, 
and mice. These studies suggest that ROS, by act-
ing as a signaling molecule and also as a second 
messenger, might promote an organism’s longev-
ity. By acting as a retrograde signaling molecule, 
ROS can activate HIF-1, which is a nuclear tran-
scription factor that has been linked to increased 
life span. Activation of the cellular energy sensor 
AMPK, which can be activated by increased 
ROS, has also been linked to increased longevity 
in C. elegans [137, 138]. How AMPK mediates 
this longevity response is currently unknown, but 
interestingly, AMPK has been shown to increase 
mitochondrial biogenesis via the activation of 
SIRT1 and PGC-1α in mammals [139, 140]. This 
is also somewhat supported by the fact that anti-
oxidant treatment has been shown to abolish long 
life span caused by the inhibition of mitochon-
drial respiration, suggesting a requirement of 
elevated ROS levels for a long life span [136]. 
Calorie restriction without causing malnutrition 
has for decades also been shown to increase the 
life span both in animals and in humans. One 
important way in which calorie restriction could 
have been proposed to increase the life span is by 
increasing the rate of mitochondrial respiration 
[141–143]. Interestingly, in humans undergoing 
intervention with calorie restriction, it has also 
been shown that the mitochondria consume less 
oxygen than controls but are still producing the 
same amount of ATP, which suggests that the 
mitochondria work more efficiently [144]. 
Calorie restriction has also been shown to induce 
gene expression of both nuclear and 
mitochondrial- encoded genes coupled to mito-
chondrial respiration and also to increase mito-
chondrial biogenesis [141, 144–147].

 Epigenetic Modifications 
of the Mitochondria

DNA modifications, called epigenetics, in the 
mitochondrial genome have been known since 

1971. Later, mtDNA methylation was recognized 
as a process occurring within the mammalian 
mtDNA [148]. However, new techniques have 
recently evoked the interest of epigenetic modifi-
cations affecting the mitochondria [149]. 
Epigenetics is defined as a phenotype resulting 
from changes in either gene expression, chromo-
some changes through posttranslational modifi-
cations, histone modifications, or DNA 
methylation, all without direct alterations in the 
DNA sequence [150–152]. The mitochondria and 
the nucleolus are, as stated earlier in this chapter, 
highly interconnected, and epigenetic modifica-
tions in the nuclei can act upon the mitochondria, 
as it has been shown that the mitochondrial 
enzyme DNA polymerase γ is regulated by meth-
ylation within exon 2 of the nuclear DNA [153]. 
This methylation thereby regulates and affects 
the mitochondrial copy number. The mitochon-
drial genome can also be modified, in a similar 
manner as the nuclear DNA, by modification of 
nucleoid structure-forming components, which 
will affect the opening of the closed structure and 
can thereby regulate the mtDNA transcription 
and replication [15, 154]. Methylation of mtDNA 
in response to oxidative stress has also been 
examined. However, other epigenetic features, 
such as mitochondrial noncoding RNAs, are not 
yet well understood [150, 151, 154].

A number of reports have been associating 
DNA modifications within the mitochondrial 
genome with therapeutic drugs, traits and dis-
eases which has provided a new opportunity not 
only to understand the role of epigenetics in the 
mitochondrial genome but also to some extent 
understand the biological function and regulation 
of the mitochondrial epigenome [149, 155–158]. 
How factors such as physical activity might spur 
epigenetic modifications of the mtDNA is still 
largely unknown. Therefore, much work is still 
needed before we fully understand the epigenetic 
regulation of mitochondria and its connection to 
genetics, physical adaptations, and disease 
involvement.

In summary, evidence clearly points to the mito-
chondria as an important target in both the under-
standing and the treatment of heart failure and 
cardiovascular diseases [159]. Even though gene 
therapy might be in the future to reduce mtDNA 
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mutations and mitochondrial  dysfunctions, this 
type of editing is still largely in its infancy com-
pared to nuclear DNA editing. However, this is 
shaping up to be an interesting and promising field, 
but many challenges in methodology still need to 
be overcome.

 Exercise Effect on Mitochondria

Acute physical work or exercise constitutes a dis-
turbance in homeostasis and presents a major 
challenge for the whole body. Chronic exposure 
to physical work (exercise) that leads to substan-
tial disturbances in homeostasis provides the 
stimulus for specific adaptations aimed to over-
come the challenge, protect the organism from 
injury, and maintain homeostasis. Evidence of 
this is provided by the well-documented muscu-
lar, cardiovascular, and metabolic chronic adap-
tations resulting from chronic exercises, such as 
improved cardiovascular function, oxidative 
capacity, and insulin sensitivity. These adapta-
tions not only protect the organism against the 
task at hand (i.e., long distance running) but also 
appear to render the system resilient to chronic 
illness. The aforementioned adaptations are 
mainly due to enhanced oxygen utilization, 
greater metabolic efficiency, adaptations of heart 
and skeletal muscle structures and functions, 
improved peripheral circulation, increased mito-
chondrial biogenesis and volume, as well as 
increased OXPHOS enzymes in the mitochon-
dria [90, 160–164]. In this section, an overview 
of how exercise-induced adaptation affects the 
mitochondria and how exercise training enhances 
physical performance which leads to health ben-
efits, largely through adaptations in skeletal mus-
cles, will be presented.

 Interventional Evidence 
and Mechanisms of Exercise-Induced 
Changes Coupled 
to the Mitochondria

Exercise affects all organs in the body. 
Adaptations to exercise are usually seen and 
studied in high metabolically active tissues which 

increase their activity during physical activity, 
such as skeletal and heart muscles, adipose tis-
sue, and liver, organs that are exceedingly 
affected by exercise [17]. Mitochondrial adapta-
tion, encompassing coordinated improvements in 
quantity and quality, is recognized as a key factor 
in the beneficial outcomes of exercise training.

While the benefits of and adaptations to regu-
lar exercise have been known for some time, 
molecular biologists have more recently uncov-
ered networks of signaling pathways and regula-
tory molecules that coordinate adaptive responses 
to exercise. It has been suggested that some of the 
primary mechanisms behind the exercise 
response seen in mitochondria are due to molecu-
lar mechanism such as the activation of signaling 
kinases and phosphatases via Ca2+, ROS, or ATP- 
AMP fluctuations, the induction and/or activation 
of transcriptional regulatory proteins such as the 
transcription factors PGC-1α and NRF-1/, the 
import of newly formed precursor proteins into 
mitochondria, and the coordinated assembly of 
both mitochondrial and nuclear gene products 
into an expanding organelle reticulum. 
Mitochondria are sensitive and responsive to the 
changes in energy demands that exercise creates, 
and since the mitochondria oxidize nutrient sub-
strates to generate ATP, they are primarily respon-
sible for meeting the energy demands of 
prolonged exercise. In 1967, John Holloszy pub-
lished the first evidence that exercise training 
promotes mitochondrial biogenesis in rat skeletal 
muscle [165]. Since then, mitochondrial biogen-
esis (described in more detail in the Biogenesis 
section above) has repeatedly proven to be a key 
component of improved fitness following exer-
cise. This process is known to be highly coordi-
nated and requires the coordination of multiple 
cellular events, including transcription of two 
genomes (nuclear and mitochondrial), the syn-
thesis of lipids and proteins, and the coordinated 
assembly of multi-subunit protein complexes 
into a functional respiratory chain, as reviewed 
elsewhere by Hood [166].

The working skeletal muscle responds to the 
repeated, episodic bouts of muscle contraction 
related to exercise by functional adaptations such 
as improved contractile protein function, 
improved metabolic regulation, and enhanced 
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intracellular signaling leading to increased tran-
scription of nuclear- and mitochondrial-encoded 
genes. These in turn alter the protein content and 
enzymatic activity in the skeletal muscles, mito-
chondrial function, metabolic regulation, intra-
cellular signaling, and transcriptional responses 
[167–171]. External and internal stimuli from 
exercise and muscle contraction give rise to sig-
nals that trigger the body and in particular the 
mitochondria to adapt. There are numerous sug-
gested molecular mechanisms that have been 
associated with the activation of the intracellular 
orchestra that leads to more efficient and an 
increased number of mitochondria. One of the 
most studied factors leading to mitochondrial 
biogenesis is the transcription coactivator 
PGC-1α, which can be seen as the primary regu-
lator of transcription of nuclear-encoded genes 
coupled to mitochondrial biogenesis [172]. 
Several animal studies, where the PGC-1α gene 
has been deleted globally or in a muscle-specific 
manner, have shown strengthening evidence of 
the importance of PGC-1α in the exercise adap-
tive response, since these animals display blunted 
exercise-induced mitochondrial biogenesis or 
decreased expression of genes important for 
mitochondrial biogenesis as well as reduced 
exercise capacity [173–176]. Interestingly, mice 
overexpressing PGC-1α in muscle show signifi-
cantly enhanced mitochondrial protein abun-
dance in otherwise fast-twitch muscle fibers 
[177]. However, as mentioned earlier, PGC-1α 
does not act alone. ERR α and NRF-1 are recog-
nized as transcription partners of PGC-1α, and 
transcription of nuclear mitochondrial genes is 
dependent on this co-activation [178]. Exercise 
increases the interaction between PGC-1α and 
NRF-1, and this interaction leads to the transcrip-
tion of TFAM, a key mitochondrial transcription 
factor [179]. Exercise has also been shown to 
stimulate mitochondrial biogenesis by transloca-
tion of PGC-1α in the mitochondria, where it 
forms a complex with TFAM and thereby initi-
ates transcription from the D-loop region [178, 
179]. The external and internal cellular signals 
that activate PGC-1α upstream can be summa-
rized to mechanical stress and/or energy-related 
changes. Various types of exercise have been 

shown to increase levels of calcium, which 
together with the stress-induced p38 mitogen- 
activated protein kinase (MAPK) activates PGC- 
1α activity and expression [89, 180, 181]. As an 
energy-related stimulus, AMPK is one of the 
most studied factors in exercise intervention 
studies. In animal studies, exercise-induced 
AMPK activation has been linked to an increased 
PGC-1α protein, and in human skeletal muscle 
cells, it has been shown that AICAR, an AMPK 
analog, can activate PGC-1α gene expression 
[89, 91]. A well-known tumor suppressor gene, 
p53, has also been linked to exercise-induced 
mitochondrial biogenesis in skeletal muscle 
[182]. This link seems to involve the activation 
and regulation of PGC-1α, and p53 has been 
shown to directly bind to the PGC-1α promoter 
and thereby increase PGC-1α expression [183]. 
The metabolic stress that activates p53 and trig-
gers cell- cycle arrest, ROS clearance, or apopto-
sis has also been shown to be regulated by direct 
binding of PGC-1α to p53 [184] (Fig. 3.1).

Furthermore, p53 is activated/phosphorylated 
by muscle contraction and metabolic stress, lead-
ing to translocation of p53 which results in the 
transcription of metabolic genes [185, 186]. 
PGC-1α is, in this sense, defining the p53 response 
to metabolic stress such as exercise and can be 
seen as a critical switch in determining the 
p53-mediated cell fate. Further support for a 
potent role of p53 has been evaluated in knockout 
mice, in which multiple signaling pathways 
related to mitochondrial biogenesis, e.g., reduced 
or delayed p38 MAPK, AMPK, and CaMKII 
responses to acute exercise, along with impaired 
induction of PGC-1α mRNA have been seen 
[185]. Studies have also investigated the mecha-
nisms by which AMPK may regulate mitochon-
drial biogenesis, and this has been shown to 
involve both direct phosphorylation and deacety-
lation (via SIRT1) of PGC-1α [187]. However, as 
mentioned earlier, there are more than one actor 
steering the exercise-induced apparatus control-
ling mitochondrial biogenesis. As an e.g of this 
complexed regulation, it has been shown that mice 
lacking PGC-1α or SIRT1 have normal increases 
in mitochondrial biogenesis as a response to exer-
cise [188, 189]. Interestingly, mice lacking the 
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liver kinase B1 (LKB1), a downstream target of 
AMPK, do not increase components of the mito-
chondrial electron transport chain when exposed 
to exercise training and show reduced exercise 
capacity [190]. To further understand the complex 
features that lead to exercise-induced mitochon-
drial biogenesis, it will be important to establish 
whether factors other than the AMPK-PGC-1α-
SIRT1 pathway are necessary for mediating adap-
tations to exercise.

Besides PGC-1α, its upstream regulators and 
mechanical stress or energy-induced signaling 
pathways that stimulate mitochondrial biogene-
sis, posttranslational modifications, and transla-
tional control systems might also affect the 
exercise-induced mitochondrial adaptations, as 
reviewed by Drake et  al. [191]. In addition to 
posttranslational and translational modification, 
fusion and fission also allow for the dynamic 
remodeling of mitochondria, which function as a 
quality control mechanism. However, fusion and 
fission as exercise-induced events are not well 
understood. However, after a bout of acute exer-
cise and exercise training, events such as autoph-

agy and mitophagy have been demonstrated to be 
enhanced, which improves mitochondrial quality 
[192–194].

Different types of exercise modalities have 
different effects on the mitochondrial response. 
Mitochondria appear to adapt and compensate 
specifically to the type of metabolic stress applied 
throughout exercise.

Endurance-type training Endurance-type exer-
cise is seen as the primary cause of exercise- 
induced mitochondrial biogenesis and improved 
mitochondrial function. Training-induced 
improvements of mitochondrial volume and 
mitochondrial enzyme activity were shown in the 
early 1970s during longitudinal training studies 
and cross-sectional studies comparing trained 
and untrained men [195–197]. In light of these 
findings, later studies of endurance exercise 
(4–6 weeks) have shown a 30–100% increase in 
mitochondrial density within the skeletal muscle 
of healthy humans [198–200]. Over several 
decades, exercise interventions have also shown 
increases in total mitochondrial protein amount, 
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enzymes involved in β oxidation, the TCA cycle, 
and the OXPHOS system [165, 201–203]. 
Mitochondrial volume is used as a marker of 
improved oxidative capacity; however two 
recently published innovative studies have shown 
that endurance training increases the assemblies 
of respiratory super-complexes and increased the 
mitochondrial cristae density. This increase of 
structures within the mitochondria can be seen as 
strong indicators of improved and modulated oxi-
dative capacity [204, 205] and imply that impor-
tant mitochondrial adaptations occur besides the 
increased density of the mitochondria. Whether 
similar adaptational changes also adhere to other 
types of training regimes remains to be further 
investigated; however, some evidence is dis-
cussed below.

Resistance-type training Several studies have 
shown that resistance exercise in fact can stimu-
late the signaling cascade that activates mito-
chondrial biogenesis, although to a relatively 
lesser degree than endurance exercise and 
depends on pre-training status and the exercise 
principles employed [206–208]. Since resistance 
exercise is much less studied compared to endur-
ance exercise, relatively few studies have investi-
gated the effect of resistance exercise on 
mitochondrial adaptations and mitochondrial 
protein synthesis. Interestingly though, available 
studies indicate that both mitochondrial and 
myofibrillar protein synthesis increase after a 
single bout of resistance exercise in healthy 
untrained individuals. Furthermore, Burd et  al. 
reported in 2012 that a single bout of resistance 
training increased PGC-1α expression and stimu-
lated mitochondrial protein synthesis [209]. 
Noteworthy, this result was seen in a fed state 
where the subjects were given an amino acid sup-
plementation, which has been reported earlier to 
stimulate mitochondrial protein synthesis [210]. 
Moreover, 12  weeks of resistance training has 
been seen in both young and old subjects to 
increase mitochondrial protein content [211] and 
increase mitochondrial markers such as citrate 
synthase (CS) activity and mtDNA copy number 
[49, 212]. However, utilization of citrate synthase 
activity as a biomarker is quite equivocal, and 

apart from increased activity, both decreased 
[213] and unchanged [207, 214, 215] enzyme 
activity has been reported after resistance train-
ing. This might in part be explained by different 
training protocols, age, and the pre-training sta-
tus, as mentioned above.

To evaluate if different training regimes cause 
different intracellular responses, Coffey et  al. 
studied early signaling responses in skeletal mus-
cle from resistance-only trained and endurance- 
only trained athletes [206]. After implementing 
the exercise regimes that the subject was unfamil-
iar with, the signaling response was examined. 
Interestingly, AMPK phosphorylation increased 
in skeletal muscle after cycling in resistance- but 
not endurance-trained subjects. Conversely, 
AMPK was elevated after resistance exercise in 
endurance- but not strength-trained subjects. This 
pattern also held true when the authors analyzed 
other factors recognized to be activated by either 
resistance or endurance training, respectively. 
The results that the phosphorylation of AMPK 
increased in cyclists after resistance exercise and 
in strength-trained athletes after cycling do not 
support the hypothesis of a selective activation of 
specific molecular pathways depending on the 
different exercise types [206]. Rather, this sup-
ports the notion that in order to improve perfor-
mance or elicit a physiological change, the body 
needs to be stressed and one’s workout programs 
need to vary in order to not reach a progression 
plateau. Thus, resistance exercise does in fact 
seem able to stimulate mitochondrial biogenesis 
although to a lesser degree than endurance 
training.

High-intensity interval training Apart from the 
classical endurance- and resistance-type training 
protocols, high-intensity interval training (HIIT), 
in particular sprint interval training (SIT), which 
is characterized by relatively brief, intermittent 
periods of muscle contraction, often performed 
with an “all-out” effort (20–30s performed 3–10 
times) or at an intensity close to the peak oxygen 
uptake (VO2 peak), has been shown to promote 
mitochondrial adaptations such as biogenesis 
[216–219]. By comparing different exercise 
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modalities, it has been shown that HIIT seems to 
have a more beneficial effect on the mitochon-
drial respiration than initially thought, and this 
holds true even compared to traditional endur-
ance training [200, 202, 219, 220]. Interestingly, 
although VO2 peak improves in response to each 
exercise modality to a similar extent (approxi-
mately 8%), those improvements are primarily 
attributed to different physiological adaptations. 
Exercise adaptations seen by HIIT and SIT have 
primarily been attributed to improvements in 
skeletal muscle respiratory capacity [202], 
whereas improvements attendant to more com-
mon endurance training have been predominantly 
determined through hematological adaptations 
[200]. Even though the energy production during 
a single sprint is mainly anaerobic, repeated 
sprints will gradually increase the aerobic contri-
bution favoring a high muscular oxidative capac-
ity important for performance. Interestingly, in 
untrained subjects SIT exercise seems to induce 
similar response in mitochondrial biogenesis 
compared to long-duration cycling (90–120 min 
at 65% of VO2max) [218].

As mentioned earlier, one of the key control-
lers of mitochondrial biogenesis is the transcrip-
tion coactivator PGC-1α. Most studies of acute 
PGC-1α regulation in humans have used pro-
longed exercise interventions; however, a surpris-
ingly small dose of very intense interval exercise, 
equivalent to only 2 min of all-out cycling, has 
been shown to be sufficient to increase the gene 
expression of PGC-1α [220]. The energy- 
sensitive kinase AMPK has been observed to be 
activated mainly at exercise intensities of about 
60% VO2 peak [221–223]. However, low-inten-
sity exercise at 30–40% of VO2 peak but per-
formed until exhaustion also activates AMPK in 
skeletal muscle [222]. A recently published exer-
cise study by Casuso et  al. compared high-vol-
ume HIIT to sprint interval swimming and found 
that the sprint-type training resulted in higher 
muscular stress, but without an increase in sys-
temic oxidation. Interestingly, the high-volume 
HIIT resulted in a much higher induction of both 
PGC-1α and AMPK compared to the sprint train-
ing [224]. Evidence appears to support that HIIT 

might act as a stimulus to induce mitochondrial 
adaptations by stimulating biogenesis and 
increasing CS activity [225, 226].

Concurrent training Combining endurance and 
strength training (concurrent training) and the 
effect on mitochondrial biogenesis have not been 
well studied. However, if resistance and endur-
ance exercise are performed on separate training 
sessions, it has been suggested that the mecha-
nism behind improved endurance performance 
does not seem to be related to changes in mito-
chondrial content [227, 228]. More recent studies 
have somewhat challenged this view, by combin-
ing resistance and endurance exercise within the 
same training session. Interestingly, combining 
aerobic exercise with resistance altered the skel-
etal muscle transcriptional signature of resistance 
exercise to initiate important gene programs pro-
moting both myofiber growth and improved oxi-
dative capacity [229].

Also, exercise-induced AMPK activation has 
been suggested not to interfere with muscle 
hypertrophy in response to resistance training in 
men [230]. Further, enhanced CS activity, a 
marker of mitochondrial biogenesis, has been 
observed when resistance training was performed 
immediately after endurance training. Robinson 
et  al. reported recently that both young (18–
30 years) and old (65–80 years) individuals had 
greater activation of mitochondrial markers with 
12  weeks of HIIT and combined moderate- 
intensity aerobic and resistance training but not 
when performing resistance training alone [211]. 
Furthermore, in a group of middle-aged men who 
performed a single bout of endurance (cycling), 
resistance, and concurrent exercise at different 
occasions, markers of either oxidative improve-
ments or hypertrophy were analyzed. 
Interestingly, this study demonstrated that acute 
concurrent exercise stimulated myofibrillar and 
mitochondrial protein fractional synthesis rate, 
protein signaling, and mRNA expression to 
equivalent number as either cycling or the resis-
tance training alone [231].

A possible explanation for this might be that 
the molecular signals induced by aerobic/endur-
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ance exercises are enhanced when resistance 
exercise is performed in close proximity and the 
signals might not interfere as previously thought. 
Interestingly, in the study by Robinson et  al., 
RNA sequencing of muscle biopsies was per-
formed which revealed a robust increase in 
mRNA expression of mitochondrial transcripts 
with HIIT, more so than when subjects performed 
resistance training or combined aerobic and 
resistance training [211]. Proteomics data from 
the same study revealed larger proteomic change 
in mitochondrial and ribosome proteins when 
HIIT was performed compared to both resistance 
and combined aerobic and resistance training. 
Furthermore, epigenetic analysis revealed a rela-
tively small change (<10%) of DNA promoter 
methylation and low overlap between transcrip-
tional and proteomic changes [211].

In conclusion, all types of stress on the body 
will elicit intracellular responses and adaptation. 
This means that all modes of physical activity 
have the potential to stimulate the organism and 
mitochondria to adapt according to external and 
internal demands. Since the mitochondrion is the 
powerhouse of the cell and controls aerobic 
metabolism, it will benefit from aerobic exercise 
and training. Endurance-type training is therefore 
a powerful way to stimulate mitochondrial exer-
cise adaptations. However, HIIT seems to effec-
tively improve cardio-metabolic heath in a similar 
way as endurance and also stimulates mitochon-
drial biogenesis and oxidative capacity. Lastly, 
resistance training and concurrent training might 
also affect the mitochondria by inducing mito-
chondrial biogenesis, but to a lesser degree than 
both endurance and HIIT.

 Clinical and Public Health Relevance

From an overall health and clinical perspective, it 
is highly important to have well-functioning 
mitochondria and to be physically active. 
However, is it possible to induce mitochondrial 
biogenesis or improve mitochondrial function by 
pharmacological treatment? This is a really inter-
esting question and undergoing increasing scru-
tiny. An increased understanding of the molecular 

mechanisms that leads to exercise-induced mus-
cle remodeling has spurred development of 
exercise- mimicking drugs, and activators of 
AMPK, PPARδ (nuclear receptor activated by 
PGC-1α), SIRT1, as well as ERRγ have been 
developed; for details see the review by Fan W 
and Evans [232]. Other exercise-mimicking 
drugs, e.g., agonists that activate beta-2- 
adrenergic receptors such as AICAR, clenbuterol, 
and formoterol, have also been studied in attempts 
to induce mitochondrial biogenesis [233]. Apart 
from these agonists, G-protein-coupled receptors 
(GPCRs) have gained an increased interest. 
GPCRs’ ligands represent numerous clinically 
approved receptor agonists, which makes them 
attractive targets for the identification of thera-
peutics that induce mitochondrial biogenesis 
[234, 235]. Besides pharmacological products, 
some natural products have also been linked to 
mitochondrial biogenesis and improved mito-
chondrial function which include resveratrol, 
epicatechin, curcumin, and some phytoestrogens 
[236]. These natural/nutritional products have 
mostly been studied in animal models and cell 
systems. The most examined product, resvera-
trol, has shown some promising results and 
proven to activate the SIRT1-AMPK pathway 
leading to mitochondrial biogenesis in both 
in  vitro and in  vivo studies [236]. Moreover, 
more therapeutic targets will definitely be devel-
oped. Furthermore, recent clinical trials in 
patients with diagnosed heart failure and 
decreased ejection fraction have shown promis-
ing results from infusion of elamipretide, which 
is a previously known peptide that targets mito-
chondrial dysfunction [237].

For decades, researchers and the industry have 
searched for the “exercise pill”: however, to this 
day no such pills exist that have the potential to 
replace all the physiological changes and the ben-
eficial effects that exercise brings to the perform-
ers. A recent study in mice declared that treatment 
of PPARδ agonist delayed the exhaustion of 
 running by inducing a glucose-saving shift, and 
this was said to be a highly potent exercise pill. 
Nevertheless, even mice that did not exercise but 
were given the drug displayed a somewhat simi-
lar energy shift; however, to get the full exercise- 
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mimicking effect, mice still needed to perform 
exercise [238].

From a health and a clinical perspective, mito-
chondrial diseases are also a highlighted research 
field of interest. In 2017, Zhang et al. earned a lot 
of attention by publishing a report that described 
the first birth of a healthy boy after mitochondrial 
replacement therapy (MRT) by spindle transfer 
to prevent transmission of mitochondrial disease 
from mother to child [239]. In this way, three par-
ents gave rise to this child. The child’s mother 
had the mitochondrial mutation that causes Leigh 
syndrome, and she had the mitochondrial hap-
logroup I; the donor of the mtDNA had no known 
mitochondrial mutations and was a mitochon-
drial haplogroup L2c. According to the authors, 
the child, who was 7 months old at the time of 
reporting, was healthy. The mutation load varies 
in a newborn baby’s tissues, and high levels of 
heteroplasmy are a key issue in MRT, since it can 
lead to manifestation of disease. An adult human 
has been estimated to have a total number of 
3.72 × 1013 cells with approximately 1 × 1016 cell 
divisions [240]. Therefore, a slight advantage of 
cell survival or proliferation with mutant mtDNA 
can dramatically increase the final level of het-
eroplasmy. Thus, accordingly to Zhang and col-
leagues, a trend of the shift in mtDNA 
heteroplasmy is much more important than the 
actual heteroplasmy level in the blastocyst in 
determining the final level of mtDNA mutation in 
a baby [239]. So, the question of whether muta-
tion load increases with increasing age, and if 
that will affect the child, is one that cannot be 
answered definitively at this point. If MRT is the 
future in mtDNA-linked diseases, it still needs 
further research.

Besides mtDNA mutations and replacement 
therapies, the mitochondrial genome and epig-
enome, as well as the mitochondrial-derived pep-
tides, might be more important than previously 
thought and highly relevant to achieving health 
and preventing diseases. But, how and to what 
degree exercises affect these mitochondrial- 
encoded genes and the mitochondrial genome 
and epigenetics are still unknown.

Finally, from a clinical and a public health 
perspective, as reviewed in different aspects and 

chapters throughout this book, a healthy weight, 
regular physical activity and a good nutritional 
status are key features that affect a person’s well- 
being and health and also one’s mitochondria.

 Conclusion and Future Directions

In order to maintain health, it has been shown 
repeatedly that the human body needs a certain 
amount of physical activity. This need of physical 
activity is tightly coupled to the activation of 
gene programs that evolved during the time when 
we were required to be much more physically 
active than today. For many years, researchers 
have focused intensely on trying to understand 
the mechanisms behind training adaptation such 
as improved metabolic and mitochondrial func-
tion. This has, in part, been done by studying how 
genes respond to training and lifestyle interven-
tions. Despite substantial progress, significant 
knowledge gaps remain, even though strong evi-
dence points toward the positive effect of exer-
cise on mitochondria and a connection between 
mitochondrial function and decreased risk for 
disease development. The mechanisms of exer-
cise and how it affects all the cells in the body 
and especially the mitochondria will most cer-
tainly continue to be of great scientific and public 
interest in the future.

The magic of the mitochondria is not fully 
understood, and the unique structure and func-
tional characteristics of this organelle have raised 
the ideas of mitochondrial specific  drugs. 
Moreover, retrograde signaling molecules like 
mitochondrial-derived peptides might have more 
biological functions than shown previously. 
These peptides, released from the mitochondria, 
have already been linked to protective effects in 
some diseases such as Alzheimer’s disease and 
cancer. If these mitochondrially encoded pep-
tides also have protective effects in cardiovascu-
lar diseases needs further assessment. However, 
we know that exercise increases the size, number, 
and amount of mitochondria and increases the 
copy number of the mtDNA, which might be of 
importance in producing more of these cyto- and 
neuroprotective peptides.
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Furthermore, presence of impaired mito-
chondrial function and reduced number of 
mitochondria is usually classified as mitochon-
drial dysfunction, which is commonly seen in 
obese individuals and patients with metabolic 
disorders. Luckily, exercise and regular physi-
cal activity seem to have a protective, preven-
tive, and a somewhat therapeutic role in 
mitochondrial dysfunction. If this is also the 
case in inherited mitochondrial diseases, it is 
still under enquiry. However, numerous studies 
have shown that transcription factors and 
coactivators such as the exercise-sensitive 
PGC-1α are highly important for maintaining a 
good metabolic and mitochondrial function. 
PGC-1α has also been implicated in novel 
angiogenic pathways, which may strengthen 
the notion that exercise-induced activation of 
PGC-1α might be important for the treatment 
of, e.g., ischemic heart diseases. Collectively, 
further developments in the area of mitochon-
drial medicine and exercise medicine will be 
very important from a health and disease man-
agement perspective.
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 Introduction

Over the past decades, obesity, diabetes, hyperten-
sion, stroke, and coronary artery diseases (CAD) 
have been rising dangerously worldwide and have 
reached epidemic proportions. According to the 
National Institute of Diabetes and Digestive and 
Kidney Diseases (NIDDK), NIH-USA, more than 
two in every three adults are overweight or obese, 
and more than one in three adults are obese [1]. 
The World Health Organization has estimated that 
422 billion people are suffering from diabetes [2]. 
Moreover, Centers for Disease Control and 
Prevention (CDC) has also reported that 1 out of 3 
adults suffers from hypertension, 1 out of every 20 
deaths is due to stroke, and 1 out of every 4 deaths 
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is due to CAD in the USA [3–5]. According to 
CDC, 84 million Americans also have prediabetes 
[6], a condition associated with increased risk of 
type 2 diabetes and cardiovascular disease (CVD) 
which includes hypertension, CAD, and stroke. In 
addition, increased mortality rates associated with 
these health conditions are associated with a large 
economic burden. Indeed, CDC estimates that the 
annual medical cost for obesity and its complica-
tions in the USA was annually $147 billion in 
2008 [7]. The American Diabetes Association 
reported that it costs $245 billion to treat diabetes 
and related complications in the USA [8]. 
Approximately $46 billion was used to treat hyper-
tension in 2015, $34 billion for stroke, and $200 
billion for heart disease in 2016, according to CDC 
reports [3–5].

Finding effective ways to prevent cardiometa-
bolic diseases reported above has been a chal-
lenge, particularly in countries where the 
western-style diet and sedentary behavior are 
prevalent. Strong evidence suggests that regularly 
performed exercise attenuates the development of 
obesity, diabetes, and CVD [9]. Additionally, 
according to CDC, physical exercise not only 
reduces risk of developing type 2 diabetes and 
CVD but also helps reduce body weight in addi-
tion to lowering the risk of developing certain can-
cers [10]. Moreover, exercise strengthens bones 
and muscles and improves mental health, and 
daily activity prevents falls, by improving balance. 
In combination with reduced calorie intake, exer-
cise increases life expectancy irrespective of age, 
ethnicity, body habitus, and body mass [11].

In addition to the traditional clinical parameters 
used to evaluate the effects of exercise on human 
health, studying the impact of exercise on adult 
stem cells may offer a novel insight into the 
mechanism(s) modulating the impact of exercise on 
health outcomes. This may also help us understand 
the mechanism of the positive effects of exercise.

 Adult Stem Cells Are Influenced  
by Exercise

Stem cells are nonspecialized cells which can dif-
ferentiate into some or all of the major special-
ized cell types of tissues or organs. Predominantly, 

there are two types of stem cells: embryonic and 
somatic/adult stem cells. While the role of stem 
cells on embryonic development has remained 
the main focus in regenerative medicine for 
years, the interest in adult stem cells and the role 
they play in disease and health are more recent.

Adult stem cells are found in different tis-
sues including the bone marrow, peripheral 
blood, blood vessels, skeletal muscle, adipose 
tissue, brain, and many other tissues by forming 
niche for specific and multitasking work. For 
endothelial progenitor cells (EPCs) and mesen-
chymal stem cells (MSCs), the bone marrow is 
the main reservoir. MSCs can also be found in 
other tissues (i.e., adipose tissue) besides the 
bone marrow [12]. Predominantly, adult stem 
cells such as EPCs and MSCs are responsible 
for daily tissue or cell maintenance, remodel-
ing, regeneration of multiple tissues, and espe-
cially replenishing cells dying from apoptosis 
[13]. Often, adult stem cells respond to tissue-
specific signals, such as stromal cell-derived 
factor 1-alpha (SDF1alpha), by migrating to 
injured areas that need regeneration. Exercise 
can therefore play an important role in the func-
tion and fate of these adult stem cells by alter-
ing extracellular matrix composition, reducing 
inflammation, and promoting their migratory 
capacity [14].

Obesity, diabetes, dyslipidemia, and hypergly-
cemia all play an important role in causation of 
cardiometabolic diseases. They also appear to 
play a role in mitochondrial fragmentation and 
dysfunction (Fig. 4.1) [15, 16]. Based on effects 
of exercise on mitochondrial fission, it could play 
an important role in mitochondrial repair and bio-
genesis and cellular respiration. It was reported 
that both endurance and resistance training 
increase peroxisome proliferator-activated recep-
tor gamma coactivator 1-alpha (PGC1α) which 
lead to more mitochondrial fusion followed by 
mitochondrial biogenesis [17]. However, it has 
also been reported that  mitochondrial function 
could be improved by increasing electron trans-
port chain function and mitochondrial dynamics 
without increasing mitochondrial biogenesis [18]. 
Exercise training decreases activation of the mito-
chondrial fission protein dynamin- related pro-
tein-1 (DRP-1) in insulin- resistant human skeletal 
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muscle [19]. Cumulatively, exercise enhances 
mitochondrial function which affects a stem cell 
more than a mature cell by improving the stem 
cell function [20].

 Effect of Exercise on Endothelial 
Progenitor Cells (EPCs) 
and Mesenchymal Stromal Cells 
(MSCs)

 Effects on EPCs

Human EPCs are circulating cells, available in 
the peripheral blood, bone marrow, and umbilical 
cord. Most commonly, EPCs are defined by cell 
surface markers such as CD34+ or CD34+/ 
kinase-insert-domain-containing receptor 
(KDR)+ or CD34+/KDR+/CD133+ [21]. EPCs 
play an important role in angiogenesis and neo-
vascularization, predominantly, by incorporation 
into the endothelium or by its paracrine proper-
ties that favor de novo vessel formation [22]. 

Both type 1 diabetes mellitus and T2DM often 
lead to the vascular damage and vaso-occlusive 
disease. In this regard, EPCs play a vital role in 
repair and regeneration of blood vessels. 
Metabolic disorders like diabetes, either type 1 or 
2, dramatically decrease EPC numbers and 
impair their function. Therefore, EPCs play a key 
role for diabetes and CVD treatment outcome 
measures. Physical activity increases the produc-
tion and numbers of circulating EPCs [23]. This 
improvement in the number of EPCs could be 
explained based on an anti-apoptotic effect that is 
partially dependent on nitric oxide (NO) [24, 25]. 
Similarly, in at least one study, exercise has been 
shown to reduce phosphatidylinositol 3-kinase 
(PI3-kinase)-mediated apoptosis which depends 
on NO [26]. Prostaglandin E1-mediated upregu-
lation of EPC is also linked to the improvement 
of EPC function and increased angiogenesis [27]. 
The findings of another study suggest that 
improvement in EPC numbers may be related to 
and preceded by an increase in plasma vascular 
endothelial growth factor (VEGF). In patients 
with CAD, exercise-induced transient myocar-
dial ischemia, which provides the stimulus for 
increases in EPC concentrations via a VEGF- 
dependent mechanism, helped improve organ 
function by improving tissue perfusion [28]. 
Additionally, patients with chronic heart failure 
show increased EPC counts by increasing not 
only plasma VEGF but also stromal cell-derived 
factor 1 (SDF-1) levels post exercise [29].

Age is also a major factor reducing EPC num-
bers, with the number of CD34+/KDR+EPC 
being twice as high in young population com-
pared to older group at resting state. Studies have 
demonstrated that exercise increases the number 
of EPCs in middle age and older persons [30, 31]. 
Interestingly, the number of EPCs following 
exercise was elevated irrespective of age group 
[31].

In addition to the increased concentrations of 
EPCs, evidence suggests that exercise improves 
the function of these cells [32, 33]. Sen et  al. 
(2015) showed that a home exercise program 
improves CD34+ cell function by increasing 
migration of EPCs in the presence of the chemo-
tactic factor SDF-1α. These results indicate that 
regularly performed exercise leads to enhanced 
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Fig. 4.1 Mitochondrial shape alterations in T2 diabetes: 
mitochondrial fragmentation or fission and impaired 
mitochondrial trafficking are hallmarks of T2DM. These 
changes in mitochondrial dynamics lead to pathological 
responses in β cells, skeletal muscle, adipocytes, and ves-
sels. Exercise can reduce mitochondrial fission and can be 
used as a hallmark for exercise effectiveness
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vasculoneogenesis within a relatively short time 
[32]. It has also been reported that exercise sub-
stantially influences SDF-1α concentrations [33]. 
In addition, atherosclerotic plaque regression has 
been demonstrated in response to exercise [34]. 
Other studies have reported that supervised exer-
cise training boosts the circulating EPC counts 
and reduces asymmetric dimethylarginine 
(ADMA) levels leading to an increased angio-
genesis, improvement of endothelial function, 
and decreased atherosclerosis. Collectively, the 
aforementioned findings suggest that exercise- 
induced cell mobilization and reduction of 
ADMA may serve as a physiological repair 
mechanism for atherosclerosis [35–37].

Exercise training normalized the EPC levels 
and function in SHR that were exercise trained 
(SHR-T) which was accompanied by an increase 
in VEGF and NO levels. In addition, oxidative 
stress levels were normalized in SHR-T. Similar 
results were found in the number and function of 
bone marrow EPC. Exercise training repaired the 
peripheral capillary rarefaction in hypertension 
by a signaling pathway VEGF/endothelial nitric 
oxide synthase (eNOS)-dependent in SHR- 
T.  Moreover, improvement in EPC was signifi-
cantly related to angiogenesis [38].

Our data and discussion show that CD34+ 
cells can act as a robust biomarker in metabolic 
diseases such as obesity, prediabetes, and type 2 
diabetes [21, 32]. Exercise repairs the impair-
ment of EPCs in hypertension, which could be 
associated with peripheral revascularization, 
suggesting a mechanism for its potential thera-
peutic application in vascular diseases. In spon-
taneously hypertensive rats, exercise normalized 
the EPC levels and functions, impaired by hyper-
tension. Moreover, improvement in EPC was 
significantly related to angiogenesis, suggesting 
that exercise may promote neovascularization, 
and a potential mechanism for the exercise-
related therapeutic applications in vascular dis-
eases [38]. In an interesting review, Wahl et al. 
[39] proposed that exercise promotes mechani-
cal stress in the tissue and vasculature. This 
mechanical force directly or indirectly regulates 
EPC’s fate. Collectively, exercise promotes 

release of growth factors and other molecules 
such as interleukin-6 (IL-6) and NO which facil-
itate EPC production from the bone marrow and 
their differentiation. Therefore, exercise may 
stimulate migration of CD34+ cells and homing 
to the hypoxic tissue, thereby improving angio-
genesis and vasculogenesis [39].

Expectedly, the exercise-related favorable 
effects of EPCs are modulated by exercise inten-
sity, duration, and volume. A direct relationship 
has been shown between exercise duration and 
the number of circulating EPCs [28]. Moderate- 
and high-intensity exercise of 30  min has been 
shown to increase circulating EPC number. 
However, this increase is not observed when 
exercise time is reduced to 10 min [40]. This find-
ing suggests that exercise duration plays a signifi-
cant role on EPC number and possibly function. 
Moreover, a maximal bout of exercise stimulates 
a significant shift of CD34+ cells toward CD34+/
KDR+ cells or in other words improves maturity 
of an undecided progenitor cell toward an endo-
thelial lineage cell [41].

 Effects on MSC

Mesenchymal stromal cells (MSCs) are multipo-
tent cells which can differentiate into osteoblasts, 
adipocytes, and chondrocytes. As mentioned 
above, MSCs can be obtained from different 
sources: umbilical cord blood, bone marrow, adi-
pose tissue, pancreatic islet, fetal liver, and lung 
[42–45]. Often, MSCs are defined by specific 
markers such as CD44, CD73, CD90, and CD105 
but not CD31, CD34, and CD45 [46].

Exercise can have an impact on MSCs, and it 
may facilitate MSC migration by increasing IL-6 
and recruiting stem cell in the site of injury [47]. 
Additionally, MSC secretome is responsible for 
hematopoietic stem and progenitor cell (HSPC) 
mobilization and proliferation, and exercise 
induces homing of HSPCs to extramedullary sites 
[48]. Several studies support improvement of 
MSC transplantation following exercise training. 
In two animal studies, treadmill exercise increased 
the therapeutic effects of MSC  transplantation in 

N. Kundu et al.



53

traumatic brain injury (TBI) in a rat model [49]. 
In a similar study, exercise increased the effi-
ciency of MSC transplantation in cerebral isch-
emic rats by reducing apoptosis [50].

In human studies, the use of stromal vascular 
fraction cells (a well-known mixed cell popula-
tion enriched in MSCs) combined with exercise 
helps improve pain in patients with knee osteoar-
thritis [51]. Interestingly, exercise also facilitates 
MSC transplantation in idiopathic osteonecrosis 
(ION) of the femoral head by increasing vascu-
larization in the bone graft [52].

Exercise plays a vital role in differentiation of 
multipotent MSCs such as promoting bone dif-
ferentiation. Li et  al. indicated that mechanical 
force increases osteoblast differentiation by 
increasing runt-related transcription factor 
(RUNX2) and is responsible for reduction of 
adipogenic peroxisome proliferator-activated 
receptor gamma-2 (PPARγ-2) and CCAAT/
enhancer-binding protein α (C/EBPα), indicating 
a reduction of adipogenesis [53]. Curiously, the 
effect of exercise on osteogenesis has been 
observed for bone marrow-derived MSCs, but 
not for adipose-derived MSCs [54]. However, 
bone differentiation markers such as RUNX2; 
alkaline phosphatase, liver/bone/kidney (ALPL); 
and osteocalcin were significantly upregulated in 
a MSC-containing stromal fraction from a vet-
eran population subjected to exercise indicating 
osteogenic differentiation [54]. Cook and 
Genever postulated how signaling pathways can 
orchestrate MSC differentiation and showed that 
both bone morphogenic protein (BMP) and 
wingless-type MMTV integration site (WNT) 
signaling pathways play an important role in 
MSC differentiation. WNT signaling promotes 
osteoblast differentiation by upregulating 
RUNX2 and inhibiting PPARγ. On the other 
hand, BMP activates osteogenic differentiation 
by activating RUNX2 (Fig. 4.1) [55].

Exercise can also increase the number of bone 
marrow-derived MSCs [56]. Furthermore, ele-
vated activity of alkaline phosphatase and 
increased levels of osteopontin and osteocalcin 
were noted in mice subjected to exercises indicat-
ing an improvement of musculoskeletal function 

[56]. In addition to the effect of exercises on 
MSC osteogenic differentiation, it has been 
shown that exercise can improve cartilage repair 
when followed by MSC transplantation [57].

Another important fact about the effect of 
exercise on MSCs can be extrapolated from data 
obtained in white adipose tissue (WAT) that 
undergoes a browning process. These cells, 
which have been called beige/brite cells, express 
uncoupling protein 1 (UCP-1) and therefore have 
thermogenic capacity similarly to a brown adi-
pose tissue (BAT). However, they differ from 
WAT once they have multilocular morphology 
and also express unique gene markers (i.e., Tbx1) 
which are not expressed in both WAT and BAT 
[58]. Thus, WAT browning process contributes to 
increased energy expenditure and helps prevent/
treat obesity. The WAT process can occur via 
proopiomelanocortin (POMC) neurons which are 
subjected to insulin and leptin actions. 
Nevertheless, in obesity condition, a hypotha-
lamic inflammation process is established, and it 
impairs insulin and leptin signaling in this tissue, 
thus preventing WAT browning. An alternative 
way to reduce this inflammation in the hypothala-
mus and increase POMC neurons’ gene expres-
sion is by practicing physical exercises [[59] and 
references therein]. Another mechanism to acti-
vate the WAT browning process is via irisin. It 
has been proposed that physical exercises 
increase the level of this hormone which pro-
motes a higher utilization of the energy reserve in 
the cells and thermogenesis by increasing UCP-1 
expression in WAT. In contrast, irisin levels are 
reduced in people with obesity and T2DM [[59] 
and references therein]. Therefore, POMC neu-
rons and irisin activities seem to be crucial as 
mediators of the physical exercise and control of 
energy homeostasis.

Although MSCs can be differentiated in both 
white and brown adipocytes, these cells have dif-
ferent precursors. While Myf5+ precursor is 
induced to transform into brown pre-adipocyte 
and then into mature brown adipocyte, white pre- 
adipocyte and mature white adipocyte are origi-
nated from Myf5- precursor [60]. However, it 
remains unclear whether physical exercise would 
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play a role on MSC (Myf5- precursor) differen-
tiation via POMC or irisin as described above for 
white adipocytes.

 Conclusion

Although relatively limited, information strongly 
supports a pleotropic, favorable effect of exercise 
on adult progenitor/stem cells MSC and EPCs as 
cellular markers of cardiovascular health [61] 
and exercise physiology [32]. In addition, it 
appears that these changes occur relatively 
quickly (within weeks of exercise) and at exer-
cise intensities that most middle-aged and older 
individuals can tolerate. This potentially has sig-
nificant clinical and public health implication. 
Exercise can be implemented to large popula-
tions as a preventive and therapeutic modality for 
a number of chronic diseases. These two, EPC 
and MSC, may also provide promising cellular 
biomarkers to easily evaluate exercise efficacy 
for different populations and different disease 
entities.
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PCr Phosphocreatine
PDH Pyruvate dehydrogenase 

complex
PFK Phosphofructokinase
PGC-1α Peroxisome proliferator-

activated receptor gamma 
coactivator 1-alpha

PHOS Glycogen phosphorylase
RER Respiratory exchange ratio
ROS Reactive oxygen species
SHBG Sex hormone-binding globulin
SIRTs Sirtuins
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sensitive factor attachment 
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T2D Diabetes mellitus type 2
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VCO2 Volume of carbon dioxide 

expired
VE Volume of air inspired or 

expired
VLDL-C Very low-density lipoprotein 

cholesterol
VO2 Volume of oxygen uptake
VO2max Maximal oxygen uptake

 Exercise Metabolism: An Overview

In vertebrates, movement is accomplished by 
the contraction of skeletal muscles attached to 
bones via tendons. The compound adenosine tri-
phosphate (ATP), considered the energy cur-
rency of the human body, provides the energy 
requirements of the working muscles. The 
chemical energy incorporated into the ATP is 
released as ATP is hydrolyzed by adenosine tri-
phosphatase (ATPase), providing the energy for 
the thin myofilaments of actin to slide on the 
thick myofilaments of myosin. During the initial 
7–10 s of maximum or near maximum physical 
effort, the ATP requirements are met almost 
exclusively by the energy compound phospho-
creatine (PCr) stored within the muscles. As 
ATP is degraded to adenosine diphosphate 

(ADP), the phosphate from the stored PCr binds 
to ADP and ATP is formed. As activity contin-
ues beyond approximately 10 s, the limited sup-
plies of PCr are exhausted, and the intensity of 
the activity (or exercise) begins to decline. 
However, this allows the necessary time for the 
glycolytic pathways to maximize their capacity 
to form ATP and become the predominant sup-
plier of energy for the working muscles for the 
next few minutes.

Anaerobic metabolism occurs in the cytosol. 
The formation of ATP via the glycolytic path-
ways (anaerobically) involves the degradation of 
glycogen and glucose to pyruvate and lactate 
(Fig. 5.1). Muscle glucose and glycogen primar-
ily serve the energy needs of the host muscle. 
Glucose entering the myocytes is phosphorylated 
by the enzyme hexokinase to form glucose- 6- 
phosphate (G-6-P). This is an irreversible step as 
the muscle lacks the enzyme glucokinase (found 
in the liver) responsible for dephosphorylation of 
G-6-P and the exit of glucose from the cell into 
the bloodstream. Thus, muscle glycogen can be 
degraded to glucose as needed by the host muscle 
but cannot exit the muscle cells (enter the blood-
stream) to serve the energy needs of other organs.

Aerobic metabolism takes place in the mito-
chondrion. ATP is formed either from pyruvate 
entering the mitochondrion or acetyl coenzyme A 
(Acetyl-CoA) formed from blood-borne or intra-
muscular fatty acids through β-oxidation 
(Fig.  5.1). Aerobic metabolism is a much more 
efficient process, and the amount of ATP formed 
is much higher than the ATP formed 
anaerobically.

Proteins in the form of amino acids may also 
support ATP resynthesis via aerobic metabolism. 
However, the contribution of amino acid oxida-
tion to total energy demand is almost negligible 
during high-intensity exercise, whereas during 
prolonged exercise, it accounts for about 3–6% 
of the total ATP resynthesis [1, 2]. Nevertheless, 
amino acid oxidation may contribute more to 
total energy expenditure especially when body 
carbohydrate levels are low [3].

ATP concentrations are maintained fairly con-
stant, even during maximal exercise intensity as 
energy substrates such as PCr and muscle glyco-
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gen replenish the ATP utilized for the task at 
hand. Substrate use for ATP formation is modu-
lated by the exercise intensity. At very high exer-
cise intensities, PCr contribution to ATP 
regeneration is high. During a 30-s all-out effort 
of cycling or running, postexercise PCr were 
reduced by about 75–80%, and ATP levels by less 
than 30% [4, 5]. In endurance type of exercise to 
volitional fatigue, muscle glycogen was reduced 
by more than 80%, whereas ATP by only 6% [6]. 
Muscle fiber heterogeneity also plays a consider-
able role in substrate use for ATP formation and 
utilization [7].

The aforementioned metabolic pathways do 
not function independently, but in an integrative 
manner, where the main factor determining the 
relative contribution of aerobic and anaerobic 

metabolism is exercise intensity. If we consider a 
person starting exercise at a low intensity equiva-
lent to 5 Km.h−1, and this intensity requires a vol-
ume of oxygen uptake (VO2) of 14 ml.kg−1.min−1, 
this oxygen demand is about fourfold higher than 
the resting of VO2 that is about 3.5 ml.kg−1.min−1. 
The amount of energy for this initial stage of 
exercise is also supported by anaerobic metabo-
lism, since aerobic metabolism is slow and can-
not meet instantaneously the VO2 required 
(Fig. 5.2). The amount of oxygen not provided, 
that is, illustrated in Fig. 5.2 above the VO2 line, 
is referred to as oxygen deficit. If the individual 
continues exercise to volitional fatigue in a 
graded exercise intensity fashion, where intensity 
is increased every 3 min, a maximal oxygen 
uptake (VO2max) level will be reached (Fig. 5.3). 
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Fig. 5.1 A simplified overview of energy production in 
skeletal muscle. Acetyl-CoA acetyl-coenzyme A, acyl- 
CoA acyl-coenzyme A, ADT adenosine diphosphate, ATP 
adenosine triphosphate, ATPase adenosine triphosphatase, 
CPT carnitine palmitoyltransferase, ETC electron trans-
port chain, FFA-ALB free fatty acids-albumin, FFA- 
FABP free fatty acid-fatty acid binding protein, G1P 

glucose-1phosphate, G6P glucose-6-phosphate, HK hexo-
kinase, IMTG intramuscular triglycerides, LDH lactate 
dehydrogenase, MM mitochondrial membrane, NAD 
nicotinamide adenine dinucleotide, NADH nicotinamide 
adenine dinucleotide reduced form, PCr phosphocreatine, 
PDH pyruvate dehydrogenase, PHOS phosphorylase, PM 
plasma membrane
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The energy demand exercising above the VO2max 
level is mainly supported by anaerobic metabo-
lism (Fig. 5.4).

 Muscle Fiber Types

Skeletal muscles are comprised by different fiber 
types that possess distinct morphological, histo-
chemical, biochemical, or physiological charac-
teristics [8]. In fact, based on myosin heavy chain 
gene expression, muscle fibers have an almost 
continuous spectrum of ATP usage and muscle 
contraction speeds [9, 10].

In humans, skeletal muscle fibers are broadly 
classified as type Ι (slow twitch) and type ΙΙ (fast 
twitch). Type ΙΙ fibers are further classified into 
three major subtypes (types ΙΙa, ΙΙb, and ΙΙX) 
[11]. Type I fibers are, aerobically oriented fibers, 
designed for long-duration exercise. They have 
an extended capillary network and numerous 
mitochondria and produce a low level of force. 
On the other spectrum, type IIb and IIX fibers are 
fast twitch, have a larger diameter than type I, 
and therefore can produce more force. They are 
designed for higher exercise intensities, with 
their energy demands met predominantly by the 
glycolytic pathways, but they fatigue fast. Finally, 
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type IIa fibers are considered intermediate fibers, 
having characteristics of both type I and II [12]. 
The recruitment of the different fiber types is 
mainly dictated by the exercise intensity and the 
level of force developed by the muscle. For exer-
cise intensities up to 40% of VO2max, type I 
fibers are the predominant fibers recruited. As the 
intensity increases, progressively more type IIa 
fibers are recruited. For intensities >75% 
VO2max, type IIa and especially IIb fibers are 
recruited, as intensities approach > 90% VO2max 
[13]. Whether fibers can be altered as a result of 
chronic and specific exercise training has been 
scrutinized for years. The consensus is that fibers 
are likely to be altered to accommodate the 
demand imposed by the type of work. Thus, the 
glycolytic capacity of aerobically oriented fibers 
(type I) can be enhanced if these fibers are 
exposed to anaerobic work and vice versa [14].

In medicine, fiber typing may be important for 
certain fibers are prone to disease genetic myopa-
thies, while others seem to be resistant. Some of 
these diseases include Duchenne muscle dystro-
phy, myotonic dystrophy, facioscapulohumeral 
muscular dystrophy, Pompe disease, and certain 
myosinopathies. In addition, metabolic and 
chronic disorders such as obesity, type 2 diabetes, 
heart failure, chronic obstructive pulmonary dis-
ease, or aging-related sarcopenia affect certain 
fiber types, while other fiber types seem to be 

resistant [15] (Table  5.1). The capacity of the 
muscle to alter the characteristics of its fibers 
may provide beneficial effects in the prevention 
and treatment of these diseases [10, 15].

 Energy Substrates

 ATP

Skeletal muscles store a relatively small amount 
of ATP which can support muscle contractions 
for only a few seconds. No differences in ATP 
concentration in different fiber types of human 
skeletal muscle have been observed [4, 16, 17]. A 
decline in muscle ATP concentrations is associ-
ated with muscle fatigue. Muscle fatigue is a pro-
tective mechanism designed to prevent ATP 
decline to levels associated with muscle rigor or 
serious muscle damage [18, 19].

 Phosphocreatine (PCr)

Skeletal muscle PCr reserves are about three 
times higher than ATP levels. Its function is to 
replenish ATP via rephosphorylation of ADP. PCr 
stores are higher in type II compared to type I 
fibers [17, 20, 21]. Furthermore, PCr content may 
be increased by dietary manipulation and in 
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 particular creatine supplementation and exercise 
[22]. The outcome varies among individuals and 
seems to be affected by factors such as dietary 
habits (vegetarians vs. omnivorous) or age (chil-
dren vs. elderly) [23].

 Glycogen

Glycogen is the main form of carbohydrates 
used for muscular work. It is also the most 
advantageous energy fuel in terms of ATP resyn-
thesis since glycogen degradation is accom-
plished both aerobically and anaerobically. 
Glycogen is a polymerized form of glucose 
stored mainly in muscle and liver tissue. Its 
structure is in branch form in a treelike forma-
tion. This arrangement provides an advantage to 
enzymes phosphorylase and transferase to rap-
idly reach the various terminal sides of glycogen 
formation and speed up glycogen breakdown, 
making glycolysis a very fast metabolic path-
way. Similarly, the many end points of the tree-
like formation provide multiple sites to the 
glycogen synthase for glucose unit addition 
through the process of glycogenesis. Ultimately, 
glycogen, this important substrate, can be 
degraded and resynthesized quickly [24].

About 75% of glycogen is stored between 
myofibrils as inter-myofibrillar glycogen, while 
the rest of the total glycogen pool is situated in 
the myofibrils and beneath the sarcolemma 
(intra-myofibrillar and sub-sarcolemmal glyco-
gen, respectively) [25, 26]. In healthy individu-
als, muscle glycogen concentration varies 
depending on the tissue, the preceding physical 
activity, the person’s recent diet, fitness status, 
fiber type, and possibly gender [26–28]. The liver 
tissue can accommodate approximately 85  kg 
wet weight−1, or approximately 100 g of glyco-
gen for the average liver weighing 1.2 kg [24]. In 
recent years, the use of 13C magnetic resonance 
spectroscopy studies has shown that liver glyco-
gen content does not differ between trained and 
untrained individuals and declines significantly 
during submaximal endurance exercise of about 
60–70% VO2max [27, 29, 30]. Conversely, mus-
cle glycogen levels are usually 20–66% higher in 
endurance trained compared with untrained indi-
viduals. This may be attributable to increased 
insulin sensitivity observed with exercise training 
[27]. Furthermore, muscle glycogen is higher in 
type II fiber types compared to type I [4, 6, 16, 
31]. Muscle glycogen stored can be increased by 
manipulation in diet and exercise, the so-called 
carbohydrate loading strategy or supercompensa-

Table 5.1 Muscle disorders and morphological and functional changes of affected fiber types

Morphological/functional change Fiber type affected Muscle disorder
Atrophy-degeneration Type IIx Duchenne muscular dystrophy

Type I Myotonic dystrophy type 1
Myosinopathies
Muscle inactivity (injury, bed rest)

Type II
Type IIa

Myosinopathies
Pompe disease (mouse model)
Aging/sarcopenia

Fiber type shift Type II → type I Facioscapulohumeral muscular dystrophy
Congenital fiber type disproportion
Heart failure (diaphragm)
Chronic obstructive pulmonary disease (diaphragm)

Type I → type IIx Obesity
Type 2 diabetes
Muscle inactivity (injury, bed rest)

Type I→ type II Heart failure (limb muscles)
Chronic obstructive pulmonary disease (limb muscles)

Reduced force generation Type I Myotonic dystrophy type 1
Type II Facioscapulohumeral muscular dystrophy

Modified from Ref. [15]
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tion, often used by endurance athletes to improve 
performance [28]. Whether this supercompensa-
tion response differs between males and females 
still remains controversial [2, 32, 33].

Finally, the existence of several types of gly-
cogen storage diseases caused by various enzyme 
deficiencies [34], although rare, produces 
 metabolic abnormalities in the liver, muscle, and 
brain and is associated with abnormal glucose 
and fat metabolism.

 Lipids

Lipids are stored mainly in the adipose tissue and 
muscle in the form of triacylglycerols. There is 
considerable variation among individuals in 
terms of total body fat stores that can exceed 50% 
of the total body weight in severely obese. In 
general, females have a higher body fat content 
than males, and sportsmen usually have lower 
body fat levels than inactive individuals, although 
there is also a great variability in fat weight 
among athletes [35].

Intramuscular triglycerides are stored in the 
form of lipid droplets close to the mitochondria. 
Their amount varies between muscle groups and 
between fiber types, with type I to have a higher 
content as reported in muscle biopsy and magnetic 
resonance spectroscopy studies [36, 37]. The quan-
tification of intramuscular triglycerides and their 
contribution to energy metabolism is problematic 
due to the fact that these fat reserves are not as 
nicely distributed in the muscle as glycogen [38]. 
However, studies combining immunofluorescence 
microscopy, stable isotope, and muscle biopsy 
techniques have demonstrated that muscle triglyc-
erides are important energy contributors during 
prolonged exercise (≥3 h) of low to moderate 
(approximately ≤60% VO2max) intensity [39].

 Metabolic Pathways

As mentioned previously the energy source for 
muscular work is ATP. For work to continue, a 
constant supply of ATP is needed. This is accom-
plished via the anaerobic and aerobic pathways.

 Anaerobic Metabolism During 
Exercise

 The ATP-PCr System
During the hydrolysis of ATP by myofibrillar 
ATPase, ADP, hydrogen ions, and inorganic 
phosphate are formed as well as 30.5 kj of free 
energy per mole of ATP [40]:

 

ATP H O ADP Pi

H kj kilojoules

+ « +
+ - ( )+

2

30 5.
 

(5.1)

This energy release provides the “driving or 
power stroke” by which the myosin attachment at 
a 90o angle to the binding sites on actin to change 
to a 45o angle resulting in the shortening in the 
muscle [41]. For the detachment of myosin from 
actin to take place, ATP is also required to bind to 
myosin. So, ATP is regenerated by the conversion 
of ADP and inorganic phosphate, so that ATP is 
again available to myosin. The majority of the 
energy spent (about 70–75%) in the contracting 
muscle is used by the myosin ATPase activity, 
with the remaining amount to be used by enzymes 
involved in Na+, K+, and Ca2+ ATPase [42].

The amount of energy stored in the form of 
ATP is limited (about 25 mmol.kg−1dw) and, if 
not resynthesized, can only provide energy for 
approximately 3–5 s of sprinting or about 15 s of 
aerobic exercise [42]. One way of the anaerobic 
ATP provision is accomplished via the break-
down of PCr, a reaction catalyzed by creatine 
phosphokinase (CPK) or creatine kinase (CK), 
leading to the formation of ATP and creatine 
(Cr):

 PCr ADP H ATP Cr+ + « ++
 (5.2)

During maximal efforts lasting more than 10 s, 
ATP stores decline in the exercising muscle, 
while ADP and adenosine monophosphate 
(AMP) are formed. This allows the formation of 
some ATP by a reaction (5.3) catalyzed by ade-
nylate kinase [42]:

 2ADP ATP AMP« +  (5.3)

The produced AMP is quickly broken down by 
the enzyme AMP deaminase to inosine mono-
phosphate (IMP) and ammonium (NH4

+):
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 AMP H IMP NH+ ® ++ +
4  (5.4)

Since NH4
+ is toxic, it is transported in the liver 

through blood circulation and converted to urea. 
The formation of IMP is important in maintaining 
ADP and AMP at low levels in the muscle cell sus-
taining in this way enough free energy from ATP 
breakdown to support muscle contraction [19].

The above three reactions (5.2, 5.3, and 5.4) 
formulate the “ATP-PCr system” [43], “the phos-
phagen system” [19], or “anaerobic alactic sys-
tem” since no oxygen or lactate formation is 
involved [44]. As highlighted earlier, the impor-
tance of this system is that energy can be pro-
vided at a very high rate almost instantaneously, 
something that cannot be accomplished by gly-
colysis or aerobic metabolism. This system has 
played a crucial role in our survival, as immedi-
ate action is required in many instances to avoid 
injury. Activities that require high levels of mus-
cle power (weightlifting, shot put, hammer and 
discus throw, jumping, etc.) are also supported by 
the phosphagen system.

 Glycolysis
ATP generated via glycolysis involves ten chemi-
cal reactions with lactate as the end product 
formed by pyruvate, a reaction catalyzed by lac-
tate dehydrogenase (LDH). The net result for the 
muscle is the formation of 2ATP molecules when 
G-6-P is derived from glucose and three mole-
cules when the initial substrate is glycogen. This 
pathway can be summarized as follows:

Glycogen ADP Pi ATP

Lactate H

+ + ®
+ + +

3 3 3

2 2  (5.5)

A central reaction in glycolytic pathway is 
considered the  transformation  of  3- phosphogly 
ceraldehyde to 1,3- diphosphoglycerate by glyc-
eraldehyde phosphate dehydrogenase, where 
nicotinamide adenine dinucleotide (NAD+) is 
reduced to NADH [40]. The ratio of NAD/
NADH, the so-called redox (reduction-oxidation) 
status of the muscle, plays a significant role as 
substrate in electron transport chain and oxida-
tive phosphorylation since for every pair of elec-
trons transported by NADH to the electron 
transport chain, three molecules of ATP are gen-

erated. Furthermore, NAD and NADH have the 
role of activators or inhibitors in muscle metabo-
lism [42].

Although not as fast as ATP-PCr system, gly-
colysis can also regenerate ATP very quickly and 
is activated within the very first second of muscle 
contraction by various factors such as Ca2+, ADP, 
AMP, IMP, fructose-6-phosphate, Pi, and Mg2+ in 
an allosteric fashion [44]. It can support sporting 
activities that require high level of ATP resynthe-
sis for several seconds such as sprinting during 
various games like soccer, basketball, football, 
handball, and several others. Furthermore, gly-
colysis provides the extra energy needed when 
intensity exceeds that of VO2max (Fig.5.4) or 
when oxygen is not available. In addition, both 
the phosphagen system and glycolysis support 
ATP regeneration at the initiation of exercise 
(Fig.  5.1) as well as when exercise intensity 
changes to a higher intensity level, allowing the 
necessary time for the aerobic pathways to match 
the ATP demands (Fig. 5.3).

 Regulation of Anaerobic Pathways

The regulation of anaerobic pathways is mainly 
achieved by activation or inhibition of the 
enzymes catalyzing the various reactions. With 
the initiation of muscle contractions, the accom-
panied increase in Ca2+stimulates myofibrillar 
ATPase. This stimulation moves ATP hydrolysis 
reaction (5.1) to the right, resulting in a decrease 
in ATP concentrations and a subsequent elevation 
of ADP and Pi. These changes produce a mass- 
action effect stimulating CPK to displace reac-
tion (5.2) to the right replacing the previously 
hydrolyzed ATP but “spending” PCr stores [45]. 
It should be noted that as mentioned earlier, 
although ATP concentrations do not massively 
change even in maximal fatiguing exercise, small 
changes of this molecule have a larger impact on 
the concentrations of ADP and AMP which 
together with ATP formulate the total adenylate 
pool [46].

The enzyme phosphofructokinase (PFK) 
responsible for the conversion of fructose- 6- 
phosphate to fructose-1,6-diphosphate is 
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regarded as the key enzyme in the control of 
glycolysis [46]. In activities like sprinting, the 
increase in the rate of glycolysis exceeds 1000- 
fold compared to resting rate [40]. Increased 
cellular levels of inorganic phosphate (5.1), as a 
result of ATP hydrolysis, as well as AMP by 
adenylate kinase (5.3), enhance PFK activity. 
On the other hand, when ATP demand is not 
high and ATP levels rise, PFK activity is 
reduced. A high rate of glycolysis will also 
result in an increased H+ accumulation (5.5) that 
will lower muscle pH inhibiting in this way 
PFK.  This is considered a protective mecha-
nism, designed to prevent further lactate forma-
tion leading to extreme acidosis [46]. ATP 
activity is also inhibited by increased citrate 
concentrations, an intermediate of Krebs cycle, 
indicating that when ATP is regenerated by aer-
obic metabolism there is no need for high rates 
of ATP formation through glycolysis.

In muscle glycogenolysis, the main control is 
exerted by glycogen phosphorylase (PHOS) that 
degrades glycogen to G1P (Fig.  5.1). This 
enzyme has two forms: PHOS a, the more active, 
and PHOS b, the less active which are intercon-
vertible by phosphatase and kinase enzymes. 
When the muscle is at rest, most of PHOS is in its 
less active b form [40]. Activators of PHOS from 
b to a form are ADP, AMP, IMP, Pi, Ca2+, and 
adrenaline, whereas inhibitors are H+, G6P, and 
ATP [44, 47, 48]. Also, the availability of sub-
strates in the form of exogenous oral carbohy-
drates, blood-borne fatty acids, or muscle 
glycogen itself may influence the rate of muscle 
glycogenolysis [6, 31, 49–52].

 Lactate Metabolism
Lactate is the end product of glycolysis formed 
after pyruvate is reduced to lactate by LDH 
according to the following chemical reaction:

 Pyruvate NADH H Lactate NAD+ + « ++ +

 
Often the term lactic acid is used instead of lactate 
and vice versa. Lactic acid, when formed, is unsta-
ble within the physiological muscle and blood pH 
range and immediately more than 99% of lactic 
acid releases a proton and dissociates into lactate 
anions and protons (H+) [53]. Therefore, since lac-

tate is measured, this term will be used in this chap-
ter. In biochemical terms, the above reaction is 
important because lactate regenerates NAD in the 
cytosol that is necessary in the glyceraldehyde 
phosphate dehydrogenase which in turn converts 
3-phosphoglyceraldehyde to 1,3-diphosphoglycer-
ate. In this way the glycolytic flux and redox status 
of the muscle (NAD/NADH) are maintained; oth-
erwise, glycolysis would slow down resulting in a 
reduced glycolytic rate of ATP resynthesis. This 
becomes very important not so much during high-
intensity exercise, where PCr stores are signifi-
cantly reduced within seconds and consequently 
the muscle relies more on glycolysis, but in endur-
ance events such as marathon running. Fast mara-
thoners rely mainly on carbohydrate oxidation 
during exercise; however, this requires a high rate 
of glycogenolysis and simultaneously the ability to 
remove and metabolize lactate for energy [54, 55].

Two misconceptions exist regarding lactate. 
First, lactate is associated with metabolic acido-
sis and fatigue. However, the lactate molecule 
itself is not responsible for acidosis. In reality, the 
production of lactate coincides with the forma-
tion of H+ that reduces pH-inhibiting key enzymes 
of glycolysis such as PFK [56]. In fact, to some 
extent, lactate contributes to proton buffering 
since in the LDH reaction (conversion of pyru-
vate to lactate), two electrons and one proton 
from NADH and another proton from solution 
are used [19].

Second, especially in the past, lactate was 
considered a waste product of glycolysis due to 
hypoxia and was associated with fatigue espe-
cially during high-intensity exercise [57]. Also, 
postexercise lactate metabolism was linked to the 
oxygen depth, the phenomenon of elevated oxy-
gen uptake during the postexercise period [58]. 
However, since the 1970s, the multidimensional 
metabolic role of lactate was realized gradually 
[53, 57]. The application of muscle biopsy; arte-
riovenous, magnetic resonance spectroscopy; 
and tracer techniques enabled researchers to 
focus not simply on lactate accumulation during 
or after exercise but on lactate formation (appear-
ance), removal, and transport between and within 
various tissues such as the muscle, liver, heart, 
and brain [59–61]. For example aerobically 
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trained individuals demonstrate a delayed blood 
lactate accumulation during progressive exercise 
compared to anaerobic or untrained people, as 
indicated by the higher anaerobic threshold they 
possess [62], suggesting that lactate formation 
and removal can be modulated by exercise train-
ing. This is discussed later on in this chapter.

Currently, the general consensus is that lactate 
formation is not due to hypoxic conditions of the 
working muscles since an increased lactate pro-
duction and accumulation also occurs under aer-
obic conditions [53, 57].

The concept that lactate produced by the 
working muscles is taken up and metabolized by 
other tissues was introduced in the mid-1980s by 
George A. Brooks and was termed lactate shuttle, 
although today is known as cell-to-cell lactate 
shuttle [63]. He reported that about 75% of the 
lactate during submaximal exercise is removed 
and oxidized and only about 20% is converted to 
glucose. Lactate continues to be oxidized during 
the recovery period, but significant amounts are 
used for glycogen repletion through gluconeo-
genesis in the muscle and liver. However, these 
tissues do not replace their glycogen via this 
mechanism unless feeding is provided, with the 
exception of the heart that supercompensates its 
glycogen stores even during fasting [63]. The 
cell-to-cell shuttle has been proposed not only for 
the muscle but other tissues like the brain, heart, 
and liver.

Lactate can also be transported to oxidative 
(type I) fibers within the exercising muscle, to 
inactive oxidative fibers, and used as energy 
source. It can also exit the working muscle and be 
transported to less active muscle groups or to 
inactive glycolytic (type II) muscle fibers where 
it is either oxidized or converted to glycogen and 
stored [53, 57]. The liver can also oxidize or con-
vert lactate to glucose, where this newly formed 
glucose can be either returned to exercising mus-
cle through the Cori cycle pathway or stored as 
liver glycogen. Also, lactate in the systemic cir-
culation can be directly oxidized in heart and 
brain tissue. Regarding the brain, astrocytes take-
 up blood glucose and convert it to lactate that in 
turn is transported to nearby neurons where it can 
be oxidized to regenerate ATP in the mitochon-

dria [53, 57]. Therefore, taking into account all 
these possible pathways, lactate today is consid-
ered as a metabolic intermediate that connects 
glycolytic with oxidative metabolism [54].

In medicine, lactate metabolism has recently 
being incorporated in the study of cancer metab-
olism and treatment [64]. On the basis of Warburg 
effect, where in the presence of oxygen, cancer 
cells rely on glycolysis for energy production 
accompanied by high rates of lactate formation, it 
has been suggested that a treatment approach 
would have been to neglect glucose to cancer 
cells and provide as alternative fuel lactate, the 
so-called lactate-protected hypoglycemia treat-
ment [65]. Although this idea is attractive, cancer 
metabolism is far more complicated with a 
diverse collection of normal and cancer cells 
whose metabolism is different in an in vitro envi-
ronment compared to poorly understood tumor 
microenvironment [53, 64]. Nevertheless, it 
seems that as our understanding on lactate metab-
olism increases, this molecule will have the 
potential to offer more in health and disease in 
the future.

Lactate Threshold: How Is It Affected by 
Fitness?
In 1964 Wasserman and McIlroy introduced the 
term “anaerobic threshold” (AT) when attempt-
ing to define (without assessing blood lactate) the 
exercise intensity where energy production 
shifted from a mainly aerobic metabolism to that 
combining both anaerobic and aerobic patterns 
[66].

When VO2max is directly assessed, ventila-
tory rates (VE; volume of air inspired or expired 
per minute), volume of carbon dioxide expired 
(VCO2), VCO2/VO2 ratio referred as the respira-
tory exchange ratio (RER or simply R), and the 
ventilatory equivalent for oxygen (VO2/VE) are 
also assessed. As the workload increases, a point 
is reached where these values increase dispropor-
tionally to exercise intensity [67]. This reflects 
the point at which the increasing metabolic 
demands due to the increased workload can no 
longer be met mainly by aerobic metabolism. 
Consequently, an increase in the relative 
 contribution to energy needs is met by anaerobic 
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metabolism and especially by glycolysis. This 
point has been coined as the “anaerobic or venti-
lator threshold.”

This exercise level is also marked by an 
increase in lactate concentration accompanied by 
an increase in H+ which is eventually transported 
out of the muscle in the circulation and blood pH 
is reduced. Thus, this threshold can also be 
detected using blood lactate measurements and is 
therefore referred to as lactate threshold (LT). An 
example of such determination is presented in 
Fig. 5.5. Because the AT and LT do not always 
coincide and, at times, the term onset of blood 
lactate accumulation (OBLA) has been intro-
duced, in this case, the LT is defined as the exer-
cise intensity at which a lactate accumulation of 
4 mmol.l−1 is observed [68]. As illustrated in 
Fig.  5.5, this blood lactate level occurs at 
9  km.h−1. Below this workload, lactate remains 
fairly constant despite an increase in exercise 
intensity and an expected increase in glycolysis 
(Fig.  5.5). This indicates that lactate formed 
below workload of 9 km.h−1 is metabolized by 
the working muscle (via the cell-to-cell shuttles 
discussed above), and therefore lactate concen-
trations do not rise until the 9 km.h−1 workload is 
exceeded.

Since the original study by Wasserman and 
McIlroy in 1964, much criticism and debate has 
taken place, mainly regarding the link between 

what is observed and the actual changes occur-
ring within the exercising muscle. This is due to 
methodological constraints and the difficulty in 
measuring intracellular partial pressure of oxy-
gen during incremental exercise [56]. However, 
LT and AT still remain valuable functional 
parameters for doctors and sports scientists 
[69–71].

Can the Lactate Threshold Be Altered?
The LA is determined by mainly two factors: 
genetics and the level of physical fitness. Since 
there is little one can do with our genetic make-
 up, AT can only be altered by physical activity. 
The change in AT occurs in two ways. First, regu-
larly performed aerobic activities lead to an 
increased VO2max. The increase in VO2max dic-
tates that O2 consumption at a given submaximal 
workload will be lower postexercise training 
compared to pre-training. As an example, let us 
assume that VO2max prior to exercise training 
was 40  ml−1.kg−1.min−1 and following training 
increased to 50  ml−1.kg-1.min−1. If we assume 
that LT occurs at approximately 50% of VO2max, 
the AT for this individual prior to exercise train-
ing will occur at 20  ml−1.kg−1.min−1 and at 
25 ml−1.kg−1.min−1 after training. Thus, following 
exercise training, the workload necessary to shift 
the working muscle from predominantly aerobic 
to anaerobic metabolism is increased.
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The second way AT is altered is via the 
increased efficiency of the aerobic pathways 
resulting from training. In other words, the meta-
bolic alterations in aerobic enzymes such as suc-
cinate dehydrogenase, malate dehydrogenase, 
citrate synthase, a higher number and size of 
mitochondria, improved capillary network, and a 
high percentage of type  I muscle fibers [68, 69, 
72, 73] render the aerobically trained muscle 
capable of exercising at higher exercise intensities 
and accumulating even less blood lactate [74]. 
Thus, the AT of highly trained individuals occurs 
at about 75% and not at 50% as is the case with 
sedentary individuals. This is illustrated in Fig. 5.5 
where an individual with low aerobic fitness may 
have a LT at 9 km−1.h−1, while for someone with 
high aerobic fitness, LT can occur at 15 Km−1.h−1.

 Aerobic Metabolism During Exercise

Aerobic metabolism involves more complex 
energy systems than anaerobic metabolism, since 
all three major macronutrients, carbohydrates, 
fats, and proteins, contribute to the production of 
ATP. All aerobic chemical reactions take place in 
the mitochondria, situated mostly near the myofi-
brils, but may also be scattered in the sarcoplasm. 
A common molecule of all macronutrients is 
acetyl-Coa, although some other metabolites 
from fat or protein origin may “join” the oxida-
tive phosphorylation process at glycolysis or 
Krebs cycle pathways.

The main characteristic of this system is that it 
can provide a much higher amount of ATP to the 
working muscle and for fats this may be almost 
unlimited, but its major disadvantage is that this 
energy is given at a substantially lower rate com-
pared to anaerobic metabolism. For example, the 
net ATP yield of PCr system is 1 ATP, and glu-
cose/glycogen 2–3 ATP. In contrast, the complete 
aerobic oxidation of glucose/glycogen yields 
38–39 ATP, and a fatty acid like palmitate per 
mol 129 ATP. The maximum rates of ATP resyn-
thesis by the aforementioned systems are approx-
imately 2.25, 1.10, and 0.25–0.70 ATP.kg−1 
ww.s−1, for PCr, glycolysis, and Krebs cycle, 
respectively [40, 75].

 Carbohydrate Metabolism
Blood-borne glucose and muscle glycogen are 
the carbohydrate substrates converted to pyru-
vate and then enter mitochondria as acetyl-
CoA (Fig.  5.1). This reaction is catalyzed by 
the pyruvate dehydrogenase complex (PDH), 
situated in the inner mitochondrial membrane. 
PDH consists of three enzymes: pyruvate dehy-
drogenase, dihydrolipoamide acetyltransfer-
ase, and dihydrolipoamide reductase [40]. This 
chemical reaction is important since acetyl-
CoA is the main substrate for the Krebs cycle. 
Once acetyl-CoA is formed, it cannot be con-
verted back to pyruvate. Therefore, PDH is 
controlled by hormones and various effectors 
allosterically [40].

The Krebs cycle, also known as tricarboxylic 
acid cycle (TCA) or citric acid cycle, consists of 
a series of reactions that begins with the combi-
nation of oxaloacetate and acetyl-CoA to form 
citrate. These reactions are summarized as fol-
lows [40]:

 

Acetyl-CoA H CO H

CoASH CoenzymeA

+ ® + [ ]
+ ( )

3 0 2 4 22 2

 

Each cycle generates four pairs of hydrogen 
atoms ([2H]) which are carried to the electron 
transport chain by NADH and flavin adenine 
dinucleotide (FADH2). Through the aerobic 
process of oxidative phosphorylation, the com-
plete oxidation of acetyl-CoA yields 12 ATP 
molecules per cycle. A complete oxidation of 
glucose yields a total of 38 ATP, and glycogen 
yields 39 ATP. This is 19 and 13 times higher, 
respectively, compared to 2 and 3 ATP gener-
ated anaerobically.

Regulation of Hepatic Glucose Production
Liver plays a dominant role in blood homeosta-
sis during exercise by releasing glucose into the 
bloodstream; otherwise, exercise would have 
been impossible to be carried out [76]. 
Splanchnic glucose increases almost linearly to 
exercise intensities up to 60% VO2max and 
exponentially above this level, despite a grad-
ual decrease in blood flow to the hepatosplanch-
nic area due to blood redistribution favoring the 

A. Philippou et al.



69

exercising muscles [77]. This exponential 
increase of blood glucose at higher exercise 
intensities shows that hepatic glucose produc-
tion (HGP) and glucose uptake by the muscle 
do not match, indicating that regulation of HGP 
during exercise may not be via a feedback 
mechanism (i.e., blood glucose concentration) 
[77]. This mismatch suggests that hormonal 
and neural factors may affect to at least some 
extent HGP during exercise. In a study using 
somatostatin to modulate glucagon and insulin, 
during exercise at low intensity (40% VO2max) 
for 2 h, the absence of glucagon totally abol-
ished HGP, while in the absence of insulin, 
there was a threefold increase in HGP com-
pared to rest [78]. There is evidence to suggest 
that these two hormones and especially gluca-
gon may be more important in maintaining 
blood homeostasis late into a long-duration 
exercise rather than at the beginning [79].

The fact that epinephrine stimulates glycogen 
degradation during exercise led to the assumption 
that epinephrine stimulates HGP during exercise 
[76]. However, collective findings from human 
and animal studies show that when sympathoad-
renergic activity is reduced, splanchnic glucose 
production is not impaired [77]. This leads to the 
conclusion that in addition to glucagon, insulin, 
or epinephrine, other mechanisms may be 
involved in the regulation of HGP during exercise 
[76, 77].

Regulation of Muscle Glucose Uptake
Glucose diffuses from capillaries to the muscle 
membrane through interstitial fluid by facilitated 
diffusion and is converted to G-6-P by hexoki-
nase. Thus, blood supply, transport, and phos-
phorylation inside the muscle cell are potential 
sites of regulation of glucose uptake by the exer-
cising muscle [80]. Simply, glucose uptake 
increases with increasing exercise intensity and 
duration to support the continuous energy 
demands of exercising muscle [81–83]. In the 
classical studies by Ahlborg and co-workers, 
when blood glucose gradually declined to about 
2.5–3 mmol.l−1 over 3.5–4 h of cycling, muscle 
glucose uptake was also reduced [81, 82]. On the 
other hand, when exogenous carbohydrate was 

provided during cycling, hypoglycemia was pre-
vented and glucose uptake was maintained [84, 
85]. These finding support that blood glucose 
concentration is an important factor for muscle 
glucose uptake during exercise.

The diffusion of glucose into the muscle cell is 
facilitated by the insulin-mediated translocation 
of GLUT-4 transporters from intracellular stor-
age depots to the sarcolemma and transverse 
tubules. It is also well accepted that exercise has 
an insulin-like effect, translocating GLUT-4 to 
the surface of the cell through different molecular 
mechanisms and independent from insulin [80, 
86]. Various factors identified as potential activa-
tors of GLUT-4 include Ca2+, AMP-activated pro-
tein kinase (AMPK), reactive oxygen species 
(ROS), nitric oxide (NO), soluble 
N-ethylmaleimide-sensitive factor attachment 
protein receptors (SNARE), and GTPases espe-
cially RabGTPase proteins (members of the Ras 
small GTPases superfamily) [86–89]. 
Furthermore, epinephrine seems to reduce glu-
cose uptake possibly due to stimulation of muscle 
glycogenolysis, resulting in an elevated G-6-P 
concentration. In turn hexokinase, the enzyme 
responsible for glucose phosphorylation, is inhib-
ited [90]. Finally, lowering muscle glycogen con-
tent by 60 min single-legged cycling 16 h before 
a subsequent two-legged exercise bout increased 
muscle glucose uptake by threefold in the exer-
cising leg (lower glycogen leg) compared to the 
control leg, suggesting that muscle glycogen lev-
els may influence muscle glucose uptake [91].

 Cross Talk Between Skeletal Muscle 
and Liver Metabolism in Exercise
During muscle contractions, skeletal muscle 
releases cytokines referred to as myokines [92]. 
In fact, the muscle is considered an endocrine 
organ that releases various myokines such as 
interleukin (IL) IL-6, IL-8, IL-15, brain-derived 
neurotrophic factor, leukemia inhibitory factor, 
fibroblast growth factor 21, and follistatin-like 1 
[93]. In particular, muscle-derived IL-6, among 
other actions, may act in a hormonelike fashion 
increasing HGP and lipolysis in adipose tissue 
[94, 95]. In a study involving cycling at 40% 
VO2max for 2 h with high and low IL-6 infusion 
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rates, the use of stable 6,62H2 isotopes demon-
strated higher rates of appearance and disappear-
ance of blood glucose when the IL-6 infusion 
rates were high. This supports the view that IL-6 
influences glucose homeostasis during exercise 
[95]. Furthermore, muscle-derived IL-6 has been 
observed to stimulate liver CXL-1 chemokine 
expression, a small cytokine that is involved in 
the processes of angiogenesis, inflammation, and 
wound healing, in exercising mice [96]. Thus, it 
is theorized that the exercising muscle communi-
cates with distant organs such as the liver, adi-
pose tissue, and brain by the release of myokines. 
This muscle-to-organ cross talk may play a sig-
nificant role in the prevention of metabolic- 
related diseases such as obesity, diabetes, and 
cancer [93, 97].

 Fat Metabolism
Acetyl-CoA is also generated from fat metabo-
lism. Fats in the form of triacylglycerols are 
degraded to fatty acids and glycerol by a hor-
mone-sensitive lipase through the process of 
lipolysis. Once in the circulation, glycerol is 
either taken by the liver to form triacylglycerols, 
converted to glucose through gluconeogenesis, or 
converted to dihydroxyacetone phosphate and 
enters glycolysis.

Fatty acids in the circulation are bound to 
albumin, whereas fatty acids in the muscle are 
also bound to binding proteins (Fig. 5.1). When 
fatty acids enter the muscle cells, they are con-
verted to fatty acyl-CoA, which, in turn with the 
aid of carnitine, crosses the mitochondrial matrix. 
This is catalyzed by carnitine acyltransferase, 
also named carnitine palmitoyltransferase. This 
enzyme exists in two forms, one bound to the 
outer mitochondrial membrane (carnitine acyl-
transferase I) producing acyl carnitine and the 
other on the inner mitochondrial membrane that 
reverses the previous reaction producing acyl- 
CoA and carnitine [46]. Inside the mitochon-
drion, fatty acyl-CoA gradually loses two carbons 
to form acetyl-CoA, which enters Krebs cycle 
following the same pathway pyruvate follows 
(Fig. 5.1). Fatty acids yield more ATP depending 
on the number of their carbon atoms. For exam-
ple, a 16-atom fatty acid will generate a net yield 

of 130 ATP molecules. Due to the complexity of 
mobilization, transport, and b-oxidation pro-
cesses, however, the rate of ATP resynthesis by 
fatty acids is the slowest among all the fuels 
available [75].

Regulation of Muscle Fat Metabolism
The potential sites for regulation in skeletal mus-
cle fat metabolism are (a) lipolysis of the adipose 
tissue and the delivery of fatty acids to the mus-
cle, (b) movement of fatty acids across sarco-
lemma, (c) control of these molecules through 
the mitochondrial membrane, and (d) regulation 
of triacylglycerol lipase activity [98].

The hormone-sensitive lipase (HSL) respon-
sible for lipolysis is activated by catecholamines 
which through β-adrenergic receptors activate 
lipolytic cascade and HSL is phosphorylated 
[99]. When participants cycled for 30  min at 
three different exercise intensities, 25%, 65%, 
and 85% VO2max, fatty acid uptake, and oxida-
tion decreased with the highest exercise intensity 
[100]. The investigators concluded that this was 
the outcome of reduced blood flow to the adipose 
tissue. However, in a subsequent study where 
fatty acid concentration was maintained high at 
exercise levels of 85% VO2max, the uptake and 
oxidation of fatty acids increased, but was still 
lower than the levels achieved when exercising at 
65% VO2max. This suggests that intramuscular 
factors may be responsible for the rate of fat oxi-
dation at higher exercise intensities [101].

Regarding the movement of fatty acids across 
muscle membrane during exercise, three fatty acid 
transport proteins, fatty acid binding protein in 
plasma membrane (FABPpm), the fatty acid trans-
locase (FAT/CD36), and fatty acid transport pro-
tein (FATP) have attracted considerable attention 
[102, 103]. In particular, evidence supports that 
FAT/CD36 is translocated from intracellular space 
to the muscle membrane during muscle contrac-
tion, and this coincides with increased fatty acid 
transport to the muscle [98]. Furthermore, more 
recent observations suggest that FAT/CD36 trans-
location is activated by insulin. This transporter is 
also present in the  subcellular and intra-myofibril-
lar mitochondria, and its mitochondrial content is 
correlated with mitochondrial fatty acid oxidation, 
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indicating that it is involved in regulating fatty acid 
oxidation in human skeletal muscle [103–105]. 
Another potential regulatory factor in fat oxidation 
is the muscle triacylglycerol lipase (MTGL). 
Methodological constraints have not allowed 
MTGL to be studied thoroughly. However, it 
seems that it is activated during aerobic exercise 
and contributes to energy supply by the degrada-
tion of muscle triacylglycerols which play an 
important role in providing fatty acids for oxida-
tion during exercise [39, 98, 103].

 Proteins as an Energy Source During 
Exercise
As mentioned earlier the protein contribution to 
ATP resynthesis is minimum. The muscle has the 
capacity to oxidize seven amino acids (alanine, 
asparagines, aspartate, glutamate, isoleucine, 
leucine, and valine), with some evidence suggest-
ing that lysine may also be oxidized [106]. 
However, during exercise the main amino acids 
oxidized are isoleucine, leucine, and valine, the 
so-called branched-chain amino acids (BCAA). 
This is indicated by isotope tracer studies, a large 
muscle uptake of BCAA, and specific enzyme 
activation [107]. The BCAA are first transami-
nated to their keto acid analogues by branched- 
chain aminotransferase, and the formulated keto 
acids are oxidized by a mitochondrial branched- 
chain 2-oxoacid dehydrogenase enzyme 
(BCOADH) [106]. The BCOADH is considered 
to be the rate-limiting enzyme for BCAA oxida-
tion and exists in active dephosphorylated form 
and less active phosphorylated form [106, 107]. 
This enzyme is activated during endurance exer-
cise in human muscle [108–110]. This activation 
seems to be related to the glycogen status in the 
muscle, since when glycogen stores are low 
BCOADH is activated more, whereas when gly-
cogen stores are high, the enzyme is not activated 
[110, 111]. This is linked to the observation that 
based on sweat urea N measurements low carbo-
hydrate stores elevate protein degradation during 
exercise [112]. However, the contribution of 
BCAA to total energy expenditure during endur-
ance activities is calculated to be only about 
3–6% [1, 2]. Nevertheless, there is the view that 
amino acids may interact with TCA during pro-

longed exercise. As exercise progresses and gly-
cogen stores become depleted, an increase in 
leucine oxidation may lead to a carbon drain on 
the TCA cycle, reduce its flux, and lead to fatigue 
[3, 111]. However, this mechanism may not be 
quantitatively important by others since changes 
in TCA cycle intermediates may be unrelated to 
oxidative energy provision in skeletal muscle 
[113].

Finally, in resistance exercise there is an 
increased protein turnover in the postexercise 
period that remains negative (i.e., protein break-
down >protein resynthesis) if the exercising 
individual remains in postabsorptive condition 
[107, 114].

 Factors Determining Substrate 
Preference During Exercise

Substrate preference for ATP resynthesis in 
healthy individuals is dependent on four main 
factors, exercise intensity, duration, fitness status, 
and diet, while gender and environmental factors 
may also influence substrate utilization. The con-
tribution of PCr is mainly at exercise intensities 
exceeding 100% VO2max or when exercise inten-
sity increases abruptly (Figs.  5.3 and 5.4). 
Therefore, the main fuels used are carbohydrates 
and fats, while proteins contribute approximately 
<5–6% to the total energy turnover [1, 2].

Possibly the strongest factor dictating the rela-
tive contribution of fats and carbohydrates is exer-
cise intensity. At low exercise intensity levels of 
about 25% VO2max plasma fatty acids are the 
main contributors. As intensity increases, the con-
tribution of fats decreases proportionally, with a 
marked decrease observed at exercise intensities 
above 80% of VO2max, while the contribution of 
muscle glycogen and plasma glucose increases 
proportionally [100, 115]. However, fat oxidation 
in absolute amounts (i.e., g/min) increases up to 
exercise intensities of 40–65% VO2max [115, 
116]. It seems that an increased glycolytic flux 
may inhibit fatty acids from  entering the mito-
chondria, leading to diminished lipid oxidation 
[117, 118]. However, since all the aforementioned 
studies were based on indirect calorimetry, there 
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is the concern that at high exercise intensities, fat 
oxidation might have been underestimated due to 
metabolic perturbations [119].

Another major factor that alters substrate pref-
erence is the duration of exercise. In general, at 
fixed exercise intensity, fat oxidation increases, 
while carbohydrate contribution decreases as 
exercise progresses. At low to moderate exercise 
intensities (about 25–60% VO2max), fats gradu-
ally become the main fuels for energy especially 
when activity lasts for hours. For example, in one 
of the classical studies by Ahlborg and co- 
workers, they reported that during 4 h of exercise 
at approximately 30% of VO2max the relative 
contribution of free fatty acid rose progressively 
to 62% of the total energy requirements after 
40 min of exercise. The contribution of glucose 
fell from 40% during the initial exercise of 
40 min to 30% between 90 and 240 min [81].

Similarly, in another study, plasma fatty acids 
provided more than 80% of total energy expendi-
ture during 2 h of cycling at 25% VO2max [100]. 
Finally, Edwards and colleagues reported that a 
runner exercising for 6 hours, about 84% of the 
energy requirements are derived from fats [120]. 
The increased free fatty acid (FFA) oxidation 
over time is associated with a progressive 
decrease in glycogen stores lending support to 
the concept that carbohydrate availability may 
play a role in the regulation of fat oxidation dur-
ing exercise [117].

It is also well documented that aerobic fitness 
status and diet influence substrate use. This 
occurs as a result of metabolic adaptations occur-
ring at peripheral fat tissues and within the mus-
cle cells enabling the trained muscle to oxidize 
relatively more fat and less carbohydrate [121–
123]. This is of particular importance for the 
endurance athlete since the limiting factor in per-
formance is glycogen stores. Shifting the balance 
to utilizing more fat than glycogen for a given 
task (marathon run) delays glycogen depletion 
and, therefore, delays fatigue [56].

The effect of diet on substrate use was demon-
strated almost a century ago when Krogh and 
Lindhard showed that after a high-fat low- 
carbohydrate diet RER values were lower from 
baseline, indicating higher oxidation of FFA [124]. 

More recent studies confirmed this early finding 
and reported that a high-carbohydrate diet reduces 
fat oxidation, whereas a diet rich in fat produces 
the opposite result [125]. Similarly, carbohydrate 
oxidation increased during exercise after a carbo-
hydrate load 3–4 h prior to exercise compared to 
an overnight fast [126–128]. It takes at least 6 h at 
the postabsorptive state before exercise metabolic 
responses are similar to a fast of 8–12 h [129].

Finally, environmental conditions may play a 
role in substrate use especially when these condi-
tions divert from a thermoneutral environment. In 
general, when exercise is performed in the heat, 
there is an increase in muscle glycogenolysis and 
liver glucose output, reduced fat utilization, and 
also an enhanced and no increase in muscle glu-
cose uptake, leading to an elevation in blood glu-
cose concentration. These responses seem to be 
related to high muscle temperature and a sympa-
thoadrenal response [130].

 Sex-Related Differences in Substrate 
Preference During Exercise

It is well established that sex-related metabolic 
and hormonal differences in exercise exist and 
should be considered [131, 132]. Males rely to a 
greater extent on carbohydrate oxidation, while 
females rely more on lipid oxidation displaying a 
lower RER during exercise. Indeed, at any given 
relative exercise intensity, women oxidize less 
carbohydrate and more fat than men [133, 134]. 
However, other studies reported no gender differ-
ences in the substrate preference [115, 135]. The 
rationale for the possible increased fat oxidation 
by females may be that estrogen promotes fat 
oxidation, as indicated when estrogen supple-
mentation is administered in males [136]. Female 
hormones or the relatively greater proportion of 
type I fibers in women compared to men may 
explain the differences between the patterns of 
energy substrate utilization in men and women 
[132, 137]. In addition, elevated levels of GH in 
women, both at rest and at peak response to exer-
cise, could also contribute to the sex-related dif-
ferences in substrate use [132]. Furthermore, 
variations in ovarian hormone levels throughout 
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the menstrual cycle may alter exercise metabo-
lism in women [138].

Specifically, the female sex hormone, estro-
gen, is a factor that in both sexes affects energy 
substrate selection during exercise; however, it 
does not appear to be the sole determinant for 
substrate selection in females [139]. Estrogen, 
specifically 17β-estradiol, decreases carbohy-
drate oxidation and promotes lipid oxidation dur-
ing prolonged, moderate-intensity exercise 
[140–142]. Moreover, during the luteal phase 
compared to the follicular phase of the menstrual 
cycle, higher levels of circulating estrogen and 
thus a higher relative rate of fat oxidation as well 
as a higher estradiol response to an acute bout of 
exercise have been observed [132, 143, 144]. In 
addition, a greater reliance on lipids as a fuel 
source was found in females compared to males 
during prolonged, moderate-intensity exercise, 
indicated by a lower RER in women. Moreover, 
women in the follicular phase had higher glyco-
gen use as well as glucose appearance and disap-
pearance rates than women in the luteal phase 
[141]. Interestingly, during the follicular phase of 
the menstrual cycle, women exhibit an increase 
in circulating estradiol after an acute bout of aer-
obic or resistance exercise, in contrast with men, 
although circulating levels of estrogen do not dif-
fer significantly between women and men [143, 
145, 146]. Moreover, there is evidence support-
ing that overall fat oxidation may not be different 
between sexes, but the type of fat may differ with 
females to use more myocellular triacylglycerols 
[147, 148]. The issue becomes more complex due 
to the anti-estrogenic action of progesterone and 
other confounding variables such as exercise 
intensity and nutritional status that may obscure 
any estrogen’s possible effect [138].

 Cardiac Metabolism During Exercise

Myocardial metabolism is a complex network of 
highly regulated metabolic pathways and an inte-
gral part of the function of the heart, both as con-
sumer and provider of energy, matching cardiac 
energy demand and supply with precision [149]. 
Cardiac metabolism in health and disease has been 

studied extensively in vitro, in animal models and 
in humans under resting conditions [150–153]. 
However, few studies in vivo have been conducted 
in healthy humans during exercise. This is due to 
technical and practical difficulties as well as to the 
invasive nature of these procedures, where the 
methods commonly used are catheterization of 
aorta and coronary sinus and use of radioactive 
and nonradioactive isotopes [154].

 Metabolism of Energy Substrate 
in Heart During Exercise

The basic principles of cellular metabolism in 
various tissues apply also to cardiac muscle cells, 
with some quantitative differences. The cardiac 
muscle is designed to function aerobically, as it is 
endowed by an abundance of blood supply. Under 
resting conditions, most of the energy require-
ments of the heart are derived from fatty acids.

During exercise, cardiac output may increase 
more than sevenfold exceeding 40 l. min−1 in elite 
endurance athletes [11]. Therefore, the heart 
muscle requires large amounts of energy and is 
the largest energy consumer relative to its weight 
in the body [155]. Since the ATP content of the 
heart muscle is low (5 μmol.g−1ww), ATP homeo-
stasis must be maintained for myocardium to 
function properly [151]. To support ATP resyn-
thesis, the myocardium uses a variety of sub-
strates such as fatty acids, glucose, lactate, 
pyruvate, ketones, and amino acids [155]. 
However, the main substrates that have been 
directly studied and seem to contribute during 
exercise to the oxygen extraction ratio of the 
myocardium are free fatty acids, glucose, and 
lactate [156–162]. During exercise, the preferred 
fuel for the cardiac muscle is lactate released 
form the exercising muscle followed by 
FFA.  However, under ischemic conditions (i.e., 
coronary artery obstruction), the heart is forced 
to switch to anaerobic glycolysis for its energy 
needs. This situation is not sustainable, and if 
blood supply is not restored within minutes, the 
heart suffers irreparable damage. The relation 
between energy supply, mechanical function, and 
intracellular pH of the myocardium, both in 
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healthy and diseased conditions, has been funda-
mental to cardiology.

 Glucose
Glucose utilization for the myocardium occurs 
especially under hypoxic conditions, resulting in 
lactate formation [159, 162]. Multiple functions 
in myocardium are also mediated by glucose and 
its metabolites, and failure to control the levels of 
intracellular glucose metabolites has been impli-
cated in the generation of ROS, as well as the 
development of insulin resistance. Moreover, 
excessive accumulation of glucose metabolites 
has been associated with various myocardial 
pathologies [149].

 Free Fatty Acids
Long-chain free fatty acids are the myocardium’s 
predominant fuel for respiration [163]. The path-
way of long-chain FFA metabolism (oxidation) is 
initiated with their liberation from triglycerides 
(TGs) and ends with the entry of acetyl-CoA into 
the Krebs cycle. Acetyl-CoA is committed to oxi-
dation by the system of β-oxidation, inside the 
mitochondria [164]. The rate of oxidation of FFA 
in the myocardium is somehow related to the 
activity of Krebs cycle and the rate of oxidative 
phosphorylation, and changes in flux through 
pathways of fatty acid metabolism reflect changes 
in substrate provision to the myocardium [149].

 Ketone Bodies
Concentrations of ketone bodies in the plasma 
can dramatically rise during exercise, and their 
uptake, which is concentration-dependent, is a 
key feature in myocardial metabolism. The 
ketone bodies have access to the Krebs cycle in 
the heart [165]; however, the rate of oxidation is 
not sufficient to meet the energy demands of the 
myocardium [166, 167]. Interestingly, pyruvate 
carboxylation accounts for at least 3–6% of 
Krebs cycle flux in the heart [149].

 Amino Acids
An integral part of energy metabolism in the 
heart is also amino acids, and one of the main 
functions of transaminases in myocardium under 
physiologic conditions is the supply of carbon 

skeletons for the Krebs cycle [168]. In addition, 
alanine is also an end product of anaerobic glu-
cose metabolism, like lactate, and it is easily 
transphosphorylated to ATP, while this reaction 
results in anaerobic energy production indepen-
dently of lactate formation [149].

As in skeletal muscle and other tissues, most 
of the metabolic energy is used to form ATP in 
the mitochondria, and this ATP acts as the con-
veyer of energy for cardiac muscle contraction 
and other cellular functions, such as ion move-
ments and intracellular protein turnover. As in 
any other bodily organ, it is impossible to sepa-
rate metabolism from function in the heart. The 
heart converts substrates and oxygen to contrac-
tile function and heat, and there is positive cor-
relation between the work output, the rate of ATP 
turnover, the rate of oxygen consumption, and the 
rate of substrate input and utilization. However, it 
is certain that for a given physiologic environ-
ment, the myocardium oxidizes the most efficient 
substrate [149].

 Preferred Substrate for Energy Needs 
of the Heart During Exercise

Metabolism of oxidizable substrates for energy 
supply fuels ATP production in the mitochondria 
for the contractile function of the myocardium. 
About 2/3 of the energy from the hydrolyzed ATP 
is used in contractile machinery with the remain-
ing to support ion pumps such as Ca2+, Na+, and 
K+. The main driving force of energy metabolism 
in cardiac muscle is the rate of energy turnover 
and not its stored ATP [149, 169–171].

The intermediary metabolism of energy sub-
strates supports the contractile function of the 
myocardium, and the bulk of the energy for this 
function is derived from oxidative phosphoryla-
tion of ADP. Indeed, in well-oxygenated healthy 
myocardium, ATP resynthesis is accomplished 
almost exclusively (>98%) by oxidative phos-
phorylation in the mitochondria, and only a 
small fraction (<2%) is derived from glycolysis 
[172]. Interestingly, the myocardium has the 
capability of maintaining and controlling, even 
during high- intensity exercise, the same levels of 
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high-energy phosphate compounds (PCr and 
ATP) as well as their ratio observed at rest, sug-
gesting that the intracellular-free ADP concen-
tration, differently from skeletal muscle, does 
not function as a primary system to control car-
diac muscle during exercise [173, 174]. Indeed, 
using 31P NMR technology in  vivo it was 
observed that even a threefold increase in myo-
cardial oxygen did not alter cytosolic ATP, ADP, 
and Pi concentrations [175].

In particular, the total lactate dehydrogenase 
(LDH) and phosphofructokinase (PFK) activity 
is high, and, therefore, cardiac muscle should 
have the ability to release significant energy via 
anaerobic glycolysis [176, 177]. However, the 
myocardium also has a high aerobic capacity, 
and, therefore, both at rest and during maximal 
exercise, myocardial energy demands are met 
mostly by aerobic metabolism without detect-
able contribution of anaerobic glycolysis, even 
during maximal exercise [178, 179]. Notably, in 
a healthy heart the coronary circulation has the 
capacity to supply the myocardium with blood 
and oxygen without the need of anaerobic myo-
cardial metabolism [176]. Indeed, aerobic 
metabolism is predominant in myocardium and 
the predominant fuel for energy supply is 
FFA. Glucose is not a preferred substrate by the 
cardiac muscle, and when it is limitedly used, 
myocardium first oxidizes glycogen, followed 
by the aerobic, again, breakdown of glucose and 
lactate, without the need of anaerobic metabo-
lism. Interestingly, during high-intensity exer-
cise, when blood levels of lactate rise, the 
healthy preferred substrate for the myocardium 
is lactate, which replaces all other energy-pro-
viding substrates as heart’s fuel for respiration 
[149, 180–183].

 Molecular Mechanisms of Exercise- 
Induced Metabolic Adaptations 
in Cardiac Muscle

Exercise-induced physiologic cardiac adapta-
tions include mitochondrial biogenesis, ulti-
mately leading to enhanced fatty acid and glucose 
metabolism. Consequently, metabolic homeosta-

sis is preserved [179]. Metabolite profiling before 
and after exercise showed a subset of metabolites 
that regulate glucose and lipid metabolism[184], 
suggesting that metabolites and other molecules 
regulate various physiological processes, possi-
bly including the myocardium response to exer-
cise [185].

Moreover, sirtuins (SIRTs), a family of NAD- 
dependent deacetylases, regulate a variety of 
functions in the cells, including growth, metabo-
lism, apoptosis, and aging [186]. SIRT1 and 
SIRT3 are the most studied in the cardiac tissue 
and both are upregulated by exercise. SIRT1 has 
pro-growth and pro-survival functions in cardiac 
muscle cells [187], while SIRT3 is a mitochon-
drial sirtuin [188] and protects the heart against 
oxidative stress. It has also been reported that it 
may modulate the opening of the mitochondrial 
permeability transition pore (mPTP) [189, 190]. 
Additionally, it regulates cardiac metabolism via 
activation of 5' AMP-activated protein kinase 
(AMPK) and peroxisome proliferator-activated 
receptor gamma coactivator 1-alpha (PGC-1α), 
both of which inhibit maladaptive remodeling of 
myocardium [189].

Furthermore, exercise upregulates PGC-1α, as 
potent mediator of oxidative phosphorylation and 
mitochondrial biogenesis. PGC-1α-deficiency 
results in inability of the myocardium to meet 
energy demands, indicating the importance of 
energy and metabolic homeostasis in myocardial 
health [179]. PGC-1α has also been shown to 
regulate a pathway of angiogenesis which is 
independent of the hypoxia-inducible factor-1 
(HIF-1), therefore providing a mechanism for 
coordinately regulating blood supply and mito-
chondrial function in the exercising myocardium 
[185, 191].

 Future Considerations of Cardiac 
Metabolism

Both in physiological and pathological condi-
tions, the cardiac muscle has enormous energy 
demands, and myocardial metabolic dysregula-
tion is a noticeable feature of cardiovascular dis-
ease [185]. The importance of energy substrate 
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metabolism in the myocardium is increasingly 
appreciated in heart disease, diabetes, and cancer. 
Changes in the physiologic environment of the 
heart directly result in alterations of its metabolic 
fluxes, suggesting that an integral part of cardiac 
adaptation to its environment is metabolic sig-
nals, while metabolic remodeling both triggers 
and sustains structural and functional remodeling 
of the heart [192]. Notably, pathological cardiac 
remodeling has been associated with a switch 
from the fatty acid utilization, which is the pri-
mary energy substrate for the adult heart, to glu-
cose metabolism, as it happens in ischemic 
conditions. Since aerobic exercise training has 
been shown to promote not only efficient fatty 
acid and glucose handling but also mitochondrial 
biogenesis in the heart [179], aerobic exercise 
benefits in myocardial metabolic dysregulation 
should be further characterized and utilized, as 
they cannot be fully reproduced by any novel and 
improved, exercise-mimicking treatment for 
heart disease [185].

 Exercise-Induced Chronic Metabolic 
Adaptations

Regularly performed exercises of adequate inten-
sity, duration, and volume lead to chronic adapta-
tions. These adaptations are specific to the 
exercise mode, encompass both morphological 
and function changes, and include all systems 
involved in the physical task. The ultimate out-
come is improved functional capacity of the indi-
vidual resulting in an improved oxidative capacity 
of the working muscle [26, 193–197]. A major 
metabolic change due to endurance training is the 
exercise-induced mitochondrial biogenesis 
resulting in a higher mitochondrial content, vol-
ume, and oxidative capacity [198].

This process involves multiple molecular 
events ultimately resulting in improved func-
tional capacity of the individual [198, 199] and 
significant health implications, as these adapta-
tions attenuate the aged-induced sarcopenia and 
apoptosis that can lead to pathological conditions 
such as autoimmune and neurodegenerative dis-
eases [199].

The increase in the number, volume, and oxi-
dative capacity of mitochondria is accompanied 
by increased mitochondrial enzyme concentra-
tion and activity and increases in capillary den-
sity [197, 200, 201]. Collectively, these 
adaptations increase the capacity of the muscle to 
oxidize fats and carbohydrates more efficiently, 
sparing in this way the limited body glycogen 
stores [56]. This is significant for athletes engaged 
in long-duration activities (marathon run), where 
one of the limiting factors of performance is gly-
cogen depletion leading to fatigue.

Significant reduction in the rate of muscle gly-
cogenolysis with endurance training has been 
reported in several studies [200, 202–204]. 
However, others dispute these findings, as change 
in the rate of muscle glycogenolysis is not accom-
panied by a higher activation of phosphorylase, 
indicating that other factors such as ADP, AMP, 
and Pi may have an influence [203]. Furthermore, 
studies using isotopes have reported a reduced 
rate of liver glycogenolysis as indicated by the 
lower rate of glucose appearance in the systemic 
circulation [204–206]. Conflicting results have 
also been reported regarding gluconeogenesis 
[205, 207]. Muscle glucose uptake is also reduced 
as a result of training at pre-training exercise 
intensity of 60% VO2max [206, 208, 209]. 
However, at higher pre-training exercise intensi-
ties (80–100% VO2max), post training muscle 
glucose uptake is increased [210].

Studies have shown clearly that fat oxidation 
is enhanced with aerobic training [206–209]. 
However, it is difficult to clearly distinguish fat 
oxidation from blood-borne fatty acids with that 
from intramuscular stores. Methodological con-
straints in arterial-venous difference and tracer 
procedures have resulted in conflicting results 
regarding the extent to which blood-borne fatty 
acid oxidation is elevated [211]. It is not clear 
if  there are  exercise-related improvements in 
intramuscular triglycerides oxidation. Accurate 
assessments are hampered by the variability of 
biopsy samples as well as the potential that some 
of the fatty acids from circulation may not be oxi-
dized in the muscle but replace intramuscular fat 
stores [211]. However, it is the discrepancy 
between total fat oxidized by indirect calorimetry 

A. Philippou et al.



77

and that from tracer data which suggests that 
intramuscular fatty acids are oxidized to a greater 
extent after training [211, 212].

Another clear training response is the lower lac-
tate concentrations after aerobic training. This 
reflects an enhanced metabolic clearance rate as 
judged by the rate of lactate disappearance at any 
given concentration [59, 213, 214]. The precise 
mechanism(s) facilitating lactate clearance is not 
understood. However, several concepts are pro-
posed including (1) enhanced mitochondrial oxida-
tive capacity, (2) an increase in the expression of 
monocarboxylate transporter 1 (MCT1) which 
facilitates lactate uptake by mitochondria, and (3) 
alteration of LDH activity to its H-LDH isoenzyme 
that favors lactate oxidation to pyruvate [215].

 Hormonal Regulation of Exercise 
Metabolism

Hormones are sensitive to exercise-induced stress 
and play various roles in muscle metabolism dur-
ing exercise or even in the regenerative and adap-
tive mechanisms following exercise-induced 
muscle damage [44, 137, 216].

Specifically, hormones regulate in part the 
release of energy from carbohydrate and lipid 
stores during exercise, the synthesis of glycogen 
and TGs following meals, and the resynthesis of 
muscle protein. Within the context of energy stor-
age and energy production during exercise, the 
role of catecholamines, insulin, glucagon, and 
cortisol in the metabolic regulation of carbohy-
drate and lipid metabolism will be considered, 
along with the mechanisms that elicit the meta-
bolic responses. Moreover, as exercise is accom-
panied by changes in catabolic and anabolic 
hormones, as well as muscle protein synthesis, 
the roles of growth hormone (GH), testosterone, 
and estrogen will also be described.

The increased energy demands during exer-
cise are modulated by the synergistical work of 
pancreatic hormones, insulin and glucagon, 
resulting in elevated blood glucose [137, 217, 
218]. Specifically, during exercise, insulin and 
the contractile activity of the exercising muscles 
act synergistically, but through independent 

mechanisms, to facilitate translocation of glucose 
transporter type 4 (GLUT4) receptors to the cell 
membrane and increase glucose uptake of the 
exercising muscles [137, 219, 220]. Although 
glucose transporters on plasma membranes are 
activated by both insulin and exercise indepen-
dently [221–226], insulin inhibits the transcrip-
tional biosynthesis of GLUT4, and, thus, it leads 
to a marked reduction of the GLUT4 pool of the 
low-density microsomes (LDM), where GLUT4 
is stored. However, exercise not only increases 
the GLUT4 translocation from LDM compart-
ment to the plasma membrane but also increases 
the biosynthesis of GLUT4, thus leading to only 
a small decrease of GLUT4 pool in LDM [221, 
227–229]. Interestingly, in fat cells only insulin, 
and not exercise, accelerates the GLUT4 translo-
cation velocity from LDM to the plasma mem-
brane [221, 230].

Long-term muscular activity during prolonged 
moderate exercise results in greater insulin sensi-
tivity, and, thus, blood insulin levels decrease 
[231–233]. Thus, during an ultra-long distance 
running, a rise of insulin antagonists, i.e., corti-
sol, glucagon, and GH, has been observed in the 
early stages of ultra-long running, which was 
inversely proportional to the intake of carbohy-
drates [234]. During endurance exercise, there 
are a number of potential sites of control which 
can regulate the interaction of substrate (carbo-
hydrate and lipid) metabolism. These include 
availability of intra- and extra-muscular sub-
strates which are controlled by diet and the action 
of key hormones, such as insulin and the cate-
cholamines, the abundance of proteins such as 
GLUT4, and the activity of key enzymes involved 
in the regulation of metabolic pathways. Thus, 
interestingly, within the context of interactions 
between hormonal actions and metabolic 
 regulation, insulin, apart from acting to lower 
blood glucose, it may also stimulate glycolysis 
by inducing increased synthesis of key glycolytic 
enzymes [44].

In addition to insulin and glucagon, blood glu-
cose during exercise is also modulated by cortisol 
and epinephrine. Exercise-induced stress results 
in the release of both these hormones, and both 
mediate the maintenance of blood glucose levels. 
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Specifically, epinephrine, a stress hormone 
secreted by the adrenal medulla, stimulates gly-
cogen phosphorylase activity in the liver and 
muscle, thereby increasing glucose availability 
for the exercising muscles. Cortisol, also a stress 
hormone, is secreted from the adrenal gland and 
promotes muscle protein breakdown, thus mak-
ing certain glucogenic amino acids available for 
gluconeogenesis (after 20–30 min or more) and 
ultimately resulting in increased blood glucose 
levels [137].

In summary, exercise facilitates an increase in 
circulating cortisol, catecholamines, glucagon, 
and GH and a suppression of insulin release. 
Consequently, these hormones synergistically 
increase glycolysis, glycogenolysis both in the 
muscle and liver, lipolysis in muscle and adipose 
tissue, gluconeogenesis in the liver, and protein 
degradation in the muscle and liver. Ultimately, 
this leads to an increase in substrate availability 
to meet the increased energy demands of the 
working muscles.

In addition to the effects of the hormones on 
energy availability during exercise, it is also 
important to appreciate that hormones regulate 
the recovery process following exercise. This 
includes not only resynthesis of muscle glycogen 
stores ready for the next training session but also 
promotion of protein synthesis in the muscle. For 
instance, increased release of GH in response to 
exercise may have an anabolic effect or improve 
postexercise recovery time [44].

 Hormonal Responses in High- 
Intensity Anaerobic Exercise 
and in Prolonged Aerobic Exercise

Repeated high-intensity (near maximal or supra-
maximal) exercise bouts of activity lasting only 
seconds to a few minutes, interspersed with exer-
cise of low to moderate intensity (active recov-
ery) or complete inactivity, have become popular 
recently. The major sources of energy during 
such activities are derived from anaerobic pro-
cesses. On the other hand, aerobic processes pro-
vide the energy sources of physical activity that is 
performed for durations from a few minutes to 

hours and causes an increased heart rate and 
respiratory volume to meet the oxygen require-
ments of the exercising muscles [44, 235, 236].

A growing interest has been developed regard-
ing the metabolic characteristics and adaptations 
of high-intensity exercise training [237]. In this 
context, the acute hormonal and metabolic 
responses to high-intensity anaerobic exercise 
have received particular interest. More specifi-
cally, high metabolic stimuli, such as high levels 
of lactate, changes in the acid base status, and 
large decreases in pH, which are induced by 
high-intensity interval training (HIIT), elicit cer-
tain hormonal responses that may be different 
from the traditional anaerobic work and appear to 
result even in aerobic adaptations [238–240]. 
Metabolic disturbances appear to play a key role 
in causing acute hormonal responses and long- 
term adaptations to HIIT, and it has been specu-
lated that the acute metabolic disturbances and 
the consequent hormonal increases after HIIT 
may play a positive role in optimizing training 
adaptations and eliciting health benefits. The hor-
monal responses to HIIT indicate their involve-
ment in adaptation mechanisms potentially as 
part of a regulatory network to support a normal 
adaptation process to HIIT. However, the influ-
ence of the duration of intervals and recovery, the 
different exercise intensities, and the work/rest 
ratio on the acute hormonal responses to HIIT 
and particularly on its long-term adaptations 
should be further investigated and optimized 
[237]. Moreover, it remains to be elucidated if 
these responses and adaptations have significant 
health implications, such as the improvement of 
some cardiometabolic risk factors reported in 
special populations [241].

Exercise represents a powerful stimulus for 
the sympathoadrenergic system, which is impor-
tant for the metabolic adaptation to exercise [217, 
242, 243]. Specifically, during exercise the stim-
ulation and the subsequent increase in plasma 
catecholamines depend on the duration of exer-
cise (total work), workload, and the muscle mass 
recruited, as well as on the emotional stress, how-
ever, not on the power output pattern, in both 
continuous and interval exercise training. 
Particularly during high-intensity exercise, the 
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sympathoadrenergic system and catecholamines 
affect the substrate mobilization, while particu-
larly noradrenaline is a potent stimulator of mus-
cle glycolysis [137]. Moreover, although the 
concentration of blood glucose strongly influ-
ences the extent of the insulin secretion, however, 
insulin release is inhibited by stimulation of adre-
noceptors on pancreatic beta-cells, as it occurs 
during exhaustive exercise due to the increased 
levels of catecholamines. Increases in catechol-
amine concentrations are higher in intense anaer-
obic exercise than prolonged aerobic exercise in 
both young and adults [137, 244, 245]. The 
adrenergic inhibition of the insulin secretion by 
the exercise-induced elevated catecholamine lev-
els supports the substrate supply during exercise; 
glycogenolysis and lipolysis are inhibited by 
insulin, while, in contrast, catecholamines that 
oppose the action of insulin stimulate these pro-
cesses [137]. Thus, the inhibition of insulin 
release results in reduced glycogenesis in liver 
and muscle and intensifies glycogen mobilization 
in muscle and the glycogenolytic and gluconeo-
genetic glucose output from the liver [217]. In 
addition, within the context of hormonal-induced 
substrate mobilization, repeated bouts of high- 
intensity sprints have been shown to result in 
increased blood levels of glucagon, with no effect 
of sex on those changes [246]. Nevertheless, 
exercise training-induced changes in hormone 
concentrations such as norepinephrine, insulin, 
and glucagon are unable to explain all of the 
effects that occur between liver glucose produc-
tion and muscle glucose uptake during exercise, 
and it has been proposed that, possibly, the actual 
rate of muscle glucose uptake acts as a feedback 
signal to regulate glucose output from the liver 
[44, 209].

Growth hormone possesses both anabolic and 
catabolic actions. It stimulates cellular uptake of 
amino acids and their incorporation into various 
proteins, including those of the muscle. It also 
acts as a repartitioning agent fostering fat metab-
olism via mobilization of TGs. In adults, GH lev-
els increase during exercise; however, its 
secretion is pulsatile in nature, and, thus, it is dif-
ficult to interpret its peak values during exercise 
[106, 137, 247, 248]. There is evidence that GH 

responses are much higher in HIIT compared to 
high-volume aerobic training and that the 
increase in blood GH levels is in part a conse-
quence of the decreased blood pH following 
HIIT [240].

It is important to mention that, when examin-
ing GH response to exercise, insulin-like growth 
factor-1 (IGF-1) should be taken into consider-
ation. IGF-1 is a hormone that mediates many 
actions of GH, and the GH-IGF-1 axis, among 
other primary actions, has been suggested to 
mediate many of the anabolic effects associated 
with resistance, anaerobic, and aerobic exercise 
[249, 250]. Specifically, during exercise IGF-1 
levels appear to be independent of GH responses, 
while there has been an inconsistency of findings 
regarding the IGF-1 response to exercise, with 
studies reporting a decrease, increase, or no 
change in blood IGF-1 [251, 252]. Most studies 
reported significant increases in IGF-1 after high- 
intensity exercise stimuli, while IGF-1 response 
to exercise appears to depend on type, intensity, 
and duration of exercise. Particularly regarding 
IGF-1 and glucose response, it is not clear to 
what extent endogenously produced IGF-1 con-
tributes to glucose homeostasis, although there is 
evidence that exogenous IGF-1 can lower blood 
glucose [132].

Serum levels of hormones such as GH, IGF-1, 
testosterone, estradiol, dehydroepiandrosterone, 
and cortisol have been found to be similarly 
increased in response to an acute bout of moder-
ate endurance exercise in adult females of a wide 
range of age, indicating that increasing age does 
not necessarily inhibit the hormonal response to a 
bout of aerobic exercise in women [145]. In addi-
tion, the effect of exercise training on the hor-
monal responses of GH, IGF-1, testosterone, free 
testosterone (FT), and sex hormone-binding 
globulin (SHBG) to a sub-maximum aerobic 
exercise bout was investigated in older men 
before and after 4 months of resistance or moder-
ate aerobic training. Aerobic training or leg-only 
resistance training did not change the resting hor-
monal concentration of older men. There was an 
increase in testosterone and FT concentration 
immediately after both sub-maximum aerobic 
exercise and resistance exercise bout, which was 
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higher after the 4-month resistance training but 
not after the aerobic training. In contrast, GH/
IGF-1 response to sub-maximum aerobic exer-
cise bout appeared to be blunted regardless of 
training status [253].

 Gender Differences in Hormonal 
Responses in Anaerobic and Aerobic 
Exercise
Significantly higher GH responses in men com-
pared to women after aerobic, anaerobic, or 
resistance exercise have been reported [132]. 
Moreover, females and males show a different 
pattern of GH release in the circulation during 
exercise, which peaks sooner and return to base-
line more quickly in women, while men exhibit a 
more prolonged response. There are also notice-
able sex-related differences in GH levels at rest, 
and subsequently higher peaks of GH during 
exercise in women. These differences in GH 
response have been attributed to a lack of testos-
terone response to exercise in women. 
Testosterone is a steroid hormone with anabolic 
potential on a number of tissues, including mus-
cle and, hence, can impact muscle growth and 
exercise performance. Indeed, data suggest that 
this hormone may affect both anaerobic and aer-
obic performance [254, 255], with greater 
increases in FT being reported after HIIT than 
endurance exercise [256]. Women exhibit little 
or no increase in circulating testosterone in 
response to exercise [132, 257], and, hence, GH 
may compensate for the anabolic requirements 
triggered by acute exercise. In addition, the 
higher resting basal level of GH in women com-
pared to men is dependent on the phase of the 
menstrual cycle, when estrogen levels affect 
accordingly circulating GH levels (reviewed in 
[132]). The sex- associated differences in GH 
response to exercise can affect the control of 
blood glucose in both sexes; increases in GH 
stimulate lipolysis and lipid oxidation while sup-
pressing glucose oxidation and, consequently, 
increasing blood glucose levels [257]. Thus, 
higher levels of GH at rest in women, due to 
higher levels of estrogen, may preserve blood 
glucose levels to a greater extent in women com-
pared with men [132, 257].

Nevertheless, the majority of studies investi-
gating the GH/IGF-1 axis responses to exercise 
reported a similar relative increase in both sexes 
during and after exercise longer than 10  min 
[132, 257–259], while slight decreases in IGF-1 
responses to ultra-endurance exercise were 
revealed, again similarly occurring in both sexes 
[132, 260]. Acute bouts of HIIT have been shown 
to lead or not to significant differences in IGF-1 
responses in male compared to females, while the 
increase in IGF-1 in response to HIIT does not 
appear to be depended on the phase of the men-
strual cycle of the female subjects [132, 250].

Moreover, it was showed that long-duration, 
low-intensity, or moderate aerobic exercise bouts 
produced significantly lower epinephrine and 
norepinephrine levels in women than in men, 
while there is a sex-related difference in sensitiv-
ity of lipolytic activity to catecholamines during 
exercise. Catecholamines increase lipolysis dur-
ing exercise, and despite their lower levels in 
women compared to men, there has been evi-
dence for elevated levels of lipolysis in women 
during exercise, implying a greater sensitivity to 
the lipolytic action of the catecholamines in 
females. Thus, during exercise-induced elevation 
of epinephrine, women have relatively greater fat 
oxidation and lipolysis than men [132, 259]. In 
addition, blood glucagon increases in both sexes 
following prolonged submaximal exercise, with 
the majority of studies reporting a lower gluca-
gon response to moderate exercise in females 
compared to males [132, 259, 261].

 Exercise Metabolism: Clinical 
Implications

 Diabetes Mellitus (Type 1 and 2)

Diabetes mellitus refers to a group of metabolic 
disorders which are characterized by chronically 
increased circulating glucose levels (hyperglyce-
mia). There are two main forms of diabetes, type 
1 (T1D) and type 2 (T2D). T1D usually begins in 
youth, also known as juvenile-onset diabetes, 
whereas T2D usually begins in adulthood, and 
thus it is referred to as adult-onset diabetes [262]. 
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Hyperglycemia is a common feature of both 
forms of diabetes; however, the cause is different. 
In T1D an autoimmune destruction of the beta- 
cells in the pancreas that produce insulin results 
in no insulin production in most patients (a 
minority of  T1D patients has some remaining 
β-cell function). These patients require exoge-
nous insulin, and for this reason, this type of dia-
betes mellitus is also known as insulin-dependent. 
Its etiology remains unknown; however, environ-
mental factors, genetic disposition, and autoim-
mune reactions have been implicated [263]. 
Exogenous insulin use has been greatly contrib-
uted to the prevention of hyperglycemia and 
management of T1D.  Exercise has also been 
shown to be effective in the management of 
hyperglycemia by improving glucose uptake 
form of the exercising muscles [137, 219, 221–
226, 264].

T2D, accounting for up to 95% of all cases, is 
characterized by insulin resistance, in which the 
response to insulin in the muscle, liver, and fat 
cells is inadequate. However, endogenous produc-
tion of insulin in many instances is also impaired. 
T2D, also known as non-insulin- dependent diabe-
tes mellitus, as exogenous administration of insu-
lin may not be necessary, and insulin resistance 
can be managed using diet and exercise to enhance 
insulin sensitivity [262]. Since insulin is required 
for muscle cells, liver cells, and adipocytes to take 
up and store glucose [262, 265], insulin resistance 
and insulin deficiency lead to hyperglycemia. 
Hyperglycemia is associated with blood vessel 
wall and nerve damage, eventually leading to var-
ious complications and premature mortality, usu-
ally from cardiovascular disease [266–271]. 
Moreover, increased physical activity and 
enhanced cardiorespiratory fitness are well 
accepted as an effective approach to attenuate and 
even prevent the development of T2D in individu-
als with prediabetes [266, 269, 272].

 Diabetes Mellitus and Exercise
The improved glucose uptake by exercise, due to 
increased GLUT4 density in plasma membrane, 
has therapeutic consequences for both T1D and 
T2D. Specifically, both acute exercise and espe-
cially chronic exercise training lead to an insulin- 

independent increase in glucose uptake by 
GLUT4. This partially compensates for the 
absence of the insulin-stimulated glucose uptake 
in T1D. In T2D, characterized by insulin recep-
tor and post-receptor defects and insulin resis-
tance, acute and chronic exercise not only 
improves GLUT4 function but also enhances 
B-cell function and improvement of insulin sen-
sitivity [217, 273, 274].

It is not clear whether there are sex-related dif-
ferences in insulin sensitivity in response to exer-
cise, since some studies have reported that women 
show a greater improvement of insulin sensitivity 
in response to acute bouts of submaximal exer-
cise, while, conversely, others have shown that 
men and women exhibit a similar improvement of 
insulin sensitivity [132]. Furthermore, the phase 
of the menstrual cycle may also affect insulin sen-
sitivity during exercise in women, as a significant 
decrease in insulin sensitivity was found during 
the luteal phase compared to the follicular phase 
(reviewed in [132]).

Type 1 Diabetes Mellitus and Exercise
The findings on the specific effects of exercise 
training on the glycemic control of patients with 
T1D are conflicting. Some reported no improve-
ment in glycosylated hemoglobin (HbA1c) con-
centrations with physical training, whereas an 
inverse association between physical activity lev-
els and HbA1c in T1D patients has been reported 
in a comprehensive review [263]. Moreover, the 
Position Statement of the American Diabetes 
Association for physical activity/exercise and 
diabetes [275] states that regular physical activ-
ity/exercise has an important role in the treatment 
of T1D and related benefits, including improved 
long-term weight and glycemic control, insulin 
sensitivity, lipid profile, and endothelial function, 
as well as fitness level and overall well-being 
[263, 264, 275–279].

Individuals with T1D who take up exercise 
have specific needs, as both exercise and insulin 
therapy play a key role in glycemic control. Since 
exercise enhances glucose uptake, exogenous 
insulin administration (injection) and carbohy-
drate ingestion must be coordinated with exer-
cise. Specifically, when to exercise in relations to 
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the meal and/or insulin injection, how hard 
(intensity), and how long (duration) are impor-
tant consideration to maintain glycemic control 
[276]. Failure to appropriately coordinate blood 
glucose, dietary needs, and exogenous insulin 
administration prior, during, or following exer-
cise can lead to unfavorable health outcomes 
[280, 281].

In particular, the increased release of counter- 
regulatory hormones to provide with energy for 
exercise of longer duration increases the risk of 
hypoglycemia particularly after endurance exer-
cise. This risk persists for up to 15 h after the 
completion of exercise. It has been reported that 
overnight hypoglycemia is common in children 
with T1D after exercise, underlining the impor-
tance of blood glucose management in these 
patients when exercise is performed afternoon 
[262].

Various exercise strategies, including a single, 
all-out 10-s sprint before or after a bout of pro-
longed, moderate aerobic exercise, have been 
developed for the prevention of postexercise 
hypoglycemia in individuals with T1D.  Indeed, 
there is evidence that high-intensity exercise has 
a stronger impact on glycemic control than mod-
erate exercise. The risk of hypoglycemia is also 
lower with HIIT compared with moderate- 
intensity continuous training, as HIIT stimulates 
glucose production in the liver more than 
moderate- intensity exercise. Thus, athletes with 
T1D must be instructed so as to avoid exercise- 
induced hypoglycemia, by monitoring blood glu-
cose and adjusting insulin and diet [263, 282].

Overall, although balancing exercise and food 
intake and adjusting insulin dosage are a chal-
lenge individualized for the T1D athlete in order 
to prevent either hyperglycemia or hypoglyce-
mia, it is attainable, and physical activity/exer-
cise recommendations should be adapted to the 
specific needs of each individual with 
T1D.  Exercise training must be regular and in 
accordance with insulin treatment and adjust-
ment, as well as with dietary regulation [263, 
275, 276, 278, 280, 281, 283]. Both aerobic exer-
cise and strength training of moderate-intensity 
exercise are advisable, as well as their combina-
tion, for at least 30 min daily. Exercise training 
has been recommended to be of approximately 

the same intensity and, if possible, at the same 
time of day [263]. Moreover, while exercise is 
safe and beneficial for individuals with T1D and 
avoiding exercise carries greater risks than being 
active, however, in order to reduce the risk of 
some complications, precautions must be taken. 
Thus, it has been suggested that physical activity 
should be postponed when blood glucose levels 
are higher than 14 mmol/L accompanied by keto-
nuria, or higher than 17 mmol/L without ketonu-
ria, until this condition has been corrected. The 
same applies to blood glucose levels lower than 7 
mmol/L [263].

Type 2 Diabetes Mellitus and Exercise
T2D is a progressive disease in which insulin 
resistance leads to poor glycemic control (hyper-
glycemia), and since this condition is not due to 
the lack of insulin, the body continues to secrete 
more insulin in response to the hyperglycemic 
state, resulting in hyperinsulinemia [262, 276]. 
There is a large body of evidence that physical 
exercise reduces the risk of developing T2D, 
while, also, exercise is one of the three corner-
stones in the treatment of T2D along with healthy 
diet and medication [262, 263, 276, 277]. 
Specifically, many studies have indicated that 
regular physical activity plays a key role in con-
trolling blood glucose in patients with T2D.  In 
particular, a meta-analysis revealed that exercise 
lowers postprandial glucose but not fasting 
 glucose in T2D, and this is important because, 
unlike medications, exercise is effective in reduc-
ing postprandial glycemic excursions just within a 
few days [263, 284]. Moreover, exercise improves 
glucose tolerance, insulin sensitivity, and HbA1c, 
while muscle contraction triggers glucose trans-
port by insulin-independent mechanisms [262]. 
Indeed, physical exercise leads to an increase in 
insulin sensitivity and, consequently, in glucose 
uptake in insulin-sensitive tissues, however, with 
a lower consumption of insulin. Thus, the afore-
mentioned long-term effect of exercise on glyce-
mic levels can be expected [263]. A detailed 
coverage of the topic is provided by the Position 
Statement of the American Diabetes Association 
for physical activity/exercise and diabetes, briefly 
discussed below [275], and the American College 
of Sports Medicine (ACSM) and the American 
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Diabetes Association Joint Position Statement for 
Exercise and T2D [285].

Observational and intervention studies, ran-
domized controlled trials, and meta-analyses of 
controlled clinical trials concerning the effects of 
physical activity on T2D have shown health ben-
efits of regular physical activity/exercise for the 
treatment of T2D.  In particular, it has been 
revealed that aerobic exercise training signifi-
cantly reduces HbA1c levels in individuals with 
T2D, while strength training also increases 
insulin- mediated glucose uptake in skeletal mus-
cle and significantly decreases HbA1c in patients 
with T2D. Interestingly, no differences have been 
reported between aerobic training and resistance 
training regarding the effect on HbA1c changes 
[263, 286]. Specifically, progressive resistance 
training was found to be effective in improving 
insulin sensitivity in both children and adults. 
Indeed, strengthening skeletal muscle is strongly 
associated with improved glycemic control, since 
approximately 85% of glucose uptake takes place 
directly in skeletal muscle [276, 287]. In addi-
tion, HIIT improves glycemic control and induces 
cardiometabolic adaptations similar to those of 
moderate aerobic exercise in prediabetes and 
T2D, while it provides greater benefits to func-
tional capacity in patients with T2D [263, 286, 
288]. On the other hand, a clear advantage of 
various activities of moderate-intensity exercise 
lasting for 20–60 min per day to HIIT exercise 
for diabetes prevention was not identified [286]. 
Nevertheless, structured exercise training con-
sisted of aerobic exercise, resistance training, or 
their combination was revealed by a meta- 
analysis to be associated with HbA1c reduction 
in patients with T2D.  Interestingly, a combina-
tion of resistance training and aerobic training is 
probably the optimal form of exercise for patients 
with T2D. Furthermore, structured exercise train-
ing of more than 150 min/week has been associ-
ated with greater HbA1c improvements compared 
with that of 150 min or less/week [263, 289].

Overall, the Position Statement of the 
American Diabetes Association (2016) provides 
a clinically oriented review and evidence-based 
recommendations about physical activity and 
exercise in people with diabetes. Briefly, exercise 
improves blood glucose control in T2D, contrib-

utes to weight loss, improves well-being, and 
reduces cardiovascular risk factors. Moreover, 
regular exercise may prevent or delay the devel-
opment of T2D and also has considerable health 
benefits for people with T1D.  Blood glucose 
management through exercise includes various 
challenges related to diabetes type, activity type, 
and presence of diabetes-related complications 
[275]. In view of the optimum exercise prescrip-
tion for reducing the risk of T2D, initially 
150 min per week of moderate-intensity physical 
activity and building up to 200–300 min per week 
was proven effective in improving insulin sensi-
tivity and, thus, can help in preventing T2D. More 
specifically, exercise recommendations include 
low- to moderate-intensity exercise (40–70% of 
maximum oxygen uptake) performed on at least 
three non-consecutive days each week, starting 
with 10–15 min and progressing up to 60 min per 
session over time [262]. The mode of exercise 
may depend on personal preference and include a 
variety of activities, comprised of aerobic and 
resistance exercises. More studies are needed to 
establish specific guidelines regarding the inde-
pendent and synergistic effects of quantity and 
intensity of the various types of exercise [263, 
285]. Although the health benefits of physical 
activity/exercise outweigh the risks, exercise 
should be postponed in T2D patients when blood 
glucose levels are >17 mmol/L or <7 mmol/L, 
until they have been corrected [263].

An important determinant of T2D risk is obe-
sity, and although obesity and physical inactivity 
are both independent predictors of T2D risk, the 
power of this association is much greater for obe-
sity compared with physical inactivity [262]. 
Indeed, obesity plays a pivotal role in the patho-
genesis of insulin resistance in skeletal muscle; 
nevertheless, exercise represents one of the most 
effective interventions for reversing insulin resis-
tance in skeletal muscle of obese patients at high 
risk for T2D [290]. Due to the strong association 
between physical activity, obesity, and T2D, 
there is currently great interest in these areas, as 
these conditions are related in part to a general 
decline in physical activity, while several new 
hormones discovered have enhanced understand-
ing the mechanisms underlying diabetes and obe-
sity [262]. Severe metabolic dysregulation in 
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diabetes and obesity can reduce the benefit from 
exercise; however, the intact response of key met-
abolic regulators in exercising muscle of diabetic 
patients indicates the effectiveness of exercise to 
treat these diseases [291].

 Dyslipidemia-Hyperlipidemia

Hyperlipidemia or dyslipidemia is a group of dis-
orders of lipid and lipoprotein metabolism char-
acterized by increased circulating levels of 
certain forms of cholesterol and TGs. Isolated 
hypercholesterolemia and combined dyslipid-
emia are the most common types of dyslipidemia, 
occurring as a result of excessive fat intake and 
leading to increased risk of atherosclerosis [263, 
292]. Regular exercise favorably modulates 
blood lipid profile and is considered as one of the 
mechanisms responsible at least in part, for the 
protective effects of exercise against the develop-
ment of vascular diseases [280]. Moreover, epi-
demiological and cross-sectional observational 
studies indicate that physical activity prevents the 
development of hyperlipidemia [293–295].

Specifically, a systematic review assessing 
the effect of supervised exercise interventions on 
lipid profiles in patients with T2D concluded 
that exercise is effective in lowering low-density 
lipoprotein cholesterol (LDL-C) and elevating 
high- density lipoprotein cholesterol (HDL-C) 
levels in diabetic patients [263, 296]. There is 
also evidence supporting that a large volume of 
exercise training resulted in a beneficial effect on 
the blood lipid profile independently of weight 
loss [297]. Collectively, it is concluded that reg-
ular physical activity reduces TG and increases 
HDL-C levels in the blood [298, 299]. The 
amount of exercise required for favorable 
changes in the lipoprotein-lipid profile is approx-
imately 7 miles or more per week. A dose-
response relationship between miles run per 
week, HDL-C, and other lipoprotein-lipid levels 
was noted with most changes occurring when 
running 7–14 miles per week at mild to moderate 
intensities [300]. These findings are confirmed 
by an interventional study demonstrating that 
high-volume exercise had a more favorable 

impact on lipoprotein- lipid metabolism than 
exercise intensity [301].

Studies have also shown that exercise has 
favorable effects on postprandial lipid profile. 
Non-fasting TG levels were reduced significantly 
following exercise training in individuals with 
metabolic syndrome [302]. Moreover, a single 
exercise session appears to be as effective in low-
ering non-fasting TG as continuous aerobic exer-
cise, with effects lasting till the following day 
[252, 303]. Similarly, short-term (4 days) aerobic 
exercise had effects on postprandial TG, LDL-C, 
and VLDL-C, but no changes in HDL-C were 
noted [304].

Collectively, the current literature suggests 
that aerobic exercise has a favorable effect on 
lipoprotein-lipid metabolism. An exercise inten-
sity, duration, and volume threshold as well as an 
interaction between the exercise components 
(intensity, duration, frequency) appear to exist 
beyond which favorable changes can occur in a 
dose-response pattern [305, 306].

 McArdle Disease

McArdle disease, also known as glycogen storage 
disease type V (GSDV) or myophosphorylase 
deficiency, is an inherited metabolic disorder char-
acterized by the inability of skeletal muscle to 
degrade glycogen. Patients with McArdle disease 
are deficient in muscle glycogen phosphorylase 
[307–309]. Myophosphorylase is the only isoform 
of glycogen phosphorylase expressed in skeletal 
muscle only. Hence, McArdle disease is consid-
ered a relatively benign myopathy, as it affects 
only skeletal muscle in contrast with other meta-
bolic disorders where, apart from muscle, other 
tissues and organs are also affected [310, 311].

The enzyme myophosphorylase is involved in 
muscle glycogen degradation to glucose-1- 
phosphate. Consequently, muscle phosphorylase 
deficiency renders the muscle incapable to mobi-
lize and utilize muscle glycogen during an aerobic 
metabolism [312, 313]. Since glycolysis is 
blocked upstream, muscles can still take up and 
utilize blood glucose [311]; hence, glycolysis in 
skeletal muscles of McArdle disease patients is 
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not totally impaired. However, the substantially 
limited pyruvate formation generated from the 
limited glycolytic activity [314] leads to abnor-
mally low substrate influx through the Krebs 
cycle and reduced rates of acetyl-CoA formation, 
thereby inhibiting the Krebs cycle oxidative phos-
phorylation [307, 311]. Consequently, VO2max is 
approximately 40% lower than normal controls. 
This leads to a disproportionate elevation in exer-
cise heart rate and ventilation rate which reduced 
blood flow to the exercising muscles, partial isch-
emia, and exacerbated symptoms [307, 311]. 
Muscle stiffness, fatigue, myalgia, and weakness, 
induced by exercise and relieved by rest, are also 
typical symptoms in these patients. If these symp-
toms are ignored and exercise is continued, pain-
ful cramping and contracture of the exercising 
muscles occurs, followed by myoglobinuria [307] 
and, in some cases, muscle damage or rhabdomy-
olysis [311, 314].

Free fatty acids are the primary energy sub-
strate that is utilized by skeletal muscle, through 
oxidative phosphorylation, in the resting state as 
well as during low-intensity aerobic activity. 
Although acetyl-CoA is generated from free fatty 
acid metabolism, the capacity of the McArdle 
disease patients to utilize FFA without exercise 
training is limited [307, 313, 314]. Disorders that 
alter energy provision to the muscle, irrespective 
of whether they affect lipid or carbohydrate 
metabolism, essentially result in chronic muscle 
weakness or, most frequently in McArdle dis-
ease, exercise intolerance. Exercise intolerance is 
characterized by acute crises of muscle pain, 
stiffness, and undue fatigue, accompanied by 
muscle contractures, especially at the beginning 
of exercise, which are attenuated with exercise 
cessation; however, these crises can result in 
muscle damage or rhabdomyolysis [311, 314]. 
McArdle disease patients are likely to adapt a 
sedentary lifestyle exposing these patients to sec-
ondary health risks such as obesity, T2D, and car-
diovascular disease [311, 315, 316].

 Exercise Intervention Studies 
in McArdle’s Disease
The exercise-related health benefits for McArdle 
disease patients were first documented in patients 

who followed a supervised aerobic cycling exer-
cise program at moderate intensity, for 45 min/
session, three times per week for 8 weeks. The 
aerobic exercise training resulted in attenuated 
exercise intolerance compared to baseline [311, 
317]. A similar exercise training program resulted 
in increased peak work capacity, VO2 peak, car-
diac output, and some key mitochondrial enzymes 
compared to baseline [318]. Favorable training 
effects were also reported in nine patients who 
followed a walking or cycling exercise training 
program including five sessions per week for 32 
weeks at duration and intensities similar to the 
abovementioned studies. VO2 peak and other 
variables of exercise capacity were found to be 
increased with training along with a reduction in 
serum CK levels [319], indicating that chronic 
muscle activity may counterbalance muscle wast-
ing and damage. Overall, aerobic exercise inter-
ventions are proven to be safe and efficacious for 
McArdle disease patients [311, 320]. Significant 
improvement in work capacity without any 
 serious complication for McArdle disease 
patients were also reported in a similar study, 
with exercise- related beneficial effects attributed 
to improved blood flow and mitochondrial 
metabolism [321].

The effects of resistance exercise have also been 
evaluated in an adolescent male patient and in 
seven adult McArdle patients of both sexes [322, 
323]. A 15-year-old patient followed a 6-week, 
light- to moderate-intensity exercise program (two 
sessions/week, at 65–70% of his one- repetition 
maximum; 1-RM). After the intervention, his 
1-RM power performance improved without any 
myoglobinuria episodes reported, while, interest-
ingly, he became virtually asymptomatic in terms 
of exercise limitation [322]. In adult patients, 
16-week light to moderate resistance exercise train-
ing consisting of two sessions per week, followed 
by an 8-week detraining period, resulted in a sig-
nificant beneficial effect on total lean mass, without 
any major contraindication reported and non-
exhibited fixed muscle weakness or limitations in 
the daily life activities [323].

In conclusion, regular aerobically oriented 
physical activity or structured exercise programs 
of moderate intensity are safe and can attenuate 
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the severity of McArdle disease for these patients 
[307, 319, 320, 324]. Carbohydrate ingestion 
prior to exercise is currently the only useful ther-
apy for this disease [313, 314, 320]. This approach 
appears to improve exercise tolerance to submax-
imal and maximum workloads and help prevent 
exercise-induced muscle damage and reduce the 
threat of renal failure [325, 326]. Some evidence 
also supports that low to moderate resistance 
exercises are safe and efficacious for McArdle 
disease patients. However, HIIT and other forms 
of high resistance exercises should be avoided.

 Conclusions

The paramount importance of the human organism 
is to maintain metabolic homeostasis. On this basis, 
ATP levels in skeletal and heart muscle are main-
tained fairly constant through continuous resynthe-
sis of ATP via anaerobic and aerobic metabolism. 
The main factor dictating the dominant metabolic 
pathway and the type of substrate used is exercise 
intensity, whereas exercise duration, fitness status, 
gender, diet, and environmental temperature play a 
secondary role in exercise metabolism. Metabolic 
pathways do not function independently, but syner-
gistically, by interactions with the exercising mus-
cles and distant organs such as the liver, heart, and 
brain. Hormones, secreted by cells of the endocrine 
system, regulate activity of cells in other parts of 
the body. They are sensitive to exercise-induced 
stress and modulate metabolism during exercise, 
not only in skeletal muscle but also in various other 
organs. Several clinical implications for health ben-
efits of special populations rely on exercise metab-
olism alterations.
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Exercise and the Endothelium

Joshua C. Tremblay and Kyra E. Pyke

 Introduction

The vascular endothelium is a single layer of 
cells that lines the luminal surface of blood ves-
sels. Endothelial cell signaling is involved in 
determining vascular tone, structure, and perme-
ability as well as thrombosis and thus plays a key 
role in determining vascular health [1, 2]. 
Endothelial cells respond to both chemical and 
mechanical stimuli, and given their position in 
the vascular lumen, they are constantly exposed 
to changing hemodynamic forces. Changes in 
blood flow alter the frictional force (shear stress) 
of the blood against the vessel wall. Shear stress 
is sensed via several endothelial membrane struc-
tures resulting in biochemical signaling. This 
conversion of the frictional force of the flowing 
blood into a biochemical response is called shear 
stress transduction [3–5]. Chronically, the magni-
tude and pattern of shear stress to which the 
endothelium is exposed play a key role in deter-
mining its function and structure [6, 7].

Regular exercise reduces cardiovascular dis-
ease risk, and the multifaceted mechanisms of 
this beneficial effect likely include improvements 
in endothelial function, mediated at least in part 
by exercise-induced elevations in shear stress [8]. 
Exercise causes large changes in arterial shear 

stress which vary depending on the nature of the 
exercise (e.g., modality, intensity) and the loca-
tion in the arterial tree [9, 10]. Although chronic 
exercise alters many variables that could influ-
ence endothelial function (e.g., blood pressure 
[11], blood lipid levels [12]), the repeated expo-
sure to increases in shear stress during exercise 
appears to be critical to exercise-induced adapta-
tions in endothelial function [13, 14]. This 
includes stimulating alterations in endothelial 
gene expression which result in a more vasopro-
tective or “atherosclerosis-inhibiting” (antiath-
erogenic) cell phenotype [15]. In the first part of 
this chapter, we will review the role of endothe-
lial function in the development of atherosclero-
sis, describe the methods used to quantify 
endothelial function in humans, and review the 
association between metrics of endothelial func-
tion and cardiovascular event risk. The remainder 
of the chapter will focus on reviewing the evi-
dence regarding the impact of exercise training 
on endothelial function in a range of populations 
and the mechanisms underlying the beneficial 
effects.

 Endothelial Function 
and Atherosclerosis

Atherosclerosis is an inflammatory disease wherein 
modified lipid molecules, macrophages, and smooth 
muscle cells accumulate in the  vascular wall 
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between the endothelium and the smooth muscle 
cell layer forming plaques that may eventually 
restrict blood flow through the vessel lumen [1]. 
The pathogenesis of atherosclerosis is complex and 
has been reviewed in detail elsewhere [16, 17]. It 
involves the adhesion of monocytes (a type of leu-
kocyte) to the endothelium followed by their infil-
tration and differentiation to macrophages. 
Macrophages envelop oxidized low-density lipo-
protein cholesterol in the vessel wall forming foam 
cells which aggregate to form fatty streaks, the first 
stage of atherosclerotic lesions. Lesions grow larger 
and more complex as smooth muscle cell prolifera-
tion contributes to the plaque and a fibrous cap 
forms. The primary clinical manifestations of ath-
erosclerosis include myocardial infarction and 
stroke. These events occur most often as a result of 
plaque rupture, initiating the formation of a throm-
bus (blood clot), which can rapidly limit blood flow 
by occluding the lumen [18, 19]. The endothelium 
is a critically positioned barrier that circulating fac-

tors must adhere to or infiltrate to participate in 
plaque formation [1].

The role of endothelial dysfunction in the ini-
tiation and pathogenesis of atherosclerosis is well 
established and has been recently reviewed [17]. 
Depending on their environment, endothelial 
cells can exert a pro- or antiatherogenic influ-
ence, and the magnitude and pattern of shear 
stress exposure are critical determinants of which 
phenotype is expressed [1, 17]. When exposed to 
laminar flow and a high mean shear stress, the 
endothelium exhibits an antiatherogenic pheno-
type (Fig. 6.1). This includes (but is not limited 
to) increased expression of the enzyme endothe-
lial nitric oxide synthase (eNOS) and in turn 
increased bioavailability of the vasodilator nitric 
oxide (NO) [15, 20]. In addition to causing vaso-
relaxation, NO inhibits vascular smooth muscle 
cell proliferation and thrombus formation, thus 
inhibiting atherosclerotic lesion progression and 
complication [21]. In contrast, low mean shear 

High mean shear stress
Oscillatory, low 
mean shear stress

Antiatherogenic

Low permeability and elongated endothelial cell shape
Low smooth muscle cell proliferation
Low vasoconstrictor production
High vasodilator production  and high NO bioavailability
Antithrombotic

Proatherogenic

High permeability and rounded endothelial cell shape
Low smooth muscle cell proliferation
High vasoconstrictor production
Low vasodilator production and low NO bioavailability
Prothrombotic

Fig. 6.1 Impact of local shear stress on endothelial cell 
phenotype. Chronic shear stress exposure has an impor-
tant impact on endothelial cell function and structure. 
High levels of shear stress promote an endothelial cell 
phenotype that inhibits the initiation/progression of ath-
erosclerosis in a number of ways (antiatherogenic). In 
contrast when mean shear stress is low, which can be 
accompanied by a disturbed pattern of reversing forward 
and back flow (oscillatory shear stress), this results in an 

endothelial phenotype that increases vulnerability to ath-
erosclerotic lesions (proatherogenic). The importance of 
shear stress magnitude/pattern in determining vulnerabil-
ity to atherosclerosis is demonstrated in vivo by the local-
ization of lesions to arterial branch points where mean 
shear stress is low [24]. NO nitric oxide – important vaso-
dilator released from the endothelium in response to shear 
stress. (Adapted from Cahill and Redmond [1])
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stress, which can occur when there is alternating 
forward and back flow (termed oscillatory shear 
stress), promotes a proatherogenic endothelial 
cell phenotype. This includes endothelial gene 
expression and a cell morphology that encour-
ages atherosclerotic progression [1, 6, 15] 
(Fig. 6.1). For example, when cultured endothe-
lial cells are seeded onto tubes exposed to oscil-
latory shear stress via a pump system, this 
decreases eNOS expression and increases expres-
sion of the vasoconstrictor endothelin-1 [22], 
which also stimulates smooth muscle cell prolif-
eration [23]. The clearest in vivo evidence of the 
importance of shear stress to atherosclerosis pro-
gression is the observation of localization of ath-
erosclerotic lesions to arterial branch points 
where flow is disturbed (non-laminar) and mean 
shear stress is low [24, 25].

In summary, endothelial dysfunction precedes 
and plays a role in the pathogenesis of atheroscle-
rosis. Endothelial dysfunction is characterized by 
an endothelial phenotype that encourages throm-
bosis and smooth muscle cell proliferation with 
lowered vasodilator production and increased 
vasoconstrictor formation. The pattern and mag-
nitude of chronic shear stress exposure are criti-
cal determinants of endothelial cell phenotype 
and thus vulnerability to atherosclerotic lesions; 
a high level of laminar shear stress is antiathero-
genic, while an oscillatory, low mean level of 
shear stress is proatherogenic.

 Endothelial Function Assessment 
in Humans

There are several ways to assess endothelial func-
tion in humans, and some approaches measure cir-
culating factors that reflect endothelial repair 
processes, damage to the endothelial cells, or 
endothelial clotting function (e.g., endothelial cell 
progenitor cells, endothelial microparticles, or von 
Willebrand factor). The most common techniques 
stimulate endothelial-dependent dilation such that 
the magnitude of dilation reflects endothelial func-
tion (more dilation = better endothelial function). 
However, influencing vascular tone is only one of 
the many functions of the endothelium, and testing 

endothelial-dependent dilation alone likely does 
not provide a fully comprehensive representation 
of all “endothelial functions.” Nevertheless, endo-
thelial-dependent dilation and the other roles of 
the endothelium are not mutually exclusive; for 
example, NO is a key vasodilator produced by the 
endothelium, and its bioavailability is important to 
the endothelium’s role in inhibition of thrombosis 
and smooth muscle cell proliferation [21]. Given 
the pervasive use of assessments that interrogate 
endothelium-dependent vasodilation, this chapter 
will focus on these approaches. In this section the 
methods used to assess microvascular and conduit 
artery endothelial function in both the coronary 
and limb circulations will be reviewed. Importantly, 
microvascular and conduit artery endothelial func-
tions are not always well correlated suggesting 
that they can change independently and/or along a 
distinct time course [26].

 Microvascular

The microvasculature refers to the arterioles (also 
known as resistance vessels) and capillaries. 
However in this chapter, the use of the term will 
refer to arteriolar function only. Changes in arteri-
olar smooth muscle tone result in large changes in 
arteriolar diameter and therefore the resistance to 
flow (decrease in diameter  =  increase in resis-
tance). Thus the tone of arterioles controls perfu-
sion to the downstream tissue by altering 
resistance. The gold standard methodology for the 
assessment of microvascular endothelial function 
involves estimating endothelial- dependent dilation 
in response to arterial infusion of acetylcholine 
(Ach). When acetylcholine binds to muscarinic 
receptors on the endothelium, this stimulates the 
production of vasodilators, predominantly NO, 
resulting in vasodilation [27–29]. The change 
in local blood flow following infusion is used as 
the index of microvascular endothelial function 
and NO bioavailability [30]. This is because the 
increase in blood flow reflects decreased vascular 
resistance due to endothelial- dependent, NO-
mediated vasodilation in the whole microvascular 
bed downstream from the infusion site. Rather 
than blood flow, changes in calculated vascular 
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resistance or vascular conductance (the inverse of 
resistance; reflects degree of vasodilation in the 
vascular bed) can also be reported as the index of 
endothelial function.

Coronary artery microvascular endothelial func-
tion is involved in myocardial perfusion and there-
fore is clinically relevant [31, 32]. However, 
coronary function can only be invasively assessed 
via arterial catheterization (Fig. 6.2a) [30, 32]. This 
limits its feasibility outside of coronary artery dis-
ease patients. Fortunately, microvascular endothe-
lial function can be assessed more noninvasively in 
the limbs. To assess forearm microvascular endo-
thelial function, Ach is infused into the brachial or 
radial artery, and forearm blood flow is assessed via 
venous occlusion plethysmography or duplex ultra-

sound [33] (Fig.  6.2b). The increase in forearm 
blood flow (FBFAch) reflects the degree of receptor-
mediated endothelial-dependent microvascular 
dilation and therefore endothelial function [33]. 
Skin microvascular endothelial function can be 
assessed with transdermal application of Ach via 
iontophoresis or microdialysis infusion of Ach [34]. 
The reactive hyperemia (peak blood flow) or con-
ductance following limb occlusion is also reported 
as a fully noninvasive index of microvascular func-
tion; however, it is less specific to endothelial func-
tion per se than Ach-induced dilation (i.e., it may 
also reflect endothelial- independent mechanisms of 
dilation) [35]. Similarly, peripheral arterial tonom-
etry during reactive hyperemia provides an index of 
microvascular function, although changes in the 

Catheter inserted at 
femoral artery and 
threaded into coronary 
artery

Catheter tip; Ach released

Endothelial dependent dilation stimulated by 
Ach binding to muscarinic receptors on the 
endothelium

Blood flow increased in conduit artery; assessed with 
a Doppler flow wire.  Increased flow reflects degree of 
microvascular dilation in response to Ach

Coronary microvascular endothelial function: Ach infusion

Catheter inserted at femoral 
artery and threaded into 
coronary artery

Catheter tip; vasodilator drug released

Microvascular dilation due 
to drug infusion

Shear stress increased in conduit artery 
stimulating FMD; diameter change quantified with 
coronary angiography

Coronary artery FMD

Ultrasound image of the brachial artery.  The peak change in 
diameter following cuff release is used to characterize the FMD 
response.  This is the index of endothelial function.

Reactive hyperemia 
occurs following the 
release of a 5 min forearm 
occlusion.  This increases 
shear stress in the brachial 
artery, stimulating FMD

Brachial artery

Brachial Artery FMD

Occlusion cuff
Ultrasound probe

Strain-gauge venous 
occlusion 
plethysmography used 
to calculate forearm 
blood flow

Endothelial dependent 
vasodilation stimulated by 
Ach binding to muscarinic 
receptors on the 
endothelium

Forearm microvascular endothelial function: Ach infusion

Ach infusion

Venous occlusion
Exclusion of hand circulation

a

c d

b

Fig. 6.2 Schematic representation of endothelial func-
tion assessment techniques. (a) Invasive assessment of 
coronary endothelial-dependent microvascular vasodila-
tion stimulated by infusion of Ach into the coronary 
microvascular circulation. The increase in coronary artery 
blood flow reflects the magnitude of microvascular dila-
tion and provides the index of endothelial function. (b) 
Less invasive assessment of forearm endothelial- 
dependent microvascular vasodilation stimulated by Ach 
infusion via a catheter inserted into the brachial artery. 
The increase in forearm blood flow measured with bra-
chial artery ultrasound (not pictured) or strain-gauge 
venous occlusion plethysmography reflects the magnitude 
of microvascular dilation and provides the index of endo-
thelial function. (c) Invasive assessment of coronary con-

duit artery FMD. Conduit artery diameter is assessed via 
coronary angiography. A shear stress stimulus is created 
via the infusion of a vasodilator drug downstream from 
the site of diameter assessment. The change in conduit 
artery diameter in response to the shear stress (i.e., the 
FMD response) is the index of endothelial function. (d) 
Noninvasive assessment of brachial artery FMD. Brachial 
artery diameter is assessed via ultrasound. A shear stress 
stimulus is created via the release of a 5  min forearm 
occlusion (which stimulates forearm microvascular vaso-
dilation; reducing resistance to flow in the forearm). The 
peak change in brachial artery diameter in response to the 
shear stress (i.e., the FMD response) is the index of endo-
thelial function. Ach acetylcholine, FMD flow-mediated 
dilation
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pulse wave measured at the finger (which reflect the 
degree of microvascular dilation), rather than 
changes in forearm blood flow, are assessed as the 
index of function [35].

A low blood flow response to Ach could pre-
sumably reflect either a low endothelial bioavail-
ability of NO (i.e., endothelial dysfunction) or a 
failure of the vascular smooth muscle to respond 
to NO produced by the endothelium. To confirm 
that low blood flow in response to Ach is indica-
tive of endothelial dysfunction per se, responses 
to Ach are often tested in conjunction with flow 
responses to infusion of an exogenous NO donor 
(e.g., nitroglycerine) [30]. If the increase in blood 
flow in response to Ach is low and blood flow in 
response to NO donor infusion is intact, this con-
firms endothelial dysfunction.

 Conduit Artery

Conduit arteries are large, elastic vessels (e.g., the 
aorta, brachial artery, and femoral artery) that 
accommodate bulk flow with low resistance. 
Compared to the arterioles, they are relatively 
uninvolved in controlling perfusion, although in 
the aorta, coronary, and lower limb vasculature, 
they are prone to atherosclerosis which can result 
in an aneurysm or critical flow limitation (e.g., 
angina, myocardial infarction, intermittent claudi-
cation). Similar to the microvasculature, conduit 
coronary artery diameter changes in response to 
Ach infusion. The change in diameter can be 
directly measured via quantitative angiography 
and interpreted as an index of endothelial function. 
Ach results in vasodilation in healthy arteries and 
a paradoxical conduit artery constriction in coro-
nary artery disease patients [30]. However, shear 
stress, rather than Ach, is used more frequently to 
stimulate and assess conduit artery endothelial 
function. As indicated above, endothelial cells are 
sensitive to blood flow-associated shear stress, and 
their acute response to increases in shear stress 
involves the release of vasodilators. This response 
is termed flow-mediated dilation, or FMD.  The 
magnitude of FMD in response to experimenter-
imposed increases in shear stress provides the pri-
mary index of conduit artery endothelial function 
[36]. Although several vasodilators are released in 

response to shear stress and may participate in 
FMD, evidence to date supports that NO typically 
makes an important contribution [37–39].

Coronary artery FMD can be assessed inva-
sively via catheterization and infusion of drugs to 
decrease downstream resistance and increase 
flow and shear stress in a coronary conduit artery 
[30] (Fig.  6.2c). In 1992 Celermajer and col-
leagues [40] introduced a technique that allows 
noninvasive assessment of limb conduit artery 
FMD.  A shear stress stimulus is created with 
reactive hyperemia following the release of a 
~5 min limb occlusion, and ultrasound imaging 
of the feeding conduit artery permits assessment 
of the resulting FMD response (Fig. 6.2d). While 
this remains the most popular assessment tech-
nique, induction of sustained increases in shear 
stress via limb heating or small muscle mass 
exercise is also gaining popularity as an alterna-
tive way to increase shear stress for FMD assess-
ment [41]. FMD can be assessed in the arms and 
the legs and has been reported in the brachial, 
radial, superficial femoral, and popliteal arteries. 
Upper limb FMD has been shown to correlate 
with coronary artery FMD and is therefore often 
considered a noninvasive surrogate for coronary 
artery endothelial function [42, 43] and marker of 
systemic endothelial function.

As with the microcirculation, administration 
of endothelial-independent NO donors (e.g., 
glycerol trinitrite (GTN)) is often done in con-
junction with FMD testing. For noninvasive 
assessment, GTN is administered sublingually, 
and the conduit artery dilation in response to 
GTN serves as the index of vascular smooth mus-
cle function [44]. If responses to GTN are intact, 
this isolates an impaired FMD response to endo-
thelial dysfunction specifically.

 Endothelial Function 
and Cardiovascular Disease Risk

Atherosclerosis leads to cardiovascular events 
including myocardial infarction, stroke, and 
angina. If endothelial dysfunction precedes and 
plays a role in the pathogenesis of atherosclerosis, 
it follows that endothelial dysfunction should serve 
as an “early warning system” for cardiovascular 
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disease risk (Fig. 6.3). In this section we review the 
evidence that endothelial-dependent dilation can 
predict future cardiovascular events in asymptom-
atic adults and those with diagnosed cardiovascular 
disease.

 Microvascular

A smaller coronary microvascular vasodilation 
following Ach infusion has been shown to predict 
greater cardiovascular event risk in patients 
undergoing cardiac catheterization [45]. However 
invasive coronary testing is not widely performed 
over a range of initial levels of cardiovascular 
risk. Using less invasive testing of the arm micro-
vasculature, FBFAch has been shown to predict 
events in patients with coronary artery disease 
[46, 47]. As mentioned above, reactive hyperemic 
flow is used as an index of limb microvascular 
function and likely involves a combination of 
endothelial-dependent and endothelial- independent 
vasodilatory mechanisms. In a study involving 
~1500 male firefighters with a low cardiovascular 
risk burden and no overt cardiovascular disease at 
study entry, the magnitude of forearm reactive 
hyperemia in the first cardiac cycle following 
cuff occlusion was an independent predictor of 
cardiovascular events [48]. Finally, in a meta-
analysis of 6 studies (~1600 participants with 
cardiovascular disease) using the peripheral arte-
rial tonometry reactive hyperemia technique, a 
1SD decrease in the natural log of the reactive 
hyperemia index was associated with a doubling 
of cardiovascular event risk, after controlling for 
traditional cardiovascular risk factors [49]. Taken 
together, these data suggest that microvascular 
endothelial function assessed via responses to 

Ach has prognostic value in patients with cardio-
vascular disease. Less endothelial- specific indi-
ces of microvascular function also appear to have 
prognostic value in asymptomatic adults and 
patients with cardiovascular disease.

 Conduit Artery

Greater coronary conduit artery paradoxical con-
striction in response to infusion of Ach has been 
shown to predict greater cardiovascular event risk 
in patients undergoing catheterization [45]. 
However, as with microvascular testing in the 
coronary circulation, this invasive procedure is 
not performed in a wide range of populations. 
Brachial artery FMD is the most commonly used 
method in clinical research [49], and it is inversely 
related to the severity of coronary artery disease 
(larger number of coronary arteries 
affected  =  lower FMD [50]). In the absence of 
diagnosed disease, it has been demonstrated 
repeatedly that brachial artery FMD is lower in 
the presence of cardiovascular risk factors [51–
53]. Several meta-analyses have identified that 
lower brachial artery FMD is associated with 
increased risk of cardiovascular events after 
adjusting for traditional risk factors [49, 54, 55]. 
In the most recent meta-analysis, Matsuzawa 
et al. [49] reported an 8% decrease in risk of a 
cardiovascular event for every 1% increase in 
FMD in individuals without cardiovascular dis-
ease at study entry. In individuals with diagnosed 
disease at study entry, the effect was stronger 
such that there was a 16% decrease in event risk 
for every 1% increase in FMD.  Ras et  al. [54] 
found a similar influence of initial health status. 
In addition, a smaller study did not identify an 

Endothelial dysfunction Attenuation of 
vasoprotection

Predict

 

Increased vulnerability to 
atherosclerosis development and 
associated cardiovascular events 

Measure endothelial function via 
FMD or blood flow responses to 

Ach infusion 

Impaired endothelial dependent 
vasodilation 

Fig. 6.3 Conceptual 
model summarizing how 
endothelial dysfunction 
assessed in conduit 
arteries (FMD) or the 
microvasculature (Ach 
infusion) provides 
prognostic information 
regarding the occurrence 
of cardiovascular events
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association between FMD and events in male 
firefighters free from overt cardiovascular disease 
and with a low cardiovascular risk factor burden 
at study entry [48]. Thus, while FMD appears to 
provide some prognostic insight in both asymp-
tomatic adults and cardiovascular disease 
patients, the predictive value of endothelial func-
tion for event risk may be more robust in the lat-
ter. It is also important to note that despite efforts 
to standardize the FMD technique, considerable 
variability in FMD magnitude remains between 
research groups, such that what characterizes 
“impaired” FMD in an at-risk group in one study 
may be equivalent to the mean FMD value in 
another study’s healthy control group [56]. As 
such, while FMD may provide useful insight 
regarding vascular health at the group level, there 
is no clear reference value for FMD suggesting 
that an individual is “at risk” [57].

 Exercise and Endothelial Function

Exercise confers substantial cardiovascular risk 
reduction, although traditional risk factors cannot 
exclusively explain the benefits. For instance, in a 
prospective study of 27,055 women, <60% of 
physical activity-related reductions in the rate of 
cardiovascular events were attributed to known 
and novel risk factors [58]. Enhanced endothelial 
function may explain, in part, the remaining 
~40% risk reduction [59, 60]. Indeed, aerobic 
training has been shown to improve microvascu-
lar and conduit artery endothelial function in 
clinical populations without altering traditional 
risk factors [61], providing support for a role of 
exercise in improving endothelial function 
through mechanisms independent of traditional 
risk factor reduction.

In this part of the chapter, we discuss the influ-
ence of habitual training for athletic competition 
on endothelial function, as well as the impact of 
exercise training interventions on endothelial 
function in young (i.e., aged 20–35  years), 
healthy adults and in elderly and clinical popula-
tions. While cross-sectional studies permit char-
acterization of the impact of habitual exercise on 
endothelial function, they may be confounded by 
other factors that differ between groups (i.e., 

genetics, diet, sleep) that may contribute to any 
differences in endothelial function. Longitudinal 
studies (training studies) provide a greater oppor-
tunity to attribute changes in endothelial function 
to the training itself. However, training studies 
are often short in duration. After reviewing the 
training study evidence, we examine the influ-
ence of sex and exercise modality (i.e., aerobic 
versus resistance training, interval versus contin-
uous training) on training-induced adaptations in 
endothelial function. Lastly, we summarize pur-
ported mechanisms whereby exercise training 
modulates endothelial function, focusing specifi-
cally on shear stress and oxidative stress.

 Endothelial Function in Athletes

A man is only as old as his arteries. –Dr. Thomas 

Sydenham (1624–1689)

Aging is accompanied by a reduction in endothe-
lial function and associated attenuation of vaso-
protection (Fig.  6.4) [62]. The rate and onset of 
dysfunction appear to be modifiable by habitual 
exercise wherein exercise mitigates and in some 
instances prevents the so-called vascular aging. 
The following sections discuss findings from 
cross-sectional investigations of microvascular 
and conduit artery endothelial function comparing 
master athletes to healthy, sedentary older adults.

 Microvascular

Endurance-trained elderly individuals have been 
shown not only to have greater FBFAch compared to 
age-matched sedentary peers but also only slightly 
reduced increases in forearm blood flow compared 
to younger endurance-trained individuals [63]. By 
contrast, in sedentary middle-aged and older men, 
reduced increases in forearm blood flow compared 
to younger sedentary men have been reported [64]. 
The benefit of habitual training for competition 
(primarily endurance training) on microvascular 
function was recently summarized in a meta-analy-
sis including 14 studies that assessed microvascu-
lar function using Ach infusion, post-occlusion 
reactive hyperemia, or heating-induced increases 
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in blood flow. After pooling results from the 14 
studies, master athletes and young athletes demon-
strated enhanced microvascular vasodilatory func-
tion compared to age-matched sedentary peers 
[65]. Furthermore, endothelium-independent vaso-
dilation in response to NO donors was also 
improved in athletes compared to controls, sug-
gesting that the enhanced vasodilation may be 
attributed at least in part to the greater vascular 
smooth muscle response, rather than exclusive 
improvements in endothelial function.

As a whole, the evidence to date suggests that 
habitual athletic training has a beneficial effect on 
microvascular function that includes improve-
ments in endothelial function specifically. It is also 
important to note that these findings describe the 
systemic influence of long-term exercise training 
on microvascular function. In these studies while 
microvascular function was typically assessed in 
the forearm, most athletes were endurance runners 
or cyclists. Thus, the benefits of exercise appear to 
extend beyond the exercised/trained limb.

 Conduit Artery

Flow-mediated dilation begins to decrease in 
men in their 40s and in women at the onset of 

menopause (Fig. 6.4) [62]. Similar to microvas-
cular endothelial function, FMD of endurance- 
trained older men has been shown to resemble 
that of young men, whereas sedentary aging 
appears to be accompanied by a lower FMD [66]. 
Specifically, Eskurza et al. [66] observed an FMD 
of ~8 ± 2% in young, sedentary men; ~5 ± 1% in 
old, sedentary men; and ~7  ±  2% in older, 
endurance- trained men, while endothelium- 
independent vasodilation was similar between 
groups. The endurance-trained men had been 
engaged in vigorous aerobic endurance exercise 
more than three times a week for more than 
2 years. This suggests that exercise can prevent 
age-associated decreases in conduit artery endo-
thelial function.

The impact of long-term training on conduit 
artery function was supported by a recent meta- 
analysis indicating that elderly athletes 
(>50  years; primarily endurance-trained men) 
had greater brachial artery FMD and enhanced 
smooth muscle function compared to sedentary 
peers [67]. These findings indicate that long-
term training can attenuate an age-associated 
decline in vascular function [67]. Furthermore, 
these athletes primarily trained the lower limbs, 
such that improved brachial artery function 
indicates a  systemic effect of the training. 
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Fig. 6.4 Age-related decline in endothelial function in 
men and women. The age-related decline may be abro-
gated by habitual exercise, as depicted by the dotted line. 
In men, the reduction in endothelial function manifests in 

middle age (~40  years), while in women the reduction 
typically appears at the onset of menopause or in the peri-
menopausal phase in women not taking hormone replace-
ment therapy. (Adapted from Celermajer et al. [62])
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However, similar to the findings in the micro-
vasculature, because both FMD and vascular 
smooth muscle responses to an NO donor were 
enhanced in master athletes, whether the 
improvement in FMD is due to enhanced endo-
thelial function or greater smooth muscle 
responsiveness is not entirely clear.

In the same conduit artery function meta- 
analysis, and in contrast to the findings in the 
microvasculature, neither FMD nor smooth mus-
cle function was augmented in young athletes 
versus young sedentary adults [67]. The absence 
of group differences in young adults may relate 
to structural changes in the conduit arteries of 
young athletes (discussed in the Exercise training 
and endothelial function in young, healthy 
humans section). Therefore, cross-sectional evi-
dence comparing athletes to age-matched peers 
suggests that the benefit of habitual training is 
more evident in older athletes, perhaps due to the 
increased risk of endothelial dysfunction with 
sedentary aging.

Men and postmenopausal women may not 
experience the same degree of exercise-induced 
protection against age-associated endothelial 
dysfunction. Although there is evidence to sug-
gest that endurance-trained postmenopausal 
women have preserved FMD [68], others report 
that endurance-trained postmenopausal women 
exhibit similar FMD to sedentary postmeno-
pausal women [69]. This suggests a potential 
sex- specific effect of exercise on the preserva-
tion of endothelial function; however, the bene-
fit of habitual exercise may persist in women 
using hormone replacement therapy [70]. 
Collectively, the evidence suggests that estrogen 
may play a modulatory role in the exercise-asso-
ciated preservation of endothelial function in 
women, as discussed in the Sex differences in 
the effects of exercise training on endothelial 
function section.

 Exercise Training and Endothelial 
Function in Young, Healthy Adults

Studies examining the influence of exercise train-
ing on endothelial function in young, healthy 
adults typically involve a 4–12-week training 

intervention. Some studies have provided only 
pre- and post-training assessments, while others 
have performed multiple mid-training assess-
ments to provide insight regarding the time 
course of adaptations. The following sections 
focus on the influence of aerobic exercise 
training.

 Microvascular

A limited number of studies have investigated the 
effects of aerobic exercise training on microvas-
cular function. Kingwell et  al. [71] did not 
observe any effect of 4 weeks of cycling training 
on FBFAch. However, training increased the influ-
ence of NO on basal tone, as reflected by a greater 
reduction in FBF at rest during infusion of the 
eNOS inhibiter L-NMMA post-training. 
Interrogating the skin microvasculature, Wang 
[72] observed increased cutaneous perfusion in 
response to iontophoretically applied Ach after 
8 weeks of cycling training in young, sedentary 
men. Shenouda et al. [73] found that peak upper 
and lower limb reactive hyperemia was 
unchanged after 6 and 12  weeks of moderate- 
intensity continuous training and sprint interval 
training in sedentary men [73]. Similarly, Currie 
et al. [74] found that the peak change in calf vas-
cular conductance (indicative of microvascular 
vasodilation during reactive hyperemia) was 
unaltered after 6  days of endurance exercise 
training for 2 h per day. Taken together there is 
some evidence to suggest that microvascular 
endothelial function may be improved with exer-
cise training in young, healthy humans; however, 
findings are mixed and may depend on the index 
used to assess microvascular endothelial 
function.

 Conduit Artery

A summary of studies that have assessed FMD in 
young, healthy adults before and during/after an 
exercise training intervention is included in 
Table  6.1. Generally, FMD of the upper and 
lower limb improves with exercise training in 
young healthy humans, although some studies 
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have observed that this adaptation is short lived. 
Several studies have reported a peak improve-
ment in FMD that manifests after 2–4 weeks of 
aerobic training. Following the peak, FMD 
begins to return to pre-training levels such that it 
is no longer elevated from baseline at the sixth 
week of training in young, healthy men [13, 73, 
75]. This pattern of FMD improvement is com-
monly hypothesized to be an evidence of initial 
functional changes that are then superseded by a 
structural adaptation [8, 76, 77].

It is thought that conduit artery structural 
adaptation in the form of expansive remodeling, 
wherein lumen diameter increases and wall 
thickness decreases [78], may serve to normal-
ize shear stress in the face of repeated exercise-
induced elevations in blood flow [77]. Shear 
stress is equal to the viscosity of the blood mul-

tiplied by the blood flow velocity divided by the 
vessel diameter (shear stress = viscosity x veloc-
ity ÷ vessel diameter) [79]. Thus, increases in 
vessel diameter will tend to decrease shear 
stress. A larger conduit artery diameter, as a 
result of exercise training, could decrease the 
stimulus for endothelial improvement during 
each exercise bout and/or decrease the stimulus 
for FMD during FMD assessment. Either of 
these outcomes could contribute to a regression 
of observed FMD improvements over time with 
continued training.

In animal studies, exposing an artery to chron-
ically high shear stress causes endothelium- 
dependent vascular remodeling, leading to a 
larger arterial diameter [80, 81]. In humans there 
is both cross-sectional [65, 78, 82] and longitudi-
nal evidence [73, 78, 83] to suggest that exercise 

Table 6.1 The impact of aerobic exercise training on flow-mediated dilation (FMD) in young, healthy adults. Studies 
that measured FMD mid-training intervention to assess the time course of adaptation are included

Author Year N (female) Age Length
Pre-training
FMD

Mid- or post-training
FMD

Brachial artery
Clarkson et al. [85] 1999 25 (0) 20 10 weeks 2.2 ± 2.4% 3.9 ± 2.5%*
Tinken et al. [75] 2008 13 (0) 22 ± 2 2 weeks 5.9 ± 1.9% 9.1 ± 2.1%*

4 weeks 5.9 ± 1.9% 8.4 ± 2.3%*
6 weeks 5.9 ± 1.9% 7.6 ± 1.7%
8 weeks 5.9 ± 1.9% 6.9 ± 2.4%

Birk et al. [13] 2012 11 (0) 22 ± 2 2 weeks 5.8 ± 4.1% 8.6 ± 3.8%*
4 weeks 5.8 ± 4.1% 7.4 ± 3.5%
8 weeks 5.8 ± 4.1% 6.0 ± 2.3%

Spence et al. [131] 2013 9 (0) 27 ± 5 6 months 5.5 ± 4.3% 7.3 ± 3.7%
Scholten et al. [86] 2014 20 (20) 32 ± 4 12 weeks 11.8 ± 3.5% 13.3 ± 3.6%*
Bailey et al. [116] 2016 9 (9) 25 ± 5 8 weeks 6.8% 8.1%*
Shenouda et al. [73] 2017 10 (0) 28 ± 9 6 weeks 9.3 ± 2.9 9.9 ± 3.9%

12 weeks 9.3 ± 2.9 7.9 ± 2.5%
Popliteal artery
Rakobowchuk et al. [84] 2008 10 (5) 23 ± 2 6 weeks 4.8% 7%*
Tinken et al. [75] 2008 13 (0) 22 ± 2 2 weeks 6.2 ± 2.6% 9.2 ± 2.0%*

4 weeks 6.2 ± 2.6% 9.5 ± 2.2%*
6 weeks 6.2 ± 2.6% 7.8 ± 1.7%*
8 weeks 6.2 ± 2.6% 6.6 ± 2.2%

Shenouda et al. [73] 2017 10 (0) 28 ± 9 6 weeks 3.8 ± 4.5% 4.3 ± 4.1%
12 weeks 3.8 ± 4.5% 4.6 ± 3.9

Superficial femoral artery
Spence et al. [131] 2013 10 (0) 27 ± 5 6 months 4.5 ± 2.0% 6.4 ± 2.2%
Scholten et al. [86] 2014 20 (20) 32 ± 4 12 weeks 8.7 ± 3.2% 10.5 ± 2.8%*

Data are presented as mean ± SD, and significant difference from pre-training (P < 0.05) is denoted by *
FMD flow-mediated dilation
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training results in conduit artery remodeling to 
increase diameter. However, this is not always 
observed [13, 75, 84–86]. Indeed, studies that 
have observed a regression of brachial artery 
FMD improvement with continued training have 
not reported decreases in the stimulus for FMD 
or clear evidence of brachial artery remodeling 
[13, 75]. Further research is required to fully 
understand the interaction between functional 
and structural conduit artery adaptations and 
regression of training-induced improvements in 
FMD in young healthy adults.

 Exercise Training and Endothelial 
Function in Aging and Clinical 
Populations

Endothelial function is typically impaired in 
older adults or persons with cardiovascular risk 
factors and disease compared to young and 
healthy controls. The following section addresses 
whether the impaired endothelial function in 
these populations is improved with exercise 
training.

 Microvascular

DeSouza et  al. [64] had sedentary middle-aged 
and older men perform 30–45 min of brisk walk-
ing 3–6 days per week for 3 months and observed 
a 30% improvement in FBFAch. After the training, 
FBFAch was similar to young adults, suggesting 
that age-associated endothelial dysfunction is 
reversible. Exercise training has also been shown 
to reverse cutaneous microvascular endothelial 
dysfunction, assessed as the increase in cutane-
ous vascular conductance in response to acetyl-
choline microdialysis infusion in sedentary 
elderly subjects [87]. Similarly, and as recently 
reviewed by Green et al. in [8], exercise has been 
shown to improve microvascular endothelial 
function in individuals with hypertension [88], 
type 2 diabetes [89], obesity [90], hypercholes-
terolemia [91], coronary artery disease [92], and 
heart failure [93]. Hambrecht et al. [30] trained 
patients with coronary artery disease six times 

per day for 10 min at 80% of peak heart rate for 
4  weeks. After exercise training, the patients 
demonstrated a 78% increase in coronary artery 
blood flow during Ach infusion, suggesting a car-
dioprotective improvement in endothelial func-
tion with exercise training. However, findings 
have not been unanimous, and in some instances, 
FBFAch is unchanged after training [94, 95], per-
haps reflecting irreversible endothelial dysfunc-
tion and/or insufficient training stimuli. 
Collectively, exercise training appears to improve 
limb and coronary microvascular endothelial 
function and potentially reverses the adverse 
influences of sedentary aging and/or cardiovas-
cular risk factors and disease.

 Conduit Artery

Evidence regarding FMD in populations with 
cardiovascular risk factors or established cardio-
vascular disease also supports that pre-existing 
endothelial dysfunction is amenable to improve-
ment with exercise training. A meta-analysis of 
randomized controlled trials with FMD measured 
pre- and postexercise training confirmed that aer-
obic, resistance, and combined exercise training 
improves conduit artery endothelial function in 
participants with a wide range of cardiovascular 
risk factors and diagnosed disease [96]. Unlike 
young, healthy participants, improvements in 
FMD in patient groups appear to persist regard-
less of the duration of exercise training [96, 97]. 
For instance, patients with hypercholesterolemia, 
coronary artery disease, chronic heart failure, and 
type 2 diabetes demonstrated increased FMD fol-
lowing 8  weeks of exercise training [61]. 
Similarly, prolonged exercise training interven-
tions (24 weeks) have elicited improvements in 
FMD in heart transplant patients [98], patients 
with peripheral artery disease [99], and coronary 
artery disease [100, 101]. Although the effects of 
exercise training on endothelial function in at- 
risk populations are promising, the duration of 
the training interventions performed to date has 
been relatively short. Longer-duration exercise 
interventions are required to discern whether 
improvements in endothelial function confer 

6 Exercise and the Endothelium



108

vasoprotection and decreased risk of events in 
populations with established risk factors and 
 disease [57].

 Sex Differences in the Effects 
of Exercise Training on Endothelial 
Function

Estrogen, like exercise, promotes enhanced endo-
thelial function and is vasoprotective [102]. In 
the context of exercise training, a synergistic or 
additive effect of exercise and estrogen has been 
suggested [103]. Although young women dem-
onstrate a lower prevalence of cardiovascular dis-
ease compared to men, once women become 
postmenopausal, the prevalence is similar 
between the two [104–107]. This corresponds to 
a reduction in endothelial function postmeno-
pause (Fig.  6.4) [62, 108], suggesting a role of 
attenuated endothelial vasoprotection. This is 
supported by evidence that postmenopausal 
women have 3.4 times greater risk of atheroscle-
rosis compared to similarly aged premenopausal 
women [109]. Indeed, endothelial function, 
assessed by FMD, begins to decline in the peri-
menopausal phase and worsens postmenopause 
[110]. Microvascular and conduit artery endothe-
lial function improve with estrogen therapy, sug-
gesting an essential role for the loss of estrogen 
in driving the reduction in endothelial function 
[111, 112].

 Microvascular

In recently postmenopausal women not undertak-
ing hormone replacement therapy (HRT) 
(<5  years past their final menstrual period), a 
12-week high-intensity aerobic exercise training 
intervention improved leg vascular responses to 
Ach infusion, suggesting that lower limb micro-
vascular endothelial function is amenable to 
improvement early postmenopause [113]. In the 
same cohort, high-intensity exercise training 
increased eNOS expression in the quadriceps 
muscle, demonstrating a possible mechanism 
whereby exercise training can improve endothe-

lial function in recently postmenopausal women 
[114]. Whether this microvascular endothelial 
function plasticity persists later in menopause is 
unclear. Santos-Parker et  al. [115] found that 
both endurance-trained (6  ±  4  years postmeno-
pausal) and sedentary (10 ± 10 years postmeno-
pausal) women not taking HRT displayed blunted 
FBFAch compared to premenopausal sedentary 
women. There is evidence that HRT influences 
the impact of training on conduit artery endothe-
lial function (see Conduit artery section below). 
Further studies investigating whether exercise 
training in older postmenopausal women 
improves microvascular endothelial function, 
and whether HRT interacts with exercise train-
ing, are warranted.

 Conduit Artery

There is limited evidence regarding the influence 
of exercise training on FMD in young women 
(Table 6.1). Scholten et al. [86] trained 20 women 
for 12 weeks (cycling) and observed an increase 
in brachial and superficial femoral FMD.  In a 
shorter-duration training study, Bailey et al. [116] 
demonstrated an increase in brachial artery FMD 
after 8  weeks of a cycling intervention. Thus, 
young healthy women appear to demonstrate 
improved FMD following aerobic exercise train-
ing, although more studies are warranted. The 
majority of studies investigating the impact of 
exercise training on endothelial function in post-
menopausal women have focused on conduit 
artery endothelial function. Pierce et  al. [69] 
trained sedentary postmenopausal women and 
older men 6 days/week for 8 weeks (brisk walk-
ing). Older sedentary men, but not postmeno-
pausal women, demonstrated improved FMD 
post-intervention. In support of these findings, a 
cross-sectional comparison of endurance-trained 
postmenopausal women and older men versus 
sedentary age-matched peers revealed that FMD 
was similar regardless of training status in post-
menopausal women, while older endurance- 
trained men had superior FMD to sedentary peers 
[69]. Similarly, 12  weeks of walking/jogging 
4 days/week did not improve FMD in a separate 
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cohort of postmenopausal women [117]; neither 
did 18  weeks of resistance or aerobic training 
[118], 2 weeks of high-intensity interval training 
[119], or 12  weeks of aerobic training [117]. 
Importantly, the women in the aforementioned 
studies were not undergoing HRT.

Moreau et  al. [112] investigated the role of 
HRT in training-induced adaptations to endothe-
lial function. They performed a placebo- 
controlled trial administering postmenopausal 
women HRT (oral or transdermal estradiol) or 
placebo for 12  weeks. Women continued treat-
ment and underwent a 12-week aerobic exercise 
training protocol (5–7 days/week, 65–80% max 
HR). Estradiol treatment alone improved FMD, 
and the exercise intervention resulted in a further 
improvement in FMD in the HRT group; how-
ever, the placebo group showed no improvement 
in FMD, even after exercise training. These 
observations suggest an obligatory role for estra-
diol in facilitating exercise-induced improve-
ments in FMD in postmenopausal women. The 
antioxidant effects of estradiol may be relevant to 
the aerobic exercise-induced improvements in 
FMD observed in postmenopausal women on 
HRT.  This is supported by the observations of 
Moreau et al. [112], who found that infusion of 
the antioxidant ascorbic acid had no effect on 
FMD in trained postmenopausal women on HRT 
(suggesting an absence of relevant oxidative 
stress), while it acutely “rescued” FMD in trained 
postmenopausal women not on HRT.

Not all studies have found this essential role of 
HRT. In contrast to the aforementioned findings, 
studies administering 8, 10, 16, and 24 weeks of 
moderate-intensity aerobic training have found 
improved FMD in postmenopausal women not 
on HRT [68, 121–124]. Further, a cross-sectional 
investigation showed that endurance-trained 
postmenopausal women not on HRT demon-
strated similar FMD to younger women [68]. 
Postmenopausal women with additional risk fac-
tors, such as obesity, also appear to demonstrate 
improvement in FMD with exercise training. 
Swift et al. [125] assigned obese postmenopausal 
women (~one third taking HRT) to one of three 
doses of aerobic exercise training for a 6-month 
period and observed a similar increase in FMD 

among training groups, suggesting that exercise- 
associated improvements can occur with a vari-
ety of exercise regimens. Similarly, after 
10 weeks of moderate-intensity aerobic training, 
Azadpour et al. [121] observed that obese post-
menopausal women had an 86% improvement in 
FMD [121]. In agreement with these findings, 
compared to sedentary peers, a larger FMD 
response has been observed in overweight post-
menopausal women who are physically active 
[126]. The timing of the exercise intervention 
(i.e., immediately postmenopausal versus late 
postmenopause [110, 112–114, 123]), the pres-
ence of comorbidities [125], and the intensity and 
duration of exercise training [118, 119, 125] 
appear to influence whether endothelial function 
can be improved with training in postmenopausal 
women. Further research is necessary to identify 
whether there is an ideal training window in the 
menopausal transition and to better elucidate the 
interactive role of estradiol and exercise on endo-
thelial function.

 Impact of Exercise Modality 
on Endothelial Function

Studies investigating the impact of exercise train-
ing interventions on endothelial function have 
adopted heterogeneous exercise programs. The 
following section touches briefly on the influence 
of aerobic exercise intensity and aerobic versus 
resistance training on endothelial function.

 Microvascular

The influence of resistance exercise training on 
microvascular function has been assessed using 
the peak and the area under the curve of reactive 
hyperemia. Eight weeks of progressive resistance 
exercise training improved peak reactive hyper-
emia in older, but not young women, while the 
area under the curve increased in both groups 
[127]. By contrast, in young, healthy men, 
6 weeks [128, 129] and 12 weeks [129] of resis-
tance training increased peak and area under the 
curve of reactive hyperemia. Therefore,  resistance 
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training may be an effective exercise modality to 
improve microvascular function in postmeno-
pausal women and young men, but less so in 
young healthy women, although there is limited 
evidence.

To assess the influence of aerobic exercise 
intensity on microvascular endothelial function, 
Goto et al. [130] assessed FBFAch before and after 
12  weeks of mild- (25% VO2 max), moderate- 
(50% VO2 max), or high (75% VO2 max)-inten-
sity aerobic exercise training in young, healthy 
men. Moderate-, but not mild- nor high-intensity, 
training improved FBFAch [130], perhaps due to 
insufficient stimulus (mild intensity) or an exag-
gerated increased oxidative stress (high inten-
sity). Whether the exercise intensity differentially 
influences the effect of exercise training in popu-
lations at increased cardiovascular risk merits 
future investigation.

 Conduit Artery

A meta-analysis of randomized controlled trials, 
which implemented aerobic, resistance, or com-
bined (aerobic and resistance) training (primarily 
in participants at increased cardiovascular risk), 
demonstrated that training improved FMD 
regardless of the exercise modality [96]. Thus, in 
populations that often present with endothelial 
dysfunction, FMD appears to be amenable to 
improvement with both resistance and aerobic 
training. In one study comparing the effects of 
6  months of resistance versus aerobic exercise 
training in young, healthy men, those in the resis-
tance training group demonstrated an improve-
ment in FMD, while those assigned to 6 months 
of endurance training did not [131]. In a shorter- 
duration study, neither 6 nor 12 weeks of resis-
tance training in young men improved FMD 
[129], suggesting that in young, healthy men, a 
long duration of resistance exercise training is 
necessary to improve FMD. These findings also 
suggest that resistance and aerobic training may 
result in a different time course of FMD adapta-
tion in young healthy adults (improved FMD 
present after 6 months of training for the former 

but not the latter modality), but this awaits confir-
mation with additional studies.

The intensity of aerobic exercise may also influ-
ence the effect of training on FMD. A meta- analysis 
of randomized trials that investigated high-inten-
sity interval training and moderate- intensity con-
tinuous training in populations at increased 
cardiovascular risk suggested that high-intensity 
interval training evokes a superior improvement in 
FMD compared to moderate- intensity continuous 
training [132]. Furthermore, in their meta-analysis 
sample comprised primarily of adults with cardio-
vascular or metabolic disease, Ashor et  al. [96] 
identified a dose-dependent relationship between 
aerobic exercise training intensity (both relative 
and absolute) and the improvement in endothelial 
function (improvements in FMD following resis-
tance training were predicted by exercise frequency 
rather than intensity). In contrast, in young, healthy 
adults, sprint interval training has elicited either 
similar or inferior improvements in FMD com-
pared to moderate-intensity continuous training 
[73, 84]; one study in young, healthy adults 
reported that neither heavy nor moderate interval 
training improved FMD [133]. Therefore, the influ-
ence of aerobic exercise intensity appears to differ 
based on cardiovascular risk or pre-training pres-
ence of compromised endothelial function, and 
those at increased risk may obtain the greatest ben-
efit from high-intensity aerobic training. A sum-
mary of studies that have assessed exercise training 
intervention on postmenopausal women is pre-
sented in Table 6.2.

 Mechanisms of Exercise-Induced 
Modulation of Endothelial Function

Recent reviews of the mechanisms responsible for 
improved vascular function with exercise are avail-
able elsewhere [8, 76]. Briefly, the mechanisms 
discussed include hemodynamic stimuli including 
circumferential strain and shear stress, as well as 
changes in autonomic function and oxidative stress. 
Here, we will address the role of shear stress and 
oxidative stress in the process of exercise-induced 
improvements in endothelial function.
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 Shear Stress

Exercise increases blood flow and, as a result, the 
shear stress exerted on the endothelium. Large mus-
cle mass exercise (e.g., cycling) increases shear 
stress not only in the vessels feeding the metaboli-
cally active muscle but also systemically. For exam-
ple, cycling, walking, and leg kicking all 
substantially increase shear stress in the brachial 
artery [134]. Training studies that have prevented 
the exercise-associated increases in shear stress pro-
vide strong evidence for shear stress being essential 
to improving endothelial function (Fig.  6.5). For 
example, Tinken et al. [14] performed 8 weeks of 
bilateral handgrip exercise training, with one arm 
cuffed to mitigate increases in shear stress. Only the 
uncuffed arm demonstrated improvements in endo-
thelial function. Similarly, Birk et al. [13] performed 
8 weeks of cycle training with one forearm cuffed 

and the other uncuffed. The uncuffed arm demon-
strated improvements in endothelial function, 
whereas in the cuffed arm (i.e., smaller increase in 
shear stress), endothelial function did not change. 
Collectively, the aforementioned studies implicate 
augmented shear stress as essential to training- 
induced endothelial adaptation.

To assess whether repeated increases in shear 
stress without exercise can induce similar endothe-
lial adaptations, researchers have examined the 
impact of heat therapy/training on FMD. Heating 
induces a sustained increase in shear stress [135]; 
thus, if repeated increases in shear stress are respon-
sible for inducing endothelial adaptations, heat 
therapy would be expected to improve endothelial 
function. Assessing local adaptations, Naylor et al. 
[136] performed bilateral forearm heating training 
for 8 weeks, cuffing one arm to mitigate the increase 
in shear stress. Similar to exercise, endothelial func-
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Fig. 6.5 Shear stress mediates the improvement in endo-
thelial function and structure in young, healthy men. 
Investigations that have implemented a unilateral forearm 
cuff during training to mitigate the increase in shear stress 
during handgrip exercise [14], cycling [13], forearm heat-
ing [136], and lower body heating [137] have all demon-
strated improved endothelial function and structure in the 

uncuffed arm, but not the cuffed arm. Cuffing the forearm 
mitigates the increase in shear stress experienced during 
the training sessions. As a result, flow-mediated dilation 
improves only in the uncuffed arm (i.e., the one exposure 
to training-associated increases in shear stress). (Adapted 
from Green et al. [8])
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tion improved after 2  weeks of training in the 
uncuffed arm, while no changes occurred in the 
cuffed arm. Carter et al. [137] performed a similar 
study using leg heating to increase core tempera-
ture, and hence brachial artery shear stress, for an 
8-week training period. The cuffed arm showed no 
change in FMD throughout the training period, but 
the uncuffed arm showed an improvement after 
4 weeks. These findings have been corroborated by 
Brunt et  al. [138], who performed 8  weeks (4–5 
times/week) of hot tub therapy in young, healthy, 
sedentary adults. The intervention increased FMD 
from 5.6% to 10.9%, while also improving reactive 
hyperemia, indicating a simultaneous improvement 
in microvascular function. Further, in patients with 
heart failure, 3 weeks of sauna therapy improved 
FMD [139]. Collectively, these studies provide evi-
dence that even in the absence of exercise, increases 
in shear stress facilitate endothelial adaptation.

A primary mechanism whereby shear stress 
improves endothelial function is via increased 
expression of eNOS. Two to 3 h of endothelial cell 
exposure to high shear stress in isolated coronary 
arterioles elicits an increase in eNOS mRNA 
expression [140, 141], and the increase in eNOS 
correlates with the increase in shear stress [142]. 
In animal models, increased eNOS protein expres-
sion has also been observed after 7–10  days of 
exercise training [143, 144]. An impact of training 
on eNOS has also been shown after 4 weeks of 
supervised aerobic exercise training (three times 
for 10 min each on a rowing and cycle ergometer 
daily) in patients with coronary artery disease. In 
internal mammary artery tissue sampled during 
bypass surgery, patients who had undertaken the 
exercise training demonstrated increased eNOS 
protein expression and phosphorylation [92]. 
Phosphorylation of the enzyme is essential for its 
production of NO [145, 146]. Collectively, 
increased eNOS expression and phosphorylation 
facilitate an improved NO bioavailability and, 
hence, endothelium-dependent vasodilation. The 
latter is supported by evidence that training-
induced improvements in FMD are abolished after 
eNOS inhibition. Hornig et  al. found that after 
4  weeks of daily handgrip exercise training, in 
patients with chronic heart failure, radial artery 
FMD increased [147]. Inhibition of eNOS reversed 
the improvements in FMD, suggesting that the 

improvement was mediated by enhanced NO bio-
availability. Whether improved NO bioavailability 
post-training directly results in a clinically relevant 
improvement in vasoprotection and reduced risk 
of cardiovascular events requires further study.

 Oxidative Stress

At low levels reactive oxygen species (ROS) can 
play an important role in cell signaling [148]. 
Indeed, there is evidence that ROS, particularly 
hydrogen peroxide, can play a vasodilatory role 
and participate in FMD [149–151]. However, oxi-
dative stress, a state characterized by increased 
ROS and reduced antioxidant defenses, reduces 
NO bioavailability [152]. ROS, such as superox-
ide, interact with NO to form peroxynitrite, pre-
venting its vasodilatory actions [153]. Further, 
ROS can decrease the bioavailability of the essen-
tial cofactor for eNOS, which can lead to eNOS 
uncoupling, a state in which eNOS produces 
superoxide instead of NO [152]. Improvements in 
FMD with acute antioxidant administration sug-
gest that oxidative stress is present and is impair-
ing FMD, while a lack of change, or a decrease in 
FMD with antioxidant administration, suggests 
that a healthy ROS to antioxidant balance is pres-
ent in the vasculature [148, 154].

Aging and certain disease states are associated 
with increased oxidative stress [155, 156] that 
appears to negatively influence endothelial func-
tion. This is supported by observations that acute 
antioxidant administration improves endothelial 
function in sedentary older men [63, 66, 157, 158], 
in estrogen-deficient postmenopausal women 
[112], and patients with hypertension [159], 
chronic obstructive pulmonary disease [160], cor-
onary artery disease [161], and type 2 diabetes 
[162]. In contrast, in young healthy adults, FMD is 
typically not improved by antioxidant administra-
tion [66, 163], suggesting that either oxidative 
stress is not present or at least that it is not having 
a deleterious impact on endothelial function [148].

While a single bout of aerobic [164] and resis-
tance [165] exercise increases ROS production, 
training has an antioxidant effect [166]. Thus, an 
enhanced antioxidant system with exercise 
 training may play an integral role in improving 
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endothelial function in populations characterized 
by oxidative stress, although studies directly 
examining this are limited. However, some evi-
dence that an antioxidant impact of exercise plays 
a role in exercise-induced improvements in endo-
thelial function is provided by both cross-sec-
tional and intervention studies. Eskurza et al. [66] 
found that older sedentary men demonstrated 
improved FMD following antioxidant infusion, 
while FMD was unchanged in young or endur-
ance-trained older men. In agreement with these 
observations, Donato et  al. [167] found that 
before training, antioxidant administration 
improved FMD in sedentary older men, while 
after 6 weeks of knee- extensor training, this was 
no longer the case. This suggests that post-train-
ing, oxidative stress was no longer having a nega-
tive impact on endothelial function.

 Conclusions (Summary Fig. 6.6)

Endothelial function plays a critical role in pro-
moting vascular health and protecting against ath-
erosclerosis. Endothelium-dependent vasodilation 
is considered to be indicative of, at least in part, 
NO bioavailability, and its assessment in both the 

microvasculature and conduit artery predicts car-
diovascular event risk. In young, healthy popula-
tions, exercise training improves endothelial 
function, although this is sometimes reported as a 
transient improvement that may coincide with 
vascular structural remodeling. In the elderly and 
populations at increased cardiovascular risk, there 
is ample evidence that exercise training results in 
sustained improvement in both microvascular and 
conduit artery endothelial function. The improve-
ments manifest systemically, in that they are not 
restricted to the exercising limb(s). Studies to date 
have focused primarily on endurance exercise. 
However there is evidence that resistance exercise 
also has a beneficial impact on endothelial func-
tion. Exercise-induced improvements in endothe-
lial function appear to be due in part to 
improvements in NO bioavailability as a result of 
increased shear stress exposure and increased 
antioxidant defense/reduced oxidative stress. The 
magnitude of exercise training-induced improve-
ments in endothelial function may relate to aero-
bic exercise intensity and resistance exercise 
session frequency [96]. Collectively, these 
improvements may afford cardio−/vasoprotection 
and contribute to exercise-induced reductions in 
cardiovascular event risk.

Exercise 

� Endothelial 
function 

¯ CV Risk 

� NO 
bioavailability 

� Vasoprotection 

Mechanisms not fully 
explained 

Do training-induced 
improvements in  

endothelial function predict CV 
risk reduction? 

Fig. 6.6 Conceptual 
model summarizing how 
exercise could improve 
endothelial function and 
how this may translate 
to reduced 
cardiovascular event risk
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 Introduction

In 490 BC the Persians were closing in on Athens. 
The Athenian general Miltiades met the Persian 
army in a place called Marathon, approximately 
26 miles outside Athens. After a fierce battle that 
led to the defeat of the Persians, a messenger 
named Pheidippides was summoned to run from 
the battlefield of Marathon to Athens and deliver 
the good news to the anxiously waiting Athenians. 
He reached Athens in ~3 h, delivered his message 
“Nενικήκαμεν” (we were victorious), and then 
collapsed and died shortly thereafter. This leg-

endary run gave rise to today’s marathon 
competition.

Although it remains unclear what killed 
Pheidippides, it is likely that it was an acute car-
diac event triggered by extreme exercise in a dis-
eased heart. The modern-day marathon and 
ultramarathon run by thousands and even mil-
lions of runners are proof that we are capable of 
such physical challenges when trained properly. 
On the other hand, the occasional exertion-related 
death of a runner reminds us that vigorous exer-
cise can both protect against and provoke acute 
cardiovascular events.

Over the years, we have come to the sobering 
realization that there is an inherent risk of injury 
when the body is exposed to prolonged and/or 
high-intensity physical stress, especially when it 
is unaccustomed. The probability of an exercise- 
related acute cardiovascular event and its’ sever-
ity and type are dictated by numerous variables 
that will be discussed in this chapter.

 Cardiovascular Risk of Physical 
Activity

The increased physiologic and hemodynamic 
responses that occur during vigorous physical 
exertion can trigger an acute cardiovascular event 
in individuals with a diseased or susceptible 
heart. Numerous studies have documented an 
increased risk of acute myocardial infarction 
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(AMI) and/or sudden cardiac death (SCD) during 
or shortly after engaging in vigorous physical 
activity (PA). The etiology of exercise-related 
cardiovascular events among young and older 
individuals is generally due to structural cardio-
vascular abnormalities, most notably hypertro-
phic cardiomyopathy (HCM), and atherosclerotic 
cardiovascular disease (CVD), specifically ath-
erosclerotic coronary artery disease (CAD), 
respectively.

 Exercise-Related Cardiovascular 
Events in Young Individuals

In general, the risk of SCD in young athletes, 
usually defined as those <40 years of age, is rela-
tively low [1–3]. However, several congenital 
CVDs have been identified as the cause of 
exercise- related SCD in young athletes [1–13]. 
Exercise-related cardiovascular events in young 
individuals are usually associated with participa-
tion in sports. The most frequent pathological 
findings in this age group are hereditary or con-
genital cardiovascular anomalies (Table 7.1). Of 
those, HCM has consistently been reported as the 
single most common cause of exercise-related 
SCD, accounting for ~26% to >50% of all events 
followed by coronary artery anomalies (17%). 
Atherosclerotic CAD, usually due to genetic 
abnormalities in low-density lipoprotein (LDL) 

cholesterol metabolism, accounts for a relatively 
low percentage of exercise-related cardiovascular 
events in young athletes [1, 3, 11, 14]. However, 
differentiating exercise-induced physiological 
left ventricular hypertrophy (LVH) from HCM 
may, in some instances, be challenging. A pru-
dent and highly recommended approach is that 
young athletes with a cardiac wall thickness 
between 12 and 16 mm should undergo a system-
atic evaluation by a cardiologist [15].

In US high school and college athletes (aged, 
13–24 years; mean ± SD age 16.9 ± 2.0 for males 
and 16.2 ± 2.4 for females), the exercise-related 
death rate was 1 in 133,000 and 1 in 769,000 for 
males and females, respectively [3]. A relatively 
higher rate was reported (1 in 33,000) in young 
but slightly older Italian athletes aged 12–35 
(mean ± SD age 23.1 ± 7.0 years) [4]. The higher 
risk of SCD in young athletes is strongly related 
to underlying CVDs such as HCM, congenital 
coronary artery anomalies, arrhythmogenic right 
ventricular cardiomyopathy, and premature CAD 
[3, 11, 16].

When comparing competitive athletes to non-
athletes, mortality rates were 2.3 versus 0.9 per 
100,000 persons per year, respectively, or 2.5- 
fold higher risk among the athletes. SCD occurred 
more often in men than in women (2.6 versus 
1.1 in 100,000 persons per year, respectively) [4]. 
Mortality rates in nonathletic men versus nonath-
letic women were 1.3 versus 0.5 in 100,000 per-
sons per year, respectively. The estimated relative 
risk among athletes versus nonathletes was 1.95 
(CI 1.3 to 2.6; p < 0.0001) for males and 2.00 (CI: 
0.6–4.9) for females, although statistical signifi-
cance for females was not attained (p = 0.15).

 Exercise-Related AMI and SCD 
in Older Populations

In contrast to younger individuals, the most com-
mon cause of exercise-related cardiac arrest or 
AMI in middle-aged and older individuals is 
occult or documented atherosclerotic 
CAD. Several hypotheses have been suggested as 
triggering mechanisms for plaque rupture, acute 
coronary thrombosis (Table 7.2), or threatening 

Table 7.1 Common hereditary or congenital cardiovas-
cular anomalies associated with exertion-related sudden 
cardiac death in young competitive athletes

Hypertrophic cardiomyopathy (HCM)
Increased cardiac mass (possible HCM)
Aberrant coronary arteries
Other coronary anomalies
Tunneled left anterior descending coronary artery
Idiopathic dilated cardiomyopathy
Ruptured aortic aneurysm
Myocarditis
Aortic valve stenosis
Arrhythmogenic right ventricular dysplasia
Idiopathic myocardial scarring
Mitral valve prolapse
Atrial septal defect
Coarctation of the aorta
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ventricular arrhythmias (Fig. 7.1). Moreover, it is 
estimated that ~71% and 85% of individuals in 
the USA ≥40 and ≥50 years of age, respectively, 
have subclinical coronary disease [17].

The risk of exercise varies according to the 
population. In older populations where the preva-
lence of atherosclerotic CAD is high, the relative 
risk of SCD during vigorous exercise or physical 
exertion increases disproportionately [1, 18, 19]. 
Nevertheless, the exercise-related absolute risk 
of a cardiac event remains relatively low, even in 
older populations. For example, in the Seattle 
study, the incidence of cardiac arrest in previ-
ously asymptomatic individuals was 25-fold 
higher than the incidence at rest or during lighter 
activities. The pattern was similar for exercise- 
related AMI [18]. In the Rhode Island study, the 

SCD rate during jogging was 7.6 times higher 
than during leisure-time or sedentary activities. 
However, the incidence rate was 1 per year for 
every 7620 male joggers. This rate was halved (1 
per year for every 15,240 joggers), when those 
with known CAD were excluded [19].

A more recent study assessed the incidence 
and outcomes of cardiac arrest associated with 
marathon and half-marathon races in the USA 
from January 1, 2000, to May 31, 2010, in 10.9 
million registered runners (mean  ±  SD age 
42 ± 13 years) [20]. Of the 59 cases of cardiac 
arrest, 42 (71%) were fatal, corresponding to ~4 
fatalities per year. The final mile, <5% of the 
entire marathon distance, accounted for ~50% of 
the SCDs. The incidence rates of cardiac arrest 
and SCD during long-distance running races 
were 1 per 184,000 and 1 per 259,000 partici-
pants, respectively. The incidence rate was sig-
nificantly higher during marathons (1.01 per 
100,000 participants) than during half-marathons 
(0.27 per 100,000 participants) and among men 
(0.90 per 100,000 participants) than among 
women (0.16 per 100,000 participants). The 
investigators concluded that the overall risk of a 
cardiac event during marathons and half- 
marathons is relatively low, as compared with 
other vigorous physical activities. Sufficient 
postmortem data were available to determine the 

Table 7.2 Potential triggering mechanisms of acute 
myocardial infarction by strenuous physical exertion

Induces plaque rupture via:
  Increased heart rate, blood pressure, and shear 

forces
  Altered coronary artery dimensions
  Exercise-induced spasm in diseased artery segments
Renders a fissured plaque more thrombogenic by:
  Deepening the fissure
  Increasing thrombogenicity
Induces thrombogenesis directly via:
  Catecholamine-induced platelet aggregation

Fig. 7.1 Physiological 
alterations 
accompanying acute 
exercise and recovery 
and their possible 
sequelae. HR heart rate, 
SBP systolic blood 
pressure, MVO2, 
myocardial oxygen 
consumption, CHD 
coronary heart disease
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likely cause of cardiac arrest in only 31 of the 59 
cases (53%). The most frequent clinical and 
autopsy findings were HCM and atherosclerotic 
CAD, respectively [20].

In 2017, investigators reported on SCD and 
cardiac arrest in >9 million triathlon participants 
over a 30-year period [21]. A total of 135 SCDs 
occurred, with an incidence of 1.74 per 100,000 
participants. This rate was higher than earlier 
estimates of SCD during the triathlon [22] and 
exceeded the incidence reported for marathon 
running [20]. Although women comprised only 
15% of the study population, their incidence of 
cardiovascular events was 3.5-fold less than in 
men. Most SCDs occurred during the swim seg-
ment (67%), whereas the remaining fatalities 
occurred during bicycling, running, and postrace 
recovery, 16%, 11%, and 6%, respectively. Of the 
SCDs whose previous race experience was 
known (n  =  68), 26 (38%) were competing in 
their first triathlon. Moreover, of the deaths 
examined at autopsy (n = 61), 27 (44%) had clini-
cally relevant cardiovascular abnormalities, most 
frequently, atherosclerotic CAD or cardiomyopa-
thy. Overall, men aged ≥40 years were at greatest 
risk, and on average, the fatalities were ~12 years 
older than survivors. Collectively, these data sug-
gest that cardiac arrest and SCD during marathon 
running and triathlon participation occasionally 
occur and that clinicians evaluating potential race 
participants should be aware of the heightened 
risks of HCM and atherosclerotic CAD in this 
patient population, both of which can often be 
detected with appropriate medical screening, as 
well as the increased risk among “first-time” par-
ticipants. The latter may suggest inadequate 
preparation or poor training as underlying con-
tributors to some of the exertion-related fatalities 
[23]. Participants should also be counseled to 
heed warning signs/symptoms during training 
and competition [24] and to discontinue exercise 
and seek medical clearance before resuming PA, 
since these are often harbingers of exertion- 
related acute cardiac events. Finally, participants 
should be advised to avoid sprinting during the 
final minutes of the race, when complications are 
most likely to occur [20].

SCD and AMI have also been reported during 
snow removal and deer hunting [25–27]. In one 
study, hemodynamic responses and myocardial 
demands evoked during snow shoveling were 
similar to those observed in the same subjects 
during maximal treadmill exercise testing [26]. 
The highest observed values for heart rate; sys-
tolic blood pressure; rate-pressure product; oxy-
gen consumption, expressed as metabolic 
equivalents (METs; 1 MET = 3.5 mL∙kg−1∙min−1); 
and perceived exertion (6–20 scale) during snow 
shoveling and maximal treadmill testing are 
shown in Table 7.3. This suggests that the cardiac 
workload, as signified by the product of heart rate 
and systolic blood pressure, known as the rate- 
pressure product [28, 29], of the two activities is 
similar (322 versus 342 for treadmill testing and 
snow shoveling, respectively). This transient 
increase in cardiac demand likely contributes to 
the disproportionate number of cardiovascular 
events commonly reported during or soon after 
snow shoveling [26].

Abrupt, sustained, and marked increases in heart 
rate, complex arrhythmias, and significant 
ST-segment depression have also been reported 
during deer hunting. These findings suggest that the 
strenuous physical activities associated with deer 

Table 7.3 Cardiorespiratory responses during maximal 
treadmill testing and snow shoveling in sedentary men 
(n = 10)a

Variable
Treadmill 
testing

Snow 
shovelingb

Heart rate (beats/min) 179 ± 17 175 ± 15
Systolic blood pressure 
(mm Hg)

181 ± 25 198 ± 17

Rate-pressure product 
(mm Hg × beats/min × 
10−2)

322 ± 40 342 ± 34

Oxygen consumption 
(METs)c

9.3 ± 1.8d 5.7 ± 0.8

Rating of perceived 
exertione

17.9 ± 1.5 16.7 ± 1.7

aAdapted from Franklin et al. [26]. Results are expressed 
as mean ± SD
bShoveling rates were self-paced (12 ± 2 loads per minute) 
during a 10-min bout of work
cMETs metabolic equivalents; 1 MET = 3.5 mL∙kg−1∙min−1

dp < 0.003 versus snow shoveling
e6–20 scale
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hunting, coupled with presumed  hyper- adrenergic 
responses and superimposed environmental stresses 
(cold air), potentiate the increased risk for cardio-
vascular events [27].

Although the mechanisms potentially trigger-
ing exercise-related acute cardiovascular events 
are not well-defined, vigorous or high-intensity 
exercise or physical exertion transiently increases 
heart rate, systolic blood pressure, and cardiac 
demands or myocardial oxygen requirements. In 
the presence of significant CAD that limits coro-
nary blood flow, myocardial ischemia can ensue, 
triggering malignant ventricular arrhythmias and 
SCD. Additional causes of exercise-related car-
diac events in patients with occult or documented 
CAD may include coronary plaque rupture, as 
previously described [30]. These investigators 
also postulated that the associated myocardial 
contractions during physical work, along with 
increased “twisting and bending” of the coronary 
arteries during each contraction, may contribute 
to plaque rupture, resulting in AMI and/or SCD.

Most exercise-related deaths in previously 
asymptomatic adults without a prior history of 
coronary heart disease are likely due to athero-
sclerotic plaque rupture in one of the coronary 
arteries, leading to an acute coronary thrombosis 
[31]. Exertion-related atherosclerotic plaque rup-
ture has been substantiated by coronary angiog-
raphy in conditioned and sedentary men with 
acute coronary syndromes [32], in those shovel-
ing snow [33], and in men with CAD who expe-
rienced SCD while engaging in other physically 
demanding activities [34].

 Physical Activity and the Risk 
of Sudden Cardiac Death

Despite the fact that vigorous PA, particularly 
when unaccustomed, can trigger acute cardiac 
events, the evidence overwhelmingly supports 
that the health benefits of appropriate exercise far 
outweigh the risks. In addition, the inherent risk 
of exercise can be further attenuated by maintain-
ing a physically active lifestyle. One widely cited 
meta-analysis reported a fivefold increased risk 

of SCD and a 3.5-fold increased risk of AMI dur-
ing vigorous-intensity PA (≥6 METs). However, 
these associations were markedly attenuated 
among persons with high levels of PA [35]. In the 
Seattle study, the relative risk of cardiac arrest 
was greatest in the least compared with the most 
physically active men (56 and 5 times, respec-
tively) [18]. The exercise-related risk of AMI and 
the modulating role of habitual PA have also been 
examined in several studies [36–39]. In a US 
cohort, Mittleman et al. [38] assessed the relative 
risk of AMI survivors during or within 1 h fol-
lowing exercise. Activities included jogging 
(30%), yard work such as chopping wood or gar-
dening (52%), and lifting and/or pushing (18%). 
The relative risk of AMI for the entire cohort was 
5.6-fold higher during vigorous exercise com-
pared to less vigorous PA and 18.9 times higher 
for diabetics. When considering activity status, 
the risk was 107-fold higher in sedentary indi-
viduals (exercising <1 day per week) and declined 
progressively to 19.4, 8.6, and 2.4 for those exer-
cising 1–2, 3–4, and ≥5 days per week, respec-
tively. This suggests that a sedentary person 
engaging in unaccustomed, vigorous PA has 
nearly a 50-fold higher risk of experiencing an 
exercise-related cardiac event than a person who 
exercises ~5 times per week. Exercising just one 
or two times per week cut the risk by >80%.

In a German cohort of 1194 patients (mean 
age 61 ± 9 years; 74% of whom were men) who 
survived a MI, the relative risk of MI was 2.1 
times higher for those who engaged in vigorous 
PA defined as ≥6 METs, compared to matched 
controls. However, the risk was elevated signifi-
cantly (6.9 times higher) in those engaging in PA 
<4 times per week, while the risk was only 1.3 
times higher in those engaging in PA ≥4 times 
per week [39]. Similarly, in patients who under-
went angioplasty following AMI [37], the overall 
risk during physical exertion was ten times higher 
compared to the rest. However, the risk was 30.5 
times higher in sedentary individuals, while the 
risk of those engaging in moderate levels of PA 
was not raised significantly.

Finally, in the Physicians’ Health Study [18, 
36], involving a large cohort of male physicians 
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(n = 21,481), investigators reported a significant 
transient increase in the relative risk of SCD dur-
ing and up to 30  min after vigorous exertion. 
However, the absolute risk of SCD was extremely 
low during any particular bout of vigorous physi-
cal exertion (1 SCD per 1.51 million episodes of 
exertion). The investigators also concluded that 
habitual vigorous exercise diminishes the 
exercise- related risk of SCD.

Collectively, these studies clearly support that 
vigorous PA is associated with a transient 
increase in the risk of experiencing an acute car-
diac event. The increased risk is further height-
ened by a sedentary lifestyle and attenuated 
significantly, but not completely eliminated, by 
frequently engaging in moderate-to-vigorous PA.

 Long-Term Health Benefits 
and Risks Associated with Exercise

The health benefits of regularly performed struc-
tured exercise or leisure-time PA in middle-aged 
and older individuals, regardless of race, gender, 
or comorbidities, are well-documented [40–50]. 
It is also acknowledged that vigorous exercise is 
associated with a transient increase in the risk of 
acute cardiac events. However, the risk for those 
engaging in regular exercises of moderate-to- 
vigorous intensity and volume is, at the very 
least, attenuated significantly [16, 19, 20, 36–39]. 
Therefore, the long-term benefits of exercise out-
weigh the risk of being sedentary. There is also 
recognition that health benefits of moderate exer-
cise levels can be eroded and even reversed when 
high-volume, high-intensity exercise regimens 
are adopted. Referred to as a U-shaped or reverse 
J-shaped relationship, this was first hypothesized 
by Hippocrates who stated that “Exercise in 
excess is against nature.” Accordingly, 
Paffenbarger et  al. [51] noted a progressive 
decline in death rate when weekly energy expen-
diture during PA ranged from 500 to 3500 kcal 
per week. A slight increase in death rates was 
noted for those exceeding 3500 kcal per week in 
PA.  Recent investigations have also suggested 
adverse cardiac remodeling and higher cardio-
vascular mortality with extremely high PA levels 

[52–55]. Similarly, two recent epidemiologic 
studies, one in a large cohort (n = 1119, 239) of 
British women [56] and the other in Danish jog-
gers (n = 1098) and non-joggers (n = 3950) [57], 
reported a U-shaped relationship between aero-
bic exercise and cardiovascular morbidity and 
mortality. However, an important limitation of 
the former study [56] was the higher smoking 
prevalence among women participating in daily 
strenuous exercise (25.6%) as compared with the 
other exercise groups (13.7% to 15.5%). 
Moreover, significant methodologic limitations 
in the Danish study [57] included the low number 
of subjects in the strenuous jogger group and the 
fact that inclusion in the non-jogger (control) 
group allowed participants to walk or bike up to 
2  h/week [58]. On the other hand, Arem et  al. 
[59] reported no significant increase in mortality 
risk with activity levels ≥10 times higher than the 
minimum guidelines of 75  min of vigorous- 
intensity or 150 min of moderate-intensity exer-
cise per week, as recommended by The 2008 
Physical Activity Guidelines for Americans for 
“substantial” health benefits. Collectively, given 
the conflicting data and associated epidemiologic 
study limitations, it appears premature to con-
clude that high exercise frequency, intensity, or 
volumes, as compared with more moderate exer-
cise regimens, may increase cardiovascular risk.

In a cohort of US veterans (n = 5962; mean 
age 56.8  ±  11  years), we found a progressive 
decline in the incidence of atrial fibrillation with 
increased levels of cardiorespiratory fitness as 
determined by age-stratified exercise capacity 
and no evidence of increase in the group with the 
highest fitness (9.3 ± 1.2 METs; range, 6.6–14.5). 
The association trends were similar for those 
younger than 65 years of age and those 65 years 
or older [60].

 Minimizing the Risk

The risk of exercise-related musculoskeletal inju-
ries and acute cardiovascular events can be mini-
mized, but not eliminated. The goal of any 
exercise program should be to lower the risk of 
exercise to an absolute minimum and maximize 
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the benefits. When the exercise-related risk 
increases, exercise dosage and/or intensity must 
be re-evaluated and adjusted.

Studies designed to identify and assess the 
effectiveness of strategies to attenuate the relative 
and absolute cardiovascular risks of exercise are 
lacking [16]. Certainly, maintaining adequate fit-
ness appears to be an effective approach in atten-
uating the risk of exercise-related cardiac events. 
It is also important that contemporary exercise 
guidelines are followed. For example, sedentary 
individuals should not engage in unaccustomed, 
vigorous high-risk activities and avoid exercising 
in extreme environmental conditions. Several 
studies now suggest that snow shoveling and deer 
hunting are associated with increased cardiovas-
cular events [25–27, 61], probably because these 
activities are often performed by unfit individu-
als, in cold temperatures, disproportionately 
increasing the cardiac demands as substantiated 
by rate-pressure products that are comparable to 
or higher than those recorded during peak tread-
mill exercise while simultaneously lowering the 
ischemic threshold in some patients [26, 62].

Recommendations to potentially reduce the 
risk of exercise-related cardiovascular events 
include: encourage previously sedentary adults to 
engage in regular, brisk walking programs to 
move them out of the least fit, least active, “high- 
risk” cohort; counsel inactive patients/clients to 
avoid unaccustomed, vigorous-to-near maximal 
leisure-time, domestic, and recreational physical 
activity (e.g., racquet sports, water or cross- 
country skiing, highly competitive sports [bas-
ketball], deer hunting, snow shoveling); advocate 
appropriate warm-up and cool-down procedures; 
promote education of warning signs/symptoms 
(e.g., chest pain or pressure, lightheadedness, 
heart palpitations/arrhythmias, unusual shortness 
of breath); emphasize strict adherence to pre-
scribed training heart rates and perceived exer-
tion levels (e.g., “fairly light” to “somewhat 
hard”); and reduce the intensity of exercise under 
hyperthermic conditions and at altitudes of 
>1500  m until acclimatized. For example, per-
sons who are not acclimated to heat and who are 
exposed to temperatures >24  °C experience 
added heart rate increases of 1 beat per minute 

per °C while exercising and 2–4 beats per minute 
per °C with concomitant increased humidity 
(Fig. 7.2) [63].

When previously sedentary individuals initi-
ate an exercise program, it is strongly recom-
mended to begin with a light-to-moderate 
intensity, specifically 2–3 METs, and gradually 
increase the intensity of exertion over time (i.e., 
2–3  months), to 3–5 METs, provided that they 
remain asymptomatic. Such recommendations 
appear prudent since these intensities are below 
the vigorous PA (≥6 METs) that is commonly 
associated with the triggering of exercise-related 
cardiac events [37]. This “progressive transi-
tional phase” should help to reduce the risk of 
orthopedic/musculoskeletal injury and allow pre-
viously sedentary individuals to gradually 
improve their cardiorespiratory fitness without 
going through a period during which each bout of 
vigorous exercise is associated with large spikes 
in relative cardiovascular risk (Fig.  7.3) [38]. 
Finally, for individuals with signs/symptoms of 
myocardial ischemia, which can be highly 
arrhythmogenic [64], the target heart rate for 
endurance exercise should be set safely below 
(≥10 beats per minute) the ischemic electrocar-
diographic or anginal threshold [65].

Screening selected middle-aged and older 
individuals before participating in structured 
exercise and/or PA regimens and younger indi-
viduals prior to engaging in sports activities 

Fig. 7.2 Influence of environmental temperature on heart 
rate responses at a constant exercise work rate. Heart rate 
increases approximately 1 beat per minute for each degree 
Celsius increment in ambient temperature above 24  °C. 
(Adapted from Pandolf et al. [63])
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should also be considered [16]. In 2015, the 
ACSM published revised recommendations for 
exercise pre-participation screening that 
 eliminated age cutoffs, risk factor profiling, and 
risk stratification terminology (i.e., low, moder-
ate, high) in their updated screening algorithm 
[66]. The new algorithm focused on four major 
variables: (1) the individual’s current level of PA; 
(2) known cardiovascular, metabolic, or renal 
disease (CMRD) or signs/symptoms suggestive 
of disease; (3) the desired or anticipated exercise 
intensity; and (4) the potential hazards of unac-
customed, high-intensity PA. These characteris-
tics have been identified as important modulators 
of exercise-related acute cardiovascular events. 
The term “medical clearance” replaced specific 
recommendations for a medical/physical exami-
nation with or without exercise testing, as it was 
felt these evaluations should be at the clinician’s 
discretion. Moreover, patients with pulmonary 
disease, per se, are no longer automatically 
referred for medical clearance to exercise, per-
haps with the exception of chronic obstructive 
pulmonary disease which, in current or former 
smokers, often serves as an independent predic-
tor of cardiovascular risk [67]. The new recom-
mendations can be succinctly summarized by 
four points:

• Physically active asymptomatic individuals 
without known CMRD may continue their 
usual moderate- or vigorous-intensity exercise 
and progress gradually as tolerated according 
to contemporary ACSM guidelines. Those 
who develop signs or symptoms of CMRD 
should immediately discontinue exercise and 
seek medical clearance before resuming exer-
cise of any intensity.

• Physically active asymptomatic individuals 
with known CMRD who have been recently 
(previous 12 months) medically cleared may 
continue a moderate-intensity exercise pro-
gram, unless they develop signs or symptoms, 
which require immediate cessation of exercise 
and medical reassessment.

• Physically inactive individuals without known 
CMRD may begin light-to-moderate-intensity 
exercise without medical clearance and, pro-
vided they remain asymptomatic, progress 
gradually in intensity as recommended by cur-
rent ACSM guidelines.

• Physically inactive individuals with known 
CMRD or signs/symptoms that are suggestive 
of these diseases should seek medical clear-
ance before starting an exercise program, 
regardless of the intensity.

Finally, an important distinction regarding the 
exercise-related health benefits and risks in young 
versus older individuals should be emphasized. 
Engaging in regular exercise of moderate- to- 
vigorous intensity improves cardiorespiratory fit-
ness and confers health benefits for older, healthy 
individuals and those with occult or documented 
CAD. Ultimately, the exercise-related health ben-
efits invariably outweigh the associated cardiovas-
cular risks. In contrast, vigorous- to- high-intensity 
exercise in younger individuals with hereditary or 
congenital structured cardiovascular abnormalities 
does not improve the condition and may trigger 
threatening and sometimes fatal arrhythmias in a 
diseased or susceptible heart. Accordingly, these 
individuals should only engage in low-to-moder-
ate-intensity exercise, since higher-intensity exer-
cise may be proscribed [16].

Fig. 7.3 Relative risk of acute myocardial infarction 
(AMI) at rest and during vigorous physical exertion (≥6 
metabolic equivalents) in sedentary and physically active 
individuals, with specific reference to the habitual fre-
quency of vigorous exertion (days/week). (Adapted from 
Mittleman et al. [38])
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 Exercise Intensity and Duration

Few specific data are available regarding the 
intensity of exercise and the associated risks. 
High-volume, high-intensity exercise training 
regimens and competition are generally associ-
ated with a higher risk for cardiovascular compli-
cations and musculoskeletal injury. There is also 
little information on exercise duration and the 
incidence of injury. In one study, the rate of car-
diac arrest was higher during marathons (1.01 per 
100,000; 95% CI, 0.72–1.38) than during half-
marathons (0.27; 95% CI, 0.17–0.43) [20]. 
Cardiac arrests appear to cluster in the latter 
stages of a marathon (around the 20-mile mark), 
with ~50% of the SCDs occurring during the 
final mile or at the finish line [68].

 Use of Cardioprotective 
Medications Prior to Exercise

Although there are no definitive data indicating 
that cardioprotective medications prevent 
exercise- related acute cardiovascular events, it 
has been suggested that distance runners at 
risk, that is, those with evidence of subclinical 
coronary disease (e.g., elevated coronary artery 
calcium) [69–72], may benefit from taking tar-
geted medications, specifically low-dose, 
uncoated pre- race aspirin [73, 74], to reduce 
the elevated, transient risk for atherothrombo-
sis, causing vulnerable plaques to morph into 
culprit lesions of acute coronary thrombosis 
[75, 76]. The rationale for this recommenda-
tion stems from the fact that there has been 
more than a twofold increase in race-related 
cardiac arrests since 2005 [20], that most mid-
dle-aged and older individuals have subclinical 
CAD [17], that asymptomatic distance runners 
commonly show elevated inflammatory and 
hemostatic markers during races [77, 78], and 
that aspirin, which also likely inhibits epineph-
rine-induced platelet aggregation, has been 
conclusively shown to prevent first myocardial 
infarctions in healthy men [79]. Nevertheless, 

in the Myocardial Infarction Onset Study [38], 
the relative risk of triggering AMI by heavy 
physical exertion was not significantly differ-
ent between aspirin users and nonusers. 
Similarly, Kim et al. [20] concluded that taking 
aspirin before participating in marathons or 
half- marathons has limited efficacy, since 
acute plaque rupture and thrombosis did not 
appear to be an important cause of race-related 
cardiac arrest. Although Albano et  al. [80] 
reported acute coronary thrombosis in three 
male athletes in good physical condition with-
out known atherosclerotic CVD after complet-
ing the 2011 Boston Marathon, it was unclear 
whether any of these runners used prophylactic 
pre-race aspirin administration.

Based on these data and other recent reports 
[81–85], the International Marathon Medical 
Directors Association has suggested that the life-
time benefit of reducing cardiac events and 
improving survival through distance running 
[86–88] can be enhanced by attenuating the tran-
sient heightened risk of SCD during distance 
races and competition [38, 89] via pre-race aspi-
rin administration for men >40  years with 
approval by their physician, after considering the 
associated risks for gastrointestinal bleeding or 
allergy [90].

In addition, taking short-acting beta-blockers 
before strenuous exercise has been suggested as a 
complementary cardioprotective intervention 
[91], by reducing the rate-pressure product [28, 
29], shear forces, and associated cardiac demands 
during distance training and competition 
(Fig. 7.4). Tofler et al. [92] reported that peak and 
average heart rates during standardized bouts of 
physical exertion were significantly lower 30 min 
after ingestion of a beta-blocker (propranolol, 
10 mg) and aspirin (100 mg) than during a control 
period (118 ± 21 versus 132 ± 16 bpm, p = 0.016; 
and 86 ± 12 versus 96 ± 12 bpm, p = 0.007). Using 
the Thrombolysis in Myocardial Infarction Phase 
II (TIMI II) database, researchers concluded that 
beta-blockers appear to provide the most compel-
ling evidence for protection against physical 
stress [93]. With pending results of a prospective 
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randomized trial specifically in distance runners, 
in aggregate, these data suggest that pre-race 
ingestion of aspirin, the only pharmacologic agent 
with a class 1A  recommendation for prehospital 
administration in the event of an acute coronary 
syndrome, and prophylactic beta-blockade may 
be helpful in preventing the triggering of exercise-
related acute cardiovascular events.

 Conclusions

Although regular moderate-to-vigorous exercise 
or habitual PA reduces the likelihood of exertion- 
related acute cardiac events, vigorous activity can 
also acutely increase the risk of SCD and AMI in 
susceptible persons. Exercise-associated acute 
cardiac events generally occur in individuals with 
known or occult CVD. Hereditary or congenital 
cardiovascular abnormalities are predominantly 
responsible for cardiac events in young individu-
als, whereas atherosclerotic CAD is primarily 

responsible for these events in middle-aged and 
older adults. The absolute rate of exercise-related 
SCD is extremely low and varies with the preva-
lence of disease in the study population. The inci-
dence of both AMI and SCD is greatest in 
habitually sedentary individuals who perform 
unaccustomed, vigorous-to-high-intensity exer-
cise. Prodromal symptoms during training and/or 
competition are often harbingers of exertion- 
related nonfatal and fatal acute cardiovascular 
events. Maintaining cardiorespiratory fitness 
through regular PA may help to reduce the likeli-
hood of exercise-related cardiovascular compli-
cations in persons with known or occult 
atherosclerotic CAD, likely due to antiathero-
sclerotic, antithrombotic, anti-ischemic, and anti-
arrhythmic mechanisms (Table  7.4). Intriguing 
data also suggest pre-race ingestion of aspirin, 
short-acting beta-blockers, or both, may be help-
ful in reducing the number of acute cardiovascu-
lar events reported each year during or 
immediately after high-volume, high-intensity 

Fig. 7.4 Mechanisms 
by which taking 
short-acting beta- 
blockers prior to 
vigorous physical 
activity may decrease 
the risk of exercise- 
related acute 
cardiovascular events

Table 7.4 Potential cardioprotective effects of regular physical activity

Anti-atherosclerotic Psychological Anti-thrombotic Anti-ischemic Antiarrhythmic
Increase
  HDL-cholesterol
  Insulin sensitivity

Social support Fibrinolysis Coronary flow
EPCs and CACs
Nitric oxide

Vagal tone
HR variability

Decrease
  Total cholesterol
  LDL-cholesterol
  Blood pressure
  Inflammation
  Adiposity

Depression
Stress

Platelet adhesiveness
Fibrinogen
Blood viscosity

Myocardial O2 demand
Endothelial dysfunction

Adrenergic activity

HDL high-density lipoprotein, EPCs endothelial progenitor cells, CACs cultured/circulating angiogenic cells, O2 oxy-
gen, LDL low-density lipoprotein, HR heart rate
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endurance training or competition. The essential 
feature of a safe and effective exercise regimen is 
a gradual progression during which an individual 
remains below an intensity that evokes abnormal 
signs or symptoms. These considerations should 
help physicians and allied health professionals to 
put the “risk of exercise” in proper perspective.
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Control in Hypertension

Hayley V. MacDonald and Linda S. Pescatello

Abbreviations

1RM One-repetition maximum
ACC American College of Cardiology
ACSM American College of Sports 

Medicine
AHA American Heart Association
BP Blood pressure
CO Cardiac output
CVD Cardiovascular disease
DBP Diastolic blood pressure
Ex Rx Exercise prescription
FIT Frequency, intensity, and time
FITT-VP Frequency, intensity, time, type, 

volume, and progression
HIIT High-intensity interval training
HR Heart rate
IHG Isometric handgrip
JNC 7  The Seventh Report of the Joint 

National Committee on Prevention, 
Detection, Evaluation, and 
Treatment of High Blood Pressure

JNC 8  The Eighth Report of the Joint 
National Committee on Prevention, 

Detection, Evaluation, and 
Treatment of High Blood Pressure

MAP Mean arterial pressure
PEH Postexercise hypotension
RPE Rating of perceived exertion
RT Resistance training
SBP Systolic blood pressure
TPR Total peripheral resistance
USA United States
VO2 max Maximal oxygen consumption
VO2 peak Peak oxygen consumption
VO R2  Oxygen consumption reserve

 Introduction

 Hypertension Is a Major Public  
Health Problem

Hypertension is the most common, costly, and 
modifiable cardiovascular disease (CVD) risk 
factor in the United States (USA) and world [1–
3]. Among 195 countries and territories, high 
systolic blood pressure (SBP) is the leading 
global risk factor and has accounted for 10.5 mil-
lion deaths and 212.1 million years of life lost 
over the past two decades [3]. In the United 
States, the number of hypertension-related deaths 
increased 62% from the year 2000 to 2013 (i.e., 
from 245,220 to 396,675 deaths) [4]. The esti-
mated direct and indirect cost of hypertension is 
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$51.2 billion, and this figure is projected to 
increase to $274 billion by the year 2030 [1]. For 
these reasons, the Department of Health and 
Human Services established hypertension as a 
high-priority, leading health indicator within the 
Healthy People 2020 national objectives by aim-
ing to (a) increase the proportion of adults with 
hypertension whose blood pressure (BP) is under 
control by 18% and (b) reduce the proportion of 
adults diagnosed with hypertension by 10% by 
the year 2020 [5]. Similarly, the World Health 
Organization has established a series of key tar-
gets to reduce the risk of premature death from 
CVD and stroke by 25% by the year 2025 (“25 by 
25”) [6]. One of the key targets, and arguably the 
most impactful, is reducing the global prevalence 
of SBP >140 mmHg by 25%.

Early diagnosis, including accurate and repeti-
tive BP measurements using standard profes-
sional methodology and procedures, and effective 
antihypertensive therapeutic interventions are 
essential for meeting the Healthy People 2020 
national objectives. Untreated and poorly con-
trolled hypertension contributes to and acceler-
ates pathological processes that lead to increased 
risk of CVD, shorter life expectancy free of CVD, 
more years lived with CVD, and increased of risk 
of mortality [2, 7–9]. Adoption of a healthy life-
style is fundamental for the primary prevention, 
treatment, and control of hypertension. Given 
that the relationship between BP and CVD risk is 
linear, continuous, and consistent, early and 
aggressive lifestyle intervention is critical in 

order to prevent or delay the rapid, progressive 
rise in BP [2, 10, 11].

 Definition and Key Concepts

Hypertension is a health condition defined by a 
transitory or sustained elevation of systemic arterial 
BP to a level likely to induce cardiovascular damage 
or result in other adverse health consequences [12]. 
Since the 2003 publication of the Seventh Report of 
the Joint National Committee on Prevention, 
Detection, Evaluation, and Treatment of High BP 
(JNC 7) [13], several large-scale epidemiological 
studies and meta- analyses [9, 11, 14–18] have 
clearly and consistently shown increased cardiovas-
cular risk at BP levels far below those used to define 
hypertension traditionally (i.e., resting SBP 
≥140  mmHg or diastolic BP [DBP] ≥90  mmHg 
[13]). Starting at 115/75 mmHg, cardiovascular risk 
doubles for every 20  mmHg increase in SBP or 
10 mmHg in DBP [9, 11]. Therefore, the American 
College of Cardiology (ACC) and the American 
Heart Association (AHA), with support from other 
professional societies, published the 2017 Guideline 
for the Prevention, Detection, Evaluation, and 
Management of High BP in Adults [10], a long- 
awaited update to the JNC 7 [13].

The most noteworthy change in the 2017 
ACC/AHA guideline is the recommendation to 
use lower SBP and DBP thresholds to define 
hypertension among the general population 
(Table  8.1). These guidelines also recommend 

Table 8.1 Blood pressure thresholds and classification scheme according to the 2017 American College of Cardiology/
American Heart Association Guideline [10]

BP threshold (mmHg) 2017 ACC/AHA
Systolic BP Diastolic BP Classification schemea, b

<120 and <80 Normal BP (normal BP)
120–129 and <80 Elevated BP (prehypertension)
130–139 or 80–89 Stage 1 hypertension (prehypertension)
140–159 or 90–99 Stage 2 hypertension (stage 1 hypertension)
≥160 or ≥ 100 Stage 2 hypertension (stage 2 hypertension)

BP blood pressure, ACC/AHA American College of Cardiology/American Heart Association
aIndividuals with differing systolic BP and diastolic BP classifications should be designated to the higher BP category
bThe BP classification scheme corresponding to the Seventh Report of the Joint National Committee (JNC 7) on 
Prevention, Detection, Evaluation, and Treatment of High BP [13] is provided in parentheses
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incorporating the estimated 10-year risk of ath-
erosclerotic CVD (determined by the ACC/AHA 
Pooled Cohort Equations [19]) in addition to 
resting BP to guide antihypertensive medication 
treatment decisions. Accordingly, hypertension 
is now defined as a resting SBP of 130 mmHg or 
greater, a resting DBP of 80 mmHg or greater, 
taking antihypertensive medication, being told 
by a physician or health professional on at least 
two occasions that one has high BP, or any com-
bination of these criteria [10]. Using this defini-
tion, ≈103 million Americans (46%) [10, 20] 
and approximately 1.4 billion adults (31%) 
worldwide [21] have hypertension. Of note, this 
global estimate is based on the previous defini-
tion of hypertension (i.e., SBP or DBP of 
≥140 mmHg or ≥90 mmHg, respectively [13]) 
and, thus, underestimates the global burden of 
hypertension as defined in the 2017 ACC/AHA 
guideline.

In addition to redefining hypertension, the 
2017 ACC/AHA guideline eliminated the term 
“prehypertension” (SBP ranging from 120 to 
139  mmHg and/or DBP ranging from 80 to 
89 mmHg) introduced in the JNC 7 [13]. Instead, 
they include a BP category termed “elevated BP,” 
defined as resting SBP ranging from 120 to 
129 mmHg and DBP <80 mmHg [10]. There is 
substantial evidence from individual epidemio-
logical studies and meta-analyses of these data 
that show a graded and progressive rise in cardio-
vascular risk as BP levels increase from normal 
BP, to elevated BP, to stage 1 hypertension [10]. 
Hence, elevated BP, like prehypertension, repre-
sents an opportunity for increased awareness and 
intervention so that individuals with this condi-
tion can delay or prevent incident hypertension 
through the adoption of healthy lifestyle inter-
ventions, such as participation in regular exercise 
[10, 11, 22–25].

In approximately 90% of cases, the etiology 
of hypertension is unknown, and it is called 
essential, idiopathic, or primary hypertension. 
Systemic hypertension with a known cause is 
referred to as secondary or inessential hyperten-
sion. Systemic hypertension primarily involves 

disorders and diseases of the renal, endocrine, or 
nervous systems, such as kidney disease, 
Cushing’s syndrome, and Guillain-Barre 
Syndrome, respectively. Other causes of second-
ary hypertension are obstructive sleep apnea, 
tumors, or drug-induced.

Although essential hypertension and sec-
ondary hypertension are the major classifica-
tions of hypertension, several other descriptive 
terms are used to define various types of hyper-
tension [10]:

• Isolated systolic hypertension is defined as 
SBP of 130 mmHg or greater and DBP of less 
than 90 mmHg.

• White coat hypertension is characterized by 
elevated BP readings when measured in the 
physician’s office (or other clinical setting) 
but normal BP when measured outside of the 
physician’s office using ambulatory or home 
BP monitoring.

• Masked hypertension is characterized by nor-
mal BP readings when measured in the physi-
cian’s office (or other clinical setting) but 
elevated BP when measured outside of the phy-
sician’s office using ambulatory or home BP 
monitoring. There are three subtypes of masked 
hypertension: morning, daytime (stress-
induced), and nocturnal hypertension [26].

• Pulmonary hypertension is characterized by 
elevated pulmonary arterial pressure accom-
panied by dyspnea, fatigue, syncope, and/or 
substernal chest pain.

• Resistant hypertension is defined as the failure 
to achieve goal BP in patients who are adher-
ing to maximum doses of an appropriate three-
drug regimen that includes a diuretic. Resistant 
hypertension may be caused by improper BP 
assessments, volume overload (i.e., fluid reten-
tion, excess sodium intake), drug-induced (i.e., 
side effect of a prescription medication), life-
style habits (e.g., diet, excessive alcohol 
intake), or other identifiable causes of hyper-
tension (i.e., secondary hypertension) (for an 
expanded discussion on resistant hypertension 
and cardiorespiratory fitness, see Chap. 7).
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• Malignant hypertension is defined by mark-
edly elevated BP levels (i.e., SBP >200 mmHg 
and/or DBP >140 mmHg) due to papilledema, 
a condition of optic nerve swelling that is sec-
ondary to elevated intracranial pressure [27].

 Pathophysiology

BP is a highly heterogeneous, quantitative trait 
that serves as a biomarker of hypertension. Many 
physiologic factors have been implicated in the 
pathogenesis and maintenance of elevated BP 
that include (but are not limited to) activation of 
the sympathetic nervous and renin-angiotensin- 
aldosterone systems, endothelial dysfunction, 
and vascular structural changes [28–31]. The 
regulation of BP is a sophisticated and multifac-
eted process as it is modulated by intermediary 
phenotypes associated with renal, hormonal, vas-
cular, peripheral, and central adrenergic path-
ways. BP regulation is further complicated by the 
fact that these intermediary phenotypes are con-
trolled by complex, sometimes redundant, inter-
woven mechanisms, including BP itself [32, 33]. 
According to Ohm’s law, mean arterial pressure 
(MAP) is the product of cardiac output (CO) and 
total peripheral resistance (TPR): MAP = CO × 
TPR.  Therefore, the pathogenic mechanisms 
leading to hypertension must increase TPR, CO, 
or both [34]. Once hypertension has been estab-
lished, it is commonly characterized by elevated 
TPR and a lower or normal CO [34].

Essential hypertension, as detected by resting 
(brachial) BP levels, tends to develop gradually, 
emphasizing the importance of prevention and 
early diagnosis. Essential hypertension tends to 
cluster in families and represents a collection of 
genetically based diseases and syndromes with 
several underlying inherited biochemical abnor-
malities. Factors considered important in the gen-
esis of essential hypertension include family 
history, genetic predispositions, salt sensitivity, 
imbalances in the major BP regulatory systems 
that favor vasoconstriction over vasodilation, and 
their interaction with environmental factors. 
Several lifestyle-related factors have been com-
monly implicated in the development of hyper-

tension and include obesity, physical inactivity, 
and excessive salt intake. The relationship among 
these modifiable factors is complex, with several 
overlapping mechanisms of action. Indeed, even 
modest alterations in these lifestyle-related fac-
tors can elicit reductions in SBP ranging from 2 
to 20 mmHg [10].

Early manifestations of essential hypertension 
such as autonomic dysfunction (diminished para-
sympathetic and increased sympathetic tone) are 
present far before noticeable elevations in BP 
occur [31] (see Davis et al. [35] and Grassi et al. 
[36] for detailed reviews on autonomic and 
hemodynamic disturbances that occur with 
hypertension). In the presence of other CVD risk 
factors (e.g., obesity and dyslipidemia), early 
markers of dysfunction are often exacerbated, 
and the pathophysiologic progression toward 
fully developed hypertension is accelerated [28, 
37]. Thus, elevations in CO, normal TPR, and 
enhanced endothelium-dependent dilation char-
acterize the early (developmental) stages of 
essential hypertension. As elevations in BP prog-
ress toward essential hypertension, it becomes 
better characterized by normal CO, elevated 
TPR, endothelial dysfunction, and left ventricu-
lar hypertrophy  – alterations that reflect the 
adverse hemodynamic and vascular changes that 
arise from chronically elevated peripheral resis-
tance [34].

Chronic elevations in peripheral resistance 
may be related to neurohumoral mechanisms 
(e.g., increases in circulating levels of epineph-
rine), myogenic autoregulation, structural 
changes in small arteries, or a combination of 
these factors [31]. Poiseuille’s law states that 
resistance is inversely related to the vessel radius 
of the fourth power [34]; thus, functional or 
structural changes in arterial lumen size or radius 
are major determinants of TPR.  Decreases in 
lumen size or radius will increase TPR, which in 
turn aids in the maintenance of persistent eleva-
tions in BP and, subsequently, hypertension (for 
detailed reviews see Safar et al. [38] and Laurent 
et al. [39]). Sustained elevations in pressure exert 
greater vessel wall stress that, overtime, induce 
alterations in the vessel properties and wall com-
position that favor mechanobiological responses 
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that attempt to reduce wall stress (i.e., vascular 
thickening and structural stiffening). However, 
these compensatory mechanisms eventually fail, 
and endothelial dysfunction ensues. Of note, 
changes in vascular structure and function have 
traditionally been viewed as either the cause or 
the consequence of elevated BP. More recent per-
spectives suggest that, based on the totality of 
available evidence, vascular stiffness is both a 
cause and a consequence of hypertension [40].

Hypertension, if untreated, contributes to and 
accelerates the pathological processes that lead to 
premature death from heart disease, stroke, and 
renal failure [41]. Hypertension damages the 
endothelium, which predisposes the individual to 
atherosclerosis and other vascular pathologies. 
Hypertension-induced vascular damage can lead 
to stroke and transient ischemic attacks as well as 
end-stage renal disease. Chronic elevations in BP 
increase afterload on the heart and thus the 
mechanical stress or workload of the heart. In 
response to these stressors (and other neurohor-
monal factors), the left ventricle may undergo 
distinct structural changes or maladaptation that 
include increased left ventricular wall thickness 
and wall mass and decreased chamber size. 
Collectively, these alterations characterize a con-
dition known as concentric left ventricular hyper-
trophy [42–45]. Concentric left ventricular 
hypertrophy is an antecedent to chronic heart 
failure and is an independent risk factor for other 
types of CVD, such as coronary heart disease and 
stroke [42, 46, 47].

 Epidemiological Evidence 
of the Scope of the Hypertension 
(Prevalence and Incidence)

Several definitions of hypertension exist in the 
literature, resulting in slight variations in hyper-
tension prevalence and control rates [48, 49]. The 
importance of utilizing a clear and consistent 
definition of hypertension is essential to guiding 
diagnosis, treatment, control, and surveillance of 
hypertension. As such, the definition of hyperten-
sion and adult BP categories published in the 
2017 ACC/AHA guideline will be the BP classi-

fication scheme incorporated in this chapter 
(Table 8.1) [10].

Hypertension affects ≈103 million (45.6%) 
adults living in the United States [10, 20], an 
additional 31 million newly diagnosed Americans 
when compared to prior estimates using the JNC 
7 definition of hypertension (i.e., ≈72 million or 
31.9% of US adults) [13, 20]. Despite a higher 
prevalence of hypertension in the United States 
under the new guideline, the majority of newly 
diagnosed adults can be treated with lifestyle 
modifications (e.g., diet and exercise) without 
concomitant pharmacological intervention. Like 
JNC 7 [13], the 2017 ACC/AHA guideline [10] 
recommends that pharmacological treatment be 
initiated among the general population when 
resting SBP or DBP levels exceed 140 mmHg or 
90  mmHg, respectively, or among those with 
stage 1 hypertension (Table 8.1) with high CVD 
risk (i.e., patients with known CVD, diabetes 
mellitus, or chronic kidney disease, or estimated 
CVD risk >10%). Accordingly, there is a small 
increase (1.9%) in the proportion of US adults 
who are recommended pharmacological therapy 
under the 2017 ACC/AHA guideline compared to 
the JNC 7 (36.2% vs. 34.3%) [20].

Another ≈27 million US adults (≈12%) have 
elevated BP [20]. This means more than half 
(≈60%) of the adult population in the United 
States – approximately ≈130 million Americans – 
have high BP (i.e., elevated BP to established 
stage 1 or 2 hypertension). Individuals with ele-
vated BP are at increased risk for developing 
hypertension, additional CVD risk factors, heart 
disease, and stroke [10, 37, 50]. The rate of pro-
gression from elevated BP to hypertension can 
occur rapidly (within a 5-year period) [1, 9, 51, 
52] and is positively and strongly associated with 
age, baseline BP, and comorbidities [53, 54].

The prevalence of hypertension increases sub-
stantially with age, with 77% and 82% of US 
adults ≥65 and ≥75 yr of age, respectively, hav-
ing hypertension compared to ≈36% of adults 
<55 yr of age [10, 55]. Among adults ≥50 yr of 
age, the lifetime risk of developing hypertension 
approaches 90% [1, 10, 53]. The prevalence of 
hypertension also varies by racial/ethnic popula-
tions and sexes living in the United States [1, 10]:
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• Non-Hispanic whites 20 yr or older, 47% of 
men and 41% of women

• Non-Hispanic Asians 20 yr or older, 45% of 
men and 36% of women

• Non-Hispanic blacks 20 yr or older, 59% of 
men and 56% of women

• Hispanic Americans 20  yr or older, 44% of 
men and 42% of women

On average, blacks have the highest prevalence 
of hypertension of all other races [1, 10]. For 
adults 45 years of age without hypertension, the 
40-year risk of developing hypertension was 93% 
for blacks, 92% for Hispanic, 86% for white, and 
84% for Chinese adults [10]. Compared to whites, 
blacks develop hypertension earlier in life, their 
BP is higher over their lifetime, and among those 
with hypertension, blacks are more likely to have 
resistant hypertension than whites and Hispanics 
(19.0% vs. 13.5% and 11.2%, respectively) [1, 
56]. Despite similar awareness and treatment rates 
as whites, blacks experience more severe hyper-
tension and greater difficulty in achieving BP 
control due to reduced effectiveness of some anti-
hypertensive medications, resulting in 1.5 times 
greater risk of heart failure, 1.8 times greater risk 
of fatal strokes, and 4.2 times greater risk of end-
stage renal disease [1].

Hypertension is one of the most common pri-
mary diagnoses in the United States (≈34% of all 
office-based physician visits by adults in 2013 
were related to hypertension care [57, 58]) and is 
the leading cause for medication prescriptions 
among adults >50 yr [59, 60]. Overall, population 
estimates of awareness, treatment, and control of 
hypertension in the United States have increased 
overtime, but the rate of improvement has pla-
teaued in recent years [55, 61]. In contrast, the 
prevalence of hypertension has remained 
unchanged for more than a decade [61]. The most 
recent estimates show that among adults ≥20 yr 
of age with hypertension, 84.1% were aware of 
their condition, 76.0% were receiving treatment 
for their high BP, and 52% were properly con-
trolled (BP control was higher, 69%, among those 
currently being treated) [1], which falls short of 
the Healthy People 2020 target of controlling 
61.2% of all adults with hypertension [61]. A 

recent paper by Quindry and Franklin [62] nicely 
summarizes the independent and interrelated car-
dioprotective effects of exercise and pharmaco-
therapies prescribed to treat CVDs and related 
risk factors. The authors put forth the notion that 
in order to effectively reduce the prevalence and 
burden of CVD, contemporary therapies must 
include both adjunctive exercise and lifestyle 
interventions in addition to pharmacological 
agents. Indeed, if the prevalence and control of 
hypertension were improved by increasing the use 
of lifestyle-based antihypertensive therapies, such 
as exercise, as a primary or complementary treat-
ment strategy, our society would experience sub-
stantial health and economic benefits.

 Epidemiologic Association Between 
Cardiorespiratory Fitness 
and Hypertension

The preventive benefits of physical activity on 
all-cause mortality and the onset of CVD risk 
factors have been documented in many large- 
scale prospective studies and are summarized in 
several recent reviews [63–72]. These data clearly 
and consistently demonstrate that physical activ-
ity and cardiorespiratory fitness are inversely and 
independently associated with cardiovascular 
morbidity and mortality among both healthy and 
clinical populations (e.g., adults with CVD), 
independent of sex/gender and race/ethnicity. 
Accumulating evidence from prospective cohort 
studies show that, on average, every one meta-
bolic equivalent increase in cardiorespiratory fit-
ness is associated with a 10–25% reduction in 
mortality risk [66, 71–73], with the least fit indi-
viduals (i.e., <5 metabolic equivalents) experi-
encing the greatest reduction in risk.

The cardioprotective benefits of physical 
activity are expansive, but for the purposes of this 
chapter, we will focus our discussion on the rela-
tion between cardiorespiratory fitness and hyper-
tension. Several recent studies have added to a 
growing body of evidence that shows baseline 
cardiorespiratory fitness is an important predictor 
of incident hypertension, such that higher levels 
of baseline physical activity and cardiorespira-
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tory fitness are associated with a lower risk of 
incident hypertension among men and women 
[63, 72, 74–77]. More recent investigations have 
added to our understanding of this relationship 
by examining longitudinal patterns in cardiore-
spiratory fitness and incident hypertension [78–
80]. Collectively, these studies support that 
improvements in cardiorespiratory fitness 
throughout one’s lifetime are associated with the 
lowest risk of incident hypertension. Similarly, 
longitudinal patterns that result in higher levels 
of cardiorespiratory fitness being maintained 
later in life are also associated with lower risk of 
incident hypertension [79].

In addition to the cardioprotective effects of 
physical fitness, several studies also support that 
higher levels of muscular fitness (i.e., muscular 
strength and endurance) confer similar protective 
effects both independently and jointly with high 
levels of cardiorespiratory fitness. Moreover, 
higher levels of muscular fitness are associated 
with lower risk of developing CVD risk factors, 
including hypertension [81–83], CVDs, and all- 
cause mortality [84–89]. Among those with 
hypertension, higher levels of muscle strength 
were inversely associated with mortality, indepen-
dent of cardiorespiratory fitness [85, 90]. 
Reductions in mortality risk were even greater 
among individuals with high levels of muscular 
strength and cardiorespiratory fitness. These find-
ings underscore the importance of including both 
aerobic and resistance exercises in the Ex Rx for 
individual adults with hypertension [23, 24, 91].

To summarize, there is overwhelming evi-
dence to support that cardiorespiratory fitness 
may be the single best predictor of cardiovascular 
morbidity and mortality among the general popu-
lation and those with established hypertension. In 
fact, a recent Scientific Statement published by 
the AHA advocated that cardiorespiratory fitness 
be considered a clinical vital sign and that it be 
assessed as part of routine practice among healthy 
and clinical populations [72]. Increases in cardio-
respiratory fitness and the maintenance of such 
improvements favorably modulate the age- related 
progressive increase in arterial stiffness [92], BP, 
and, ultimately, the development of hypertension 
[63, 66, 78, 79]. Among those with hypertension, 

higher levels of cardiorespiratory fitness are asso-
ciated with reduced BP and left ventricular hyper-
trophy regression, which in turn may slow the 
progression of hypertension to more severe forms 
[63, 64]. In addition, when the types and quantity 
of physical activities and/or structured exercises 
required to improve cardiorespiratory and muscu-
lar fitness levels are executed appropriately, addi-
tional coexisting CVD risk factors (e.g., obesity, 
dyslipidemia) may experience favorable effects, 
resulting in even greater health benefits [63–65, 
67, 68, 70, 72, 81, 83, 90, 93, 94].

 The Antihypertensive Effects 
of Exercise

Participation in regular exercise is a key modifi-
able determinant of hypertension and is recog-
nized as a cornerstone therapy for the primary 
prevention, treatment, and control of high BP [10, 
11, 22–25]. Meta-analyses of randomized con-
trolled, intervention trials have concluded that 
regular, aerobic exercise lowers resting BP 
5–7  mmHg, while dynamic resistance exercise 
lowers resting BP 2–3 mmHg among individuals 
with hypertension [91, 95]. The magnitude of 
these BP reductions following aerobic and resis-
tance exercise can lower CVD risk by 20–30% 
and 6–14%, respectively [9, 10, 13, 96]. 
Furthermore, aerobic exercise can lower BP by a 
magnitude that rivals those obtained with first- 
line antihypertensive medications [13, 96–98]. 
Exercising as little as 1 day per week is as effec-
tive (or even more so) than pharmacotherapy for 
reducing all-cause mortality among those with 
hypertension [99]. In addition, when lifestyle 
modifications are executed appropriately, coexist-
ing CVD risk factors may also experience bene-
fits, translating to an even greater reduction in 
overall cardiovascular risk. Indeed, a recent meta-
analysis of major exercise and drug trials showed 
no statistically detectable difference between 
exercise and drug interventions for the secondary 
prevention of coronary heart disease and predia-
betes, and physical activity interventions were 
more effective than drug interventions for the sec-
ondary prevention of stroke mortality [100].

8 Exercise and Blood Pressure Control in Hypertension
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For these reasons the 2017 ACC/AHA guide-
line [10], JNC 7 [13], 2014 Evidence-Based 
Guidelines for the Management of High Blood 
Pressure in Adults (JNC 8) [101], AHA/ACC 
2013 Lifestyle Work Group [25], European 
Society of Hypertension and European Society of 
Cardiology [102], Canadian Hypertension 
Education Program [103], and the ACSM [23] 
universally endorse aerobic exercise for the pri-
mary prevention and treatment of hypertension. 
Although the recommended exercise prescription 
(Ex Rx) for individuals with hypertension in terms 
of the frequency (how often?), intensity (how 
hard?), time (how long?), type (what kind?), vol-
ume (how much?), and progression (or FITT-VP) 
principle varies slightly across the various afore-
mentioned organizational guidelines (Table 8.2), 
the general consensus is that adults with elevated 
BP to established hypertension should participate 
in 30–60  min/d of moderate- intensity aerobic 
exercise on most, if not all, days of the week to 
total 150  min/wk of exercise (or more) supple-
mented by moderate-intensity dynamic resistance 
training (RT) on 2–3 d/wk [91].

It should be noted that these recommendations 
are limited by methodological quality of the stud-
ies upon which the evidence is based [91, 104]. 
Major limitations in the current state of the litera-
ture include small sample sizes, assessing study 
populations with normal and elevated BP rather 
than hypertension, not accounting for major con-
founders to the BP response to exercise that 
include timing of the last bout of exercise and 
detraining effects, and lack of standard protocols 
for the assessment of BP and the exercise inter-
vention. As a result of these limitations, the effec-
tiveness of exercise as antihypertensive lifestyle 
therapy among individuals with hypertension has 
been underestimated [91, 95, 105]. Furthermore, 
large randomized clinical trials that examine both 
the acute and chronic BP lowering effects of 
exercise among diverse populations are needed 
before professional organizations can definitively 
determine the optimal Ex Rx for individuals with 
hypertension. New and emerging research are 
highlighted later in this chapter, as such studies 
may serve to fine-tune exercise prescription 
among individuals with hypertension.

Presently, the ACSM recommends the follow-
ing FITT-VP Ex Rx for individuals with hyperten-
sion (Table 8.3) [24]:

• Frequency: For aerobic exercise, on most, 
preferably all days of the week supplemented 
by resistance exercise 2–3 d/wk and flexibility 
exercise 2–3 d/wk.

• Intensity: Moderate (i.e., 40–<60% oxygen 
consumption reserve [ VO R2 ] or 11–14 on a 
scale of 6 [no exertion] to 20 [maximal exer-
tion] level of physical exertion [106] or an 
intensity that causes noticeable increases in 
heart rate [HR] and breathing) for aerobic 
exercise, moderate-to-vigorous (60–80% of 
one-repetition maximum [1RM]) for resis-
tance, and stretch to the point of feeling tight-
ness or slight discomfort for flexibility.

• Time: For aerobic exercise, a minimum of 
30  min or up to 60  min/d for continuous or 
accumulated aerobic exercise. If intermittent, 
begin with a minimum of 10 min bouts.

• Type: For aerobic exercise, emphasis should 
be placed on prolonged, rhythmic activities 
using large muscle groups such as walking, 
cycling, or swimming. Dynamic resistance 
exercise may supplement aerobic exercise and 
should consist of at least one set of 8–12 rep-
etitions of 8–10 different exercises targeting 
the major muscle groups. For flexibility, hold 
each muscle 10–30  s for 2–4 repetitions per 
muscle group. Balance (neuromotor) exercise 
training 2–3 d/wk is also recommended as 
adjuvant exercise in individuals at high risk 
for fall (i.e., older adults) and is likely to ben-
efit younger adults as well.

• Volume: To total at least 150 min/wk or 700–
2000  kcal/wk of moderate-intensity aerobic 
exercise.

• Progression: Progress gradually, avoiding large 
increases in any of the components of the 
FITT.  Increase exercise duration over the first 
4–6 wk and then increase frequency, intensity, 
and time (or some combination of these) to 
achieve the recommended volume of 700–
2000  kcal/wk over the next 4–8  months. 
Progression may be individualized based on tol-
erance and preference in a conservative manner.

H. V. MacDonald and L. S. Pescatello
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 The Relationship Between 
the Blood Pressure Effects of Acute 
(i.e., Postexercise Hypotension) 
and Chronic Exercise (i.e., Exercise 
Training)

Physiological responses to acute or short-term 
exercise translate into functional adaptations that 
occur during and persist for some time after an iso-
lated exercise session, a phenomenon termed the 
last bout effect. It has been previously hypothesized 
that frequent repetition of these acute exercise ses-
sions produces more permanent structural adapta-
tions, forming the exercise training response. These 
persistent alterations in structure and function 
remain for as long as the training regimen is contin-

ued and then dissipate quickly, returning to pre-
training values [107]. Several recently published 
studies support the notion that the reductions in BP 
experienced immediately following a single bout 
of exercise are similar in magnitude to those expe-
rienced after exercise training, an observation that 
suggests the BP benefits attributed to chronic exer-
cise are largely the result of postexercise hypoten-
sion or PEH [22, 108–110]. PEH describes the 
immediate, short-term reductions in BP following 
acute exercise and persists for up to 24 h after the 
exercise bout [24].

The relationship between the BP response to 
acute and chronic exercise has yet to be fully elu-
cidated; however, they appear to be related [22, 
108–115]. Initial studies examining whether PEH 

Table 8.3 The current exercise prescription for adults with hypertension [23, 24]

FITT-VP principle of the Ex Rx ACSM recommendations
Frequency (how often?) 5–7 d/wk
Intensity (how hard?)a

Moderate (40–<60% VO R2  or 12–13 on a scale of 6 [no exertion] to 20 
[maximal exertion] level of physical exertion or an intensity that causes 
noticeable increases in heart rate and breathing)

Time (how long?) ≥30–60 min/d; one continuous bout or multiple bouts of at least 10 min 
each

Type (what kind?)
Primary

Aerobic exercise; prolonged, rhythmic activities using large muscle groups 
(e.g., walking, cycling, swimming)

Adjuvant 1 Muscle strengthening
F: 2–3 d/wk (non-consecutive)
I: Moderate-to-vigorous-intensity (60–80% of 1RM); major muscle groups
T: 8–10 exercises; 2–4 set of 8–12 repetitions

Adjuvant 2 Flexibility
F: ≥2–3 d/wk
I: Stretch to the point of feeling tightness or slight discomfort
T: ≥10 min/d; ≥4 repetitions per muscle group; hold each static stretch for 
10–30 s

Adjuvant 3b Neuromotor
F: ≥2–3 d/wk
I: undetermined
T: ≥20–30 min/d

Volume (how much?)c ≥150 min/wk or 700–2000 kcal/wk
Progression Progress gradually, avoiding large increases in any of the components of 

the Ex Rx; increase exercise duration over first 4–6 wk and then increase 
frequency, intensity, and time (or some combination of these) to achieve 
recommended quantity and quality of exercise over next 4–8 months

Note. ACSM American College of Sports Medicine, FITT frequency, intensity, time, type, volume, and progression of 
exercise, Ex Rx exercise prescription; 1RM one- repetition maximum, VO R2  oxygen consumption reserve
aVigorous-intensity aerobic exercise (i.e., ≥60% VO R2  or ≥14 on a scale of 6–20 [106]) may elicit greater and more 
extensive benefits and may be introduced after exercise preparticipation health screening and gradual progression
bBalance (neuromotor) training is recommended for older adults, individuals who are at substantial risk of falling, and 
is likely to benefit younger adults as well
cFor greater and more extensive benefits, progress exercise volume to total 60 min/d and 300 min/wk of moderate 
intensity
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could be used to predict the BP response to aero-
bic exercise training reported moderate to large 
correlations between the acute and chronic SBP 
(r  =  0.66–0.89) and DBP (r  =  0.66–0.75) 
responses [110–112]. Since then, researchers 
have published similar observations for dynamic 
resistance (r = 0.47–0.74 for SBP, r = 0.45–0.80 
for DBP) [110, 114, 115] and isometric resis-
tance (SBP only: r  =  0.0.58 for handgrip, 
r = ≈0.77 for leg) [109, 113] exercise (P < 0.05 
for all). Collectively, these studies support the 
notion that the BP response to exercise training is 
largely a function of PEH.

However, it should be noted that 20–25% of 
individuals with hypertension do not experience 
reductions in BP to acute or chronic exercise 
[23]. Some individuals may even experience 
increases in BP as a result of exercise training 
[116], albeit this is far less common and not con-
sistently reported [117]. Therefore, PEH has 
great potential to be used as a health screening 
tool to identify individuals with hypertension that 
will (likely) respond favorably to exercise as a 
nonpharmacologic, lifestyle-based therapy to 
control their high BP. Further research in a larger, 
more diverse sample of adults with hypertension 
is needed to substantiate this premise.

The next section will overview the effects of 
acute (i.e., immediate, short-term, or PEH) and 
chronic (i.e., long-term or training) aerobic, resis-
tance (dynamic and isometric), and concurrent 
exercise on BP among individuals with hyperten-
sion. When appropriate, new and emerging 
research will be presented that has the potential to 
alter the way in which exercise may be prescribed 
to prevent, treat, and control hypertension.

 Interventional Evidence of Aerobic 
(Endurance) Exercise and Blood 
Pressure Effects

 Acute, Immediate, or Short-Term 
Effects, or Postexercise Hypotension

The BP reductions following acute exercise are 
immediate but short-term, persisting for up to 
24 h after the exercise bout [24]. This response is 
termed postexercise hypotension or PEH and is 

an expected physiological response to exercise 
[22, 23, 91, 108, 118–120]. For this reason, indi-
viduals with hypertension are encouraged to 
exercise on most days of the week in order to 
benefit from the acute effects of aerobic exercise 
on BP [23, 24]. The BP response to acute aerobic 
exercise has been summarized in several reviews 
[108, 121–125], concluding that a single bout of 
aerobic exercise lowers resting SBP 6–11 mmHg 
and DBP 4–5 mmHg among adults with high BP 
and that the magnitude of PEH depends on sev-
eral factors, including the characteristics of the 
sample and the intensity and duration of the aero-
bic exercise performed.

Despite the considerable range in the magni-
tude of PEH reported in these reviews, the gen-
eral overall consensus supports that the magnitude 
of BP reductions resulting from acute aerobic 
exercise is most pronounced in individuals who 
stand to benefit the most (i.e., individuals with 
higher BP compared to normal BP) [23, 24, 124–
127]. Short (10–15  min) and long (30–40  min) 
bouts of aerobic exercise performed continuously 
at a constant intensity (i.e., workload) or in inter-
vals elicit PEH, independent of exercise intensity 
[91, 108]. However, there is accumulating evi-
dence to suggest that BP benefits may be maxi-
mized when acute aerobic exercise is performed 
at more vigorous levels of physical exertion (i.e., 
the magnitude of the BP reductions is intensity- 
dependent) [91, 108]. New and emerging evi-
dence regarding the relationship between aerobic 
exercise intensity and PEH will be discussed in 
the sections that follow.

A limited number of studies have directly 
compared aspects of the FIT of an acute aerobic 
exercise intervention on PEH among adults with 
hypertension [91, 104]. As a result, it remains 
unclear which factors, that is, aerobic exercise 
intensity, duration, the total work performed 
[128], or how the exercise is conducted (i.e., con-
tinuous, interval, intermittent or fractionized), are 
more influential in determining magnitude and 
duration of PEH.  New and emerging evidence 
regarding the acute effects of aerobic exercise, 
and its application to the current Ex Rx for hyper-
tension, will be discussed next.

Eicher and colleagues [129] published one of 
the first studies showing that the illustrated 
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 magnitude of the BP reductions resulting from 
acute aerobic exercise occurs as a direct function 
of intensity such that the greater the intensity, the 
greater the BP reduction [91]. Briefly, Eicher 
et al. [129] examined the antihypertensive effects 
of three bouts of acute aerobic exercise per-
formed at light (40% of VO2max), moderate (60% 
of VO2max), and vigorous (100% of VO2max) inten-
sity in men with elevated BP to stage 1 hyperten-
sion (n = 45). The authors found that BP decreased 
by 1.5/0.6 mmHg for every 10% increase in rela-
tive VO2max, suggesting that more vigorous levels 
of physical exertion lowered BP to a greater 
extent than lower levels of physical exertion for 
individuals willing and able to tolerate more 
intense levels of exercise [129].

More recent investigations have focused on 
whether PEH is modulated by how the aerobic 
exercise is performed (i.e., single bout of contin-
uous exercise vs. multiple bouts spread intermit-
tently throughout the day). Bhammar et al. [130] 
compared the effects of fractionized aerobic 
exercise (3 × 10 min bouts) spread throughout the 
day (morning, midday, and afternoon) and a sin-
gle bout of continuous exercise (1 × 30 min bout) 
performed at 60–65% of VO2peak on ambulatory 
BP among 11 individuals with elevated BP. 
Bhammar et al. concluded that fractionized exer-
cise was as effective as continuous exercise in 
eliciting PEH, reducing SBP 3–4  mmHg com-
pared to control throughout the day until the fol-
lowing morning. Less is known about the 
antihypertensive effects of very short (<10 min) 
bouts of aerobic exercise. Miyashita et al. [131] 
compared the BP response to 30 min of running 
at 70% of VO2max performed in either a single 
continuous bout (1 × 30 min) or multiple, very 
short bouts (10 × 3 min) among seven young men 
with elevated BP. Miyashita et al. reported reduc-
tions in SBP of 6 and 8 mmHg, respectively, that 
persisted for 24  h after the bout (Ps  <  0.01). 
Taken together, these studies suggest that short 
(10 min) and very short (3 min) bouts of intermit-
tent aerobic exercise interspersed throughout the 
day elicit PEH and that the antihypertensive 
effects of short and very short bouts of moderate- 
to- vigorous-intensity aerobic exercise are similar 
in magnitude and duration to those observed 

 following a single bout of continuous aerobic 
exercise of the same intensity [130, 131].

In summary, a single, isolated session of aero-
bic exercise results in an immediate reduction in 
BP on the order of 5–7 mmHg among individuals 
with hypertension (i.e., PEH), with the greatest 
reductions occurring among those with the high-
est BP (i.e., upwards of 8–11  mmHg) [23, 91, 
124–127]. PEH is a low-threshold phenomenon 
in terms of exercise duration as short (≈10 min) 
and now very short (<10 min) durations of exer-
cise produce PEH [130, 132–134]. However, the 
minimum duration needed to produce the effect 
is dependent on the intensity of the exercise [131] 
and, at this time, remains to be determined. New 
and emerging research indicates that exercise 
intensity is an important determinant of PEH 
such that increasing levels of exertion lower BP 
in a dose-response pattern [91, 125, 129, 135] 
and that short bouts of exercise accumulated 
across a day can have the same beneficial impact 
on BP as one continuous bout of exercise [125, 
130, 131].

 Chronic, Training, or Long-Term 
Effects

Meta-analyses of studies investigating the antihy-
pertensive effect of chronic aerobic exercise 
training among individuals with hypertension 
have concluded that dynamic aerobic or endur-
ance exercise training reduces resting office and 
24-h ambulatory BP 5–7 mmHg [136–139] and 
3–4 mmHg [140, 141], respectively, among indi-
viduals with high BP. Of note, the participants in 
these meta-analyses were generally white and/or 
middle-aged, limiting the generalizability of the 
results to more diverse populations [95]. 
Nonetheless, one clear pattern that has emerged 
from these meta-analyses is that resting BP is 
lower due to aerobic exercise training and that the 
magnitude of the reduction is greatest for those 
with the highest BP.

Of the meta-analyses conducted to date, most 
have failed to provide insight into how popula-
tion characteristics and/or the FIT of the exercise 
intervention moderate the BP effects of aerobic 
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(endurance) exercise training [95, 104, 108, 141], 
with the exception of two [98, 142]. Briefly, 
Whelton et  al. [98] examined a large group 
(n = 2419) of racially/ethnically diverse patients 
(n  =  1935 whites; n  =  391 Asians; and n  =  93 
blacks) and reported BP reductions of 3/3 mmHg 
for whites, 6/7 mmHg for Asians, and 11/3 mmHg 
for blacks [98]. More recently, Cornelissen and 
Smart [142] examined the effect of aerobic exer-
cise training lasting at least 4 wk in duration on 
resting BP and identified several moderators 
related to characteristics of the sample and the 
aerobic exercise intervention. Briefly, the authors 
found that samples consisting of all men experi-
enced BP reductions that were greater in magni-
tude than those of all women (3–5  mmHg vs. 
1 mmHg), concluding that sex may influence the 
BP response to exercise training. They also found 
that the magnitude of training-induced BP reduc-
tions was greater among studies that implemented 
exercise training programs lasting <24 wk than 
≥24 wk (3–6 mmHg vs. 1–2 mmHg), involved 
aerobic exercise sessions lasting 30–45 min/ses-
sion, and accumulated a weekly exercise volume 
of <210  min compared to a weekly vol-
ume ≥210 min. Last, aerobic exercise intensity 
appeared to alter the BP response to training such 
that BP reductions were greatest with moderate- 
to- vigorous-intensity aerobic exercise training 
compared to lower intensity aerobic exercise 
(4–5/2–3 mmHg vs. ≈1 mmHg) [142].

A growing body of new and emerging evi-
dence suggests that high-intensity interval train-
ing (HIIT), characterized by brief periods of very 
high-intensity aerobic exercise (>90% of 
VO2max) separated by recovery periods of lower- 
intensity exercise or rest [143], may be superior 
to continuous, moderate-intensity aerobic exer-
cise in lowering BP.  Indeed, a recent review 
found that HIIT resulted in greater BP benefit for 
individuals with hypertension than normal BP 
(8 mmHg vs. 3 mmHg, respectively) [91]. HIIT 
holds promise for some people with hypertension 
because it allows individuals to perform brief 
periods of vigorous-intensity exercise that would 
not be tolerable for longer periods of time. In 
addition, HIIT can also yield an equal amount of 
work (i.e., energy expenditure) compared to con-

tinuous, moderate-intensity exercise in a shorter 
amount of time [91, 143–145]. Additional inves-
tigations involving more diverse samples with 
hypertension are warranted.

In summary, the BP reductions experienced 
after aerobic exercise training appear to be equiv-
alent in magnitude to those observed with PEH 
(i.e., 5–7 mmHg) [136, 137, 139], supporting the 
notion that BP reductions following chronic exer-
cise or exercise training are largely a function of 
PEH. Furthermore, as with PEH, the magnitude 
of the BP reductions with exercise training 
appears to be greatest in those with the highest 
BP [136–139, 141], and exercise intensity 
appears to be an important moderator of the BP 
response to aerobic exercise training, with BP 
reductions occurring in a dose-response fashion 
[142]. HIIT shows promise as a viable alternative 
to the current ACSM Ex Rx recommendations for 
hypertension; however, further investigation is 
warranted among individuals with hypertension 
to more definitively determine the benefit-to-risk 
ratio of exercising at vigorous intensity among a 
population that is predisposed to heightened 
CVD risk [91, 143] (for an expanded discussion 
on the risks associated with exercise, see Chap. 
25). Last, the FITT components of the aerobic 
exercise training intervention (i.e., the duration, 
intensity, and weekly volume of exercise) and 
population characteristics (i.e., sex, race/ethnic-
ity) appear to moderate the BP response to aero-
bic exercise training and warrant confirmation in 
future randomized controlled trials [98, 142].

 Interventional Evidence of Dynamic 
Resistance Exercise and Blood 
Pressure Effects

Dynamic resistance exercise involves both a lift-
ing and lowering phase that occurs during each 
repetition against an external resistance, or load 
does not change. These phases of muscular activ-
ity correspond to the shortening and lengthening 
of the involved muscle group. It was previously 
thought that individuals with hypertension should 
avoid resistance exercise due to reports of marked 
elevations in BP while exercising [146] and 
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 following the Valsalva maneuver [147]. Indeed, 
increases in BP as high as 480/350 mmHg have 
been recorded among bodybuilders during a sin-
gle bout of heavy resistance exercise performed 
at or above 80% of 1RM until concentric failure 
[146]. However, such BP surges are known to 
return to initial values within 10 s of the last rep-
etition of each set [146], and to the best of our 
knowledge, it remains to be answered whether 
brief elevations in BP of this magnitude are harm-
ful. In fact, there is an established, but growing, 
body of literature that shows muscular strength is 
inversely associated with CVD and all-cause 
mortality [85, 90, 148, 149], incident hyperten-
sion, and prevalence of other adverse cardiometa-
bolic health outcomes [81–83, 90].

 Acute, Immediate, or Short-Term 
Effects, or Postexercise Hypotension

An increasing number of studies [150–155] as 
well as reviews and meta-analyses [122, 123, 
125, 156] are reporting immediate reductions in 
BP following acute dynamic resistance exercise 
that persist for several hours after the bout or 
PEH. Furthermore, the magnitude of these reduc-
tions appears to be the greatest among those with 
the highest BP.  Indeed, a recent meta-analysis 
[156] of 30 acute dynamic resistance exercise 
studies (81 interventions) involving 646 adults 
with normal BP to established hypertension con-
cluded that dynamic resistance exercise elicited 
PEH to a greater extent among samples with 
hypertension (n = 141) compared to samples with 
normal BP (n = 505) (9/5–6 mmHg vs. 3/3 mmHg, 
respectively) (P < 0.01). This same meta-analysis 
also identified several moderator patterns related 
to the FIT of the dynamic resistance exercise 
intervention that will be discussed as new and 
emerging research below.

A limited number of studies have examined 
aspects of the FIT of an acute resistance exercise 
intervention on PEH, and when they have, the 
results have been mixed. For example, some 
studies have shown that high-intensity (80% of 
1RM) acute resistance exercise results in greater 
BP reductions than light-moderate-intensity 

(50% of 1RM) resistance exercise (≈34/16 mmHg 
vs. ≈24/7 mmHg) [150, 151], while other studies 
have reported reductions of similar magnitude 
following light- (40% of 1RM) and high (80% of 
1RM)-intensity acute resistance exercise 
(14/1–2 mmHg) [152].

More consistent evidence seems to support that 
the volume of resistance exercise (i.e., the number 
of exercises, repetitions, and sets of a given exer-
cise) more so than the intensity moderates the 
magnitude of PEH. For example, Scher et al. [155] 
examined the effect of low versus high volume on 
PEH among 16 older adults with treated hyperten-
sion (130/76 mmHg). All subjects performed 1 set 
of 20 repetitions at light intensity (40% of 1RM) at 
each station in the 10-exercise circuit; however, 
the number of total circuits (laps) differed such 
that subjects completed two sessions that consisted 
of low (1 lap; 20 min) and high (2 laps; 40 min) 
volume. The authors reported that both low and 
high volumes of resistance exercise elicited PEH 
for 60 min in the laboratory compared to control 
(Ps < 0.05), but the magnitude of these reductions 
was greater after high- rather than low-volume 
resistance exercise (10/7  mmHg vs. 8/6  mmHg, 
respectively) (P < 0.05). Interestingly, only high- 
volume resistance exercise reduced awake and 
24-h ambulatory SBP compared to control, and 
again, these reductions were greater than those 
observed after lower volumes of resistance exer-
cise (Ps < 0.05).

Two recent meta-analyses seem to confirm 
these observations. Cassonatto et  al. [156] 
reported that the magnitude of PEH was greater 
following a bout of resistance exercise that 
involved larger muscle groups (targeted with 
either single- or multi-joint movements) than 
smaller muscle groups (SBP only: 3–5 mmHg vs. 
1–2 mmHg) (P < 0.05), and in a separate meta- 
analysis, Carpio-Rivera et  al. [125] found that 
PEH magnitude was associated with the number 
of exercises performed in a given session 
(r = −0.20) and the number of sets performed per 
exercise (r  =  −0.47) (Ps  ≤  0.01) such that a 
greater number of resistance exercises and sets 
per exercise elicited greater reductions in BP.

To summarize, acute resistance exercise can 
lead to remarkable surges in BP while exercising; 
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however, whether this phenomenon is harmful to 
overall cardiovascular health is unknown [146]. 
In fact, most of the studies involving individuals 
with hypertension have reported immediate 
reductions in BP following a single bout of 
dynamic resistance exercise that appear to be 
clinically meaningful and comparable to the 
magnitude of PEH resulting from acute aerobic 
exercise among individuals with hypertension 
(i.e., ≈5–10 mmHg vs. 5–7 mmHg, upwards of 
8–11 mmHg based on new and emerging research 
presented in this chapter) [150–155]. Similar to 
the BP benefits resulting from acute and chronic 
aerobic exercise, BP reductions following acute 
dynamic resistance exercise appear to be more 
pronounced in individuals who stand to benefit 
the most (i.e., those with higher BP compared to 
normal BP) [125, 156, 157]. At this time, it is 
unclear whether other patient characteristics or 
aspects of the FIT of the acute resistance exercise 
intervention influence PEH.

 Chronic, Training, or Long-Term Effects

Until recently, the general consensus from ran-
domized controlled trials and meta-analyses [95, 
158] has been that dynamic RT lowers resting BP, 
but to a lesser degree than aerobic exercise train-
ing (i.e., 2–3  mmHg vs. 5–7  mmHg). A major 
limitation of earlier meta-analyses resided in the 
fact that the majority of included studies involved 
white and/or middle-aged adults with normal BP 
and elevated BP, limiting the generalizability of 
the results to more ethnically diverse populations 
and, importantly, to those with hypertension [95].

Recent investigations, and meta-analyses of 
these newly published studies, have shown that 
BP reductions following dynamic RT are similar 
to those resulting from aerobic exercise training. 
For example, Mota et al. [154] found that 16 wk 
of moderate-intensity (i.e., 70% of 1RM) 
dynamic RT reduced resting BP 14/4  mmHg 
among women with treated hypertension. 
Likewise, Moraes et al. [159] reported that 12 wk 
of moderate-intensity (60% of 1RM) dynamic 
RT reduced resting BP 16/12 mmHg among men 
with hypertension. Most recently, we meta- 

analyzed 64 controlled studies (71 interventions) 
involving middle-aged adults (n  =  2344), the 
majority of who were white (57%) with elevated 
BP (126/76 mmHg) [158]. On average, we found 
that dynamic RT interventions of moderate inten-
sity, performed 2–3 d/wk for 14 wk, elicited BP 
reductions of ≈3/2 mmHg. However, subsequent 
moderator analyses revealed dynamic RT elicited 
greater BP reductions among individuals with 
hypertension (6/5  mmHg) and elevated BP 
(3/3 mmHg) compared to normal BP (0/1 mmHg).

Of note, we found that the antihypertensive 
effects of dynamic RT were moderated by race/
ethnicity, such that among nonwhite samples 
with hypertension, BP was reduced 14/10 mmHg, 
a magnitude that is approximately twice that 
reported following aerobic exercise training (i.e., 
5–7  mmHg) [158]. These promising findings 
suggest that, for some populations, dynamic RT 
elicits BP reductions comparable to or greater 
than those achieved with aerobic exercise train-
ing, and for those patients (i.e., nonwhite samples 
with hypertension), dynamic resistance exercise 
may serve as a viable stand-alone antihyperten-
sive lifestyle therapeutic option [158].

Presently, professional committees/organiza-
tions recommend that individuals with hyperten-
sion engage in moderate-intensity, dynamic 
resistance exercise 2–3 d/wk as a supplement to 
aerobic exercise training. Upon more careful 
scrutiny of the literature [91] and the new find-
ings by MacDonald et al. [158], there is sugges-
tive evidence that dynamic resistance exercise 
can be an alternative stand-alone exercise modal-
ity option for patients with hypertension. These 
findings are consistent with the new and emerg-
ing evidence regarding the acute effects of 
dynamic resistance exercise presented in the pre-
vious section. Additional randomized controlled, 
intervention trials are needed to determine if 
these novel findings prove to be true and to better 
understand what FIT features of the dynamic RT 
program would yield the greatest BP benefit.

In summary, it has long been thought that 
dynamic RT reduces BP ≈ 2–3 mmHg. However, 
new and emerging research has demonstrated 
that dynamic resistance exercise has an even 
more beneficial influence on BP among those 
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diagnosed with hypertension (i.e., ≈5–6 mmHg, 
upwards of ≈10–14  mmHg) [158–160]. 
Additionally, of the few meta-analyses that have 
explored the influence of population characteris-
tics, they have shown that initial BP levels and 
race/ethnicity can influence the magnitude of 
reductions experienced after dynamic RT and 
warrant additional investigation [158]. Based on 
the available evidence, it is unclear whether other 
aspects of the FIT of the Ex Rx influence the mag-
nitude of BP reductions following dynamic RT.

 Interventional Evidence 
of Isometric Resistance Exercise 
and Blood Pressure Effects

Isometric resistance exercise involves sustained 
contraction against an immovable load or resis-
tance with no (or minimal) change in length of the 
involved muscle group. To date, two different 
forms of isometric resistance exercise have been 
evaluated in terms of their effectiveness to lower 
BP: isometric handgrip (IHG) and isometric leg 
exercise. Currently, the ACSM and other profes-
sional committees/organizations (Table  8.2) do 
not provide guidelines on isometric resistance 
exercise for adults with hypertension due to the 
limited evidence supporting its effectiveness to 
lower high BP [23, 24]. In 2013, a Scientific 
Statement from the AHA featured IHG as a poten-
tially effective adjunctive alternative therapy for 
lowering BP but stated there were inconsistent or 
inclusive data regarding its efficacy as antihyper-
tensive therapy at the time [161]. Additional stud-
ies have been published since then, and two 
professional committees/organizations [10, 103] 
included IHG exercise as another potentially via-
ble exercise-based therapeutic option for adults 
with hypertension in their most recent treatment 
guidelines (Table  8.2). Despite these recent 
endorsements, significant gaps in the current state 
of knowledge regarding the effects of isometric 
exercise on resting BP remain. Furthermore, there 
are fewer well-controlled isometric exercise inter-
ventions compared to aerobic and dynamic resis-
tance exercise, especially among those involving 
adults with hypertension [142, 162, 163].

 Acute, Immediate, or Short-Term 
Effects, or Postexercise Hypotension

The antihypertensive effects of isometric exer-
cise among adults with hypertension have pri-
marily been evaluated in terms of their long-term 
or chronic BP benefit [162, 164, 165]. A limited 
number of studies have evaluated PEH following 
a single bout of isometric exercise among adults 
with hypertension [166–170] and with mixed 
results.

Two studies [169, 170] observed PEH follow-
ing a single bout of IHG exercise, reporting reduc-
tions in ambulatory SBP of 5.4  mmHg over 
7 hours under conditions of daily living [169] and 
office SBP reductions ranging from 14.4 to 
18.7 mmHg during 60 min of recovery in the lab-
oratory [170]. In contrast, three studies did not 
observe PEH following a single bout of IHG exer-
cise [166–168]. Reasons for the discrepancies 
observed among these studies are not completely 
clear but appear to be the result of differences in 
study design (e.g., ambulatory vs. laboratory 
assessment of PEH) and patient clinical charac-
teristics (e.g., age, baseline BP, race/ethnicity, 
physical activity level, among others). Of note, 
the study of Ash et al. [166] is the only study to 
date to directly compare the magnitude and dura-
tion of PEH (laboratory/office BP and ambulatory 
BP over 19 h) after acute IHG exercise with acute 
aerobic exercise in the same group of adults with 
elevated BP to stage 1 hypertension (n  =  27). 
Using a randomized controlled crossover design, 
Ash et  al. [166] reported that aerobic exercise 
induced a clinically meaningful reduction in 
ambulatory BP compared to non- exercise control 
(4–6 mmHg) over awake hours, while IHG failed 
to elicit PEH. In addition to  differences in experi-
mental study design, Ash et al.’s [166] participants 
were sedentary, with low cardiorespiratory fit-
ness, elevated to stage 1 hypertension, not receiv-
ing antihypertensive medication, and obese, and 
the majority (56%) were African-Americans – a 
major contrast to the study participants reporting 
favorable BP effects following IHG exercise (i.e., 
participants were physically active, with average 
cardiorespiratory fitness, normal BP, or normal 
BP levels  controlled with antihypertensive 
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 medication, of normal weight, and mostly 
Caucasian) [162, 164, 169, 170].

In summary, there is a lack of compelling evi-
dence at this time to support that acute isometric 
resistance exercise, particularly IHG exercise, 
elicits PEH among adults with elevated to estab-
lished hypertension.

 Chronic, Training, or Long-Term Effects

As previously stated, the majority of isometric 
resistance exercise studies including adults with 
hypertension have examined the long-term or 
chronic BP effects [162, 164, 165, 171, 172]. 
Based on the findings from two recent meta- 
analyses [162, 164], IHG training consisting of 
four sets × 2 min unilateral IHG contractions at 
30% MVC performed 3 d/wk for 8 wk or longer 
reduced resting BP 4–5/5–6 mmHg among adults 
with hypertension (n = 61), all of whom were on 
medication. Carlson et al. [164] and Inder et al. 
[162] also found that IHG training significantly 
reduced resting BP among adults with normal BP 
(n = 162 and n = 217). Interestingly, both meta- 
analyses reported that SBP was reduced to a 
greater extent among adults with normal BP 
compared to those with hypertension, while the 
opposite was true for DBP: 7.8/3.1 mmHg versus 
4.3/5.5  mmHg [164] and 5.4/2.9  mmHg versus 
4.5/5.5  mmHg [162], respectively. Both meta- 
analyses were unable to explain the larger reduc-
tions in SBP among the adults with normal BP 
compared to adults with hypertension, and the 
reverse pattern observed for DBP. Furthermore, 
the small sample of participants with hyperten-
sion were derived from the same three studies 
[173–175] in both meta-analyses. Their sample 
of adults with hypertension (n  =  61) is much 
smaller in size than the samples of adults with 
hypertension in meta-analyses investigating aer-
obic [142], dynamic resistance [158] and com-
bined aerobic and dynamic resistance [176] 
exercise training. For these reasons, any conclu-
sions made about the antihypertensive benefits of 
isometric RT should be made with caution.

Despite earlier claims of superior BP-lowering 
effects resulting from isometric resistance 

 exercise, not all investigations have come to a 
similar conclusion. Moreover, few studies have 
directly compared the BP response to isometric 
RT with aerobic or dynamic resistance exercise, 
modalities that are currently recognized as pri-
mary or adjuvant lifestyle therapy for adults with 
hypertension. Of interest are three recently pub-
lished studies [166, 172, 177] that evaluated the 
long- term or chronic changes in resting and 
ambulatory BP induced by isometric RT com-
pared to aerobic exercise training, which is uni-
versally endorsed for the primary prevention and 
treatment of hypertension. Collectively, these 
studies [166, 172, 177] reported that aerobic 
exercise training significantly reduced office 
(≈4–10/3–4 mmHg) [172, 177] and ambulatory 
BP over waking hours (≈5.5–8/4.4–5  mmHg) 
[166, 172] post- compared to pre-intervention, 
while IHG training did not.

To summarize, earlier studies and meta- 
analyses of these studies suggest that isometric 
resistance exercise may reduce resting BP on 
average 4–5/5–6  mmHg among adults with 
hypertension. However, the majority of isometric 
resistance exercise studies have included either 
young, healthy white men with normal BP or 
older, white men with well-controlled hyperten-
sion through pharmacological agents [163, 178]; 
women and racial/ethnic minorities have been 
consistently underrepresented in this literature. 
Although once promising, more recent research 
questions the effectiveness of isometric RT as 
antihypertensive therapy.

 Interventional Evidence 
of Concurrent Exercise and Blood 
Pressure Effects

Concurrent exercise is defined as aerobic and 
resistance exercise being performed in close 
proximity to each other (i.e., in a single exercise 
session or within a couple hours of one another) 
[104, 179]. The ACSM does not currently pro-
vide any guidelines on concurrent exercise for 
adults with hypertension due to the limited num-
ber of studies that have investigated the acute and 
chronic effects of concurrent exercise on BP 
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among adults with hypertension. However, based 
on the new and emerging evidence that will be 
discussed in the sections that follow, it appears 
that concurrent exercise may be as effective as 
aerobic exercise as antihypertensive therapy 
among individuals with hypertension [91].

 Acute, Immediate, or Short-Term 
Effects, or Postexercise Hypotension

In comparison to the aerobic and dynamic resis-
tance exercise literature, fewer studies have 
investigated the acute effects of concurrent (com-
bined aerobic and resistance) exercise among 
adults with high BP [104, 108, 179]. Collectively, 
these studies reported BP reductions ranging 
from 6 to 12 mmHg for SBP and 3 to 17 mmHg 
for DBP, respectively [179–184]. Based on the 
limited number of small studies conducted to 
date, it is likely premature to comment on the 
population or FIT characteristics that may modu-
late the duration and magnitude of PEH follow-
ing acute concurrent exercise. At this time, 
however, no clear moderator patterns have 
emerged in relation to the intervention character-
istics such as the concurrent exercise intensity, 
volume, or the order of the aerobic and resistance 
exercise components and the magnitude and 
duration of PEH.

For example, a single bout of concurrent exer-
cise consisting of moderate-to-vigorous-intensity 
aerobic exercise and moderate-intensity resis-
tance exercise (70–75% of 1RM) lowered BP 
6–11/3–5  mmHg and remained lowered for 
60–90  min following the bout [180, 182, 183]. 
Similarly, acute concurrent exercise consisting of 
moderate-to-vigorous-intensity aerobic exercise 
and low-intensity resistance exercise (40–50% of 
1RM) lowered BP by 7–12/3–17  mmHg for 
30–180  min following the bout [181, 184]. 
Tibana et al. [180] observed a similar effect when 
investigating the influence of moderate-intensity 
aerobic exercise (30 min at 70% of HR reserve) 
followed by either low- (1 set) or high (3 sets)-
volume resistance exercise (8–12 repetitions for 
6 exercises at 80% of 10RM workload) among 16 
women with normal to high BP.  They reported 

that SBP was reduced 7–9 mmHg compared to 
control for 90  min following both concurrent 
exercise sessions. Lastly, the order of the aerobic 
and resistance exercise components within the 
concurrent exercise session does not appear to 
influence PEH among adults with hypertension. 
Menêses et al. [184] found that aerobic exercise 
(30  min at 50–60% of HR reserve) performed 
before or after dynamic resistance exercise (3 
sets of 10 repetitions for 7 exercises at 50% of 
1RM) elicited PEH among 19 middle-aged 
women with controlled hypertension 
(130/68  mmHg), and the magnitude of these 
reductions was not different between conditions 
(7–8/3 mmHg).

In contrast to the concurrent exercise variables 
discussed thus far, how the concurrent exercise 
session is performed (i.e., single bout vs. multi-
ple bouts interspersed throughout the day) does 
appear to modulate PEH.  In a recent study, 
Azevêdo et  al. [182] investigated the effects of 
concurrent exercise (3 sets of 10 repetitions for 4 
exercises at 75% of 8RM workload followed by 
20  min of moderate-to-vigorous-intensity aero-
bic exercise) performed in a single bout (in the 
morning or evening) compared to fractionized 
(spread throughout the day, in the morning, and 
in the evening) on PEH among 11 middle-aged 
women with hypertension. The authors found 
that a single session of concurrent exercise per-
formed in the morning or evening, but not frac-
tionized throughout the day, reduced SBP 
10.7 mmHg and 6.3 mmHg compared to control. 
Furthermore, reductions in SBP were greater fol-
lowing a single bout of concurrent exercise 
 performed in the morning compared to fraction-
ized concurrent exercise (−10.7  mmHg vs. 
+3.3 mmHg, respectively).

To summarize, a single bout of concurrent 
exercise elicits PEH among middle-aged to older 
adults with high BP, and the magnitude of these 
reductions appears to be similar to those observed 
after aerobic exercise. Moreover, based on the 
limited number of small studies conducted to 
date, the currently available data does not suggest 
that PEH is modulated by aspects of the acute 
concurrent exercise intervention (i.e., exercise 
intensity, volume, or the order of the aerobic and 
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resistance exercise components). However, fur-
ther investigation is warranted among larger sam-
ples of adults with hypertension to determine 
whether aspects of the FIT of the acute concur-
rent exercise intervention influence PEH. At this 
time, it is unclear whether patient characteristics 
influence PEH.

 Chronic, Training, or Long-Term Effects

The results of several recent meta-analyses and 
concurrent exercise training studies suggest that 
concurrent exercise may be as effective as aero-
bic exercise as antihypertensive therapy among 
individuals with hypertension [91, 176]. Briefly, 
Hayashino et al. [185] performed a meta-analysis 
of 42 trials, 14 of which were concurrent exercise 
training trials involving middle-aged adults with 
type 2 diabetes mellitus and hypertension (36%). 
The authors reported BP reductions of 
1.7/2.3  mmHg following aerobic training, 
2.8/2.3 mmHg following dynamic RT, and 3.2/1.9 
mmHg following concurrent exercise training, 
with no statistically significant differences among 
the three modalities [185]. Cornelissen and Smart 
[142] reported similar findings in their meta- 
analysis of 93 trials, such that BP was reduced 
3.5/2.5 mmHg following aerobic exercise train-
ing (105 interventions), 1.8/3.2 mmHg following 
dynamic resistance exercise training (29 inter-
ventions), and 2.2 mmHg (SBP only) following 
concurrent exercise training (14 interventions). 
Once again, no differences were noted among the 
three modality groups.

Most recently, Corso et al. [176] pooled 68 tri-
als (76 interventions) and examined the influence 
of concurrent exercise training on BP. The authors 
found, on average, concurrent exercise training 
performed 3 d/wk at moderate intensity (aerobic, 
55% of VO2max; resistance, 60% of 1RM), 
≈60 min/d for 20 wk, significantly reduced BP 
by 3.2/2.5  mmHg. However, among trials of 
higher study quality that examined BP as the pri-
mary outcome, individuals with hypertension 
experienced BP reductions as great as 
9.2/7.7 mmHg [176]. BP reductions of this mag-
nitude are clinically meaningful and, if con-

firmed, could result in an expansion of the 
existing professional exercise recommendations 
for hypertension to include concurrent exercise 
training. Interestingly, as stated within the 
ACSM’s current exercise recommendations [23], 
individuals with hypertension would almost 
always be engaging in concurrent exercise train-
ing (i.e., aerobic exercise supplemented by 
dynamic RT). Therefore, it is imperative that 
future trials better explore the combined influ-
ence of aerobic and dynamic resistance exercise 
as antihypertensive lifestyle therapy among indi-
viduals with hypertension to determine whether 
patient characteristics or aspects of the FIT of the 
Ex Rx influence the BP response to chronic con-
current exercise.

In summary, new and emerging research 
examining the influence of aerobic exercise train-
ing in combination with dynamic RT (i.e., con-
current exercise training) is promising as it 
appears that concurrent exercise may elicit 
chronic BP reductions similar in magnitude to 
those seen after aerobic exercise training [91, 
176, 179]. However, future randomized con-
trolled trials are needed before concurrent exer-
cise training can be integrated in the Ex Rx for 
individuals with hypertension.

 Mechanisms of Exercise-Induced 
Blood Pressure Changes

An isolated bout of aerobic, and now, based on 
new and emerging evidence, dynamic resistance 
and concurrent exercise, elicits immediate reduc-
tions in BP of 5–7  mmHg among individuals 
with hypertension that persist for up to 24 h or 
PEH [10, 24]. The precise mechanisms responsi-
ble for PEH are not clear. However, it is unlikely 
that PEH is the result of a single underlying 
mechanism given the complexity of BP regula-
tion and the multifactorial pathogenesis of hyper-
tension. Rather, PEH represents a collection of 
complex hemodynamic adjustments that occur in 
response to and in recovery from exercise, and 
these adjustments are driven by several highly 
coordinated and controlled mechanisms [29, 
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186]. Arterial pressure is determined by CO and 
TPR; thus, the mechanisms that mediate acute 
and chronic exercise-induced BP reductions can 
be further discussed in terms of their individual 
determinants: HR and stroke volume (CO) and 
the degree of vasoconstriction or vasodilation of 
individual vascular beds (TPR).

PEH following acute aerobic exercise is char-
acterized by a reduction in vascular resistance 
resulting from peripheral vasodilation. This sus-
tained postexercise vasodilation is mediated by 
combined central neural mechanisms (arterial 
baroreflex resetting) and local vasodilatory 
mechanisms [186]. PEH following acute dynamic 
resistance exercise, in contrast, is characterized 
by an attenuation in CO resulting from reduced 
stroke volume and increase in vascular resistance 
[186]. The underlying mechanisms of PEH, 
hemodynamic adjustments (e.g., regional vascu-
lar changes), and autonomic contributions (e.g., 
baroreflex resetting) are better documented fol-
lowing aerobic than resistance exercise. However, 
differences in the mechanisms that underlie PEH 
may be related to changes in cardiac sympathetic 
activation and/or arterial baroreflex sensitivity, as 
well as local vasodilatory controls.

BP reductions observed with exercise training 
are primarily the result of reductions in 
TPR. Although exercise training can alter HR and 
stroke volume, the net effect on resting CO is 
minimal among healthy populations. Peripheral 
resistance is mediated by neurohumoral and struc-
tural adaptations such as increased vasodilatory 
factors (e.g., nitric oxide), decreased vasocon-
strictor factors (e.g., norepinephrine), increased 
vessel diameter, and/or increased vessel distensi-
bility [29, 34] (for an expanded discussion on 
exercise and the endothelium, see Chap. 3). 
Therefore, reductions in TPR after acute exercise 
appear to be predominately the result of exercise-
induced alterations involving the sympathetic ner-
vous and renin-angiotensin systems and their 
influence on vascular, renal, and baroreceptor 
function [29, 118–120]. Frequent repetition of 
acute exercise bouts produces more permanent 

structural adaptations and persistent alterations in 
function, leading to long- term reductions in BP 
(i.e., the exercise training response).

 Clinical Implications and New 
Advances in Exercise Prescription 
for Optimizing Blood Pressure 
Benefits

The FITT Ex Rx recommendations that follow 
are based upon the new and emerging findings 
discussed in this chapter as they related to the 
current consensus of knowledge regarding the 
effects of acute and chronic aerobic, dynamic 
resistance, and concurrent exercise on hyperten-
sion as presented in this chapter. The modified Ex 
Rx we propose below is summarized in Table 8.4:

Frequency:

• Aerobic exercise should be performed on 
most, preferably all, days of the week (i.e., 
5–7 d/wk) in combination with dynamic resis-
tance exercise 2–3 d/wk on non-consecutive 
days.

• A combination of aerobic and dynamic resis-
tance exercise can be performed on separate 
days (i.e., combined aerobic and resistance 
exercise) or during the same exercise session 
(i.e., concurrent exercise).

• Aerobic and resistance exercise should be 
supplemented by flexibility exercise 2–3 d/
wk.

This recommendation is made due to the well- 
established immediate and sustained BP lower-
ing effects of acute aerobic exercise or PEH [22, 
23, 91, 108, 118–120, 124–126, 129, 130], and 
the new and emerging evidence that supports 
acute dynamic resistance [150–153, 155–157] 
and concurrent [179–184] exercise can elicit 
PEH to a similar magnitude as aerobic exercise 
among adults with hypertension. Put simply, BP 
is lower on days when individuals with hyperten-
sion exercise than the days they do not exercise. 
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Table 8.4 The modified exercise prescription for adults with hypertension based on new and emerging evidence  
[91, 104]

FITT-VP principle of the Ex Rx Modified ACSM recommendations
Frequency (how often?) Aerobic exercise: 5–7 d/wk

Dynamic resistance exercise: ≥2–3 d/wk (non-consecutive)
A combination of aerobic and dynamic resistance exercise can be performed 
on separate days (i.e., combined aerobic and resistance exercise) or during the 
same exercise session (i.e., concurrent exercise)
What’s new:
  The addition of dynamic resistance as another viable stand-alone 

antihypertensive therapeutic option
Intensity (How hard?)a

Aerobic exercise: moderate-to- vigorous (40–≥60% of VO R2  or 12–≥14 on 
a scale of 6 [no exertion] to 20 [maximal exertion] level of physical exertion 
or an intensity that causes noticeable increases in heart rate and breathing)
Dynamic resistance exercise: moderate (60–80% of 1RM or 12–14 on a scale 
of 6 [no exertion] to 20 [maximal exertion] level of physical exertion)
Concurrent exercise: a combination of moderate-to-vigorous-intensity 
aerobic exercise and moderate-intensity resistance exercise as described 
above
What’s new:
  The expansion of the recommendation for aerobic exercise intensity to 

include higher levels of physical exertion (i.e., vigorous-intensity aerobic 
exercise)

Time (how long?) Aerobic exercise: ≥30–60 min/d; one continuous bout or multiple bouts of 
≥10 min (moderate intensity) or ≥ 3–10 min (vigorous intensity, i.e., ≥60% 
of VO R2 ) each
Dynamic resistance exercise: 8–10 exercises; 1–4 sets of 8–12 repetitions
Concurrent exercise: ≥20–30 min/d of aerobic exercise and dynamic 
resistance exercise consisting of 4–8 exercises; 1–3 sets of 8–12 repetitions
What’s new:
  The inclusion of multiple “very short bouts” (i.e., 3–10 min), performed at 

vigorous intensity, that can be interspersed throughout the day
  Specific recommendations regarding the aerobic and resistance exercises 

when performed concurrently in a single exercise session
Type (what kind?)
Primary

Aerobic exercise: prolonged, rhythmic activities using large muscle groups 
(e.g., walking, cycling, swimming) performed continuously at a constant 
intensity or with repeated bouts alternating between high and low (≥70% vs. 
<40% of VO R2 ) intensity (i.e., interval exercise)
Dynamic resistance exercise: a combination of multi- and single-joint 
exercises targeting the major muscle groups of the upper and lower body 
using traditional or circuit resistance training
Concurrent exercise: a combination of the aerobic and resistance exercises 
described above performed in any order (i.e., aerobic exercise can be 
performed before or after resistance exercise)
What’s new:
  The recommendation for the type of aerobic exercise has been expanded to 

include interval exercise
  Specific recommendations regarding the order of aerobic and resistance 

exercises when performed concurrently in a single exercise session
Adjuvant 1 Flexibility

F: ≥2–3 d/wk
I: Stretch to the point of feeling tightness or slight discomfort
T: ≥10 min/d; ≥4 repetitions per muscle group; hold each static stretch for 
10–30 s

(continued)
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Table 8.4 (continued)

FITT-VP principle of the Ex Rx Modified ACSM recommendations
Adjuvant 2b Neuromotor

F: ≥2–3 d/wk
I: undetermined
T: ≥20–30 min/d

Volume (how much?)c ≥150 min/wk or 700–2000 kcal/wk of total aerobic and resistance exercise
Progression Progress gradually, avoiding large increases in any of the components of the 

Ex Rx; increase exercise duration over first 4–6 wk and then increase 
frequency, intensity, and time (or some combination of these) to achieve 
recommended quantity and quality of exercise over next 4–8 months

ACSM American College of Sports Medicine, FITT frequency, intensity, time, type, volume, and progression of exer-
cise; Ex Rx exercise prescription, 1RM one-repetition maximum, VO R2  oxygen consumption reserve
aVigorous-intensity aerobic exercise (i.e., ≥60% of VO R2  or ≥ 14 on a scale of 6–20 [106]) appears to elicit greater 
and more extensive benefits than lower levels of physical exertion for individuals who are willing and able to tolerate 
more intense levels of exercise and may be introduced after exercise preparticipation health screening and gradual 
progression
bBalance (neuromotor) training is recommended for older adults, individuals who are at substantial risk of falling, and 
is likely to benefit younger adults as well
cFor greater and more extensive benefits, progress exercise volume to total 60 min/d and 300 min/wk of moderate-to-
vigorous intensity

Also, individuals with hypertension are often 
overweight to obese and have additional CVD 
risk factors (i.e., insulin resistance, dyslipidemia, 
the metabolic syndrome) [28, 37, 50]. Therefore, 
large amounts of caloric expenditure should be 
emphasized [24] while maintaining lean mass, 
muscular strength, and function [108].

Intensity:

• Aerobic exercise: Moderate-to-vigorous 
intensity (i.e., 40–≥60% VO R2 ; 12–≥14 rat-
ing of perceived physical exertion on the Borg 
6–20 scale [106]) or an intensity that causes 
noticeable increases in HR and breathing

• Dynamic resistance exercise: moderate- 
intensity (60–80% of 1RM; 12–14 rating of 
perceived physical exertion on the Borg 6–20 
scale [106])

Due to the growing evidence that greater BP 
reductions can be achieved with greater levels of 
physical exertion [22, 91, 125, 129, 135], the 
aerobic exercise intensity recommendation has 
been expanded to include vigorous intensity if 
the patient or client is willing and able to tolerate 
higher levels of physical exertion. For dynamic 
resistance and concurrent exercise, it appears 
that  moderate-intensity resistance exercise is 

 efficacious for reducing BP among adults with 
hypertension [150–152, 155, 157, 159].

Time:

• Aerobic exercise: 30–60 min/d of continuous 
or intermittent (i.e., fractionized) exercise. If 
intermittent, bouts should be ≥10  min 
(moderate- intensity exercise) or  ≥3–10  min 
(vigorous-intensity exercise, i.e., >60–80% 
VO R2 ) in duration depending on the level of 

physical exertion and accumulate to total 
30–60 min/d.

• Dynamic resistance exercise: should consist 
of at least 1 set of 8–12 repetitions for 8–10 
exercises targeting the major muscle groups.

• Concurrent exercise: ≥20–30  min/d of con-
tinuous aerobic exercise and dynamic resis-
tance exercise consisting of at least 1 set of 
8–12 repetitions for 4–8 exercises targeting 
the major muscle groups.

This recommendation is consistent with exist-
ing evidence that PEH is a low-threshold phe-
nomenon regarding the time (duration) of the 
acute aerobic exercise bout but has been expanded 
to consider the interaction between time and 
intensity. When several short bouts of aerobic 
exercise are interspersed throughout the day, 
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PEH offers a viable therapeutic lifestyle option 
for BP control among individuals with high BP 
[125, 130, 131]. Bouts of at least 10 min are rec-
ommended for moderate-intensity aerobic 
 exercise, while bouts of <10 min (i.e., ≥3–10 min) 
may be recommended for more vigorous- 
intensity aerobic exercise. At this time, there is 
no compelling evidence to support that intermit-
tent or fractionized resistance or concurrent exer-
cise [182] can offer the same PEH benefit 
reported with a single, continuous bout of resis-
tance or concurrent exercise, respectively.

Type:

• For aerobic exercise, emphasis should be 
placed on prolonged, rhythmic activities using 
large muscle groups such as walking, cycling, 
or swimming. Aerobic activities can be per-
formed continuously at a constant intensity or 
in repeated bouts alternating between high 
and low (≥70% vs. <40% VO R2 ) intensity 
(i.e., interval exercise).

• For dynamic resistance exercise, emphasis 
should be placed on multi- and single-joint 
exercises that target the major muscle groups 
of the upper and lower body. Resistance exer-
cises can be performed using a conventional 
or circuit (i.e., lighter weights, higher repeti-
tions, with minimal rest between exercises) 
RT protocol.

• For concurrent exercise, a combination of the 
aerobic and resistance exercises described 
above can be performed in the same exercise 
session, in any order (i.e., aerobic exercise can 
be performed before or after resistance 
exercise).

• For older adults or individuals who are at sub-
stantial risk of falling, neuromotor (balance) 
training 2–3 d/wk is also recommended as 
adjuvant exercise.

Aerobic exercise training has consistently 
been shown to lower BP among adults with 
hypertension, and now, new and emerging 
research supports that dynamic resistance and 
concurrent exercise training can elicit compara-
ble BP reductions. Therefore, we have expanded 
this recommendation to include dynamic resis-

tance exercise and concurrent exercise as viable 
stand-alone antihypertensive therapy that should 
be performed in addition to aerobic exercise. 
Consistent with our expanded recommendation 
for aerobic exercise intensity, we have also modi-
fied this recommendation to include interval aer-
obic exercise. BP reductions following aerobic 
interval training (e.g., HIIT) are similar to or 
exceed those observed with continuous, constant- 
intensity aerobic exercise [91, 132, 135, 143]. 
Furthermore, interval exercise allows adults with 
hypertension to experience the health and BP 
benefits associated with higher levels of physical 
exertion that would not be tolerable with longer 
duration exercise [91, 143–145]. The recommen-
dation for dynamic resistance exercise has been 
expanded with specific information regarding the 
RT protocol. Existing as well as new and emerg-
ing evidence has shown that adults with hyper-
tension experience similar BP benefit with 
conventional and circuit resistance exercise [108, 
158]. Finally, there is no strong evidence to sup-
port that the order of the aerobic and resistance 
exercise performed in a single concurrent exer-
cise session influences PEH or the BP reductions 
that occur with training.

 Special Considerations

• Consideration should be given to the level of BP 
control, recent changes in antihypertensive drug 
therapy, medication-related adverse effects, the 
presence of target organ disease and other 
comorbidities, and age. Adjustments to the Ex 
Rx should be made accordingly. In general, pro-
gression should be gradual, avoiding large 
increases in any of the FITT components of the 
exercise prescription, especially intensity.

• An exaggerated BP response to relatively low 
exercise intensities and at HR levels <85% of 
the age-predicted maximum HR is likely to 
occur in some individuals, even after resting 
BP is controlled with antihypertensive medi-
cation (<130 and <80 mmHg). In some cases, 
an exercise test may be beneficial to establish 
the exercise HR corresponding to the exagger-
ated BP in these individuals.
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• Exercise is contraindicated if resting SBP 
exceeds 200  mmHg or DBP exceeds 
110 mmHg.

• When exercising, it is prudent to maintain a 
SBP less than 220  mmHg and/or DBP less 
than 105 mmHg.

• Although vigorous-intensity aerobic exercise 
is not necessarily contraindicated in patients 
with hypertension, moderate-intensity aerobic 
exercise is generally recommended to opti-
mize the benefit-to-risk ratio.

• Individuals with hypertension are often over-
weight or obese. The Ex Rx should focus on 
increasing caloric expenditure coupled with 
reducing caloric intake to facilitate weight 
reduction and minimize weight gain (see 
Chap. 11).

• Inhaling and breath holding while engaging in 
the actual lifting of a weight (i.e., Valsalva 
maneuver) can result in extremely high BP 
responses, dizziness, and even fainting. Thus, 
such practice should be avoided during resis-
tance exercise.

• Individuals taking antihypertensive medica-
tions should be monitored during and after 
exercise for potential adverse interactions 
with exercise (see Table A.1  in the ACSM’s 
Guidelines for Exercise Testing and 
Prescription [24] for a comprehensive sum-
mary of the effect of antihypertensive medica-
tions at rest and in response to exercise).

• β-Blockers and diuretics may adversely affect 
thermoregulatory function or increase the pre-
disposition to hypoglycemia in certain indi-
viduals. Individuals taking β-blockers and 
diuretics should be well informed about signs 
and symptoms of heat intolerance and/or 
hypoglycemia and should be educated on how 
to make prudent modifications in their exer-
cise routine to prevent adverse events.

• β-Blockers may also attenuate the HR 
response to exercise, while α-blockers, cal-
cium channel blockers, and vasodilators may 
lead to sudden excessive reductions in postex-
ercise BP.  Therefore, an adequate cooldown 
may be especially important for patients tak-
ing these medications.

• Given that the BP lowering effects of exercise 
are immediate (i.e., a physiological response 
termed PEH), individuals should be educated 
about these immediate BP benefits to possibly 
enhance adherence.

 Gaps in the Literature and Future 
Research Needs in the Exercise 
Prescription for Hypertension

It should be noted that these recommendations are 
limited by methodological quality of the studies 
upon which the evidence is based [91, 95]. Major 
limitations in the current state of the literature 
include small sample sizes, assessing study popu-
lations with normal BP rather than hypertension, 
not accounting for major confounders to the BP 
response to exercise that include timing of the last 
bout of exercise and detraining effects, and lack of 
standard protocols for the assessment of BP and 
the exercise intervention. As a result of these limi-
tations, the effectiveness of exercise as antihyper-
tensive lifestyle therapy among individuals with 
hypertension has been underestimated [91, 95, 
105]. Furthermore, large randomized clinical tri-
als that examine both the acute and chronic BP 
lowering effects of exercise among diverse popu-
lations are needed before professional organiza-
tions can definitively determine the optimal Ex Rx 
for individuals with hypertension.

 Key Points

• Hypertension is the most common, modifi-
able, and costly CVD risk factor.

• Adults with hypertension are encouraged to 
engage in 30  min/d (or more) of moderate- 
intensity aerobic exercise on most, if not all, 
days of the week in addition to moderate- 
intensity dynamic resistance exercise 2–3 d/
wk to total 150  min/wk of total exercise (or 
more) to prevent and control high BP 
(Table 8.4).

• The antihypertensive effects of acute and 
chronic aerobic exercise are a low-duration 
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phenomenon with intermittent durations 
appearing as effective as continuous durations 
in lowering BP.

• Exercise intensity is an important moderator 
of the antihypertensive effects of acute and 
chronic aerobic exercise with individuals with 
the highest BP experiencing the greatest BP 
benefit. Furthermore, vigorous-intensity exer-
cise appears to elicit greater and more exten-
sive benefits than lower levels of physical 
exertion for individuals who are willing and 
able to tolerate more intense levels of exercise 
and may be introduced after exercise prepar-
ticipation health screening and gradual pro-
gression (Table 8.4).

• Acute resistance exercise may result in marked 
elevations in BP while exercising; however, 
these BP surges appear to immediately 
decrease back to levels below that of baseline; 
the magnitude of the BP reductions is clini-
cally meaningful and is most pronounced in 
individuals who stand to benefit the most (i.e., 
those with higher BP compared to normal BP).

• It has long been thought that dynamic RT 
reduces BP ≈ 2–3 mmHg. However, new and 
emerging research has demonstrated that 
dynamic RT has an even more beneficial influ-
ence on BP among those diagnosed with 
hypertension, reductions that are comparable 
to or greater than those achieved with aerobic 
exercise training. Based on this new and 
emerging research, we recommend that adults 
with hypertension perform dynamic RT in 
addition to aerobic exercise as stand-alone 
antihypertensive lifestyle therapy (Table 8.4).

• New and emerging research also indicates that 
aerobic and resistance exercise performed 
concurrently reduces BP to levels similar to 
that of aerobic exercise training. Future 
research is needed to confirm these findings.

• Despite the volume of literature on exercise 
and hypertension, there remains a critical need 
to identify patient and FITT exercise interven-
tions’ characteristics that influence the BP 
response to acute and chronic exercise so that 
exercise can be more precisely prescribed as 
antihypertensive therapy.

 Conclusions

Hypertension is one of the most important CVD 
risk factors due to its high prevalence and signifi-
cant medical costs [1, 2]. Indeed, hypertension 
affects approximately 46% of adults in the United 
States (≈103 million) [10, 20] and more than 
31% of adults worldwide (>1.4 billion) [21]. 
Both the 2017 ACC/AHA guideline [10] and the 
ACSM [23] recommend aerobic exercise supple-
mented by dynamic resistance exercise as initial 
lifestyle therapy for individuals with hyperten-
sion because it lowers BP 5–7  mmHg and 
2–3  mmHg, respectively, among those with 
hypertension. BP reductions of this magnitude 
can decrease the risk of developing CVD by 
20–30% and rival those obtained with first-line 
antihypertensive medications [9, 10, 13, 96] as 
well as with other types of lifestyle therapy. New 
and emerging research has shown dynamic resis-
tance and concurrent exercise to elicit BP reduc-
tions comparable to or greater than those achieved 
with aerobic exercise training and may serve as 
viable stand-alone antihypertensive therapeutic 
options for some patients. We have expanded the 
current exercise recommendations for hyperten-
sion in Table 8.4 to include this, as well as the 
other new and emerging research discussed in 
this chapter. Future research that addresses the 
existing research gaps is needed to confirm these 
findings.
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 Introduction

Hypertension (HTN) is the most common treat-
able risk factor for cardiovascular (CV) disease. 
Lowering blood pressure (BP) has been the most 
pivotal intervention in decreasing CV morbidity 
and mortality not just in patients with isolated 
HTN but also in hypertensives with comorbidi-

ties like type 2 diabetes mellitus (DM2), dyslip-
idemia, chronic kidney disease (CKD), and other 
established CV diseases like coronary artery dis-
ease and cerebrovascular disease.

The direct association between BP levels and 
CV events has been known since the initial 
Framingham Heart Study reports in the 1950s 
showing a strong association between HTN and 
outcomes including myocardial infarction, con-
gestive heart failure, strokes, and kidney disease 
[1]. The benefit of lowering BP with medications 
to improve CV outcomes and mortality has been 
recognized since Dr. Edward Freis’ landmark 
Department of Veterans Affairs Cooperative 
Study [2]. Great advances have been made since 
then in managing HTN with resulting improved 
outcomes. However, there remains a group of 
treated hypertensives that continues to be at high 
risk in spite of these advances. These are patients 
with resistant HTN in whom either BP remains 
uncontrolled ≥130/80  mm of Hg despite being 
treated simultaneously with optimal dosages of 
≥3 antihypertensive medications, one of which is 
a diuretic, or in whom BP may be controlled but 
who require ≥4 or more antihypertensive agents. 
It should be noted that this is the new definition 
of resistant HTN per the latest guidelines formu-
lated in 2017, prior to which resistant HTN was 
said to be present when BP was ≥140/90 using 
the above parameters [3]. Whether this lack of 
control is a result of poor drug combinations or 
non-compliance, the fact remains that 
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 approximately 15–30% of the treated HTN popu-
lation can be classified as having resistant HTN 
[4]. Patients with resistant HTN remain at an 
even higher risk for CV outcomes, renal out-
comes, and all-cause mortality compared to 
patients who do not have resistant HTN [5] and 
have been a focus of the HTN community for the 
past several years. This increased CV risk due to 
resistant HTN has been shown in many studies. 
Daugherty et  al., for example, reported that 
adverse CV outcomes were 50% higher in the 
resistant HTN group, driven mostly by chronic 
kidney disease [5]. In general, however, it is esti-
mated that there is an over twofold higher risk of 
CV events in patients with resistant HTN com-
pared to all patients being newly treated for HTN 
[3]. In one study the all-cause mortality was 40% 
higher in women with apparent resistant HTN 
compared to the nonresistant cohort [6]. 
Additionally, getting BP under control with poly-
pharmacy does not necessarily afford the 
expected protection against CV outcomes in 
resistant hypertensive patients. This was evident 
in a large Kaiser Permanente study which showed 
that the highest number of events occurred in the 
group of patients in whom BP was controlled but 
with four or more antihypertensive medications. 
This group of patients indeed had an even worse 
outcome than the group of patients who had 
uncontrolled BP with three antihypertensive 
medications [7].

Thus it is imperative to investigate interven-
tions other than drug therapy to determine if 
additional methods can be identified which could 
help improve prognosis of patients with resistant 
HTN.  Modalities other than medications have 
been studied in RH with mixed results. Some of 
these have been invasive procedures aiming to 
modify neurogenic or hormonal factors known to 
adversely impact BP.  However, two such inter-
ventions, carotid baroreceptor stimulation and 
renal nerve denervation, were found to be either 
not widely applicable [8] or ineffective in con-
trolled double blind randomized trials [9].

The impact of cardiorespiratory fitness (CRF) 
on BP has been studied in varied populations 
including normotensives, prehypertensives, and 

hypertensives [10]. Regularly performed exercise 
leading to improvements in CRF has been shown 
to lower blood pressure in patients with prehy-
pertension, HTN, and even resistant HTN [10]. 
Large and well-conducted epidemiologic studies 
have also shown an inverse and graded associa-
tion between CRF and mortality in the general 
hypertensive population [11]. However, it is not 
known if increased CRF can attenuate mortality 
risk in patients with resistant HTN. This chapter 
will discuss the factors associated with and those 
that predispose to the development of RH and 
factors that make BP more resistant to treatment, 
together with the impact of physical activity 
(PA), exercise, and CRF on lowering BP, morbid-
ity, and mortality in patients with resistant HTN.

 Factors Associated with Resistant 
Hypertension

Resistant HTN can be present in patients without 
any additional factors; however, certain condi-
tions are likely to be associated with it [12]. 
Conditions commonly associated with a higher 
prevalence of resistant HTN are older age, obe-
sity, smoking, obstructive sleep apnea (OSA), 
DM2, left ventricular hypertrophy (LVH), and 
CKD.  However, there are several other factors 
and conditions that can render HTN difficult to 
control including use of excessive sodium, alco-
hol, certain medications, and secondary forms of 
HTN associated with endocrine disorders, cen-
tral nervous system tumors, and coarctation of 
aorta [13]. An effort should always be made to 
identify the treatable forms of HTN during ini-
tial evaluation of all hypertensive patients based 
on history, physical examination, and focused 
laboratory testing and imaging. It has been 
shown that addressing these risk factors for 
resistant HTN helps in lowering BP and the ben-
efits of exercise in these populations have been 
substantiated by several studies, albeit not all in 
patients with resistant HTN.  The next section 
focuses on the effect of physical activity (PA), 
exercise training, and/or CRF on certain risk fac-
tors of resistant HTN.
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 Effect of PA and CRF on Risk Factors 
for Resistant Hypertension

 Age

RH is most common in older hypertensives [12]. 
In this group uncontrolled systolic BP is the main 
problem. Additionally, older hypertensives gener-
ally have other risk factors which increase the sus-
ceptibility to develop RH. Even in the absence of 
additional risk factors, aging contributes to arte-
rial stiffness and decreased aortic compliance [12, 
14], which predispose to additional cardiovascu-
lar risks. Studies of effect of exercise on central 
hemodynamics in elderly patients with RH are not 
available; however, McDonnell et  al. [15] have 
demonstrated that regular exercise is associated 
with lower systolic BP, diastolic BP, and large 
artery stiffness in older individuals. A limitation 
in treating elderly patients with HTN, especially 
in situations requiring polypharmacy for several 
concomitant illnesses, is the risk of orthostatic 
hypotension, which predisposes to syncope, falls, 
and injuries. Taking this into consideration, the 
role of moderate- to high-intensity exercise to 
facilitate control of BP and thereby decrease the 
requirement for pharmacological therapy is criti-
cal in elderly hypertensives. Beneficial effects of 
exercise in elderly have been validated by many 
studies, and it is recommended that exercise be 
implemented in elderly to manage HTN [16–23].

 Obstructive Sleep Apnea

It has been long known that OSA increases the risk 
of CV events. Association of OSA with HTN is 
also well established, and it is recommended that 
patients with treatment-resistant HTN be screened 
for OSA [24]. Increased arterial stiffness has been 
shown to be present in patients with OSA even in 
the absence of HTN. In a study of 1921 subjects, 
patients with moderate to severe OSA had higher 
brachial-ankle pulse wave velocity at baseline, and 
severity of OSA predicted future severity of arte-
rial stiffness [25]. There are several other patho-
logical changes precipitated by OSA which can 

facilitate the development of RH. Some of these 
changes are secondary to periods of hypoxia 
caused by OSA leading to activation of endothelin 
and sympathetic nervous systems [26, 27], which 
can lead to the development of RH. Exercise inter-
vention studies in OSA patients with RH are lack-
ing; however, regularly performed aerobic 
exercises have been shown to decrease BP in 
hypertensive patients with OSA [24].

 Diabetes Mellitus

Diabetic patients have a higher risk of having 
RH.  A number of pathophysiologic processes 
could be contributing to it. Elia et al. [28] in a pro-
spective study reported that DM2 patients had sig-
nificantly higher pulse wave velocity (PWV) 
compared to nondiabetics. This risk was nine 
times higher in uncontrolled diabetics than in 
nondiabetics. As stated above hypertensive LVH 
is a risk factor for RH. Coexistence of DM2 with 
HTN further increases the risk for increase in LV 
mass, LV dysfunction, and arterial stiffness [29]. 
While exercise intervention studies focusing only 
on diabetic patients with RH are not available, 
exercise training in diabetic hypertensives has 
been reported to improve not just BP and diabetic 
control but also endothelial function and left ven-
tricular diastolic function [30]. In a meta-analysis 
reviewing the effects of supervised exercise on BP 
and lipid levels in high-risk diabetic patients with 
HTN and dyslipidemia, 42 trials with 2808 
patients were included. Results showed that struc-
tured exercise was associated with lowering of 
systolic BP, diastolic BP, and low-density lipopro-
tein cholesterol and an increase in high- density 
lipoprotein cholesterol [31]. Exercise intervention 
studies in diabetics with RH should be a field for 
future research.

 Left Ventricular Hypertrophy

LVH is a known risk factor of poorer cardiovas-
cular outcomes and mortality in hypertensives. 
Risk of having resistant HTN is higher in 
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 hypertensives who have LVH [12]. Fernando 
et  al. reported that regression of electrocardio-
graphic LVH in patients with RH is protective 
against a composite endpoint of cardiovascular 
events, CV mortality, and all-cause mortality 
[32]. Studies in RH with LVH have shown that 
exercise training can help lower BP, decrease 
medication requirement, and even lead to regres-
sion of LVH in some cases. In a study of 46 
African-American patients with severe HTN and 
LVH, patients were assigned to a 16-week exer-
cise training or a control group. Exercise training 
was effective in lowering BP, decreasing antihy-
pertensive medications, and decreasing LVH 
[33]. No exercise related or other adverse events 
were noted in the study. These patients were on 
multiple antihypertensive medications, and sev-
eral met the criteria for RH. Based on these stud-
ies, it is evident that exercise has a role in 
managing patients with RH and regression of 
LVH in these patients results in improved CV and 
mortality outcomes.

 Chronic Kidney Disease

RH is commonly seen in patients with 
CKD. There are several factors in CKD patients 
with RH that can make BP difficult to control 
including sodium and water retention. Arterial 
stiffness is also enhanced in patients with CKD; 
hence the increase in volume from sodium and 
water retention is not able to be accommodated 
adequately. This effect is further exacerbated in 
CKD patients since eGFR is decreased and the 
increased volume cannot be handled appropri-
ately. Aortic stiffness, which is seen with aging 
in hypertensives, is further enhanced by the pres-
ence of CKD, together with aortic calcification. 
These changes result in an increase in pulse 
pressure, PWV, central aortic pressures, and risk 
of developing LVH. These are known features of 
patients with RH which are further exacerbated 
by the presence of CKD. Arterial stiffness and 
calcification have additional adverse CV effects. 
Baroreceptor compensatory reflexes may be 
blunted in patients with decreased carotid com-
pliance secondary to local structural changes, 

leading to rise in BP and limiting efforts to con-
trol it [12]. It is known that it is difficult to con-
trol blood pressure in the presence of CKD with 
most patients requiring three or more antihyper-
tensive medications for control [34]. While exer-
cise has been shown to benefit several conditions 
that are associated with and/or predispose to the 
risk of developing CKD as discussed above, not 
all studies have shown a favorable effect of exer-
cise training in lowering BP in CKD hyperten-
sives. In a group of 150 patients with stage 2–4 
CKD and HTN without DM2, Barcellos et  al. 
randomized 76 patients to exercise and 74 to a 
control group, with a primary aim of assessing 
change in eGFR and secondary aims of studying 
effects on weight, systolic BP, diastolic BP, func-
tional capacity, and metabolic parameters [35]. 
Following 16  weeks of aerobic and resistance 
training, no between- group differences were 
noted in BP, eGFR, body weight, or lipid profile. 
Significant improvements were, however, noted 
in hs-CRP, fasting glucose, and functional capac-
ity in the exercise group. In another small study 
of 11 diabetic, obese patients with stage 2–4 
CKD on medical management, 7 patients were 
randomized to aerobic exercise [36]. The exer-
cise consisted of 6  weeks of exercise training 
preceding 18  weeks of supervised home exer-
cise. At the end of this 24-week study, only a 
nonsignificant decrease in systolic BP was noted. 
While in these studies the effect on BP was dis-
appointing, it should not discourage future 
research to study the role of PA, exercise, and 
CRF in the management of these patients. This is 
especially important since no specific, large-
scale studies have been done to prospectively 
assess the role of exercise training or CRF in 
managing RH in CKD patients and this field 
remains open for future research in these high-
risk patients.

 Central Aortic Pressures in Resistant 
Hypertension

Several risk factors associated with a higher prev-
alence of resistant HTN are also associated with 
structural changes in the aorta which lead to 
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increase in central aortic blood pressures [12]. 
Increasing age leads to stiffening of the aorta [14] 
which is associated with decreased compliance 
and distensibility. Changes in distensibility of the 
aorta with age are likely secondary to decreases 
in elastic fibers and increase in collagen [37] and 
vascular smooth muscle cells [38].

It has been long known that in patients on anti-
hypertensive therapy, cardiovascular risk remains 
elevated if central blood pressures are not con-
trolled even if brachial pressures are within nor-
mal limits. In the Conduit Artery Function 
Evaluation (CAFE) study, the effects of two dif-
ferent combinations of antihypertensive therapies 
on changes in central aortic pulse pressures and 
hemodynamics were compared in 2199 patients 
to assess the impact on outcomes. At the end of 
follow-up, control of brachial systolic BP was 
similar in both groups, but central aortic pressure 
was lower in the group treated with amlodipine 
with possible addition of perindopril versus those 
treated with atenolol with possible addition of 
bendroflumethiazide. Lower central aortic pulse 
pressure was found to be significantly and 
directly associated with cardiovascular outcomes 
and renal events [39]. In a meta-analysis of 17 
studies with a total of 15,877 patients who had a 
mean follow-up 7.7  years, predictive value of 
aortic PWV for CV events and all-cause mortal-
ity was assessed [40]. Authors reported that in 
patients with high PWV, the relative risk of total 
CV events was 2.26 (95% confidence interval: 
1.89–2.70, 14 studies). Cardiovascular mortality 
was 2.02 (95% confidence interval: 1.68 to 2.42, 
10 studies) and all-cause mortality 1.90 (95% 
confidence interval: 1.61 to 2.24, 11 studies). 
Patients with HTN and other established cardio-
vascular diseases had an even higher relative risk 
of cardiovascular event rate and mortality with 
increased aortic PWV.  An increase of 1  m/s in 
aortic PWV increased the risks for all endpoints 
by 14–15%, and with a 1 standard deviation 
increase in aortic PWV, the risk for all endpoints 
rose by 42–42%. There are no long-term, pro-
spective, randomized studies in this population to 
assess the long-term effect of exercise on abnor-
mal aortic pressure indices in patients with 
RH.  However, a study utilizing high-intensity 

interval training (HIIT) in high-risk hypertensive 
patients has shown some benefit as described in 
the next section.

 High-Intensity Interval Training 
in Resistant Hypertension

The recommendations for PA and exercise to 
improve the risk factors of CV disease are PA 
spread over a several days per week to equal 
about 200  min per week. These recommenda-
tions are based on the beneficial effects of exer-
cise on outcomes as assessed by PA questionnaires 
and/or objectively measured CRF.  However, 
some studies have shown that shorter durations 
of higher-intensity exercise may help high-risk 
patients by having a favorable effect on central 
aortic pressures. Elevated central aortic pressure 
is an independent predictor of poorer outcomes 
in hypertensive patients, and it is known to be 
elevated in patients with resistant HTN [41]. In 
50 high-risk patients with metabolic syndrome, 
effects of durations and frequencies of high- 
intensity interval training (HIIT) on aortic pres-
sure were assessed. It was reported that only 
4 min of HIIT, performed thrice a week, with a 
weekly volume of 12  min, performed for 
16 weeks, was able to decrease aortic reservoir 
pressure [42]. Effects of HIIT in RH have not 
been explored and remain an open factor to inves-
tigate in future research.

 Effect of Exercise and CRF 
on Resistant Hypertension

Effect of exercise in lowering BP has been evalu-
ated by some investigators. In these studies, the 
prior definition to define RH was used which was 
BP of ≥140/90  mm Hg despite treatment with 
adequate dosages of three or more  antihypertensive 
medications, one of which is a diuretic or requir-
ing a regimen of four or more medications for con-
trol and not the new cutoff of ≥130/80 mm Hg. 
Dimeo et al. evaluated ambulatory BP and pulse 
wave analysis to assess arterial compliance and 
cardiac index in 50 patients with RH.  Patients 
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were randomized to exercise for 8–12 weeks on a 
treadmill or to a control group. Exercise intensity 
was monitored by serum lactate levels with a tar-
get of 2.0 ± 0.5 mmol/L. Exercise was effective in 
significantly lowering ambulatory daytime sys-
tolic and diastolic BP, and this reduction was seen 
during exertion as well. Exercise training also 
resulted in increased exercise capacity based on 
changes in maximal oxygen uptake and lactate 
curves. This study, however, did not show any 
change in arterial compliance and cardiac 
index [43].

In an interesting trial, Guimaraes et al. studied 
the effect of exercising in heated water on 24-h 
ambulatory BP parameters in patients with RH 
[44]. A total of 32 patients met the protocol 
enrollment criteria, of whom 16 were random-
ized to heated water exercise and 16 to a control 
group. Patients randomized to the active arm 
exercised for 60 min, thrice a week for 12 weeks 
in a pool heated to 32 °C, by walking and per-
forming calisthenic exercises. No change in 
activity was recommended for the control group. 
In the control group, there was a significant 
increase noted in 24-h systolic and diastolic BP 
and daytime and nighttime diastolic BP. In con-
trast, in the active group, heated pool exercises 
significantly decreased office BP by 36/12  mm 
Hg together with a significant decrease in 24-h 
daytime and nighttime systolic BP and diastolic 
BP parameters.

 Effect of CRF on Mortality 
in Patients with Resistant 
Hypertension

The protective effect of exercise against mortal-
ity in the general hypertensive patients has been 
shown in many studies. A review of literature 
which included 48,625 men and 47,625 women, 
with a minimum 1  year of follow-up, showed 
that both cardiovascular and all-cause mortality 
were inversely related to PA in all the studies. 
The authors reported that hypertensives who par-
ticipated in any level of PA had a 16–67% 
reduced risk of CV mortality, whereas the inac-

tive group had an over twofold increase risk of 
mortality [45].

The effect of PA, exercise, and CRF on mor-
tality in patients with RH has not been evaluated 
in prospective, randomized, controlled studies. 
However, the association of CRF with all-cause 
mortality in patients with RH was studied by our 
group in African-American patients with RH 
[46]. From a group of 9968 patients, 1276 men 
were identified as having RH based on the prior 
definition of BP ≥140/90 mm Hg on three antihy-
pertensive medications, one of which was a 
diuretic or use of >4 antihypertensive medica-
tions. All these patients had undergone an exer-
cise tolerance test (ETT) at the Department of 
Veterans Affairs Medical Center in Washington, 
DC. To eliminate the confounding effect of age 
on exercise capacity, patients were categorized in 
four age-specific CRF groups according to the 
peak metabolic equivalents (METs) reached on a 
standard Bruce protocol. The mean follow-up 
was 9.5 ± 4.2 years during which an inverse rela-
tionship was noted between all-cause mortality 
and CRF, with mortality being the highest in the 
least-fit group and slowest in the high-fit group. 
In comparison to the least-fit group, mortality 
was 21% lower in the low-fit group, 36% lower in 
the moderate-fit group, and 62% lowest in the 
high-fit group (Fig. 9.1). This reduction was sta-
tistically significant in the moderate- and high-fit 
groups. With an increase in each MET in exercise 
capacity, the mortality rate decreased by 18%. 
This study did have limitations in that it included 
only African-Americans, male patients who had 
access to full, unrestricted medical management 
under the Veterans Affairs Medical Center 
umbrella. Thus, the results may not be generaliz-
able to females, non-veterans, and patients of 
other racial backgrounds. Another limitation was 
that the analysis was based on data collected at 
baseline, and any changes in medications, level 
of CRF, and other lifestyle factors could not be 
taken into consideration. Nonetheless, these 
 findings are gratifying considering the difficulty 
in altering the risk of CV events and all-cause 
mortality in RH patients, despite medical therapy 
as discussed earlier in this chapter. The study 
population had multiple CV risk factors 
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(Table  9.1) and still benefited from having 
improved CRF.

The study also revealed a statistically lower 
systolic BP in the high-fit group (Table 9.2) which 
is an important finding, considering the difficulty 
in controlling BP in this group of patients.

It is also noteworthy that the METs achieved 
by the moderate-fit and high-fit groups were only 
7.1 + 0.9 METs and 8.8 + 1.1 METs, respectively 
(Fig. 9.1).

This is a level that is likely to be easily 
achieved by most patients with RH as it is equiva-
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Fig. 9.1 Mortality risk according to fitness categories in patients with resistant hypertension

Table 9.1 Clinical characteristics of survivors deceased during follow-up

Alive Dead p-value
n 1274 412
Age in years 59.6 ± 9.7 61.0 ± 10.2 <0.001
Males, % 94.9 97.0 0.023
BMI in kg/m2 30.9 ± 5.4 29.4 ± 5.6 0.001
Heart rate (beats/min) 71.0 ± 13.5 72.4 ± 14.3 0.07
Systolic BP (mm Hg) 134.2 ± 18.4 140.7 ± 22.7 <0.001
Diastolic BP (mm Hg) 80.5 ± 11.4 79.9 ± 12.1 0.35
Peak METs 6.8 ± 1.8 5.8 ± 1.6 <0.001
Duration of hypertension (years) 4.5 ± 4.4 2.6 ± 2.9 <0.001
Alcohol/substance abuse, n (%) 373(23.3) 19 (22.6) 0.50
Smokers, n (%) 258 (21.4) 134 (27.7 0.004
Diabetics, n (%) 198 (20.5) 194 (27.0) 0.001
CKD/HIV, n (%) 344 (22.8) 48 (27.4) 0.42
MACE, n (%) 314 (20.6) 78 (48.8) <0.001
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lent to just a 30–40-min brisk walk on most days 
of the week. To date no pharmacological study 
has shown an impact on mortality in RH popula-
tion. Hence, it is gratifying to have a study sup-
porting the inverse association of improved CRF 
with all-cause mortality in a subset of patients 
with RH. Future studies will likely validate the 
findings of this study and make the results gener-
alizable to the general resistant hypertensive 
population.

 Summary and Conclusions

RH is a disease that often defies control even with 
polypharmacy. This lack of BP control, at times, 
may be a pseudo-resistance to treatment, since it 
could be because of inadequate dosages or poor 
combinations of antihypertensive medications, 
non-compliance with therapy, or unhealthy life-
styles that interfere with BP control. Nevertheless, 
the result is that resistant hypertensives remain a 
high-risk population. They disproportionately 
utilize healthcare funds due to cost of medica-
tions, need for more frequent medical evalua-
tions, and management of sequelae of RH.  As 
discussed above it is not uncommon for these 
patients to have additional CV risk factors and 
comorbidities, like DM2, dyslipidemia, CKD, 

LVH, and obesity, which further increase the risk 
of future CV events. Increasing CRF has been 
shown to improve many of these coexisting car-
diovascular indices and their related outcomes, in 
several studies [46, 47].

The role of improving CRF in complicated 
hypertensive patients is pivotal in managing not 
only HTN but also coexisting risk factors and 
conditions. As discussed above the degree of fit-
ness, as measured by CRF, to realize CV and 
mortality, benefits are achievable for most 
patients, being equivalent to a 30–40-min brisk 
walk on most days of the week. This simple habit 
will have a beneficial effect not just on BP but 
also on other coexisting cardiovascular risk fac-
tors and decrease the global burden of CV out-
comes including all-cause mortality. To date 
several studies have endorsed the role of PA, 
exercise, and CRF in decreasing morbidity and 
mortality in hypertensives with and without 
coexisting conditions. Such large, prospective, 
randomized, long-term studies are lacking in 
RH. Available studies, however, have verified the 
role of PA and exercise training in positively 
modifying the pathological vascular changes that 
are seen in RH including increased PWV and 
high central aortic pressure. Exercise training has 
been shown to regress LVH in patients with resis-
tant HTN. Lastly, there is a strong inverse rela-

Table 9.2 Clinical characteristics of participants according to fitness categories

Least-fit Low-fit Moderate-fit High-fit p-value
n 396 439 492 359
Age in years 60.9 ± 10.6 61.0 ± 10.2 60.3 ± 9.6 60.2 ± 10.2 0.55
Males, % 94.9 97.0 97.6 98.6
Race 0.88
  African-Americans, n (%) 310 (78.3) 344 (78.4) 391 (79.5) 277 (77.2)
  White/other n (%) 86 (21.7 95 (21.6) 101 (20.5) 82 (22.8)
BMI in kg/m2 31.9 ± 6.7 30.9 ± 5.2 30.1 ± 4.8 28.9 ± 4.7 <0.001
Heart rate per minute 75.0 ± 14.7 72.6 ± 13.7 69.8 ± 12.8 67 ± 712.5 0.001
Systolic BP (mmHg) 138.5 ± 21.1 138.3 ± 20.6 134.2 ± 18.5 131.8 ± 17.8 <0.001
Diastolic BP (mmHg) 80.9 ± 12.7 80.4 ± 11.7 80.2 ± 11.1 79.9 ± 10.9 0.63
Peak METs 4.5 ± 0.9 5.8 + 0.9 7.1 ± 0.9 8.8 ± 1.1 <0.001
Duration of HTN (years) 4.1 ± 3.8 3.7 ± 3.8 4.6 ± 4.5 4.1 ± 4.2 0.004
Alcohol/substance abuse, n (%) 15 (3.8) 23 (5.2) 28 (5.7) 18 (5.0) 0.62
Smokers, n (%) 142 (35.9) 117 (26.7) 139 (28.3) 85 (23.7) 0.002
Diabetics, n (%) 202 (51.0) 194 (44.2) 199 (40.4) 123 (34.3) <0.001
CKD/HIV, n (%) 38 (9.6) 54 (12.3) 51 (10.4) 32 (8.9) 0.42
MACE, n (%) 55 (13.9) 52 (11.8) 35 (7.5) 16 (4.5) <0.001
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tionship between CRF and all-cause mortality in 
patients with RH.

Collectively data presented in this chapter 
establish the significant role of improving physi-
cal fitness in decreasing morbidity and all-cause 
mortality in patients with RH. It is thus impera-
tive that efforts should be made by healthcare 
professionals to consider providing physical 
activity and exercise guidance as critical as pre-
scribing medications. They should inform their 
patients that the best probability of controlling 
their BP and, perhaps, decreasing their depen-
dence on medications is by adopting a healthy 
lifestyle. This is an important factor to be consid-
ered since RH patients not only require polyphar-
macy for HTN but also for concomitant medical 
conditions, like DM2, CKD, CV diseases, and 
dyslipidemia. Physicians should, however, 
emphasize to patients adopting positive changes 
in levels of PA and/or exercise that these changes 
have to be sustained long term, essentially life 
long, because benefits of exercise, just like of 
medications, are only realized with regular use.
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 Introduction

Chronic increases in the hemodynamic burden 
lead to compensatory responses and cardiac adap-
tations specific to the demands imposed upon the 
myocytes, ultimately leading to an increase in left 
ventricular mass (LVM) and left ventricular hyper-
trophy (LVH) [1]. Specifically, pressure overload 
imposed by a chronically or intermittently elevated 
blood pressure (BP) more commonly leads to 
increased cardiac wall thickness and LVM and 

reduced left ventricular (LV) chamber size, a con-
dition known as concentric LVH [2–5]. Further 
characterization of concentric LVH is a ratio of 
LV  wall thickness to diastolic diameter  >  0.42, 
referred to as “relative wall thickness” [6]. 
Conversely, volume overload is consistent with 
eccentric LVH characterized by relatively large LV 
chamber size and relative wall thickness within 
normal limits (≤0.42) [7, 8]. A third pattern has 
also been identified, characterized by an increase 
in relative wall thickness, but not LVM. This pat-
tern is known as concentric remodeling [8–10]. 
Cardiac parameters and classification of cardiac 
hypertrophy are presented in Table 10.1.

The presence of LVH caused by hypertension- 
induced increase in afterload, especially when 
characterized by concentric geometry is a strong 
and independent risk factor of future cardiac 
events and all-cause mortality. The risk of cardio-
vascular morbid events, including sudden cardiac 
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Table 10.1 Classification of left ventricular 
hypertrophy

LV mass index 
(gm/m2)

Males, ≤115
Females, ≤95

Males, >115
Females, >95

Relative wall 
thickness

  ≤0.42 Normal 
geometry

Eccentric 
hypertrophy

  >0.42 Concentric 
remodeling

Concentric 
hypertrophy

Adapted from Lang et al. [6]
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death, increases threefold in these patients [4, 11, 
12]. Conversely, LVH regression is associated 
with a significant reduction in cardiovascular 
events and death [13–16]. Concentric LVH 
regression occurs with reductions in resting BP 
achieved by most antihypertensive agents. The 
degree of regression is directly related to the 
degree of BP reduction, further supporting, at 
least in part, that the stimulus for concentric LVH 
is pressure overload [17–20].

 The Athlete’s Heart: A Historical 
Perspective

Acute and chronic increases in physical work or 
exercise also impose an increased demand on the 
cardiovascular system. Accordingly, acute and 
chronic cardiac adaptations occur to compensate 
for the increased workload. This chapter focuses 
on the chronic cardiac adaptations resulting from 
chronic  exposure to vigorous  aerobic and 
resistanceexercises.

Exercise-related cardiac adaptations, includ-
ing chamber  enlargement, bradycardia, and 
arrhythmias resulting from chronic and vigor-
ous  exercise or  physical activity in gen-
eral  endured by athletes have been described 
since the late 1800s and continue to intrigue cli-
nicians and scientists. Early reports of an enlarged 
heart were noted in Harvard University rowers 
[21], elite Nordic skiers [22], and Boston 
Marathon runners [23, 24]. These findings were 
largely viewed as beneficial cardiac adaptations 
in response to exercise-indused icreased hemo-
dynamic demand [23, 24].

The development of the electrocardiogram 
(ECG) made it possible to also reveal abnormali-
ties in the electrical activity of the heart [25–
30].  More recently, advances in echocardiography 
and magnetic resonance imaging have led to a 
more comprehensive understanding of the ath-
lete’s heart. In a landmark study of Olympic- 
caliber athletes, no adverse cardiac events of 
cardiac function during 8.6 ± 3 years of intense 
training were observed [31]. In general, the pre-
vailing concept is still  that the cardiac structural 
and functional adaptations resulting from chronic, 

rigorous, but not unwarranted exercises are physi-
ological and do not lead to adverse cardiac events 
or compromised cardiac function [31].

Exercise-related structural and functional car-
diac adaptations are specific to the mode and 
intensity of the activity. Aerobic or endurance 
exercises are characterized by low-to-moderate 
intensity and long-duration activities (i.e., long- 
distance running or swimming). Most of the 
energy demands of such activities are provided 
by the aerobic energy-generating processes. 
Conversely, high-intensity, short-duration activi-
ties (i.e., 100-yard dash, resistance or strength 
training) derive most of the energy demands via 
the anaerobic pathways (glycolysis) and are 
known as anaerobic [23]. The acute cardiovascu-
lar responses to these two types of activities dif-
fer considerably. Consequently, prolonged 
exposure to either of these also results in consid-
erably different chronic adaptations.

 Aerobic Activities and LVH

Aerobic exercises of adequate duration and intensity 
lead to cardiac remodeling that includes increases in 
left and right ventricular chamber dimensions; left 
atrial cavity size, with normal systolic and diastolic 
function. In 947 Italian Olympic athletesengaging in 
a very rigorous training involving both aerobic/resis-
tance exercises, LV wall thickness was ≤13 mm, and 
only 15 rowers and 1 cyclist (1.7%) exceeded 13 mm 
[32]. Similarly, in 3000 highly trained British ath-
letes, only 1.5% exhibited cardiac wall thickness 
>12 mm for males and >11 mm for females and in 
all cases with chamber enlargement [33]. Others 
have reported LV wall thickness beyond 13 mm in 
some individuals engaging in extreme exercises 
such as ultramarathon running and highly trained 
cyclists [34–36]. Collectively, it appears that the 
physiological limit of exercise- induced LV  wall 
thickness even with extreme exercise is 16 mm [37–
39], and LV wall thickness exceeding 16  mm is 
likely pathological [39–42].

As stated, these chronic cardiac adaptations are 
considered normal physiologic responses to the 
increased hemodynamic demand of the particular 
sport, exercise, or physical activity. They are not 
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associated with diastolic dysfunction, arrhythmias, 
or adverse prognosis, manifestation observed in 
hypertension-induced LVH [7, 8, 31]. There is also 
evidence that the aforementioned cardiac adapta-
tions regress quickly when training is discontinued 
for 3 or more months [41, 43–45].

 Resistance Exercises and LVH

Resistance exercises typically represented by 
weight training are predominantly anaerobic in 
nature. Some misunderstanding persists as to 
whether strength or resistance training alone 
results in concentric LVH [32]. Resistance exer-
cises are associated with increased LV wall thick-
nesses, often disproportionate relative to cavity 
size. However, absolute values uncorrected for 
body surface area usually remain within the 
accepted normal range of ≤12 mm. It is important 
to mention that most sports or daily activities are 
comprised of both aerobic and anaerobic types of 
activities. Consequently, structural and functional 
cardiac adaptations reflect the combined demands 
of the particular sport or activity. This is most evi-
dent in elite athletes participating in sports such as 
cycling, rowing, and swimming that incorporate 
both aerobic and resistance components. These 
athletes have the most extreme increase in both 
LV wall thickness and cavity size [32]. It is also 
important to emphasize that an increase in either 
alone (wall thickness or LV diastolic dimension) 
will not be physiologically desirable. LV cham-
ber dilatation without comparable increase in wall 
thickness will lead to an inappropriate increase in 
wall tension that is detrimental to the heart [45].

 Pathological LVH in Athletes

LV wall thickness between 13 and 16  mm 
observed in some highly trained athletes, espe-
cially those engaging in sports requiring a combi-
nation of aerobic and isometric/resistance 
activities, may be within the physiological limits 
of exercise-induced LV wall thickness and pres-
ent no health risks. However, a differentiation 
between exercise-induced physiological LVH 

and hypertrophic cardiomyopathy (HCM), the 
most leading cause of exercise-related sudden 
cardiac death in young athletes [42], can be chal-
lenging. A prudent approach and highly recom-
mended is that an athlete with wall thickness 
between 12 and 16 mm should have a systematic 
evaluation by a cardiologist [41]. Clinical charac-
teristics indicating a pathological LVH in athletes 
are presented in Table 10.2.

Table 10.2 Clinical characteristics indicative of patho-
logical LVH in athletes with left ventricular wall thickness 
between 13 and 16 mm

Symptoms Unexplained syncope, 
particularly during exercise
Palpitations
Shortness of breath 
disproportionate to the exercise 
performed
Dizziness
Chest pain

Family history HCM in a first-degree relative
Demographics Age, 16 years old

Female sex
Participation in purely 
isometric sport
Small body surface area

Echocardiography Left ventricular wall 
thickness > 16 mm
Asymmetrical septal 
hypertrophy
Small left ventricular cavity 
diameter in end-diastole
Presence of systolic anterior 
motion of the mitral valve 
leaflet and associated left 
ventricular outflow obstruction
Abnormal indices of diastolic 
function

12-lead ECG Pathological Q-waves
ST segment depression
Left bundle branch block
T-wave inversions in the lateral/
inferior leads

Cardiopulmonary 
exercise testing

Peak VO2 max, 50 mL/kg/min 
or <120% of age-predicted 
maximum

Cardiac MRI Demonstration of apical 
hypertrophy
Demonstration of significant 
myocardial fibrosis with 
gadolinium enhancement

Detraining Failure of regression of left 
ventricular hypertrophy

Adapted from Rawlins et al. [41]
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 Exercise-Induced LVH 
and Arrhythmogenicity

Exercise-induced arrhythmogenicity in certain 
conditions [46] and higher prevalence of atrial 
fibrillation (AF) in middle-aged and older elite 
athletes participating in long-term high-intensity 
physical activity (PA), as compared with the gen-
eral population, have been reported [47–53]. This 
association does not appear to be directly related 
to the magnitude of exercise-induced physiologic 
LVH [45, 54]. It is more directly related to inten-
sity as well as number of hours or days spent per 
week engaged in vigorous PA [47, 48, 51, 53]. 
However, these arrhythmias are usually abol-
ished or substantially reduced after relatively 
brief periods of deconditioning [45]. 

Conversely,  when  we examined the role of 
moderate exercise intensities on AF in 5962 
middle- aged and older veterans, we noted that 
increased cardiorespiratory fitness (CRF) had a 
protective effect. Specifically, we  noted  an 
inverse and graded association between AF inci-
dence and CRF. The AF risk was 21% lower for 
each 1-MET increase in exercise capacity. 
Compared with the least fit individuals, the risk 
was 20% lower for moderately fit, 45% for fit, 
and 63% for highly fit individuals [55]. Similar 
trends were observed for those younger than 
65 years and those 65 years or older. These find-
ings suggest that CRF achieved by moderate- 
intensity exercise prevents the incidence of AF 
regardless of age.

 Exercise Training, BP, and LVH 
regression

Relatively small reductions in BP achieved by 
antihypertensive therapy lead to substantial health 
benefits and mortality risk reduction [56–59]. 
LVH regression proportional to the degree of BP 
reduction [17–20] contributes in part to the these 
health benefits [13–16]. Exercise- related BP 
reduction of approximately 4–10 mmHg in sys-
tolic BP and 3–8 mmHg in diastolic BP for indi-
viduals with stage 1 hypertension regardless of 
age or gender has been documented by well-con-

trolled studies [60–64]. It is reasonable to assume 
that similar exercise- induced reductions in BP 
should lead to similar health benefits, including 
LVH regression. Large and well-conducted epide-
miologic studies have reported a significant, 
inverse, and graded association between CRF as 
indicated by exercise capacity and mortality risk 
in hypertensive individuals and those with high 
normal resting BP [65–70].

The effects of exercise-related BP reduction 
on LVH regression have not been studied exten-
sively. However, most interventional studies sup-
port that the exercise-induced BP results in LVH 
regression in patients with LVH [71–76].

We randomly assigned 46 African-American 
men with resistant hypertension (35–76 years of 
age) to 16 weeks of supervised aerobic exercise 
training exercise plus antihypertensive medica-
tion (23 men) or antihypertensive medication 
alone (23 men). After 16  weeks the exercise 
group exhibited 7/5 mm Hg reduction in sys-
tolic and diastolic BP, respectively, while dia-
stolic BP in the control group increased by 
2 mmHg. In addition, LV wall thickness, LVM, 
and the LVM index decreased significantly after 
16  weeks in patients who exercised, whereas 
there was no significant change in the non-exer-
cisers [73]. In another randomized, controlled 
trial, 82 overweight participants (45 women and 
37 men) were assigned to supervised aerobic 
exercise only, a behavioral weight management 
program that included exercise or a waiting-list 
control group for 6 months. BP fell by 7/6 mmHg 
for systolic and diastolic BP, respectively, in the 
weight management group and by 3/4 mmHg in 
the aerobic exercise group. In addition, partici-
pants in the intervention groups exhibited sig-
nificant decreases in LV wall thickness and a 
trend toward a decrease in LVM index, relative 
to the control group [72]. Significant reductions 
in cardiac wall thickness and LVM index were 
also reported in 16 hypertensive patients after 
24  weeks of aerobic exercise [76] and a trend 
toward lower LVM in middle-aged hypertensive 
males and females with aerobic exercise train-
ing [71]. Similarly, significant BP and LV wall 
thickness and LVM index reductions were noted 
in 11 middle-aged hypertensives engaging in 
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approximately 6  months of aerobic exercise. 
The reduction in resting systolic BP correlated 
significantly with a regression of concentric 
remodeling. There were no BP or cardiac 
changes in the controls [75]. Finally, in the 
HARVEST study [74], BP declined during a 
median follow-up of 8.3  years in physically 
active individuals (n  =  173) and increased 
slightly in the sedentary group (n  =  281). 
Physically active individuals were less likely to 
develop LVH than their sedentary counterparts.

In contrast, no changes in LV were observed 
in 23 obese individuals with a mean baseline BP 
131/84 mmHg, despite significant reductions in 
BP [77]. Similarly, no structural or functional 
cardiac changes were noted after 24  weeks of 
aerobic exercise and resistance training in 51 
overweight and obese individuals with untreated 
baseline systolic BP of 130–150 mmHg or dia-
stolic BP 85–99 mmHg [78].

However, there are several deficiencies in the 
two studies that make their conclusions question-
able. First, in the study by Reid et  al. [77], a 
closer scrutiny of the findings reveal that LVM 
index in the exercise group decreased by approxi-
mately 8% (153  g/m2 to 141  g/m2 for baseline 
and post exercise, respectively) and increased by 
approximately 10% (141  g/m2 to 155  g/m2 for 
baseline and post exercise, respectively) in the 
control group. Moreover, cardiac wall thickness 
decreased after exercise, although statistical sig-
nificance was not achieved, perhaps due to rela-
tively small number of patients studied (n = 7). 
The investigators also reported the exercise group 
had significantly greater wall thickness at base-
line, and this was the only group to show a reduc-
tion in wall thickness after 12 weeks of exercise. 
Collectively, these findings support a trend 
toward exercise-induced cardiac remodeling 
occurred, but statistical significance was not 
achieved, perhaps due to a small number of study 
participants.

In the other study [78], it is clear as to how 
many of the participants were truly hypertensive, 
since the baseline BP range was 130–150 mmHg 
systolic or diastolic BP 85–99 mmHg. Moreover, 
based on baseline LVM index normal values 
(63.6 g/m2), LVH was absent. Thus, it is reason-

able to assume that exercise or any other inter-
vention cannot “fix” what is not broken. The 
exercise intervention was also a mixture of both 
strength and aerobic training. The cardiovascular 
responses and chronic adaptations to these two 
types of activities differ considerably, and 
strength training is likely to result LV wall thick-
ness rather than LVH regression [32]. Collectively, 
the limited evidence regarding the effects of exer-
cise on cardiac remodeling supports that LVH 
regression is likely to occur, if proper exercise is 
implemented in populations with LVH. However, 
more studies are needed to confirm these 
findings.

 Exercise Blood Pressure and LVH

As noted, the degree of LVH regression is pro-
portional to the degree of BP reduction with 
pharmacologic therapies [17–20]. A meta- 
analysis of four clinical trials assessing echocar-
diographic regression of LVH reported only 8% 
LVH regression [19]. Others reported different 
effects among antihypertensive medication 
classes on LVM  reduction. Specifically, LVM 
index reduction was 13% with angiotensin II 
receptor antagonists; 11% with calcium antago-
nists; 10% with ACE inhibitors; 8% with diuret-
ics; and 6% with beta-blockers [79]. The degree 
of exercise-induced LVH regression is compara-
ble to what has been reported by most pharmaco-
therapies [80]. However, the exercise-related 
reduction in BP was substantially lower than the 
reported 26.6/16.6  mmHg with pharmacothera-
pies [81]. For example, in our study, resting blood 
pressure was lowered by 7/5 mmHg, an average 
reduction in BP observed with exercise [60–64], 
reflecting a 12.3% reduction in LVM index. This 
LVH reduction is similar to the 13% reduction 
achieved by angiotensin II receptor antagonists 
and over two times higher to that achieved by 
beta-blockers, resulting from a reduction in BP of 
approximately 13% for all antihypertensive med-
ication [79]. Based on these data is 1% LVM 
index regression for every 1% reduction in BP. In 
our study, systolic BP was lowered by approxi-
mately 5% (138/88 ± 10/7 mmHg at baseline to 
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131/83  ±  15/8  mmHg post exercise), yet LVH 
regression was 12.3%, approximately 2.5% 
regression per 1% reduction in BP. This suggests 
that exercise-induced LVH regression may be 
modulated not only by a lower resting BP but 
other factors. A closer look at our data revealed 
that 16 weeks of exercise training resulted in a 
significantly lower exercise BP at the submaxi-
mal and peak exercise workloads, compared to 
baseline BP at the same submaximal and peak 
workloads. Specifically, exercise systolic BP was 
27 mmHg lower (14%) at three METs, 32 mmHg 
lower (15%) at five METs, and 20 mmHg (9%) 
lower at peak exercise [73, 82, 83]. Since the 
metabolic demand of most daily activities falls 
within 3–5 METs [23, 24], these findings support 
that the systolic BP during most daily activities 
will be substantially lower following aerobic 
exercise training. Consequently, the daily hemo-
dynamic load and metabolic demands of the 
myocardium in these individuals would also be 
substantially lower. Furthermore, we can assume 
that the reduced hemodynamic load may have 
played a far greater role in the regression of LVH 
than the resting  BP. This assumption is further 
supported by the strong association noted 
between the  BP responses at the submaximal 
workload of approximately 4–5 METs and LVH 
in 790 middle-aged individuals with 
BP  <  140/90  mmHg [69, 84] who underwent 
echocardiographic studies, 24  h ambulatory 
BP  monitoring, and a standard exercise tread-
mill  test (Bruce protocol). LVM index, day-
time BP, and exercise systolic BP at the workload 
of approximately 4–5 METs were significantly 
lower in moderate- and high-fit individuals com-
pared to the low-fit. A systolic BP threshold of 
≥150  mmHg at the exercise intensity of 4–5 
METs was identified as the exercise systolic BP 
threshold, beyond which the risk for LVH 
increased fourfold for every 10  mmHg rise in 
systolic BP. When the cohort was stratified based 
on the exercise systolic  BP <150  mmHg and 
≥150  mmHg, comparisons between the two 
groups showed all cardiac parameters are more 
favorable in the group with sys-
tolic  BP  <  150  mmHg. It is also important to 
emphasize that the resting  BP between the two 

groups was similar, suggesting that the impetus 
for LVH was systolic BP during physical work, 
such as daily activities. This is further supported 
by the similarity between systolic  BP of 
148 ± 12 mmHg at the workload of 4–5 METs 
and daytime ambulatory systolic  BP 
144  ±  11  mmHg for individuals in the same 
cohort [84]. Thus, the association between sys-
tolic BP during physical exertion and LVM [69, 
84] suggests that the daily exposure to relatively 
high systolic  BP (≥150  mmHg) provides the 
impetus for an increase in LVM even among nor-
motensive individuals. Similar findings have 
been reported in a relatively smaller cohort 
(n  =  49) individuals with hypertension at the 
exercise workload of approximately seven METs. 
Systolic  BP at this workload was directly and 
independently associated with cardiac wall thick-
ness and LVM index. This association was stron-
ger than the association noted with office BP and 
24 h ambulatory systolic BP [85].

Collectively these findings support that aero-
bic exercise training lowers the systolic BP 
response during absolute and maximal work-
loads. Consequently, systolic BP response during 
daily activities is less likely to exceed the thresh-
old of 15 mmHg, suggested as the stimulus that 
will elicit LV mass increase.

 Vigorous Exercise in Patients 
with Hypertension-Induced LVH

The long-term effects of rigorous exercise such 
as that demanded by competitive sports (basket-
ball, soccer, etc.) and even noncompetitive activi-
ties (long-distance running, cycling, weight 
training, etc.) on cardiac structure and function in 
individuals with hypertension-induced LVH have 
not been studied. It is likely that high-intensity 
activities impose an excessive demand on the car-
diovascular system and perpetuate further malad-
aptations. Therefore, such activities should be 
avoided. Instead, the recommendations of the 
American College of Sports Medicine and the 
American Heart Association of low-to-moderate 
intensity aerobic exercise (brisk walk) of approx-
imately 30 min per day, most if not all days of the 
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week, should be encouraged by healthcare pro-
viders [86–88]. Such exercise is safe for almost 
all ages and populations with comorbidities [73] 
and has been shown to have a favorable effect on 
the traditional and novel cardiovascular risk fac-
tors [61], including LVH regression [73].

 Conclusions

Chronic exercises of adequate intensity, duration, 
and volume impose an increase in the hemody-
namic load. As a result, cardiac adaptations ensue 
specific to the type of exercise and demand 
imposed to accommodate the increased hemody-
namic load. The exercise-related cardiac adapta-
tions are not associated with diastolic dysfunction, 
arrhythmias, or adverse prognosis, manifesta-
tions observed in hypertension-induced LVH.

Emerging evidence supports that the strongest 
impetus for cardiac adaptations is the systolic BP 
during daily activities. This hemodynamic load 
threshold for cardiac adaptations is reflected by 
an exercise systolic  BP of approximately 
≥150  mmHg at the workload of approximately 
4–5 METs (first stage of the Bruce protocol). 
Moderate-intensity aerobic training lowers exer-
cise systolic BP at absolute and maximal work-
loads. The lower systolic BP leads to a relatively 
lower hemodynamic load during daily activities, 
ultimately lowering the stimulus for LV mass 
increase.

Vigorous training usually endured by athletes 
leads to increased LV wall thickness that usually 
does not exceed 13 mm. However, in some ath-
letes engaging high levels of vigorous training 
that involves both isotonic and isometric/resis-
tance exercises, LV  wall thickness may exceed 
13 mm and be as high as 16 mm. In these cases, a 
differentiation between exercise-induced physio-
logical LVH and the existence of HCM, the most 
leading cause of exercise-related sudden cardiac 
death in young athletes, should be made by a 
trained cardiologist.

Perhaps the time has come to refer to exercise- 
induced cardiac structural adaptations that lead to 
improved cardiac efficiency and ultimately 
accommodate the imposed physiologic demand 

as eutrophic. Conversely, hypertrophic cardiac 
adaptations should be considered exclusively 
those imposed by pathophysiologic conditions 
(hypertension, cardiac injury, HCM) and encroach 
upon cardiac efficiency, ultimately leading to 
compromised cardiac dysfunction and even death.

Considering that most exercise-related health 
outcomes occur with moderate-intensity exer-
cises, it is recommended that prolonged, high- 
intensity, and high-volume exercises with 
inadequate rest periods between exercising days 
should be avoided, especially by older popula-
tions. Although specific guidelines are hard to 
implement, a brisk walk to a slow jog at the exer-
cise intensity of 12–16  min per mile, 4–6  days 
weekly for 150–200 min per week is adequate for 
optimal health benefits.
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Abbreviations

ADA American Diabetes Association
CRF Cardiorespiratory fitness
CVD Cardiovascular disease
DM1 Type 1 diabetes mellitus
DM2 Type 2 diabetes mellitus
GDM Gestational diabetes mellitus
GLUT4 Glucose transporter 4
HgbA1c Glycosylated hemoglobin A1c
HIIT High-intensity interval training
IGT Impaired glucose tolerance
IR Insulin resistance
VO2max Maximal oxygen uptake
MVPA Moderate-vigorous physical activity
NNT Numbers needed to treat
RT Resistance training

 Introduction

Approaching the centennial of the discovery of 
insulin that launched a paradigm shift in the med-
ical management of diabetes [1], the disease has 
subsequently burgeoned into one of the dominant 
epidemics worldwide along with the global 
increase in obesity [2]. The long-term complica-
tions of this noncommunicable chronic illness 
include being the leading cause of end-stage 
renal failure, adult-onset blindness, and non- 
traumatic amputations. Atherosclerotic CVD is 
the leading cause of morbidity and mortality 
among individuals with diabetes and is the major 
cause of disability, reduced quality of life, and 
premature death [3, 4]. Despite the revolutionary 
impact of insulin, the critical and complementary 
role of physical activity was recognized just a 
few years later by van Noorden and Isaak in 1927 
[5] which in turn was preceded by the concept of 
maximal oxygen consumption during peak exer-
cise [6]. Currently, there exists a widely appreci-
ated clinical conundrum; i.e., although exercise 
and improved fitness significantly ameliorate 
many of the complex pathophysiology pathways 
of dysglycemia, achieving enhanced fitness is a 
challenge to the dominant societal sedentary 
trends such that its therapeutic utilization is 
poorly executed and/or adhered to. Indeed, sub-
jects with diabetes appear to be particularly sed-
entary [7] and exhibit reduced measured 
cardiorespiratory fitness (CRF), irrespective of 
duration or lack of complications [8–10]. Since 
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CRF and/or PA status is a stronger predictor of 
mortality than any other risk factors [11, 12], the 
current chapter explores the role of exercise, 
exercise intolerance, and fitness in the prevention 
and management of diabetes.

 Pathophysiology

Diabetes is broadly classified into type 1 diabetes 
(DM1) and type 2 diabetes (DM2). In the case of 
DM2, it is preceded by a prediabetic state which is 
defined as impaired glucose tolerance, impaired 
fasting glucose, and/or an intermediate HgbA1c 
concentration (5.7–6.4%). The prediabetic state 
progresses to overt diabetes in about 11% annu-
ally, and the lifetime risk approximates 70%. 
DM2, which constitutes the majority of subjects 
with diabetes, is characterized by combined IR 
and the development of hyperglycemia when insu-
lin secretion becomes abnormal as the pancreatic 
β-cells are unable to counter decreased insulin 
action, a secretory β-cell defect characterized by 
an initial first-phase decline followed by progres-
sive decline due to reduction in β-cell mass [13].

In contrast, the pathophysiology of DM1 
involves pancreatic islet-cell autoimmunity with 
T-cell-mediated destruction of β-cells wherein 
autoantibodies target the 65  kDa glutamic acid 
decarboxylase, insulinoma-associated protein 2, 
zinc transporter 8, and/or insulin itself. These are 
DM1 biomarkers and are present months to years 
before the onset of symptoms and can therefore 
be used to identify and study individuals who are 
at risk of developing DM1. Despite the different 
pathophysiologic backgrounds, a minority of 
DM1 patients has some remaining β-cell function 
and can exhibit IR [14].

The hallmark pathology in both DM1 and 
DM2 is the development of microvascular dis-
ease leading to retinopathy, nephropathy, and 
neuropathy, pathologies that are amenable to 
improvement with glycemic control [15]. 
Diabetes also increases the risk for macrovascu-
lar CVD which is the leading cause of mortality, 
albeit much less responsive to optimized glyce-
mic management [4, 16]. Moreover, although the 
overall prevalence of CVD has decreased in the 

last 10 years, there still persists an excess of mor-
tality from diabetes-related CVD emphasizing 
the role for additional risk factor reduction.

Metabolic glucose homeostasis at rest involves 
glucose uptake by muscle that is insulin-sensitive 
furnishing muscle glycogen. During exercise, 
however, muscle contractions increase glucose 
uptake from the circulation that is not reliant on 
insulin and which supplements ongoing intramus-
cular glycogenolysis [17]. In muscle there exist 
several glucose transporters, the dominant being 
glucose transporter 4 (GLUT4) whose transloca-
tion is responsive to both insulin and muscle con-
tractions [18]. In DM2 the insulin- responsive 
GLUT4 is impaired [19]; however, exercise aug-
mentation of GLUT4 abundance is still intact 
along with glucose uptake from the circulation 
[18]. Accordingly, studies clearly show that exer-
cise improves insulin sensitivity and improves IR 
in diabetes most likely via changes in GLUT4 and 
vascular reactivity [20–22].

On a cellular level and highlighted in Dr. 
Gidlund’s chapter, mitochondrial dysfunction, 
whether due to decreased activity, abnormal size, 
or decreased biogenesis, has been implicated in 
the pathophysiology of DM2, and these organ-
elles are highly responsive to the stimulus created 
by muscle contraction and exercise and have a 
direct link to insulin action/inaction. For exam-
ple, in vivo mitochondrial function, content, and 
glucose disposal were restored following 12 
weeks of exercise training (with 13% increased 
VO2max) [23].

 The Physical Activity Spectrum 
and Exercise Intolerance

Physical activity typically refers to “the expendi-
ture of energy above that of the resting state by 
contraction of skeletal muscle to produce bodily 
movement,” while exercise is “a type of physical 
activity that involves planned, structured and 
repetitive bodily movement performed for the 
purpose of improving physical fitness” [24].

Physical activity or exercise can be classified 
broadly as aerobic or anaerobic. Aerobic activi-
ties or exercises consist of repetitive, relatively 
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low-intensity, and long-duration movements that 
utilize large muscle groups and derive most of the 
energy requirements via the aerobic pathways 
with the main substrate being fatty acids. 
Anaerobic activities or exercises are those defined 
by relatively high intensities and short duration 
that derive most of the energy requirements for 
such activities via the anaerobic pathways where 
the substrate is glucose. Chronic exposure to 
either aerobic or anaerobic activities leads to sig-
nificant increases in the capacity of respective 
system (aerobic or anaerobic) to meet the energy 
demands of the working muscles. Specifically, 
chronic exposure to aerobic exercises of adequate 
intensity and duration leads to increased aerobic 
capacity or cardiorespiratory fitness (CRF). The 
maximal capacity of the cardiorespiratory system 
to deliver oxygen to the working muscles and the 
capacity of these muscles to utilize it is referred 
to as maximal oxygen consumption (VO2max). 
Direct assessment of VO2 max is the most accu-
rate and reproducible method. However, this 
direct assessment is labor-intensive and cost pro-
hibitive. Thus, indirect assessments of CRF, 
although not as accurate, have been established 
and used extensively, especially for large cohorts 
and diseased populations [6, 25]. CRF is typi-
cally reported as metabolic equivalents (METs), 
with one MET defined as the amount of oxygen 
consumption at rest (3.5 ml O2/kg/min).

In parallel with the emergence of affluent type 
of socioeconomic development, physical inactiv-
ity and obesity have dramatically increased in the 
latter half of the twentieth century, both of which 
have been shown to be strong and independent 
risk factors for associations to diabetes (mostly 
DM2) and its related comorbidities [26]. The 
International Diabetes Federation Diabetes 
Atlas estimates that in 2017, there were 425 mil-
lion patients with diabetes worldwide which is 
expected to rise to 629 million people by 2045 
[27]. In the USA, approximately 33.5 million 
people had diabetes in 2017 with a prevalence of 
13.3%, with about 11% of them undiagnosed 
[28], and approximately 5% of people with dia-
betes have DM1 [29].

The association between PA and health has 
been firmly established in multiple studies 

including those with diabetes which has gener-
ated several volume-focused guidelines [30, 31], 
promoting moderate vigorous physical activity 
(MVPA) for 150 min/week, typically performed 
at greater than ~45% of VO2 max. The amount of 
MVPA approximating ≥3 METs has been shown 
to reduce the health risks associated with numer-
ous chronic illnesses and their prevention. Thus, 
the relationship between measured CRF and all- 
cause mortality is inverse and dose-dependent 
[32]. However, it is well established that the 
majority of current human activity occurs in a 
spectrum of activities not aimed for fitness. For 
example, there is a host of non-exercise PA such 
as walking, etc. that nevertheless impact favor-
ably on the incidence of DM2 [33]. However, 
measuring CRF is still a stronger predictor of 
outcome than self-reported PA [34].

Most humans spend the majority of time being 
sedentary, i.e., “physical activity levels less than 
those required for optimal health and prevention 
of premature death” contributing to the rise in 
chronic illnesses [35], i.e., energy expenditure in 
the range of 1–1.5 METs [36]. It has, further-
more, been pointed out that the underlying patho-
physiological pathways of sedentary inactivity 
are not necessarily the opposite of those involved 
with PA and fitness. A dose-response phenome-
non can be achieved by capturing the degree of 
sedentary behavior using television viewing as a 
proxy of noncontractile activity with all-cause 
and CVD mortality [37, 38]. Importantly, the 
amount of sedentary sitting time is independent 
of the time spent performing exercise [39], and it 
is proposed that the physiological mechanisms 
leading to adverse outcomes being sedentary are 
independent from MVPA [40]. Being sedentary 
(measured as additional 2  h per day watching 
TV) also increased relative risk of developing 
DM2 using a meta-analysis approach [41].

Subjects with DM2 appear to be particularly 
prone to sedentary behavior as reported in the 
Medical Expenditure Panel Survey, where the 
majority of subjects with diabetes were given 
instructions about exercise by health profession-
als but only 31% of those with no diabetes 
received similar information [42]. However, only 
a minority of those with diabetes reported being 
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physically active, while a majority of those with-
out diabetes were physically active [43]. Indeed, 
subjects with diabetes in addition to being seden-
tary have reduced CRF, not related to the dura-
tion of the disease or subsequent complications 
[44]. As a consequence of certain vascular abnor-
malities (i.e., decreased VO2 peak and slowed 
kinetics for oxygen uptake), subjects with diabe-
tes exhibit exercise intolerance with subnormal 
CRF (Table  11.1, Fig.  11.1) [8, 44]. The 2016 
American Diabetes Association’s position state-
ment on physical activity/exercise and diabetes 
encompasses not only exercise promotion but 
also includes specific recommendations to reduce 
and interrupt prolonged sitting [31].

 Cardiorespiratory Fitness and Risk 
of Developing Diabetes

Several epidemiological studies report an inverse 
association between PA and the incidence of DM2 
and support the protective role of MVPA against 
the development of DM2 [45]. A similar relation-

ship of an inverse association between measured 
CRF and the incidence of DM2 has also been 
reported [46–49], supported by meta- analysis 

Table 11.1 Examples of possible causes of exercise 
intolerance in subjects with diabetes

Abnormality
Reference 
#

Abnormal oxygen uptake [8, 44]
Lower VO2max at baseline [44]
Abnormal/low numbers of mitochondria [129]
Autonomic neuropathy/abnormal heart 
rate recovery

[130]

Decreased cardiac perfusion [131]
Dehydration [132]
Degenerative joint disease/poor mobility [133]
Endothelial dysfunction [44]
Hyperglycemia [134]
Insulin resistance [135]
Obesity [44]
Left ventricular dysfunction (overt and/or 
subclinical)

[136]

Metformin [67]
Muscle weakness [111]
Sarcopenia [106]
Statin therapy [82, 84]

Type 2 Diabetes

Vascular
Dysfunction

stiffness
Flow Mediated Dilatation

Perfusion
Muscle

Dysfunction

Decreased Functional
Exercise Capacity

Perfusion heterogeneity

Systolic function
Diastolic function

Cardiac
Dysfunction

Insulin Action

Oxygen delivery

Oxygen utilization

Fig. 11.1 Schematic 
representation of some 
of the cardiovascular 
abnormalities associated 
with exercise intolerance 
in subjects with type 2 
diabetes. (Figure as 
originally published in 
Wahl et al. [146])

E. S. Nylén and P. Kokkinos



195

where the incidence was independent of several 
common risk factors of DM2 and where 1-MET 
higher CRF level decreased DM2 incidence by 5% 
[50]. Cardiorespiratory fitness is generally known 
to decrease with age, and when CRF was mea-
sured on several occasions over a 20-year period, 
there was a significantly higher incidence of 
DM2 in those with the most substantial decline in 
CRF [51]. In another study where CRF was mea-
sured on several occasions, those with consistently 
elevated CRF had a decreased risk of developing 
DM2 by 28%, whereas there was no protective 
effect from a transiently elevated CRF [52].

Obesity is also a very strong risk factor for 
diabetes. Although the relative role of fitness 
across the spectrum of obesity and diabetes risk 
is not fully resolved, promoting increased fitness 
may be more effective than weight control in the 
obese compared to overweight persons to 
decrease the risk of obesity [53]. Although both a 
reduced CRF and a higher BMI are indepen-
dently associated with DM2 incident, when con-
sidered simultaneously, CRF attenuated but did 
not eliminate the increased risks of DM2 associ-
ated with overweight and obesity in both men 
and women [54, 55].

 Cardiorespiratory Fitness 
Intervention and Diabetes 
Prevention

There are now multiple prospective randomized 
studies using lifestyle programs with MVPA that 
convincingly show the importance of enhanced 
fitness in preventing DM2 and mortality. Those 
with IGT and early DM2 in the Malmö feasibility 
study underwent a 1-year intervention including 
supervised exercise and nutritional advice fol-
lowed by analysis after an additional 5 years. The 
results showed that those with IGT and early 
DM2 had normalized their glucose tolerance by 
52% and 23%, respectively [56]. In the Da Qing 
study, following randomization of the IGT sub-
jects, those receiving (minor) exercise promotion 
had the most significant reduction in the develop-
ment of DM2 by 42–46% over 6 years [57]. In 
the 20-year follow-up of this study, the effect per-
sisted despite the intervention having been dis-
continued [58]. In the Finnish Diabetes Prevention 

Study (DPS), with combined intense lifestyle 
program (diet and exercise), the mean follow-up 
was 3.2 years, and the relative risk reduction to 
DM2 was 58% [59]. The follow-up of DPS was 
performed 13  years later showing a persistent 
reduction in DM2 incidence [60]. The Diabetes 
and Prevention Program (DPP) was similar in 
design to DPS but recruited more subjects over a 
shorter time of observation (2.8 years) [61]. The 
results were similar to DPS as well, with a 58% 
relative risk reduction after 4 years and continua-
tion of an active lifestyle significantly reduced 
the incidence of DM2 over 10  years where the 
diabetes risk was reduced by 34% in the original 
intensive lifestyle intervention group [62]. 
During a mean follow-up of 15  years, diabetes 
incidence was reduced by 27% in the lifestyle 
intervention group and 18% in those treated with 
metformin [63]. Interestingly, at 15  years, men 
had a substantially higher prevalence of micro-
vascular complications than women, and there 
was no improvement in microvascular outcomes 
in men. However, in women the lifestyle inter-
vention was associated with a 21% reduction in 
aggregate microvascular outcomes compared 
with placebo [63]. A significant reduction in 
severe diabetic retinopathy was observed in the 
long-term follow-up of the Da Qing trial [58]. 
The DPP also established that the prediabetes 
state, if persistent, increases the risk of CVD, 
whereas resolution of prediabetes reduced the 
risk of both DM2 and CVD [64].

In terms of preventing DM2, the NNT in both 
the lifestyle arms of DPS and the DPP was about 
5–7 [61, 65]. The DPP also included a random-
ized arm wherein subjects used metformin. 
Although there was a risk reduction of new-onset 
DM2 with metformin, it was intermediary 
between lifestyle and control, and, furthermore, 
similar use of metformin in the Indian Diabetes 
Prevention Study revealed no additional benefit 
by adding metformin to the lifestyle arm [66]. 
Another finding in the metformin arm of DPP 
was that remission to normoglycemia was less 
likely when subjects were exposed to metformin 
compared to the active lifestyle intervention arm, 
and combining metformin to exercise may 
impede benefits [64, 67].

Though lifestyle intervention has become a rou-
tine recommendation for patients with prediabetes, 
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there is a paucity of data regarding mortality out-
comes. The Da Qing follow-up study, however, 
showed a significant decrease in cardiovascular 
and all-cause mortality [68]. Cardiorespiratory fit-
ness was a strong modulator of survival in another 
large relatively healthy prediabetic cohort [69]. We 
have also reported a strong inverse and graded 
association between CRF and mortality risk with a 
13% decrease for every 1-MET increase in fitness 
in an elderly and more comorbid and sedentary 
population [70].

Women with gestational diabetes mellitus 
(GDM), defined as any degree of hyperglycemia 
recognized for the first time during pregnancy, 
are also at higher risk of developing DM2. The 
presence of GDM predicts a lower CRF in the 
offspring 16 years later [71]. Using a combined 
lifestyle approach appears to reduce the risk of 
developing GDM based on data from 23 random-
ized control trials [72]. A more dedicated exer-
cise approach in early pregnancy has also been 
shown to be effective in significantly preventing 
GDM along with reduced gestational weight gain 
in obese subjects, and the ADA currently recom-
mends moderate PA as part of any management 
plan, provided clearance from medical or obstet-
rical problem [31, 73, 74].

In general, systematic reviews and meta- 
analysis support that comprehensive lifestyle 
interventions are effective in lowering the inci-
dence of DM2 in high-risk patients [75]. In addi-
tion, the efficacy of lifestyle interventions to 
reduced diabetes incidence was sustained for sev-
eral years successfully, while the success of 
glucose- lowering medications was short-lived 
[76]. Finally, observational studies and several 
meta-analyses of randomized controlled trials of 
statins have reported unfavorable glycemic 
homeostasis [77] and higher dose-related risk for 
developing DM2  in those treated with statins 
compared to placebo or standard care [78, 79]. 
Evidence from large epidemiologic studies 
strongly support an inverse, independent, and 
graded association between CRF and risk for 
developing certain chronic illnesses including 
DM2 [54, 55, 61]. We have also shown that both 
statin therapy and increased CRF were indepen-
dently associated with lower mortality risk in 

those treated and not treated with statins [80]. 
Additionally, the combination of statin therapy 
and increased CRF was more effective in lower-
ing mortality risk than either alone [80, 81]. 
However, the impact of increased CRF on the 
development of DM2  in statin-treated patients 
has not been examined. Furthermore, some [82, 
83] but not all studies [84–86] suggest that 
improvements in CRF in response to exercise 
training may be blunted by statin therapy.

In one study, the interaction between CRF and 
DM2 incidence was assessed in 4092 dyslipidemic 
patients (age  =  58.8  ±  10.9  years) treated with 
statins and 3001 patients (age = 57.2 ± 11.2 years) 
not treated with statins [87]. The DM2 incidence 
was 24% higher in statin-treated compared to non-
statin-treated patients. CRF was inversely related to 
DM2 incidence. For every 1-MET increase in exer-
cise capacity, the adjusted risk for developing DM2 
declined by 6% (p < 0.001). Comparisons across 
quartiles of fitness categories (least-fit to high-fit) 
revealed that the adjusted risk for developing DM2 
declined progressively with increasing fitness and 
was 34% lower for high-fit individuals when com-
pared to those in the least-fit category.

Furthermore, to assess the impact of CRF on 
the risk for developing DM2, we used the non- 
statin- treated cohort as the reference group and 
compared it with the aforementioned fitness cate-
gories of the statin-treated cohort. We found that 
DM2 incidence was significantly elevated (50% 
higher) for individuals in the least-fit and low-fit 
(22% higher) categories. For the moderate and 
high-fit individuals, the risk was similar to those 
not treated with statins (Fig. 11.2). These findings 
suggest that the risk of DM2 incidence in dyslip-
idemic patients treated with statins may be signifi-
cantly attenuated by moderate increases in CRF.

 Cardiorespiratory Fitness 
and Diabetes Management

As presciently noted by Isaak and van Noorden, 
enhanced PA was and continues to be a corner-
stone of diabetes prevention and management [5], 
albeit it presents a significant challenge to effi-
ciently implement [88]. Subjects with  diabetes 
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have an approximately two- to fourfold increased 
likelihood of experiencing CVD, and peak exer-
cise METs is the strongest predictor of death in 
healthy and those with various CVD risks includ-
ing diabetes [11, 12, 89]. Importantly, higher fit-
ness levels reduce mortality independent of BMI 
and age [90–93]. In general, habitual aerobic 
exercise, even at modest levels (<6 METs), 
improves insulin sensitivity and reduces HgbA1c 
by approximately 0.7% without change in weight 
[94–97]. For example, a week of aerobic exercise 
results in improved whole-body insulin sensitivity 
primarily as a result of enhanced insulin sensitiv-
ity in peripheral tissues via a non-insulin-depen-
dent response. Focusing on measured CRF, a 
detailed review of 9 randomized trials revealed an 
improvement in VO2max by ~12% over 20 weeks 
when 132 DM2 subjects with early diabetes 
(4.1 years) exercised at 50–75% of VO2max [98]. 
Moreover, higher exercise intensity produced an 
augmented response in VO2max also seen when 
tracking improvements in HbgA1c. These impres-
sive effects are, however, short with the acute 
effect lasting about 24 h. Optimally, subjects with 
diabetes should engage in regular PA on a daily 
basis, and the shorter the exposure to PA, the 
higher the effort is needed to get the same effect 
on insulin sensitivity. Similar glycemic results 
from our own experience in sedentary elderly 
DM2 veterans with high degree of comorbidity 
using multiple medications are shown in 
Figs. 11.3, 11.4, 11.5, and 11.6.

Nevertheless, a recent large prospective life-
style study sponsored by the National Institutes 
of Health was prematurely stopped after failing 

Fig. 11.2 Incidence of 
DM2 according to 
cardiorespiratory fitness 
status in dyslipidemic 
patients treated with 
statins as compared to 
those not treated with 
statins. (Modified from 
Kokkinos et al. [87])

Fig. 11.3 Changes in glucose levels after 12  weeks of 
supervised (hospital-based; n  =  454) exercise or non- 
supervised (home-based; n  =  86) exercise and controls 
(n = 192) (*p < 0.05)

Fig. 11.4 Changes in HbA1c levels after 12 weeks of super-
vised (hospital-based; n = 349) exercise or non- supervised 
(home-based; n = 58) exercise and controls (n = 81)
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to show CVD benefits of an intensive lifestyle 
program [99, 100]. The Look AHEAD study 
tested the hypothesis that an intensive multi- 
component lifestyle program would reduce the 
incidence of CVD outcomes and improve other 
health parameters, including CVD risk and meta-
bolic aspects, in overweight and/or obese DM2 
subjects. The goals were to maintain at least a 7% 
weight loss and gradually get at least 175 min-
utes per week of moderate-intensity PA being 
active at least 5 times per week. In this study, 
CRF improved significantly in the first year 
[101]. Although there was no reduction in CVD 
risk, those who lost at least 10% of their body-
weight had a 20% lower risk of the primary out-
come (adjusted HR 0.80) and a 21% lower risk of 
secondary outcome (adjusted HR 0.79); however, 

change in fitness was not significantly associated 
with a change in the primary outcome. There 
were several problems with this study. First, the 
CVD event rate was very low (0.07% per year). 
Thus, there was a very low overall rate in both the 
intervention and control groups. Second, the 
improvements of ~1 METs achieved in the first 
year of the trial was probably too low considering 
the low fitness baseline which is below the METs 
threshold for age [102]. Moreover, there was a 
rapid decline in METs in the second year such 
that these subjects tracked from rapidly going 
from unfit to slightly more fit back to unfit in 
2 years which has previously shown not to be of 
benefit [52]. Post hoc analysis revealed that those 
that actually achieved at least two METs above 
baseline showed an improvement in secondary 

Figs. 11.5 and 11.6  
Changes in fasting blood 
glucose (Fig. 11.5) and 
HgbA1c (Fig. 11.6) 
following 12 weeks 
participation in a lifestyle 
program consisting of 
nutritional advice and 
combined aerobic and 
resistance training in 488 
sedentary veterans with 
DM2. The mean change 
in cardiorespiratory 
fitness (METs) was  
20%; and weight 
decreased by 2%. Red 
graph = baseline; green 
graph = after 12 weeks

E. S. Nylén and P. Kokkinos



199

outcomes [103]. Another benefit shown by this 
study was that higher weekly MVPA was associ-
ated with greater long-term weight loss and 
weight maintenance [99], a phenomenon sup-
ported in a different study using more mechanis-
tic methodology [104].

There was also an interesting equivalency 
intervention study designed to test whether a life-
style intervention (aerobic and resistance exer-
cise training) results in equivalent glycemic 
control compared with standard care among 
adults with DM2 diagnosed for about 5–6 years. 
A secondary aim was to assess if lifestyle inter-
vention ultimately leads to a reduction in glucose- 
lowering medication [105]. The study was 
designed so that the treatment target for glycemic 
control was 6.5% HbA1c level. If this target was 
reached, the glucose-lowering medication dose 
was halved. If the HbA1c level was unchanged or 
lower at the following medical consultation, the 
glucose-lowering medication was discontinued. 
If HbA1c level exceeded 7.5%, the glucose- 
lowering medication was increased according to 
the pre-specified algorithm.

The investigators reported that the lifestyle 
intervention compared with standard care 
resulted in a change in glycemic control that did 
not meet the criterion for equivalence but was in 
a direction consistent with benefit.

Although this conclusion may be viewed as 
disappointing, a closer look at the study reveals 
several noteworthy findings. First, HbA1c in the 
standard care group increased substantially above 
baseline values at 3 and 6 months of follow-up 
and was back to baseline (6.74% vs 6.66%) at the 
end of study (12 months). Glycemic control was 
undoubtedly achieved by increases in glucose- 
lowering medication in approximately 44% of 
the participants.

Conversely, in the lifestyle group, HA1c was 
substantially lower from baseline at 3 and 
6 months, began an upward trend at 9 months, but 
was still lower than baseline levels and 12 months 
(6.65% vs 6.34%). Glucose-lowering medication 
was reduced in 73% of participants and elimi-
nated in over 56%.

Given the aforementioned findings, the 
reported failure of the lifestyle intervention group 

to achieve statistical equivalence should not over-
shadow the fact that exercise intervention reduced 
glucose-lowering medication in 73% of the par-
ticipants, eliminated medication in 56% of them, 
and achieved a substantially more favorable gly-
cemic control. Thus, one can argue that the more 
salient finding of this study was that lifestyle 
intervention (i.e., exercise) achieved a favorable 
glucose control even when medication was with-
drawn or reduced in a large number of the partici-
pants. This level of glucose control was matched 
only by using substantially more glucose- 
lowering medication in the standard care group.

In addition to aerobic approaches to fitness in 
DM2, the role of resistance training (RT) has 
regained acceptance with the recognition that 
these subjects are becoming older, are often 
obese, have high degree of sedentarism, and are 
frequently sarcopenic [106]. Indeed, older adults 
with DM2 have greater muscle mass loss, reduced 
upper and lower body strength, increased visceral 
adiposity, and increased disability [107–109]. 
Poorly controlled DM2 patients have, in addition, 
poor capillary recruitment during skeletal con-
traction [110]. Not surprisingly, the largest effect 
of RT is on the musculoskeletal measurements 
such as muscle strength [111], but RT can also 
significantly improve insulin sensitivity, glyce-
mic control including HbA1c, increase fat-free 
mass, reduce the requirement for diabetes medi-
cations, reduce abdominal adiposity, and improve 
cardiovascular risk markers [112–114]. Overall 
resistance exercise training is a promising strat-
egy to promote overall metabolic health in indi-
viduals with T2D via improvements in muscle 
mitochondrial performance and increases in mus-
cle mass that may positively impact insulin 
responsiveness and glucose control [115].

A strategy of combining aerobic and RT 
appears to enhance metabolic control in DM2 
compared to either activity alone [116, 117]. 
Studies have reported that the combination of 
aerobic plus RT has additive benefits on glucose 
control and can achieve greater reductions in 
DM2 incidence than the use of a single exercise 
modality. Thus, current guidelines for DM2 pre-
vention and management recommend at least 
150  min per week of MVPA and an additional 
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two (ideally three) resistance sessions per week 
(at least 60  min) [118]. A systematic meta- 
analysis of the combination approach (diet + aer-
obic exercise + RT) to prevent diabetes concluded 
that there was a modest weight loss and small 
improvements in glycemic control, fitness, and 
dietary intake [119]. It should be noted that there 
is also evidence for the positive effect of breaking 
up of prolonged sedentary time with light walk-
ing with improved glycemic parameters [120]. In 
addition, the response to exercise is different 
depending on the duration of DM2; those with 
long-standing DM2 have more extreme exercise 
intolerance, muscle weakness, and sarcopenia 
and may benefit more from RT.

Newer exercise approaches beyond MVPA 
and sedentary breaks such as HIIT may improve 
adherence by reducing the amount of time dedi-
cated to fitness and may also enhance glycemia 
and CRF [121]. For those medically cleared for 
more exhaustive exercise, subjects perform 
repeated short bursts of maximal activity near 
90% of VO2max which is interspersed with 
recovery periods, but the total time is consider-
ably shortened and saving time. A meta-analysis 
shows improved glycemic response to HIIT com-
pared to MVP [122].

Despite the impressive health impact of 
enhanced CRF, it is widely recognized that there 
is heterogeneity in exercise response in subjects 
with diabetes both metabolically as well as 
changes in CRF. Moreover, perhaps as many as 
15–20% of subjects undergoing exercise training 
do not respond metabolically as would be 
expected [123]. There may also be genetic vari-
ants that could be important in predicting CRF 
responsiveness [124]. Another concern regards 
the aforementioned exercise intolerance and the 
negative interaction between the ubiquitous use 
of statins and PA and the diabetogenic risk of 
statins [125, 126]. Although some studies show a 
reduced VO2 max with the use of statins [127], 
the combination of fitness and statin enhances 
survival [128], and the risk of developing diabe-
tes from statins is potently modulated by 
improved CRF [87]. In addition, several other 
factors including cardiometabolic, neuromuscu-
lar, and joint factors alone or in combination may 

contribute to exercise intolerance [129–136]. A 
complete list of factors that may contribute to 
exercise intolerance is presented in Table 11.1.

 Conclusion

Poor CRF is a well-established independent pre-
dictor of CVD and overall mortality among sub-
jects with prediabetes, DM1, and DM2. Increased 
PA and higher CRF confer metabolic health ben-
efits for DM2 patients in proportion to the level 
of fitness independent of BMI. Although the role 
and metabolic impact of exercise in subjects with 
DM1 is dynamic and complex, a recent system-
atic review and meta-analysis of subjects enrolled 
in exercise training revealed improvements in 
insulin requirement, waist circumference, BMI, 
VO2 max, and LDL cholesterol in DM1 patients 
[137]. Increases in PA patterns have thus emerged 
as an integral part of the prevention and 
 management supported by a multitude of repro-
ducible randomized studies confirming the strong 
link to enhanced CRF.

From the pioneering studies of transportation 
workers by Morris [138] to state-of-the-art dis-
covery of novel exercise-related phosphopro-
teome signaling pathways [139] and the genetics 
predicting CRF [140], exercise science has made 
impressive advances with recent involvement by 
National Institutes of Health into uncovering 
molecular transducers of exercise [141]. 
Stemming the epidemics of chronic illnesses 
such as diabetes spectrum disorders present sig-
nificant implementation challenges; however, the 
crux being adherence, therapeutic regimens 
should be designed to improve CRF in a society 
where a profound lifestyle shift has taken place 
dominated by non-exercise PA and sedentary 
behaviors. Being a modifiable risk factor, there is 
no doubt that a healthcare provider prescription 
for enhanced fitness is an essential start perhaps 
aided by using CRF as a vital sign [142]. 
Promoting a lifestyle of PA must also involve 
progressive societal and political engagement via 
education and support for alternatives to trans-
portation, creating more appropriate indoor and 
outdoor architecture while also being mindful of 

E. S. Nylén and P. Kokkinos



201

harm from emerging exposure risks from 
 pollution [143].

Finally, the excessive economic burden of dia-
betes must be considered. In the latest 2017 
assessment of the healthcare costs of DM per-
formed by the American Diabetes Association, 
the incurred medical expenditure is approxi-
mately 2.3 times higher than those without diabe-
tes, an increase by 26% since 2012 [144]. 
According to a recently published economic 
analysis of the Veterans Exercise Testing Study 
[145], the care cost was inversely associated with 
CRF. Specifically, the healthcare cost for subjects 
in the least-fit quartile was approximately 
$14,662 (p < 0.001) higher per patient per year 
compared with those in the fittest quartile, after 
controlling for potential confounding variables. 
Each 1-MET higher increment in fitness was 
associated with a $1592 annual reduction in 
healthcare costs (5.6% lower cost per MET), and 
each higher quartile of fitness was associated 
with a $4163 annual cost reduction per patient. 
Although this study did not directly assess the 
healthcare cost of diabetic patients, considering 
the relatively low CRF characteristic of DM2 
patients, improving CRF is likely to lower the 
healthcare cost in this populations.
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ACC Acetyl-CoA carboxylase
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AMPK  Adenosine 5′ monophosphate- 

activated protein kinase
ATP Adenosine triphosphate
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CVD Cardiovascular disease
DM2  Type 2 diabetes
DPP Diabetes Prevention Program
GLUT-4 Glucose transporter 4
HAT Histone acetyltransferase
HIIT High-intensity interval training
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IDF International Diabetes Federation
IL-6 Interleukin-6
MAP Mitogen-activated protein
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Examination Survey

NNT Numbers needed to treat
P13K Phosphoinositide 3-kinase
PGC1α Peroxisome proliferator receptor 

coactivator 1-alpha
PPAR α Peroxisome proliferator-activated 

receptor alpha
PPAR β Peroxisome proliferator receptor 

coactivator 1-beta
SIRT1 Sirtuin-1
SREB1c Sterol regulatory element-binding 

proteins 1c
TNF-alpha Tumor necrosis factor-alpha

 Introduction

Metabolic syndrome (MS) refers to a clustering 
of physiologic, metabolic, and biochemical fac-
tors increasing the risk of cardiovascular disease 
(CVD) and type 2 diabetes (DM2). This syn-
drome has undergone diagnostic iterations by 
several societies, the most recent being the 
International Diabetes Federation (IDF) in con-
junction with the American Heart Association 
(AHA) which in 2009 proposed a consensus for 
diagnosis which includes the presence of three of 
the following: (1) elevated waist circumference 
(population and country-specific definitions), (2) 
elevated triglycerides ≥150 mg/dl, (3) decreased 
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HDL <40  mg/dL in men and  <50  mg/dL in 
women, (4) elevated BP ≥ 130/85 mm Hg, or (5) 
elevated fasting glucose ≥100  mg/dl [1]. The 
early origins of an association of metabolic con-
sequences related to lifestyle were proposed in 
1923 by Kylin consisting of a syndrome of hyper-
tension (HTN), hyperglycemia, obesity, and 
hyperuricemia [2]. Himsworth introduced the 
concept insulin resistance (IR) in 1936 [3] and 
the role of “androgenic obesity” contributing to 
diabetes, and CVD was proposed by Vague in 
1940 [4]. However, the term as used currently 
originated in 1988, when Reaven gave the 
Banting lecture and coined the term Syndrome X, 
later renamed MS, to describe the role of IR as 
the driver of atherosclerotic dyslipidemia, DM2, 
HTN, and obesity [5].

Metabolic syndrome constitutes a consider-
able healthcare challenge estimated to affect 25% 
of the population worldwide and continues to 
rise. According to the National Health and 
Nutrition Examination Survey (NHANES), the 
prevalence of MS among US adults aged 18 years 
or older has increased from approximately 25% 
during the 1999–2006 period to 34.2% in 2007–
2012 period [6]. MS significantly impacts health-
care outcomes and is associated with an 
approximate increased risk of CVD (twofold), 
DM2 (fivefold), stroke (two- to fourfold), myo-
cardial infarction (three- to fourfold), and all- 
cause mortality [7]. It is also associated with 
increased risk of certain forms of cancer, poly-
cystic ovarian disease, nonalcoholic fatty liver 
disease, and neurodegeneration. It is important to 
point out that certain groups tend to have an 
increased risk of developing MS, such as 
Caucasian males, African-American women, the 
elderly, or being of low socioeconomic status. 
Although we are in the midst of an obesity and 
diabetes epidemic and MS has received ICD-10 
disease status (i.e., E88.81), this diagnosis does 
not give rise to unique treatment options, it has 
no unique genetic associations, and it is certainly 
not without its detractors [8] including those of 
Reaven [9, 10]. Considering that the incidence of 
MS has been shown to be inversely proportional 
to cardiorespiratory fitness (CRF), and that all- 
cause and CVD mortality are associated with 

CRF in MS, this chapter will explore these asso-
ciations [11, 12].

 Pathophysiology

Metabolic syndrome is a complex condition with 
underlying IR and impaired adipose tissue fuel 
handling at its core. Insulin resistance was recog-
nized as far back as 1936 by Himsworth [3] soon 
after the introduction of insulin therapy to 
describe the occasional need for large doses of 
insulin to control hyperglycemia, but it was more 
formally defined by Yalow and Berson following 
the successful measurement of insulin itself as “a 
state in which a greater than normal amount of 
insulin is required to elicit a quantitatively nor-
mal response” [13], mainly occurring in the adi-
pose, muscle, and liver. The nature of IR is 
complex and still not fully understood, but it 
occurs in a spectrum of obesity-related clinical 
conditions. A 2009 Joint Scientific Statement 
from the AHA stated that “most persons with the 
MS have abdominal obesity and IR. Both of the 
latter conditions appear to contribute to the devel-
opment of metabolic risk factors, although the 
mechanisms underlying these contributions are 
not fully understood” [1].

Normally, insulin binds to its receptor leading 
to tyrosine phosphorylation of downstream sub-
strates and activation of the phosphoinositide 
3-kinase (PI3K) pathway and the mitogen- 
activated protein (MAP) kinase pathway. The 
former pathway is affected in IR, while the MAP 
kinase pathway functions normally. Subnormal 
PI3K-Akt activity leads to a reduction in endo-
thelial nitric oxide formation and endothelial 
dysfunction, reduction in glucose transporter 4 
(GLUT4) translocation, and decreased skeletal 
muscle and fat glucose uptake [14]. Concurrently, 
the persistence of MAP kinase activity results in 
augmented expression of endothelin-1 and endo-
thelial adhesion molecules with vascular smooth 
muscle cell mitogenesis which leads to vascular 
abnormalities and increased atherosclerosis risk.

Glucose utilization during exercise is modu-
lated by the intensity of exercise. Exercise inten-
sities greater than 50% of maximal aerobic 
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capacity (VO2 max) in most people (75% of VO2 
max in highly trained athletes) favor glucose over 
free fatty acids (FFA) as the predominant sub-
strate to meet the energy demands of the working 
muscles. Physical work or exercise disrupts the 
euglycemic state at rest achieved by the interac-
tion of three hormones: insulin, glucagon, and 
catecholamines. As glucose demands increase 
with exercise, blood glucose concentrations 
decrease. This decreases the release of insulin 
from islet cells while glucagon increases, result-
ing in an increase in hepatic glycogen degrada-
tion (glycogenolysis). This, along with 
gluconeogenesis from substrates such as lactate, 
pyruvate, amino acids, and glycerol, assures ade-
quate blood glucose concentrations (Fig.  12.1). 
Glucose uptake by the working myocytes is now 
enhanced by the increased concentrations of cat-
echolamines. Conversely, the energy demands of 
the working muscles during prolonged exercise 
of low to moderate intensities, referred to as aero-
bic, are met predominantly by FFA with glucose 
and other substrates playing a secondary role.

Regularly performed aerobic exercises of ade-
quate intensity (low to moderate) and volume 
result in a more efficient use of energy and 
enhance the capacity of metabolic tissues to 
switch between substrates in order to meet their 
metabolic demands (from ATP) depending on 
nutrient availability and energy demands. The 
capacity of the organism to adapt fuel oxidation 
to fuel availability is referred to as metabolic 
flexibility. The inability to modify fuel oxidation 
in response to changes in nutrient availability has 
been implicated in the accumulation of intramyo-
cellular lipid and IR [15]. Reversal of IR by exer-
cise stimulates lipid hydrolysis and oxidation and 
improves metabolic flexibility [15].

Notable changes with exercise include quan-
tity and quality of mitochondria, enhanced mito-
chondrial electron transport chain, and fatty acid 
oxidation enzyme activities within skeletal mus-
cle (see the chapter by Dr. Gidlund). Exercise 
also increases the number of “slow-twitch” mus-
cle fibers and the development of vascularization 
via de novo muscle capillaries [16]. On a cellular 
level, glucose transport is achieved by insulin 
(via PI3K) and also by muscle contraction or 

hypoxia (via 5′AMP-activated protein kinase) 
[17]. Insulin-responsive GLUT4 shows increased 
mobilization from intracellular stores to the cell 
surface, resulting in increased glucose uptake 
and insulin sensitivity (Fig.  12.1). Whole-body 
utilization of glucose encompasses both mito-
chondrial glucose oxidation and non-oxidative 
glycogen synthesis, both of which are reduced in 
those with IR.  Interestingly, non-oxidative glu-
cose disposal appears to be more responsive to 
exercise training in subjects with early stages of 
DM2 which may pertain to MS [18].

Additional abnormalities associated with IR 
include FFA excess as well as low-grade inflam-
mation (i.e., elevated IL-6, CRP, uric acid): the 
latter is observed in fat, muscle, liver, pancreatic 
islets, and nutrient-transporting blood [19]. 
Paradoxically, contracting skeletal muscle during 
exercise produces IL-6, which in this context has 
anti-inflammatory properties [20].

Adipocyte fuel malfunction manifests as adi-
pocyte hypertrophy and ectopic lipid deposition 
in vital organs such as the liver, pancreas, muscle, 
and heart by means of abnormal transcriptional 
control. Energy deficit following acute or long- 
term exercise contributes to increased post- 
exercise insulin sensitivity which also stimulates 
a host of transcription factors. Fat synthesis is 
regulated by lipogenic genes (via sterol regula-
tory element-binding proteins 1c [SREBP1c]), 
whereas fat oxidation is regulated by fatty acid 
oxidation genes (via peroxisome proliferator- 
activated receptor alpha [PPARα]). Significantly, 
SREBP1c and PPARα are tightly controlled by 
peroxisome proliferator-activated receptor beta 
(PGC1β) and alpha (PGC1α), respectively. 
Sirtuin-1(SIRT1), the eukaryotic equivalent of 
SIR2 gene in prokaryotes, is an NAD-dependent 
deacetylase (histone deacetylase-HDAC) that has 
been linked to many beneficial effects of cellular 
processes including IR, glucose homeostasis, 
fatty acid metabolism, gene silencing, and aging 
[21]. SIRT1 activates PGC1α by deacetylation, 
which in concert with PPARα increases fatty acid 
oxidation. In contrast, histone acetyltransferase 
(HAT) has just the opposite effects. Thus, SIRT1 
and HAT play dynamic roles in regulating the 
functional forms of SREBP1c and PGC1α. 
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Whereas SIRT1 destabilizes SREBP1c by 
deacetylation, HAT stabilizes SREBP1c by acet-
ylation. On the other hand, SIRT1 activates 
PGC1α by deacetylation, while HAT inactivates 

PGC1α by acetylation. Significantly, high fat 
activates P38 MAPK by phosphorylation, which 
inactivates PGC1α or stabilizes SREBP1c by 
activating HAT.  Thus, activation/inactivation of 
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Fig. 12.1 Schematic outline of glucose utilization by mus-
cle during exercise. Important features include the change in 
insulin, glucagon, and catecholamines as shown which stim-
ulates liver glycogenolysis and gluconeogenesis and adipose 
lipolysis. There is a lack of glucose-6-phosphatase in muscle, 
and this compound stays in muscle such that blood levels of 
glucose cannot be provided from muscle. Increased AMP 
activates the master metabolic switch AMPKinase, and exer-
cise, independent of insulin, stimulates the insertion of 
GLUT4 via AMPK. Note that GLUT4 is both insulin and 

exercise sensitive, and these two pathways are additive. In 
general, the intensity and duration of exercise determines the 
source(s) of energy fuels. Fat sources (intramuscular triglyc-
erides and plasma free fatty acids) provides the primary fuel 
for exercise of low intensity while carbohydrates (muscle 
glycogen and and blood glucose) provides the fuel at higher 
intensities. Long-term training often increases fat utilization 
via greater oxidation of fats from intramuscular sources. 
Protein such alanine provides a small amount of energy dur-
ing prolonged exercise
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PGC1β, in concert with SREBP1c, would regu-
late lipid synthesis, while activation/inactivation 
of PGC1α, in concert with PPARα, would regu-
late lipid oxidation. Thus, transcriptional coacti-
vators PGC1𝛼, PGC1𝛽, as well as SREBPs play 
vital roles in regulating the lipid-oxidizing and 
lipogenic genes and thereby control the progres-
sion of obesity and MS.

Similarly, adenosine 5′ monophosphate- 
activated protein kinase (AMPK) plays dynamic 
role, regulating a multitude of critical pathways 
in lipid metabolism [22]. AMPK is a metabolic, 
stress-sensing enzyme that is activated by exer-
cise (i.e., a high AMP:ATP ratio) and inhibited 
(i.e., a low AMP:ATP ratio) by physical inactiv-
ity. AMPK is activated by phosphorylation, 
which then inactivates the key lipogenic enzyme 
acetyl-CoA carboxylase (ACC), leading to 
decreased synthesis of malonyl-CoA and long- 
chain fatty acids and their subsequent esterifica-
tion to form triacylglycerol. This lipogenic 
pathway is under tight dietary and hormonal 
regulation. Thus, exercise and associated energy 
deprivation shut off fat synthesis, whereas high 
caloric intake (as in a high-carbohydrate, fat-
free diet) induces this pathway. Moreover, one 
could expect the lipogenic pathway to be 
blocked with a low malonyl-CoA/long-chain 
acyl-CoAs ratio, as found during caloric restric-
tion and possibly after exercise, whereas the 
mitochondrial pathway should be blocked by a 
high malonyl-CoA/long-chain acyl-CoAs ratio, 
as encountered during increased caloric intake 
and a sedentary lifestyle.

Adipocyte fuel malfunction is also indicated 
by abnormal levels of adipokines that show a 
strong association with MS, including elevated 
leptin, plasminogen activator inhibitor-1, retinol- 
binding protein-4, chemerin, interleukin-1, inter-
leukin- 6, interleukin-8, lipopolysaccharide, and 
fetuin-A, and decreased adiponectin and omen-
tin- 1. The strongest influence appears to be 
changes in adiponectin, adipocyte fatty acid- 
binding protein, chemerin, and fibroblast growth 
factor 21 [23]. Another common adipocyte fea-
ture of MS is the elevated triglyceride and 

decreased HDL ratio that can predict CVD com-
parable to the MS criteria [24].

 MS, Physical Activity, and IR

Insulin resistance is strongly suspected to be the 
pathophysiologic link between the metabolic 
abnormalities associated with MS [25]. According 
to Reaven adiposity and physical fitness explain 
approximately half of the variability in insulin 
action, with genetic differences likely to account 
for the other half [26]. Indeed, repeated exercise 
bouts (exercise-training) have been demonstrated 
to increase GLUT4 concentrations in populations 
with MS, and the salutary response may be 
reflected in increased VO2max and related to the 
dose of exercise [27]. However, in the absence of 
weight loss, IR did not change in some studies 
despite improvements in GLUT4 and mitochon-
drial parameters [28]. There is also evidence to 
support that high-intensity interval training (HIIT) 
or sprint interval training (SIT) may result in 
greater improvement in insulin sensitivity and 
pancreatic beta cell function observed with 
increased CRF [29]. This response is consistent 
with the concept that exercise-induced adaptations 
are specific to the demand imposed by exercise, 
since both HIIT and SIT modes of exercise chal-
lenge the anaerobic pathways more so than low to 
moderate intensity exercise.

 Prevention of Metabolic Syndrome

The emergence of new-onset MS is sensitive to 
lifestyle intervention including exercise and 
dietary modulations as well as to pharmacologi-
cal agents that impact glucose status. Lifestyle 
that includes increases in physical activity 
appears to be necessary to favorably modify the 
cluster of the risk factors associated with MS. In 
the Diabetes Prevention Program (DPP), 53% of 
the participants had MS.  In participants in the 
lifestyle intervention group that included aerobic 
exercise 150 min per week and nutritional coun-
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seling (participants experienced 7% weight loss), 
there was a 41% reduction of new onset of MS 
and 38% reversal of MS [30]. In contrast, treat-
ment with metformin only reduced new cases of 
MS by 17%. In addition, the progression to 
DM2 in the exercise-arm of DPP was consider-
ably higher in those with MS compared to base-
line subjects with IGT.  In comparison, in the 
ATTICA study, adherence to the Mediterranean 
diet was associated with a 29% lower risk of all 
MS components [31]. Similarly, a meta-analysis 
of 50 studies (n = 534,906) revealed that adher-
ence to Mediterranean dietary patterns was asso-
ciated with lower MS prevalence and progression 
[32]. Finally, in the STOP-NIDDM trial using the 
anti-hyperglycemic agent acarbose (an alpha- 
glucosidase inhibitor), 61% had MS at baseline, 
and the NNT to prevent DM2 was 5.6 compared 
to 16.5 without baseline MS [33].

 Physical Activity, CRF, and MS

Increased physical activity and structured exer-
cise programs have been recognized as a corner-
stone in both the prevention and treatment of 
chronic diseases related to IR and MS. Thus, high 
levels of PA and/or CRF are associated with 
reduced prevalence of cardiometabolic risk fac-
tors associated with MS including hypertension, 
hyperlipidemia, inflammation, and IR and lower 
incident rates of MS itself. The impact of CRF on 
the risk of MS is also considered a strong meta-
bolic risk factor, independent of obesity [34]. 
Low CRF is associated with increased MS-related 
morbidity and mortality regardless of body 
weight [12, 35]. Thus, poor CRF itself appears to 
be a feature of MS expression [36, 37].

Two meta-analyses using self-reported PA 
questionnaires reported lower incidence of MS in 
subjects with moderate or high levels of leisure- 
time PA compared to low levels [38, 39]. For 
example, there was a reduction of 8% in MS risk 
per ten metabolic equivalent of task (MET) 
hours/week increment [40]. Likewise, MS risk 
was 32–53% lower across age groups in those 
who were fit compared to those that were unfit 

[41]. Reduced daily PA in healthy young adults 
was associated with decreased insulin sensitivity 
and increased abdominal fat [42].

Cardiorespiratory fitness, assessed objectively 
by standardized exercise protocols, was strongly 
and inversely associated with MS in both men 
and women, with the strongest association to 
lower waist circumference and fasting glucose 
[43]. Moreover, measured PA by energy expendi-
ture had a stronger association to MS than did 
measured VO2 max, especially in those that were 
considered unfit (by VO2max), who therefore 
would benefit more from PA than fit subjects 
[44]. When PA pattern was measured using accel-
erometry, similar findings showed independent 
association of various levels of PA to MS preva-
lence after controlling for fitness [45]. In a study 
following the development of MS over 4 years, 
the highest risk group were those who were sed-
entary and unfit by CRF standards [46]. Engaging 
in PA >3 h/week vs 1 h/week reduced the risk of 
MS by 50% independent of BMI and other 
confounders.

 Type of Exercise and MS

Aerobic exercise of individuals with MS 
improves hemodynamics by reducing diastolic 
blood pressure, systemic vascular resistances, 
and the so-called double product (the product of 
systolic blood pressure and heart rate) [47]. 
Likewise, resistance training can favorably 
impact metabolic parameters such as dysglyce-
mia, dyslipidemia, and blood pressure. In a 
4-year study, meeting the guidelines for resis-
tance training alone lowered the risk of develop-
ing MS by 17%, and performing less than 1 h of 
resistance exercise/week lowered the risk of MS 
by 25%. However, larger volumes of resistance 
training did not yield additional benefits [48]. In 
a meta- analysis, aerobic exercise and/or com-
bined exercise and resistance training both 
improved all MS components, but in some stud-
ies, the combined approach was less efficacious 
[49]. Thus, combined aerobic and resistance 
exercise was no more effective than aerobic exer-

E. S. Nylén et al.



213

cise alone, but randomized studies reveal an 
advantage of the combined approach [50]. 
Resistance exercise alone may or may not change 
MS status, but it may help reduce systolic blood 
pressure levels and/or mortality related to stroke 
or heart disease in MS as shown in other studies 
[51]. More recently, low-volume (i.e., 51  min/
week) high-intensity interval training (HIIT) has 
been shown to be as effective as high-volume 
HIIT (i.e., 114 min/week) and traditional moder-
ate intensity exercise (i.e., 150 min/week) in ame-
liorating MS severity [52]. However, 
improvements in insulin dynamics as measured 
by proinsulin were responsive only to higher- 
volume HIIT [53].

 Summary

The MS concept is a clinical construct centered 
on insulin resistance attributed to Dr. Reaven 
[54]. It is clearly evident that increased physical 
activity and CRF have a favorable effect on all 
MS components and can attenuate the MS epi-
demic. CRF interacts strongly with MS expres-
sion, and a sedentary state and low CRF have 
been suggested to be included in the definition of 
MS. Thus, implementation of lifestyle measures 
to enhance physical fitness can be adapted by cli-
nicians and other healthcare professional to pre-
vent, attenuate, and even reverse the MS rate. In 
most studies, aerobic exercise appears to be the 
most efficacious approach to improve dysglyce-
mia, dyslipidemia, and elevated blood pressure. 
In addition, some studies also show that resis-
tance training has a favorable impact on compo-
nents of MS. Although not seen in all studies, the 
combination of aerobic with resistance activity 
can be additive. Alternative approaches such as 
HIIT can positively modulate MS although high- 
intensity exercises may not be easily tolerated by 
middle-aged and older individuals burdened with 
comorbidities and can be associated with an 
increase in the risk of injury and even death. 
Finally, although measured peak fitness plays an 
important role vis-à-vis MS, all aspects of physi-
cal activity need to be assessed, and the deleteri-

ous impact of being sedentary (i.e., minimal 
muscular contractile inactivity) as an indepen-
dent contributor to metabolic dysfunction and 
health risk needs to be recognized [55].
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Exercise Interventions in Patients 
with Diabetes and Peripheral 
Artery Disease

Mary M. McDermott

Lower extremity peripheral artery disease (PAD), 
or atherosclerosis of the arteries supplying the 
lower extremities, affects approximately 8.5 mil-
lion people in the United States and more than 
200 million people worldwide [1–3]. People with 
PAD have an increased rate of acute coronary 
events, stroke, and mortality compared to those 
without PAD [3, 4]. Insufficient oxygen supply to 
the lower extremities during walking activity 
leads to ischemic lower extremity muscle, result-
ing in pain, tightness, weakness, or other discom-
fort in lower extremity muscle during walking 
activity. It is well established that people with 
PAD have greater functional impairment, more 
rapid functional decline, and higher rates of 
mobility loss than those without PAD [5–9].

Diabetes mellitus is a major risk factor for PAD 
[1–3, 10]. Of five studies that assessed the associa-
tion of diabetes mellitus with PAD, four reported a 
significant independent association of diabetes 
mellitus with increased prevalence of PAD, with 
odds ratios ranging from 1.9 to 4.0 [11–14]. A fifth 
study, the Framingham Offspring Study, reported 
a significant association of diabetes mellitus with 
PAD that was no longer statistically significant in 
a multivariable-adjusted model [15]. Diabetes 

mellitus is associated with a twofold increased risk 
of intermittent claudication, the most classic 
symptom of PAD [2]. More severe diabetes melli-
tus and more long-standing diabetes mellitus are 
associated with higher risks of PAD [2, 10, 16]. As 
the prevalence of obesity increases, the prevalence 
of diabetes mellitus will also increase. Thus, the 
number of people in the world with PAD and dia-
betes is likely to grow in the foreseeable future.

 Diabetes and Clinically Important 
Outcomes in PAD Patients

Among patients with PAD, those with diabetes 
mellitus have more adverse outcomes than those 
without diabetes mellitus. People with PAD 
and diabetes mellitus have a threefold higher 
risk of mortality and a fivefold higher rate of 
amputation compared to people with PAD who 
do not have diabetes [2, 17]. They also have 
greater functional impairment and faster func-
tional decline than those without diabetes [18]. 
In a cross- sectional study of 460 patients with 
PAD recruited from several medical centers in 
Chicago, those with diabetes walked significantly 
shorter distances in the 6-min walk test (1040 vs. 
1168 ft, P < 0.001), had slower fast-paced walk-
ing velocity (0.83 vs. 0.90 m/s, P < 0.001), and 
had a poorer short physical performance battery 
score (7.3 vs. 8.6, P < 0.001). People with more 
severe diabetes mellitus, determined by the use 
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of  diabetes medication, performed more poorly 
on  functional testing than those not using dia-
betes medications [18]. Table 13.1 summarizes 
some clinically important differences in charac-
teristics of patients with PAD with vs. without 
diabetes mellitus.

 Medical Management of Walking 
Impairment in PAD

A major treatment goal for PAD is to improve 
functional performance. Although lower extrem-
ity revascularization improves walking perfor-
mance in PAD, many patients with PAD and 
diabetes mellitus are not candidates for endovas-
cular revascularization, which is the most com-
mon and least invasive form of lower extremity 
revascularization for PAD. Endovascular revas-
cularization is more effective when performed in 
the proximal arteries (i.e., the aortoiliac arteries). 
However, diabetic patients with PAD have more 
distal and more diffuse atherosclerosis than those 
with PAD and diabetes mellitus [7]. Therefore, 
many patients with PAD and diabetes mellitus 
are not candidates for endovascular revascular-
ization. In addition, few medications have been 
identified that meaningfully improve walking 
performance in PAD patients. Just two medica-
tions, cilostazol and pentoxifylline, are FDA 
approved for treating PAD-associated walking 
impairment [19–23]. Of these two medications, 
benefits from cilostazol are modest, and recent 

evidence suggests that pentoxifylline is not much 
better than placebo for improving walking per-
formance in PAD [19, 20]. Current clinical prac-
tice guidelines recommend against pentoxifylline 
for improving walking performance in patients 
with PAD [20]. Cilostazol improves treadmill 
walking performance in people with PAD and 
intermittent claudication by approximately 25% 
or approximately 40  m in maximal treadmill 
walking distance [19–25]. However, side effects 
from cilostazol are common and include head-
ache, diarrhea, light-headedness, and palpita-
tions. One study reported that as many as 20% of 
patients who were prescribed cilostazol for PAD-
related walking impairment discontinued the 
drug due to side effects [26].

 Supervised Treadmill Exercise 
for Peripheral Artery Disease

Consistent evidence from randomized clinical 
trials demonstrates that supervised treadmill 
exercise significantly and substantially improves 
pain-free and maximal treadmill walking dis-
tance in patients with PAD [27–32]. Supervised 
treadmill exercise sessions typically take place in 
a cardiac rehabilitation or hospital setting and 
consist of walking exercise on a treadmill, super-
vised by a nurse, exercise physiologist, or other 
trained personnel with knowledge of exercise 
treatment in PAD.  Supervised exercise is typi-
cally conducted 3 days per week for a minimum 

Table 13.1 Characteristics of peripheral artery disease in the setting of diabetes mellitus

Characteristic Findings compared to people with PAD who do not have diabetes mellitus
Distribution of lower 
extremity atherosclerosis

People with diabetes mellitus have more distal atherosclerosis than those without 
diabetes mellitus

Leg symptoms People with PAD and diabetes mellitus have a higher prevalence of atypical leg 
symptoms than those without diabetes mellitus

Functional impairment People with PAD and diabetes mellitus have even greater functional impairment 
than people with PAD who do not have diabetes mellitus

Endovascular interventions 
for PAD

People with PAD and diabetes mellitus have poorer outcomes after endovascular 
revascularization compared to those without diabetes mellitus

Supervised treadmill 
exercise therapy

People with PAD and diabetes have significant benefits from supervised treadmill 
exercise. Whether the magnitude of benefit is similar between people with and 
without diabetes mellitus is unclear

Home-based walking 
exercise therapy

People with PAD and diabetes benefit from home-based walking exercise
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of 12  weeks. The walking exercise program 
should be tailored to the individual patient with 
PAD. Many patients with PAD begin the super-
vised treadmill exercise program by walking a 
total of 10–15 min in the initial exercise sessions. 
Since PAD is associated with pain, weakness, or 
other disabling leg symptoms during walking 
exercise, PAD patients typically need to alternate 
walking exercise with rest periods. Patients 
should be encouraged to increase walking exer-
cise time each week by about 5 min per session, 
until a total of 40–50 min of walking exercise is 
achieved per session (excluding rest periods). 
Improvement in walking endurance and leg 
symptoms in response to supervised exercise 
training does not begin immediately but typically 
is appreciated by the patient with PAD approxi-
mately 4–6 weeks after the start of the exercise 
program [33, 34]. Maximum improvement in 
treadmill walking performance occurs approxi-
mately 12  weeks after the start of supervised 
exercise training, while improvement in 6-min 
walk performance continues during the 3- to 
6-month period after the start of supervised exer-
cise [30, 35]. Once a supervised treadmill exer-
cise program is completed, benefits in treadmill 
walking performance are largely sustained, up to 
12  months after completion of the supervised 
exercise [27]; however benefits in the 6-min walk 
are not durable after a supervised exercise inter-
vention is completed. The more favorable sus-
tained effect of supervised treadmill exercise on 
treadmill walking performance vs. 6-min walk 
performance may be related to a learning effect 
observed after treadmill exercise on the treadmill 
walking outcome that is not observed for the 
6-min walk outcome [36].

In a meta-analysis of 25 randomized trials of 
supervised exercise in patients with PAD, super-
vised treadmill exercise was associated with a 
180-m greater increase in maximal treadmill 
walking distance and a 128-m greater increase in 
pain-free treadmill walking distance, compared 
to the control group that did not receive exercise 
[28]. Supervised treadmill exercise also achieves 
clinically important improvement in 6-min walk 
distance in patients with PAD [29–30, 32]. The 
effects of supervised treadmill exercise on physi-

cal activity and quality of life are variable. 
Supervised treadmill exercise has not been shown 
consistently to improve physical activity or qual-
ity of life [27, 29, 37].

 Supervised Treadmill Exercise 
in Patients with PAD  
and Diabetes Mellitus

Since diabetes mellitus is a major risk factor for 
PAD, many PAD participants in randomized clin-
ical trials of supervised exercise have diabetes. In 
three of the largest randomized trials of super-
vised exercise in PAD patients, the prevalence of 
diabetes mellitus was 36–45% [29, 30, 32]. 
Despite this, relatively few studies have specifi-
cally assessed how diabetes mellitus affects 
responsiveness to supervised treadmill exercise 
in patients with PAD. A systematic review identi-
fied just three studies that had evaluated the 
impact of diabetes mellitus on improvement in 
treadmill walking performance in patients with 
PAD, after a supervised treadmill exercise pro-
gram [38]. Of the three studies [39–41], two were 
small randomized trials of 27 and 60 participants, 
respectively. In post hoc analyses, Gardner et al. 
reported that PAD participants without diabetes 
mellitus increased their maximal treadmill walk-
ing distance by 57%, compared to 30% in the 
PAD participants with diabetes mellitus [40]. 
However, a significant interaction between diabe-
tes mellitus and improvement in maximal tread-
mill walking distance following supervised 
exercise was not observed. Allen et al. reported 
significant improvement in maximal treadmill 
walking distance among 13 patients with diabe-
tes mellitus and 14 without diabetes mellitus, 
respectively, but did not statistically compare the 
degree of improvement in participants with vs. 
without diabetes mellitus. An observational study 
from the Netherlands evaluated changes in tread-
mill walking performance in 775 patients with 
PAD referred for supervised treadmill exercise, 
according to presence or absence of diabetes 
mellitus [41]. Of the 775 PAD patients referred 
for supervised treadmill exercise, 230 (30%) had 
diabetes mellitus. At baseline, those with diabetes 
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mellitus had significantly poorer maximal tread-
mill walking distance than those without diabetes 
mellitus. Just 440 of the 775 patients with PAD 
were available for follow-up. There was no dif-
ference in the degree of improvement in maximal 
treadmill walking distance between those with 
and without diabetes mellitus (270 m vs. 400 m) 
[41]. The overall conclusion of the review was 
that there were insufficient data to determine 
whether diabetes mellitus impairs response to 
supervised treadmill exercise in patients with 
PAD [38]. However, it is important to point out 
that participants with diabetes mellitus in all tri-
als improved their treadmill walking performance 
following supervised exercise.

In another review of randomized trials of 
supervised exercise that included greater propor-
tions of patients with PAD and diabetes mellitus, 
the authors reported that absolute improvement in 
treadmill walking performance following exercise 
intervention was poor [42]. However, patients 
with PAD and diabetes mellitus typically have 
poorer functional performance and shorter tread-
mill walking distance at baseline than PAD 
patients with no diabetes mellitus [18, 41]. Thus, 
the percent improvement in treadmill walking dis-
tance, or the degree of improvement relative to 
baseline, is a more relevant metric for comparison 
than absolute improvement in treadmill walking 
distance. Available evidence suggests that patients 
with PAD and diabetes mellitus improve their 
walking performance following supervised tread-
mill exercise interventions [38–42].

 How to Implement a Supervised 
Treadmill Exercise Program 
for Patients with PAD  
and Diabetes Mellitus

Supervised treadmill exercise programs must be 
tailored for the individual patient. It is ideal to 
have a treadmill for exercise that can accommo-
date speeds as low as 0.50 miles per hour, since 
some patients with PAD, especially those with 
diabetes mellitus, cannot tolerate high exercise 
speeds [18]. In addition, some PAD patients with 
diabetes are unable to complete more than 

10–15  min of walking exercise per session in 
their first week of exercise. Patients with PAD 
should aim to increase the total number of min-
utes walking for exercise each session by 5 min 
per week, until they achieve 40–50 min of walk-
ing exercise per session. Patients with PAD 
should also be instructed to alternate periods of 
walking exercise with rest during a typical tread-
mill exercise session. Based on current evidence, 
PAD patients should be advised to walk to near- 
maximal leg pain for maximum gains in exercise 
capacity. There is also some evidence to suggest 
that patients with PAD who walk at a slow or 
comfortable pace can still achieve significant 
gains in walking endurance [28]. Based on cur-
rent evidence, if a patient with PAD is able to 
walk for treadmill exercise for 10  min without 
experiencing ischemic leg symptoms, the work-
load should be increased, by increasing either the 
speed or grade of the treadmill [29, 30].

 Centers for Medicare and Medicaid 
Services Coverage for Supervised 
Exercise in PAD

Until recently, many PAD patients in the United 
States did not have access to supervised tread-
mill exercise because of lack of medical insur-
ance coverage. In 2017, the Centers for Medicare 
and Medicaid Services (CMS) released a deci-
sion memorandum, indicating that they would 
begin providing coverage for supervised exer-
cise for patients with symptomatic PAD [43]. 
This change in policy by CMS is expected to 
make supervised treadmill exercise more acces-
sible to many PAD patients.

In order to provide coverage, CMS requires 
that supervised exercise for PAD must be ordered 
during a face-to-face physician office visit, during 
which cardiovascular disease risk factors must be 
addressed. CMS provides coverage for 12 weeks 
and 36 sessions of supervised exercise for symp-
tomatic PAD. The supervised exercise must take 
place in a hospital setting or medical office affili-
ated with a hospital and must be conducted by 
qualified personnel with training in basic and 
advanced cardiac life support and PAD- related 

M. M. McDermott



221

exercise therapy [43]. A physician must be on-
site. After the 12 weeks and 36 sessions of super-
vised exercise are completed, CMS may provide 
coverage for an additional 36 sessions of super-
vised exercise therapy, if a physician can justify 
the need for the additional sessions. Table  13.2 
summarizes characteristics of supervised exercise 
programs that are covered by CMS.

 Home-Based or Unsupervised 
Walking Exercise in People 
with PAD and Diabetes Mellitus

For many patients with PAD, participation in 
supervised treadmill exercise can be difficult 
even when paid for by medical insurance. In an 
analysis of 1541 patients with PAD who were eli-
gible to participate in randomized trials of super-
vised exercise, and therefore had free access to 
supervised exercise, 69% declined participation, 
because of inconvenience, lack of interest, or 
comorbidities that interfered with participation 
[44]. When supervised exercise is inconvenient 
or not feasible, home-based or unsupervised 
exercise may be an effective alternative to super-
vised treadmill exercise. While home-based exer-
cise was previously considered not an effective 

therapy for people with PAD, early studies of 
home-based walking exercise in PAD did not 
incorporate behavioral change therapies [45–47]. 
More recent randomized clinical trial evidence 
demonstrates that when behavioral change meth-
ods are incorporated into the intervention, home- 
based exercise therapy can significantly improve 
walking endurance in PAD patients [31, 32, 48]. 
However, close monitoring of the PAD patient is 
required to ensure ongoing adherence to home- 
based exercise [49].

Three large clinical trials, published between 
2011 and 2014, demonstrated that home-based 
exercise can improve walking performance in 
PAD patients [31, 32, 48]. The largest of these 
three trials was the Group-Oriented Arterial Leg 
Study (GOALS), which tested the efficacy of a 
Group-Mediated Cognitive Behavioral (GMCB) 
intervention to help patients with PAD adhere to 
a home-based walking exercise program [48]. In 
the GOALS trial, 192 participants with PAD 
were randomized to either a GMCB intervention 
or an attention control group for 6 months [48]. 
The GMCB intervention used behavioral change 
methods including self-monitoring, goal setting, 
group support, and self-efficacy to help people 
with PAD adhere to a home-based walking exer-
cise program. During the first 6  months of the 
GOALS intervention, PAD participants in the 
intervention met in groups once per week at the 
exercise center with other PAD patients and a 
coach. The coach led group discussions that fos-
tered group support and focused on specific 
behaviors necessary for successful behavior 
change, including goal setting, self-efficacy, self- 
monitoring, and overcoming obstacles to exer-
cise adherence. PAD participants in the GOALS 
intervention were instructed to walk for exercise 
5  days per week, gradually building up to 
40–50 min of walking exercise per session, at a 
pace that elicited moderate to severe ischemic leg 
symptoms. Participants were instructed to stop 
and rest in between bouts of ischemia-inducing 
walking exercise activity. After 6 months, partici-
pants in the GMCB home-based exercise inter-
vention group significantly improved their 6-min 
walk distance (primary outcome) by 54 m rela-
tive to the control group, consistent with a large 

Table 13.2 Elements of supervised exercise required for 
coverage by the Centers for Medicare and Medicaid 
Servicesa

Exercise must be prescribed by a physician after a 
face-to-face meeting with the patient that includes 
counseling on cardiovascular disease prevention
Prescribed exercise must consist of 12 weeks of 
exercise sessions that occur three times weekly
After completing 12 weeks of supervised exercise, an 
additional 36 sessions may be prescribed, with written 
justification, after the first 12 weeks is completed and 
may take place over a longer period of time
The exercise sessions must take place in a physician’s 
office or outpatient hospital-affiliated setting
Exercise must be delivered by qualified personnel with 
training in basic and advance life support and exercise 
therapy for PAD
Exercise must be supervised by a physician, 
physician’s assistant, or nurse practitioner/clinical 
nurse specialist

aReprinted with permission from the American College of 
Cardiology [58].
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meaningful improvement [49]. Pain-free tread-
mill and maximal treadmill walking time also 
improved significantly compared to the control 
group [48]. The home-based exercise interven-
tion also significantly improved physical activity 
levels and participants’ perception of walking 
endurance, measured by the Walking Impairment 
Questionnaire (WIQ) distance score, compared 
to the control group. Furthermore, in subgroup 
analyses, the intervention significantly improved 
6-min walk in participants both with and without 
diabetes mellitus, respectively [48]. Specifically, 
6-min walk distance increased by 53  m among 
participants without diabetes mellitus and by 
54 m among participants with diabetes mellitus.

After 6 months of the weekly on-site sessions, 
participants in the GOALS intervention were 
transitioned from the weekly group meetings to 
telephone contact only and received periodic 
telephone calls from the coach between months 7 
and 12. At 12-month follow-up, 6 months after 
the more intensive on-site study intervention was 
completed, change in 6-min walk distance com-
pared to baseline remained significantly better in 
the intervention group compared to the control 
group, consistent with a durable benefit from the 
intervention [50].

Findings in the GOALS trial were confirmed 
in two other randomized trials of home-based 
exercise in people with PAD [31, 32]. One of 
these trials randomized 180 participants with 
PAD and intermittent claudication to one of the 
three groups: supervised treadmill exercise, 
home-based walking exercise, and an attention 
control group for 12  weeks [32]. In the super-
vised treadmill exercise group, participants per-
formed treadmill walking exercise to maximal 
ischemic leg pain, 3  days per week, for up to 
40 min per session. In the home-based walking 
exercise group, participants walked for exercise 
at home 3 days per week, at a self-selected pace, 
for up to 45 min per session. PAD participants in 
the home exercise group wore an activity monitor 
during exercise and returned to the medical cen-
ter at 1-, 4-, 8-, and 12-week follow-up to meet 
with a study investigator, review their step count 
data, and set goals for the next 4  weeks. After 
12  weeks, both exercise groups significantly 

improved their 6-min walk distance, maximum 
treadmill walking distance, and pain-free tread-
mill walking distance, relative to the control 
group. Furthermore, the home-based walking 
exercise group improved their 6-min walk dis-
tance more than the supervised treadmill exercise 
group. At 12-week follow-up, 6-min walk dis-
tance increased by 45 m in the home-based exer-
cise group, by 15  m in the supervised exercise 
group, and by 45 m in the home-based exercise 
group. Since corridor walking more closely sim-
ulates over ground walking, home-based exercise 
programs may be more helpful in achieving 
improved walking in daily life for people with 
PAD. In summary, home-based walking exercise 
interventions that include regular visits to the 
medical center improve walking performance in 
PAD patients, including those with diabetes mel-
litus [48]. Table 13.3 summarizes evidence from 
both supervised and home-based exercise trials 
regarding benefits of supervised and home-based 
exercise interventions in PAD participants with 
and without diabetes mellitus.

In another randomized trial of home-based 
walking exercise intervention that included only 
patients with PAD and diabetes mellitus, the find-
ings were somewhat different. Collins et al. ran-
domized 145 participants with PAD and diabetes 
to a behavioral intervention vs. an attention con-
trol group for 6  months [51]. The intervention 
consisted of an individualized counseling session 
at baseline, followed by one walking session per 
week with an instructor and other patients with 
PAD at an exercise center and 3 days of walking 
at home each week, for up to 50 min of exercise 
per session. Participants in the intervention also 
received bi-weekly telephone calls, in which an 
instructor reviewed their walking progress and 
provided feedback. The attention control group 
received bi-weekly calls from a study investiga-
tor during which the participant and study inves-
tigator discussed glucose control, blood pressure, 
and cholesterol levels during the previous month. 
After 6  months, there were no differences in 
treadmill walking performance between the 
home-based walking exercise intervention and 
the control group. Therefore, in this study of par-
ticipants with diabetes mellitus and PAD, a 
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home-based exercise intervention did not 
improve treadmill walking performance more 
than a control group. Both groups (intervention 
and control group) improved in this trial, and the 
6-min walk test was not measured.

 Practical Aspects of Prescribing 
Home-Based Walking Exercise 
for Patients with PAD and Diabetes 
Mellitus

Prior to initiating a new home-based exercise 
program, it is reasonable for PAD patients with 

diabetes mellitus to complete a baseline treadmill 
cardiac stress test to evaluate them for significant 
coronary ischemia, which may become manifest 
during walking exercise as leg symptoms 
improve. A regular treadmill exercise stress test 
(without imaging) should be sufficient to evalu-
ate most PAD patients for coronary ischemia 
prior to initiating a new exercise program. PAD 
patients whose baseline treadmill exercise stress 
test indicates coronary ischemia should undergo 
additional evaluation prior to initiating an exer-
cise intervention.

Effective home-based exercise programs for 
people with PAD have used activity monitors 

Table 13.3 Studies comparing improvement in walking performance between PAD participants with and without 
diabetes mellitus

Study Sample size Study design Primary findings Comments
Supervised treadmill exercise interventions
Van Pul et al. [41] N = 755

N = 230 
(30%) 
with 
diabetes 
mellitus

Observational 
longitudinal analysis 
of patients referred 
to supervised 
treadmill exercise in 
the Netherlands

At 3-month follow-up, maximal 
treadmill walking distance increased by 
73% in people without diabetes vs. 67% 
in people with diabetes. At 6-month 
follow-up, maximal treadmill walking 
distance increased by 100% and 91%, 
respectively (P = 0.48 for comparison of 
change between those with and without 
diabetes)

Follow-up 
data were 
available for 
just 440 of 
755 
participants

Allen et al. [39] N = 27
N = 13 
(48%) 
with 
diabetes

Randomized trial of 
supervised exercise 
in PAD. Data 
analyzed according 
to the presence vs. 
absence of diabetes

At 3-month follow-up, PAD participants 
with diabetes increased maximal 
treadmill walking performance by 52%, 
and those without diabetes increased 
maximal treadmill walking performance 
by 29%

Small sample 
size is a study 
limitation

Gardner et al. [40] N = 60
N = 25 
(42%) 
with 
diabetes 
mellitus

Randomized trial of 
supervised exercise 
in PAD

At 3-month follow-up, maximal 
treadmill walking distance increased by 
57% (198 m) in participants with 
diabetes vs. 30% (87 m) in those 
without diabetes

Small sample 
size is a study 
limitation

Home-based walking exercise interventions
McDermott et al. 
[48]

N = 194
64 (33%) 
had 
diabetes

Randomized clinical 
trial of home-based 
exercise using a 
group-mediated 
cognitive behavioral 
intervention

At 6-month follow-up, 6-min walk 
distance increased by 53 m among 
participants without diabetes and by 
54 m among participants with diabetes 
mellitus

Improvement 
in 6-min walk 
distance is 
consistent 
with a large 
meaningful 
change

McDermott et al. 
[49]

N = 200
67 
(33.5%) 
had 
diabetes

Randomized clinical 
trial of telephone 
counseling + 
wearable device to 
improve walking 
ability in PAD

At 9-month follow-up, there was no 
improvement overall in 6-min walk 
distance between the intervention and 
control groups. Results did not differ by 
the presence vs. absence of diabetes

13 Exercise Interventions in Patients with Diabetes and Peripheral Artery Disease



224

and/or incorporated throughout the intervention 
principles of behavioral change theory [31, 32, 
48]. Behavioral change techniques that have been 
successful for promoting home-based walking 
exercise in PAD have included goal setting, 
building self-efficacy, monitoring progress, and a 
“coach” to whom the patient feels accountable 
[31, 32, 48]. Therefore, patients with PAD 
engaged in home-based exercise should be 
advised to write down walking exercise goals and 
record their walking exercise activity each week, 
and this information should be reviewed periodi-
cally by a coach or a clinician who provides regu-
lar feedback to the patient. Successful home-based 
programs have incorporated coach contact with 
the participant as infrequently as monthly [32]. A 
home-based exercise intervention for PAD par-
ticipants that consisted of providing a wearable 
activity monitor and telephone coaching was not 
effective [49]. Thus, available evidence suggests 
that effective home-based exercise programs for 
PAD may require ongoing contact with a coach, 
at least during the first 6 months of the interven-
tion [49–52].

 Additional Alternative Exercise 
Strategies for PAD Patients

Relatively few exercise modalities other than 
walking exercise have been studied for PAD 
patients. Several randomized trials that imple-
mented upper and lower limb ergometry, or upper 
and lower extremity cycling, improved walking 
performance in people with PAD and intermittent 
claudication [53–55]. Zwierska et al. randomized 
104 participants with PAD into an upper limb 
aerobic ergometry intervention, a lower limb aer-
obic ergometry intervention, or a non-exercise 
control group for 6  months [53]. Exercise ses-
sions occurred twice per week and consisted of 
2 min of arm or leg cranking ergometry exercise 
followed by 2 min of rest for a total of ten cycles 
(20 min of exercise per session). After 6 months 
of ergometry exercise, the maximal walking dis-
tance, measured by a shuttle-walk test, increased 
by 29% in the upper limb ergometry group and 
by 31% in the lower limb ergometry group. The 

improvement in walking endurance following 
upper limb exercises is unexpected and counter-
intuitive, as exercise benefits are highly specific 
to an imposed demand. Improved cardiovascular 
fitness following upper limb exercise may con-
tribute to improved walking endurance as a result 
of systemic improvement in endothelial function 
or if poor cardiorespiratory fitness contributed 
importantly to the functional impairment, rather 
than atherosclerotic obstruction of the lower 
extremity arteries. It is apparent that more studies 
are needed to define the specific mechanisms 
involved. These trials have not evaluated benefit 
specifically in people with PAD and diabetes 
mellitus.

 Resistance Exercise Training  
for PAD Patients

Lower extremity resistance training has been 
evaluated in PAD patients in several randomized 
clinical trials [29, 56, 57]. In the largest of these 
trials, 156 participants with PAD were random-
ized to supervised treadmill exercise, supervised 
resistance training, or a control group for 
6  months. At 6-month follow-up, supervised 
treadmill exercise achieved a statistically signifi-
cant and clinically meaningful improvement in 
6-minute walk performance (+35.9 meters vs. the 
control group), while supervised lower extremity 
resistance training did not improve the six-min-
ute walk more than the control group (+12.4 
meters). Resistance training has not been sepa-
rately evaluated in PAD participants with diabe-
tes mellitus, to the author’s knowledge.

 Conclusions

Diabetes mellitus is common in PAD patients. 
Patients with PAD and diabetes mellitus have 
significantly greater impairment in walking 
endurance and higher rates of mobility loss than 
those without diabetes mellitus. The distribution 
of lower extremity atherosclerosis in people with 
PAD makes these less well suited for endovas-
cular revascularization, which is most  beneficial 
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when performed for more proximal lower 
 extremity stenosis.

Patients with peripheral artery disease with 
and without diabetes mellitus benefit from both 
supervised and home-based walking exercise. 
The magnitude of improvement following super-
vised treadmill exercise may be less for patients 
with PAD and diabetes mellitus compared to 
patients with PAD who do not have diabetes 
mellitus. Nevertheless, evidence supports that 
exercise interventions are effective in improv-
ing walking performance or exercise capacity in 
PAD patients with and without diabetes mellitus 
and therefore exercise should be considered as 
part of the therapeutic strategy of these patients.
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Cardiorespiratory Fitness, 
and Obesity

Louise de Lannoy and Robert Ross

 Introduction

Obesity is an excess accumulation of fat. 
Overweight and obesity are most commonly 
defined by increased body mass index (BMI), 
calculated by dividing weight in kilograms by the 
square of height in meters. According to the 
World Health Organization (WHO), overweight 
is defined as BMI  ≥25  kg/m2 and obesity as 
BMI  ≥30  kg/m2 [1]. The prevalence of over-
weight and obesity is increasing; currently, nearly 
40% of adults are overweight, and 13% are obese 
worldwide [1]. This is a major health concern as 
obesity has recently been identified as the leading 
risk factor for noncommunicable diseases [2]. 
Epidemiological evidence suggests that the 
decline in physical activity energy expenditure 
(PAEE), observed in the last few decades, is a 
major contributor to the rise in overweight and 
obesity [3]. Following a thorough review on the 
importance of physical activity (PA) for obesity 
management, the American College of Sports 
Medicine [4] published weight loss guidelines 
that recommend moderate-intensity PA greater 
than 250 min/week in combination with dietary 
restriction for adults looking to achieve clinically 
significant weight loss.

In this chapter we will explore the role that PA 
has in the management of obesity. Specifically, the 
following topics will be reviewed: (1) the search 
method utilized; (2) nomenclature related to obe-
sity, PA, and cardiorespiratory fitness (CRF; a 
physiological trait often considered a surrogate 
measure of PA); (3) epidemiological and (4) ran-
domized controlled trial (RCT) evidence on the 
interaction between obesity, PA, and CRF on 
health outcomes; and finally (5) clinical and public 
health insights for weight management.

A PubMed search was performed using the 
following keywords: (obesity OR overweight OR 
obese) and (exercise OR physical activity) and 
(cardiorespiratory fitness). The search strategy 
included the following filters: publication date 
1994–2018, humans, English language, and 
adults >18  years old. Identified studies were 
included in this chapter based on the following 
inclusion criteria: (1) Participants were older 
than 18 years, and (2) analysis of the interaction 
between at least two of the following variables: 
body weight or fat mass or waist circumference 
(WC) or abdominal fat mass, cardiorespiratory 
fitness, and physical activity or exercise.

 Obesity and Health Outcomes

Obesity is associated with a number of cardio-
metabolic risk factors including hypertension, 
dyslipidemia, and insulin resistance, as well as 
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chronic diseases such as type 2 diabetes and non-
alcoholic fatty liver disease [5]. Quality of life in 
this patient population is also frequently reduced 
as activities of daily living such as getting grocer-
ies and cleaning are impaired at a younger age 
with the onset of obesity [6]. Further, obesity is 
associated with increased mortality risk due to 
the presence of multiple comorbid conditions, 
making surgical interventions and medical treat-
ments more complex [6].

Regional distribution of fat is a key determinant 
of cardiometabolic risk. Regional accumulation of 
abdominal subcutaneous (SAT) and visceral adi-
pose tissue (VAT) are major contributors to cardio-
metabolic dysfunction [7] and are therefore 
important clinical targets for reducing health risk. 
SAT and VAT are most accurately measured by 
computed tomography (CT) or magnetic resonance 
imaging (MRI); however, given the high cost of 
imaging technologies, these measures are infre-
quently used. Surrogate measures such as WC, 
BMI, and waist-to-hip ratio (WHR) have been vali-
dated against objective measures of abdominal adi-
posity [8–12], where combining WC with BMI 
produces the most accurate estimate of non-
abdominal adipose tissue, SAT, and VAT.

 Physical Activity

PA is a behavior, defined as any bodily movement 
that exerts energy above resting levels. PA can 
induce a negative energy balance where chronic 
negative energy balance ultimately leads to a 
reduction in body weight. Higher amounts of PA 
performed on a regular basis are associated with a 
lower risk of developing obesity [13, 14]. 
Conversely, the decline in occupational PA 
observed over the last 40  years corresponds 
closely to actual increases in weight in middle- 
aged men and women in the workforce over this 
time period [3]. Thus, a decline in PA, and in par-
ticular occupational PA, is a major contributor to 
the rise in overweight and obesity observed in the 
last few decades. There is also substantive evi-
dence highlighting the inverse dose-response 
association between PA and risk of morbidity and 
mortality [15–17]; thus, engaging in PA is impor-

tant not only to reduce obesity but to improve 
long-term health as well.

PA can be unstructured (e.g., occupational, 
transportation-based, incidental PA) and struc-
tured (leisure time moderate-to-vigorous PA; 
exercise). Common methods to measure PA 
include questionnaires, pedometers, and acceler-
ometers. Questionnaires are quick to perform 
and simple to administer and interpret, though 
are prone to recall bias [18]. For this reason 
questionnaires may be most useful for broadly 
categorizing patients as meeting PA guidelines 
or not [19]. In contrast, pedometers and acceler-
ometers can objectively measure PA and so may 
be more useful for tracking patient PA behavior 
over time [19]. In addition, recent advances in 
accelerometry- based devices have prompted 
investigation into the 24-h activity cycle and the 
relationships between sleep, sedentary time, 
varying intensities of PA (light, moderate, vigor-
ous), and health [20]. Such advances have high-
lighted the importance of considering the health 
benefits of all activity intensity domains, as 
opposed to focusing solely on exercise [20].

 Cardiorespiratory Fitness

Cardiorespiratory fitness (CRF) is a physiologi-
cal characteristic that defines the ability of the 
respiratory, circulatory, and muscular systems to 
distribute and use oxygen during continuous 
physical activity. CRF is inversely associated 
with overweight and obesity [21], and as outlined 
in a recent statement paper from the American 
Heart Association [22], it is also a strong and 
independent predictor of morbidity and mortality 
beyond traditional risk factors.

Maximal CRF is assessed directly using stan-
dardized exercise protocols (treadmill or cycle 
ergometer) and expressed as maximal oxygen 
consumption (VO2 max) or estimated either from 
submaximal tests or non-exercise algorithms 
[22]. PA is the primary modifiable determinant of 
CRF, where PA leads to an improvement in both 
central [23] (stroke volume) and peripheral [24] 
(mitochondrial density and increased vascular-
ization) determinants of CRF. Collectively, these 
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improvements result in increased oxygen deliv-
ery and uptake of the exercising muscles, thereby 
increasing CRF. Thus, CRF is often considered a 
surrogate measure of PA and an objective mea-
sure of the effect of PA on long-term outcomes. 
However, in longitudinal trials the association 
between PA and CRF is modest [25, 26]. This is 
likely due in part to how PA and CRF are assessed. 
For example, self-report PA questionnaires are 
often used to assess PA, which are subjective and 
correlate poorly with direct measures of PA [27], 
while CRF is typically assessed by  a VO2 max 
test, which  represents a direct and objective 
assessment of CRF. In addition, there is a strong 
heritability component in the response of CRF to 
PA leading to large interindividual differences in 
CRF improvement following the adoption of PA 
[28]. Nonetheless, increased PA of adequate 
intensity, duration, and volume is the primary 
factor for improving CRF; thus, improvements in 
CRF generally reflect changes in PA.

 Epidemiological Evidence 
of the Interactions Between CRF, 
PA, and Obesity

 Independent Effects of PA and CRF 
on Obesity

Both PA and CRF are inversely associated with 
obesity, where PA is the primary modifiable 
determinant of CRF. However, CRF is often more 
strongly associated with obesity [29, 30] and 
obesity-related metabolic risk [21, 31] than 
PA. Moreover, these observations are seen when 
PA is measured through self-report [30, 31] and 
objectively [21, 29]. A potential explanation for 
these observations is that CRF is a reflection of 
both the physiological response to PA as well 
as  genetic predisposition and thus may more 
accurately reflect the combined effect of intrinsic 
(genetics, sex) and acquired (PA) factors on 
health risk. Since PA is the only verified method 
to improve CRF and is associated with weight 
loss in a dose-response manner [32], PA should 
be encouraged to improve CRF, and reduce obe-
sity and obesity-related health risk.

 PA and Obesity: Current Guideline 
Recommendations

Several public health committees [4, 33, 34] rec-
ommend PA as an important component of 
weight loss, weight loss maintenance, and 
weight gain prevention strategies. Collectively, 
these committees recommend PA in excess of 
250  min per week to promote weight loss and 
weight loss maintenance and 150–250  min per 
week of moderate- intensity PA to prevent weight 
gain [4, 33, 34].

 PA and Obesity: Observations on PA 
Amount

The aforementioned guidelines are based on lon-
gitudinal studies that have explored the inverse 
association between the amount of regular PA 
performed and obesity. For example, Di Pietro 
and colleagues [14] examined the association 
between daily PA and weight change in men with 
sedentary desk jobs over a 5-year period. The 
authors reported that daily PA was inversely 
associated with weight gain in this population 
[14]. Moreover, the authors proposed that, con-
sistent with the above guidelines, approximately 
45–60 min of moderate PA per day was necessary 
to prevent weight gain [14].

In women, the role of PA amount on weight 
gain prevention is less straightforward. Consistent 
with Di Pietro and colleagues, Lee et  al. [13] 
reported that sustaining high amounts (60 min of 
moderate PA per day) of PA was required to pre-
vent weight gain in women. However, the authors 
also reported that this association was only 
observed in women who did not have overweight 
or obesity at baseline [13]. Therefore, they sug-
gest that for overweight or obese women, increas-
ing PA does not help prevent weight gain, and 
instead controlling caloric intake may be more 
important for weight maintenance [13]. However, 
the discrepancy observed between men and 
women may be due to an inconsistency in the way 
in which daily PA levels were measured. For 
example, occupational PA levels were not mea-
sured in the female cohort, whereas occupational 
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PA was controlled for in the male cohort. As men-
tioned previously, the decline in occupational PA 
over the last few decades has substantially con-
tributed to weight gain in adults [3]. Thus, further 
investigations on the role of PA on weight change 
are warranted. Incorporating 45–60  min/day of 
moderate PA within work time hours, by intro-
ducing standing/treadmill desks, taking walking 
breaks, and/or walking meetings, may be a practi-
cal strategy to prevent weight gain long term.

 PA and Obesity: Observations on PA 
Intensity

Current weight management recommendations 
do not address the issue of exercise intensity for 
weight loss or maintenance [34]. Yet, findings 
from longitudinal studies indicate a dose- response 
relationship between intensity of PA and risk of 
overweight or obesity [35–37]. In older adults, 
moderate-to-vigorous PA (MVPA; >3 METs, i.e., 
walking at ≥2.5  mph), but not light PA (LPA; 
1.5–<3 METs, i.e., walking at <2.5 mph), is inde-
pendently associated with lean mass and nega-
tively associated with fat mass [35]. Similarly, in 
young adults [36], there is a strong association 
between body fat percentage and moderate PA 
(MPA; 3–<6 METs), whereas no association is 
observed between LPA and measures of obesity. 
Interestingly, in this publication the association 
between vigorous PA (VPA; ≥6 METs, i.e., very 
brisk walking at >4.0 mph) and body fat percent-
age was not as robust as the association with 
MPA, though very little time was spent in VPA 
relative to MPA. As energy expenditure (EE) and 
a subsequent negative energy balance are the pri-
mary determinants of change in body weight [4, 
38], it is unsurprising that small amounts of VPA, 
and thus minimal EE, was not strongly associated 
with body composition.

Collectively, evidence from longitudinal stud-
ies suggests that PA intensity above three METs 
(i.e., walking at ≥2.5  mph) is beneficial for 
reducing risk of overweight and obesity, though 
further research is required on PA intensity above 
6 METs (i.e., very brisk walking at >4.0 mph). 
However, accurate assessment of the intensity of 

PA in longitudinal trials is challenging, as PA 
intensity, often assessed by self-report, is unreli-
able [18]. The increase in the use of accelerome-
try to objectively measure PA in more recent 
longitudinal trials [39–41] will prove crucial in 
clarifying the effect of PA intensity on obesity- 
related health outcomes. For now, the intensity of 
various activities is available in the 2011 
Compendium of Physical Activities [42].

 Physical Activity, CRF, and Obesity 
as Predictors of Morbidity 
and Mortality

As stated, PA is the primary modifiable determi-
nant of CRF.  However, the modest correlation 
between these two variables leads to important 
questions regarding the relationship between PA, 
CRF, and health outcomes. Specifically, is the 
impact of PA different and independent of the 
impact of CRF on health? Similarly, do PA and 
CRF influence disease risk differently? Do they 
modify risk associated with obesity differently? 
Finally, which one of the two is more protective?

 CRF, Obesity, and Cardiometabolic 
Risk

It is well established that CRF and adiposity are 
each independently associated with cardiometa-
bolic risk factors. However, the strength of the 
association typically depends on the risk factor 
assessed. For example, while both CRF and BMI 
are independently associated with impaired fasting 
glucose [43–45], elevated BMI is more strongly 
associated with inflammatory markers [46], dyslip-
idemia [46], and hypertension [47–50]. However, 
when obesity is classified by visceral and subcuta-
neous adiposity, CRF is more strongly associated 
with hypertension and dyslipidemia than is adipos-
ity [51]. This suggests that CRF modifies the rela-
tionship between abdominal obesity and 
cardiometabolic risk and is therefore protective 
against abdominal obesity-related metabolic risk. 
This is supported by observations that increasing 
CRF attenuates the risk of developing hypertension 
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[50], metabolic syndrome [50, 52], and hypercho-
lesterolemia [50] in individuals who develop or 
have overweight and/or obesity. Thus, the afore-
mentioned evidence suggests that both a reduction 
in body fat and improvement in CRF are important 
for improving cardiometabolic risk.

 CRF, Obesity, and Mortality Risk

It is well established that CRF is inversely associ-
ated with all-cause mortality, while obesity is 
positively associated. Furthermore, evidence 
suggests that when CRF is added to all-cause 
[52–54] and CVD [52] mortality risk prediction 
models, the risk associated with increasing obe-
sity is no longer significant (Table  14.1). This 
observation has been shown whether obesity is 
estimated by BMI [52], WC [54], or percent body 
fat [53]. Further, CRF improves all-cause mortal-
ity risk assessment when added to a combined 
BMI and WC risk model [58]. Thus, CRF pre-
dicts risk independent of obesity measures, and 
when included in obesity-related risk models, it 
improves risk assessment. These observations 
highlight the benefit of measuring CRF in a clini-
cal setting, as CRF can improve the ability of 
practitioners to assess health risk of their patients 
beyond what is currently measured.

 PA, Obesity, and Morbidity Risk

There is overwhelming evidence that PA is asso-
ciated with a reduction in risk factors associated 
with type 2 diabetes and cardiovascular disease 
(CVD). In a review by Janiszewski and Ross 
[59], the authors emphasized that the favorable 
impact of PA on visceral adiposity, insulin resis-
tance, and hypertension is independent of signifi-
cant changes in body weight. However, 
when looking at long-term health outcomes, lon-
gitudinal evidence on the association between 
PA, obesity, and morbidity risk suggests that obe-
sity is a more important determinant of morbidity 
than PA. For example, when adults are separated 
by activity level (active or inactive) and change in 
BMI over a 10-year period, having a BMI greater 

than 25 (overweight to obese) for a longer dura-
tion was the stronger predictor of CVD risk [60]. 
In the same analysis, the authors reported that 
being active attenuated but did not eliminate risk 
of CVD in overweight or obese individuals. 
Similar observations have been shown with coro-
nary heart disease (CHD) risk, where weight 
more strongly predicts CHD risk than PA, though 
PA was associated with an attenuation in risk [56] 
(Table  14.1). Interestingly, in individuals with 
CHD, regular PA but not weight loss was associ-
ated with a lower risk of all-cause mortality, sug-
gesting that while obesity may be more important 
than PA for lowering risk of CVD onset, in indi-
viduals who already have CHD, adopting or 
maintaining PA is more important for survival 
[61]. Thus, both PA and obesity management are 
important for long-term health, where PA is espe-
cially important for long-term survival in clinical 
populations.

 Interactions Between CRF, PA, 
and Obesity with Risk Assessment
When self-reported PA and CRF are assessed 
together, CRF is often associated with risk inde-
pendent of PA [31, 57]. In individuals with obe-
sity, improving CRF reduces the risk of 
developing a metabolically unhealthy profile, 
independent of PA [31]. Further, when PA and 
CRF are assessed in concert with obesity, CRF is 
inversely associated with risk of developing met-
abolic syndrome independent of both PA and 
obesity [57]. However, when PA is measured 
objectively, it has a threefold stronger inverse 
association with risk of developing metabolic 
syndrome than does CRF [62]. While more evi-
dence on objective measures of PA and long-
term health outcomes are required, this initial 
observation reinforces the importance of engag-
ing in regular PA to decrease risk of morbidity.

 Interventional Data on PA, CRF, 
Obesity, and Outcomes

Based on observations from longitudinal trials 
showing the benefit of adopting PA, lowering 
obesity, and improving CRF on lowering risk 

14 Physical Activity, Cardiorespiratory Fitness, and Obesity



234

Ta
bl

e 
14

.1
 

E
ffi

ca
cy

 o
f 

PA
, C

R
F,

 a
nd

 o
be

si
ty

 o
n 

re
du

ci
ng

 m
or

bi
di

ty
 a

nd
 m

or
ta

lit
y 

ri
sk

A
rt

ic
le

N
W

om
en

 
(%

)
A

ge
 (

ye
ar

s)
O

ut
co

m
e 

 
m

ea
su

re
M

et
ho

d 
of

  
m

ea
su

re
m

en
t

R
is

ka

C
R

F
 a

nd
 o

be
si

ty
O

be
si

ty
C

R
F

O
be

si
ty

 a
dj

us
te

d 
fo

r 
C

R
F

C
R

F
 a

dj
us

te
d 

fo
r 

ob
es

it
y

C
hu

rc
h 

et
 a

l. 
[5

3]
21

96
0.

0%
49

.3
 (

9.
5)

A
ll-

ca
us

e 
m

or
ta

lit
y 

in
 m

en
 w

ith
 

di
ab

et
es

B
M

I
M

od
ifi

ed
 B

al
ke

 
pr

ot
oc

ol
 o

n 
a 

tr
ea

dm
ill

+
4%

 f
or

 e
ve

ry
 1

 
un

it 
in

cr
ea

se
 in

 
B

M
Ii

−
25

%
 f

or
 e

ve
ry

 1
 

M
E

T
 in

ci

n/
s

−
26

%
 f

or
 

ev
er

y 
1 

M
E

T
 

in
ci

K
at

zm
ar

zy
k 

et
 a

l. 
[5

2]
19

,1
73

0.
0%

43
.1

 (
9.

7)
A

ll-
ca

us
e 

m
or

ta
lit

y 
in

 m
en

 w
ith

 
m

et
ab

ol
ic

 s
yn

dr
om

e

B
M

I
O

be
se

: 5
5%

j
O

be
se

: n
/s

j

Su
i e

t a
l. 

[5
4]

26
03

19
.8

%
64

.4
 (

4.
8)

A
ll-

ca
us

e 
m

or
ta

lit
y

B
M

I
M

od
ifi

ed
 B

al
ke

 
pr

ot
oc

ol
 o

n 
a 

tr
ea

dm
ill

O
be

se
: n

/s
k

Fi
t: 

−
47

%
k

O
be

se
: n

/s
k

Fi
t: 

−
49

%
k

PA
 a

nd
 o

be
si

ty
O

be
si

ty
PA

O
be

si
ty

 a
dj

us
te

d 
fo

r 
PA

PA
 a

dj
us

te
d 

fo
r 

ob
es

it
y

H
u 

et
 a

l. 
[1

7]
11

6,
56

4
10

0.
0%

30
–5

5
A

ll-
ca

us
e 

m
or

ta
lit

y
B

M
I

Se
lf

-r
ep

or
t P

A
O

be
se

: +
56

%
b

In
ac

tiv
e:

 +
52

%
c

In
ac

tiv
e:

 +
44

%
c

H
u 

et
 a

l. 
[5

5]
47

,2
12

52
.0

%
25

–6
4

A
ll-

ca
us

e 
m

or
ta

lit
y

B
M

I
Se

lf
-r

ep
or

t P
A

M
en

O
be

se
: +

24
%

d

W
om

en
O

be
se

: +
37

%
d

M
en

A
ct

iv
e:

 −
36

%
d

W
om

en
A

ct
iv

e:
 −

41
%

d

M
en

O
be

se
: +

17
%

e

W
om

en
O

be
se

: +
15

%
e

M
en

A
ct

iv
e:

 −
26

%
e

W
om

en
A

ct
iv

e:
 −

36
%

e

L
i e

t a
l. 

[5
6]

88
,3

93
10

0%
34

–5
9

C
or

on
ar

y 
he

ar
t 

di
se

as
e

B
M

I
Se

lf
-r

ep
or

t P
A

O
be

se
: +

20
7%

f
In

ac
tiv

e:
 +

58
%

g
In

ac
tiv

e:
 +

43
%

g

Y
u 

et
 a

l. 
[5

7]
18

4
10

0%
61

.1
 (

3.
1)

M
et

ab
ol

ic
 

sy
nd

ro
m

e
B

M
I

Se
lf

-r
ep

or
t P

A
A

ct
iv

e:
 −

56
%

h
A

ct
iv

e:
 −

58
%

h

A
ll 

va
lu

es
 s

ig
ni

fic
an

t a
t p

 <
 0

.0
5 

un
le

ss
 o

th
er

w
is

e 
st

at
ed

PA
 p

hy
si

ca
l a

ct
iv

ity
, C

R
F

 c
ar

di
or

es
pi

ra
to

ry
 fi

tn
es

s,
 H

R
 h

az
ar

d 
ra

tio
, R

R
 r

el
at

iv
e 

ri
sk

, O
R

 o
dd

s 
ra

tio
a R

is
k 

m
ea

su
re

d 
as

 h
az

ar
d 

ra
tio

 [
54

, 5
5]

, r
el

at
iv

e 
ri

sk
 [

17
, 3

1,
 5

2,
 5

3,
 5

6]
, o

dd
s 

ra
tio

 [
57

]
b A

dj
us

te
d 

fo
r:

 a
ge

c A
dj

us
te

d 
fo

r:
 a

ge
, s

m
ok

in
g 

st
at

us
, a

lc
oh

ol
 c

on
su

m
pt

io
n,

 p
ar

en
ta

l h
is

to
ry

 o
f 

C
H

D
, p

os
tm

en
op

au
sa

l s
ta

tu
s 

an
d 

ho
rm

on
e 

us
e,

 B
M

I 
(w

he
re

 in
di

ca
te

d)
d A

dj
us

te
d 

fo
r:

 a
ge

, e
xa

m
in

at
io

n 
ye

ar
e A

dj
us

te
d 

fo
r:

 a
ge

, e
xa

m
in

at
io

n 
ye

ar
, e

du
ca

tio
n,

 s
m

ok
in

g 
st

at
us

, s
ys

to
lic

 b
lo

od
 p

re
ss

ur
e,

 c
ho

le
st

er
ol

, d
ia

be
te

s 
at

 b
as

el
in

e,
 a

nd
 P

A
/B

M
I 

(w
he

re
 in

di
ca

te
d)

f A
dj

us
te

d 
fo

r:
 a

ge
g A

dj
us

te
d 

fo
r:

 a
ge

, s
m

ok
in

g 
st

at
us

, a
lc

oh
ol

 c
on

su
m

pt
io

n,
 p

ar
en

ta
l h

is
to

ry
 o

f 
C

V
D

, p
os

tm
en

op
au

sa
l s

ta
tu

s 
an

d 
ho

rm
on

e 
us

e,
 a

sp
ir

in
 u

se
, B

M
I 

(w
he

re
 in

di
ca

te
d)

h A
dj

us
te

d 
fo

r:
 a

ge
, B

M
I 

(w
he

re
 in

di
ca

te
d)

i A
dj

us
te

d 
fo

r:
 a

ge
, e

xa
m

in
at

io
n 

ye
ar

, B
M

I 
(w

he
re

 in
di

ca
te

d)
j A

dj
us

te
d 

fo
r:

 a
ge

, e
xa

m
in

at
io

n 
ye

ar
, s

m
ok

in
g 

st
at

us
, a

lc
oh

ol
 c

on
su

m
pt

io
n,

 C
V

D
, p

ar
en

ta
l h

is
to

ry
 o

f 
C

V
D

, C
R

F 
(w

he
re

 in
di

ca
te

d)
k A

dj
us

te
d 

fo
r:

 a
ge

, s
ex

, e
xa

m
in

at
io

n 
ye

ar
, s

m
ok

in
g 

st
at

us
, a

bn
or

m
al

 E
C

G
, b

as
el

in
e 

he
al

th
 s

ta
tu

s 
(C

V
D

, h
yp

er
te

ns
io

n,
 d

ia
be

te
s,

 h
yp

er
ch

ol
es

te
ro

le
m

ia
),

 B
M

I,
 a

nd
 C

R
F 

(w
he

re
 

in
di

ca
te

d)

L. de Lannoy and R. Ross



235

of morbidity and mortality, many randomized 
controlled trials have been performed to better 
isolate the effects of PA, CRF, and weight loss 
on health outcomes. The next sections will dis-
cuss evidence from RCTs on the effect of PA 
on weight management, as well as the com-
bined effect of increasing PA and CRF and 
lowering obesity on cardiometabolic risk 
factors.

 PA and Weight Loss

It is well established that in a well-controlled, 
supervised environment, a negative energy bal-
ance induced by exercise in the absence of 
caloric reduction is associated with a substan-
tial reduction in weight and measures of 
abdominal adiposity [63–66]. These observa-
tions are countered by behavioral-based inter-
ventions [67] wherein the strategy is to sustain 
PA for long periods without supervision. In 
these trials the effect of exercise on weight loss 
is modest at best [67]. Collectively, these 
observations show that in a well-controlled 
environment, exercise is effective at inducing 
weight loss and reducing abdominal obesity. 
However, under real-world conditions, encour-
aging adults to sustain exercise long term is 
extremely difficult and remains a major public 
healthcare challenge.

 PA and Weight Loss Maintenance

One of the greatest challenges in weight loss 
interventions is long-term maintenance. Diet- 
based interventions have been criticized for 
their lack of long-term effectiveness [68], where 
up to two-thirds of dieters regain more weight 
than was lost following completion of diet-only 
interventions [68, 69]. Interventions that com-
bine exercise with diet are more successful than 
diet alone in preventing weight regain. In a 
meta-analysis Franz and colleagues [67] 
reported that at 12 months diet-only trials, espe-
cially very low calorie diet trials, resulted in 
greater weight recidivism than diet and exercise 

combined. The amount of PAEE also influences 
risk of regain; in a 3-year exercise intervention, 
Jakicic et al. [70] reported that individuals who 
sustained 10% weight loss or more after 2 years 
performed substantially more exercise (275 min/
week) than those who did not. These observa-
tions by Jakicic et  al. [70] are consistent with 
those of Di Pietro et al. [14], Lee et al. [13], and 
Hu et al. [71] that more than 30 min/day of mod-
erate PA is required to prevent weight gain. 
These findings are also reflected in obesity man-
agement recommendations by the American 
College of Sports Medicine (ACSM) [4], distin-
guishing between PA for health benefit and PA 
for weight loss maintenance. PA in excess of 
250 min per week is recommended for weight 
loss maintenance, but only 150 min is required 
for health benefit.

 PA and Prevention of Weight Gain

There is substantial experimental data to suggest 
that the body defends more strongly against a 
negative energy balance than a positive balance 
[72, 73]; therefore, it may be easier to prevent 
against weight not yet acquired than to lose exist-
ing weight [74, 75]. Given the lack of success 
many adults experience losing weight and main-
taining weight loss, a more achievable strategy to 
reduce the prevalence of overweight and obesity 
may be to prevent weight gain. Moreover, data on 
long-term weight regain shows that individuals 
whose weight cycles from loss to gain experience 
a greater reduction in lean mass during weight 
loss and accumulation of fat mass during weight 
gain compared to non-weight cyclers [31]. Since 
weight gain is associated with an increased risk 
of morbidity and mortality in a dose-response 
manner [17, 55, 75, 76], limiting weight gain 
may be more beneficial and realistic for overall 
health than continual weight loss efforts.

Based on observations of weight gain in the 
past two decades, Hill and colleagues [74] argue 
that an energy deficit of 100 kilocalories per day 
could prevent weight gain in 90% of adults [77]. 
Consistent with this theory, two short-term pilot 
studies have shown that a modest decrease in 
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energy intake (100 kcal/day less) combined with a 
small increase in PA (an additional 2000 steps/
day, equivalent to 20 min/day of MPA) was suc-
cessful in preventing weight gain in families [78, 
79]. In fact, a RCT is under way to determine the 
long-term effectiveness of this approach [80]. 
Though the findings from this long-term RCT are 
yet to be published, the success of the above pilot 
studies combined with the observation that PA 
level is inversely associated with future weight 
gain [14, 66] suggests that PA has an important 
role in preventing weight gain in adults. Therefore, 
encouraging patients to make small changes in 
diet (100 kcal less/day) and PA (adopt 20 min of 
MPA/day in 10  min bouts or more) may be an 
effective method to prevent weight gain and a 
pragmatic first step toward reducing obesity.

 PA, CRF, and Obesity Reduction 
in the Absence of Weight Loss

PA is associated with an improvement in CRF 
and health-related outcomes regardless of weight 
change [81–84]. PA is also associated with an 
increase in lean mass and a reduction in visceral 
adiposity independent of changes in body weight 
[65, 84]. Collectively, these observations indicate 
that healthcare professionals should encourage 
their patients to engage in regular PA for effective 
obesity and obesity-related risk management and 
not gauge successful obesity reduction solely 
through reductions in body weight.

 PA, CRF, and Obesity Reduction 
in Relation to Cardiometabolic Risk 
Factors

There is substantive epidemiological evidence 
that physical inactivity, low CRF, and obesity are 
associated with a poor cardiovascular profile and 
an increased risk of morbidity and mortality. To 
better identify the causal relationship between 
PA, CRF, and obesity on health, several research 
groups have examined the effect of exercise on 
CRF and obesity in relation to risk factors of 

morbidity and mortality. This next section will 
summarize evidence from RCTs on the interact-
ing and combined effects of PA, CRF, and obe-
sity on dyslipidemia, insulin resistance, and 
hypertension.

 Dyslipidemia

Dyslipidemia is defined by  an abnormal lipid 
profile that includes high blood levels of total 
cholesterol, low-density lipoprotein (LDL) cho-
lesterol, and/or triglycerides (TG) or low levels 
of high-density lipoprotein (HDL) cholesterol, 
and is associated with an increased risk of mor-
bidity and CVD mortality [85]. Moreover, 
excess adiposity, physical inactivity, and low 
CRF are associated with a dyslipidemic profile 
[86–88]. Several RCTs have examined the 
effects of exercise and weight loss on the lipid 
profile of inactive overweight and obese indi-
viduals. Consistent in the literature is that higher 
amounts of PAEE are associated with greater 
improvements in the lipid profile of participants 
[59, 89–92] (Table 14.2 and Fig. 14.1). A meta-
analysis of 25 RCTs including studies from both 
men and women across a wide age range [107] 
concluded that moderate-intensity walking and 
an improvement in CRF were both correlated 
with improvements in LDL and the total choles-
terol (TC)-to-HDL ratio independent of body 
composition. Important to note in this meta-
analysis is that adhering to guideline-type PA 
was associated with a reduction in the TC-to-
HDL ratio such that on average, individuals who 
became active were more likely to shift out of 
the high- risk category (10-year risk, 20%) for 
coronary artery disease [108]. A more recent 
study found that aerobic, resistance, and com-
bined exercises resulted in similar improve-
ments in the TC-to- HDL ratio in abdominally 
obese women when similar amounts of PAEE 
within guideline recommendations were pre-
scribed [93]. Thus, the adoption of PA consis-
tent with current guidelines is sufficient to incur 
clinically relevant improvements in the lipid 
profile of high-risk individuals.
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 Insulin Resistance

Insulin resistance is a major metabolic distur-
bance that drives the onset of both type 2 diabetes 
and CVD [109]. The primary modifiable determi-
nants of insulin resistance are physical inactivity 
and abdominal obesity [49, 110]. Several RCTs 
have explored the interacting and combined 
effects of PA, CRF, and weight loss on reducing 
the onset of insulin resistance and improving glu-
cose metabolism (Table 14.2 and Fig. 14.1). The 
findings from these trials support that a reduction 
in abdominal adiposity, and not an increase in 
CRF, predicts improvement in insulin sensitivity 
in middle-aged and older adults following the 
adoption of regular aerobic exercise [100, 110, 
111]. Similarly, O’Leary et  al. [101] observed 

that while change in insulin resistance was posi-
tively associated with visceral adipose tissue 
(VAT) and negatively associated with CRF fol-
lowing a 12-week aerobic exercise program, the 
association was stronger with VAT.  Further, 
results from a 2-year diet and exercise interven-
tion in individuals with a family history of diabe-
tes [97] revealed that weight loss, achieved either 
through diet or exercise, was the strongest nega-
tive predictor of type 2 diabetes onset.

There is also evidence that an improvement in 
insulin sensitivity induced by weight loss may be 
different in men and women. For example, Ross 
and colleagues [65] reported that insulin sensitiv-
ity improves through exercise-induced but not 
diet-induced weight loss in women, likely due to 
a greater reduction in total and abdominal 
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Fig. 14.1 Change in cardiometabolic variables in 
response to differing amounts of exercise as measured by 
physical activity energy expenditure. (a) Glucose disposal 
[63–65, 90, 95], (b) fasting insulin [63, 90, 95, 101], (c) 
systolic blood pressure (SBP) [63, 90, 91, 96, 105, 106], 

(d) diastolic blood pressure (DBP) [63, 90, 91, 96, 105], 
and (e) high-density lipoprotein (HDL) cholesterol [63, 
89, 90]. Data points represent group means from the 
above-cited randomized controlled trials
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 adiposity with exercise. In another study, these 
investigators reported that diet- or exercise- 
induced weight loss led to similar reductions in 
VAT and similar improvements in insulin sensi-
tivity in men [64]. However, several studies have 
shown that in both men and women, the combi-
nation of diet and exercise incurs the greatest 
improvement insulin sensitivity [96, 98, 105, 
112]. It is also well established that exercise 
improves insulin sensitivity acutely in men and 
women, though this effect dissipates rapidly 
beyond 48 h [95, 113]. Therefore, regular PA is 
necessary to sustain the exercise-induced acute 
benefit, and the combination of diet and regular 
PA is optimal for long-term benefit in both men 
and women.

Both aerobic and resistance exercises [63, 94, 
98, 99, 102, 104] are associated with improve-
ments in insulin sensitivity, though aerobic exer-
cise is often more effective due to higher EE and 
subsequent greater fat mass loss. Interestingly, 
when EE is matched, guideline-type aerobic 
exercise and a combination of aerobic and resis-
tance exercises result in similar improvements in 
abdominal adiposity and insulin sensitivity [104, 
114]. In contrast, higher-intensity exercise (80–
90% of maximum heart rate) is associated with 
greater improvements in insulin sensitivity, even 
when PAEE is matched [63, 103, 115]. Thus, 
reducing abdominal adiposity and engaging in 
regular PA with emphasis on increasing PA inten-
sity are important targets for improving insulin 
sensitivity.

 Hypertension

Hypertension is a major risk factor for CVD 
[116], where physical activity [117] and weight 
loss [50] are considered as effective non- 
pharmaceutical methods to lower blood pressure. 
It is important to note that even small reductions 
in diastolic blood pressure (2 mmHg) may sub-
stantially reduce the prevalence of hypertension, 
risk of CHD, and stroke [118]. In a systematic 
review of 22 lifestyle-based interventions for 
weight loss and cardiovascular risk factor reduc-
tion in individuals with overweight/obesity, 

Schwingshackl et al. [119] reported that exercise 
consistent with current guidelines, combined 
with a healthful diet (≤ 30% total energy from 
fat, reduce intake of saturated fats, increased 
intake of fruit, vegetables, and fiber), resulted in 
substantive reductions in body weight (~4  kg) 
and clinically relevant reductions in systolic 
blood pressure (~2 mmHg). Thus, application of 
lifestyle-based strategies to lower blood pressure 
could considerably reduce the prevalence of 
hypertension-related morbidity (Table  14.2 and 
Fig. 14.1).

However, it remains unclear whether the 
exercise- related reduction in blood pressure is 
independent of weight loss. For example, in a 
meta-analysis on PA and blood pressure, 
PA-based interventions were associated with 
clinically significant reductions in blood pressure 
(~3.0  mmHg) despite minimal reductions in 
weight loss (−1.2  kg) [120]. In contrast, Ades 
et  al. [90] found that PAEE and subsequent fat 
mass loss best predicted an improvement in blood 
pressure, suggesting that weight loss is the medi-
ating factor between PA and blood pressure 
reduction. In line with these observations, Church 
and colleagues [106] reported that when weight 
was maintained in postmenopausal women, nei-
ther PA nor improvements in CRF affected blood 
pressure. This was true even when PA was pre-
scribed up to 150% of guidelines. Thus, while 
further research is required to better elucidate the 
interactions between PA, obesity, and blood pres-
sure, healthy lifestyle behaviors that include ade-
quate PA in combination with a healthful diet are 
positively associated with improvements in blood 
pressure.

 Recommendations

The preceding evidence suggests that to improve 
CRF and manage body weight, patients should 
engage in moderate-intensity PA consistent with 
current physical activity guidelines (150 min per 
week at 50% of maximum heart rate, i.e., brisk 
walking). For weight loss and weight loss main-
tenance, PA in excess of 250 min per week is rec-
ommended [4]. It is also important to note that 
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higher  PA intensity and volume  is associated 
with a greater improvements in CRF [63].

However, adoption and maintenance of such 
large PA volumes are challenging for most peo-
ple. In addition, poor adherence to weight loss 
strategies and subsequent weight cycling is 
associated with greater health risk than weight-
stable overweight and obesity [31]. Thus, 
encouraging patients to first prevent weight gain 
by incorporating small changes in PA (2000 
steps/day increase) and diet (100  kcal/day 
reduction) may be a more pragmatic and effec-
tive first step toward managing the current obe-
sity epidemic.

 Public Health/Clinical Significance

One-third of US adults now have obesity [122] 
where costs associated with overweight, obe-
sity, and comorbidities are in excess of $150 
billion USD annually [123]. Epidemiological 
evidence on PA behaviors strongly suggests 
that the decline in PA observed in the last few 
decades is a major contributor to the rise in 
overweight and obesity, where a higher level of 
PA [124, 125] and CRF [21, 30, 126–128] is 
associated with a lower prevalence of obesity 
across a wide age range. However, PA and CRF 
are associated with a targeted reduction in 
waist circumference, VAT, and cardiometabolic 
risk factors [64, 65, 81–84, 121] even in the 
absence of weight loss. Collectively, this evi-
dence suggests that while the lowest-risk phe-
notype includes individuals who are at a normal 
weight, are active, and have high fitness [129], 
adopting PA regardless of the effect on weight 
has important health implications. Further, a 
singular focus on weight loss as the optimal 
treatment target may in fact be detrimental to 
the health of the patient if unsuccessful weight 
loss leads to discontinued adherence to healthy 
lifestyle behaviors [75]. Thus, shifting the 
focus away from weight loss and instead 
toward the importance of an active lifestyle is a 
crucial public health message that could sub-
stantially reduce the risk of morbidity and mor-
tality in the United States.
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Abbreviations

AF Atrial fibrillation
BMI Body mass index
CHD Coronary heart disease
CRF Cardiorespiratory fitness
CVD Cardiovascular diseases
DM2 Diabetes mellitus
HF Heart failure
HLD Hyperlipidemia/dyslipidemia
HTN Hypertension
LDL-C Low-density lipoprotein cholesterol
METs Metabolic equivalent
MetS Metabolic syndrome
OP Obesity paradox
PA Physical activity
VO2 Maximal oxygen uptake
WC Waist circumference

 Introduction

According to the National Health and Nutrition 
Examination Survey of adults between 2013 and 
2014, a third were considered to be overweight as 
defined by body mass index (BMI 25.0–29.9 kg/
m2) and over a third obese (BMI > 30 kg/m2). 
Given long-standing evidence that obesity is 
a risk factor for numerous diseases, including 
cardiovascular diseases (CVD), with the trend 
of increasing BMI over the last 50  years, the 
obesity epidemic has become a national health 
concern [1–4].

However, in the last two decades, numerous 
studies have provided evidence of a paradoxical 
association between obesity as expressed in BMI 
and chronic illness, termed the obesity paradox 
(OP). Specifically, overweight and obese individ-
uals appear to have a substantially lower risk of 
mortality than similarly matched normal- weight 
and lean individuals [5–7]. These findings con-
tradict the dogma of obesity as detrimental to 
public health and mortality, and the concept has 
spurred significant study.

Unlike obesity, increasing cardiorespiratory 
fitness (CRF) has been associated with reductions 
in all-cause and CVD mortality across the full 
spectrum of BMI [8–15]. Many of the deleteri-
ous effects of obesity are attenuated by increased 
CRF. This is often measured as either maximal 
oxygen uptake (VO2 max) or levels of physi-
cal activity (PA) using metabolic equivalents 
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(METs) [16, 17]. In this review, we discuss the 
interactions between OP, CRF, and CVD morbid-
ity and mortality.

 Effects of Obesity 
on the Cardiovascular System

Obesity potentiates diseases considered risk fac-
tors for coronary heart diseases (CHD), such 
as metabolic syndrome (MetS), dyslipidemia 
(HLD), type 2 diabetes mellitus (DM2), and 
hypertension (HTN). Excess caloric intake con-
tributes to the proliferation of adipose tissue, 
which has endocrine functions that disrupt nor-
mal metabolism and promote inflammation via 
the action of adipokines [18–20]. These include 
a number of interleukins (1β, 6), as well as tumor 
necrosis factor-α, which work with leptin to 
induce insulin resistance, impair vaso-reactivity, 
and alter lipid metabolism [21–23].

Increased low-density lipoprotein choles-
terol (LDL-C) is also closely associated with 
excess adiposity through mechanisms such as 
leptin- associated proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) expression. Excess 
LDL-C promotes atherosclerosis through sub-
endothelial deposition of LDL-C/apolipoprotein 
B-containing particles that stimulate macrophage 

activity, phagocytosis, and foam cell formation, 
leading to atherosclerosis including CHD [24, 
25]. Obesity further contributes to atheroscle-
rosis through its association with small, dense 
LDL-C and oxidized LDL-C [26]. Both oxidized 
and dense LDL-C are associated with a higher 
level of oxidative stress, MetS, smooth muscle 
proliferation, and higher risks for CHD [27–29].

Obesity is also positively related to HTN, 
a well-accepted risk factor for CVD.  The 
Framingham Heart Study suggests that weight 
gain contributes to 78% of blood pressure 
increases in males and 65% in females [30]. The 
postulated mechanisms for this effect include 
impairment of renal-pressure natriuresis via three 
proposed mechanisms: physical renal compres-
sion, adipose tissue-derived angiotensinogen 
activating the renin-angiotensin-aldosterone sys-
tem and mineralocorticoid receptors, and leptin- 
mediated stimulation of renal sympathetic nerve 
activity [31–33] (Fig. 15.1).

These factors tie in closely with obesity’s 
effects on cardiac remodeling and associated 
heart failure (HF) (Fig.  15.2). One mecha-
nism is through increased total blood volume 
and cardiac output associated with adiposity, 
resulting in increases in left ventricular stroke 
volume, ultimately contributing to concen-
tric ventricular remodeling and HF [34]. The 
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Framingham Heart Study of 5881 subjects 
showed that every 1  kg/m2 increase in BMI 
resulted in a 5% increased risk of HF in males 
and 7% in females during a 14-year follow-up 
[35]. Similarly, in a study of normotensive, 
morbidly obese subjects, obesity was the stron-
gest predictor of HF [36].

Excess adipose tissue likewise contributes 
to maladaptations and alterations of the cardiac 
structure and function that promote atrial fibrilla-
tion (AF) [33, 37–39]. Changes in left ventricular 
morphology have been associated with bimodal 
increases in AF reflecting both dilated and hyper-
trophied variants of dysfunctional ventricular 

Excessive adipose accumulation

Sleep apnea/obesity
hypoventilation

syndrome

�Circulating
blood volume

�LV stroke
volume

No change in heart rate

�Cardiac output

LV enlargement

Hypertension

�LV wall stress

LV hypertrophy

Adequate

LV diastolic
dysfunction

LV failure

LV systolic
dysfunction

RV failure

RV hypertrophy
and enlargement

Pulmonary
venous hypertension

Pulmonary
arterial hypertension

Hypoxia/acidosis

Inadequate

�Fat-free mass

¯Systemic vascular resistance
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morphology [40]. There also appears to be an 
independent association of left atrial remodeling 
with higher BMI which is also associated with 
increases in AF risk [40, 41]. These mechanisms 
help explain findings that every 1 unit increase 
in BMI elevates AF risk by 4–5% [42]. Gender 
may also play a role in incidence of AF in obese 
people. In a Danish study examining 47,589 sub-
jects, an increase in BMI correlated with a greater 
incidence of AF in males compared to females 
[43]. Additionally, we have already discussed 
that obesity potentiates hypertension, which is 
another risk factor for AF [44].

Although weight gain has significant asso-
ciations with an increased risk for a spectrum 
of CV diseases, the relationship is dynamic. AF 
studies have shown that weight loss results in 
decreased duration and burden of AF and long-
term weight loss reduces its recurrence [45–47]. 
On the other hand, many retrospective studies 
suggest that weight loss (especially uninten-
tional) in HF is associated with poor outcomes 
[48, 49]. This will be discussed in more detail 
later in the chapter.

 Data Supporting the Obesity 
Paradox

Over the last two decades, numerous studies 
have found mortality benefits in obese patients 

with chronic disease compared to their leaner 
counterparts. In 22,576 subjects with HTN and 
CHD, overweight and obese subjects had lower 
rates of all-cause mortality than normal-weight 
subjects [50]. When data on patients with CHD 
was pooled into a meta-analysis of 89 studies, 
overweight and obese subjects were found to 
have lower risks of short-term (<6 months) and 
long- term (≥6 months) mortality [51]. Likewise, 
low BMI and HF were associated with a higher 
incidence of hospital readmissions and mortality 
[52, 53]. In one of the first studies on the OP in 
HF by Horwich et al., the best HF prognosis was 
found in overweight subjects, followed by obese 
subjects, whereas the worst prognosis was found 
in underweight subjects, followed by subjects 
with normal BMI (Fig. 15.3) [54]. Similarly, in 
a meta-analysis by Oreopoulous et  al., patients 
with HF who were overweight and obese had 
lower CVD and all-cause mortality than coun-
terparts with normal BMI [55]. A retrospective 
analysis of the CHARM trial supports this rela-
tionship by finding that individuals who were 
underweight or had normal BMI had higher mor-
tality than overweight and obese subjects [56]. 
However, several studies have demonstrated a 
U-shaped curve between BMI and HF morbidity/
mortality, suggesting loss of protective effects of 
the OP in morbidly obese people [57, 58].

The OP in AF is somewhat more surprising. 
AF was found to be a significant independent risk 
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factor for death in the original Framingham cohort 
of 5209 subjects and numerous other studies [59, 
60]. Given that both advancing age and increas-
ing obesity have been found to be risk factors for 
developing AF, a plausible conclusion would be 
that increasing obesity leading to an increasing 
burden of AF would be associated with higher 
mortality [42, 43]. However, there has been sig-
nificant evidence for the OP in the AF popula-
tion [61, 62]. In two post hoc analyses from the 
Atrial Fibrillation Follow-up Investigation of 
Rhythm Management (AFFIRM), overweight 
status and obesity were associated with lower 
risk of all-cause mortality compared to normal-
weight subjects with AF [63]. Similarly over-
weight AF subjects enrolled in Chinese hospitals 
had a higher survival rate compared to normal 
and underweight counterparts [64]. Additionally, 
the apixaban for reduction in stroke and other 
thromboembolic events in atrial fibrillation 
(ARISTOTLE) trial by Sandhu et  al. showed 
higher BMI and waist  circumference (WC) were 
associated with a favorable prognosis [65].

In addition to CVD, the OP has been docu-
mented in numerous other disease states, includ-
ing those with chronic kidney disease, the 
critically ill, and surgical patients: non-bariatric 
general surgery, coronary bypass, both open and 
catheter-directed valve replacement, and colorec-
tal surgical patients [66–68]. Notable exceptions 
to this include renal transplant patients (poorer 
survival and graft survival than ideal-body- 
weight patients) and aortoiliac bypass patients 
(metabolic syndrome rather than obesity was a 
significant predictor of reintervention) [69, 70].

 Proposed Mechanisms 
of the Obesity Paradox in CVD

The OP is a phenomenon that highlights protec-
tive mechanisms for overweight to mildly obese 
people with chronic disease. The mechanisms 
of the OP are not clearly understood, but sev-
eral have been proposed (Table 15.1). One effect 
related to the OP is that higher lean muscle mass 
rather than fat mass is associated with improved 
CRF in those with higher BMI [71, 72]. Coutinho 

and colleagues attempted to evaluate the hypoth-
esis of an OP due to lean mass versus fat mass by 
stratifying 15,547 CHD patients by a combina-
tion of BMI and WC. In this analysis individuals 
with BMI of ≤22 and WC ≥101 cm had a signifi-
cantly higher mortality than both individuals of 
similar BMI and lower WC and individuals with 
higher BMI and variable WC [73]. De Schutter 
and colleagues examined 47,866 patients who 
were stratified based on BMI and lean mass, 
noting that when body fat was examined in the 
setting of lean mass, it was a poor predictor of 
mortality in all but underweight patients [74]. 
Thus, although the OP by BMI is evident in the 
CHD population, positive associations are more 
consistent in those with higher lean mass than 
higher body fat (or associated central obesity).

HF is characterized by a catabolic state, espe-
cially in its later stages, thus a strong possibility 
exists that normal-weight patients are captured 
in a downward trend of BMI characteristic of 
end- stage disease. This is a plausible explana-
tion since weight loss exceeding 5% of starting 
body weight was found to be a significant predic-
tor of mortality in HF [48, 49]. However, Khalid 
and colleagues studied this hypothesis in 1487 
patients enrolled in the Atherosclerosis Risk in 
Communities study by comparing pre-HF BMI 
to outcomes over a 10-year span and found that 
the overweight and obese appeared to have bet-
ter survival than patients with normal BMI [75]. 
Additionally, Ahmad et al. studied patients from 
ages 45–55 through 95 years old and found that 
obesity does lengthen life-span during a HF dis-
ease state, but overall longevity is shorter for the 

Table 15.1 Mechanisms of the obesity paradox

Additional metabolic reserves allow for more 
prolonged catabolic states
Better nutritional status
Tolerating higher doses of cardioprotective 
medications
Increased body mass leads to increased muscle mass/
strength and increased CRF
Earlier presentation/screening associated with lead 
time bias
Increased sequestration of cytokines
Exclusion of cachectic/frail individuals with high 
mortality
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obese than nonobese [76]. It is plausible then that 
most studies identify an obesity survival paradox 
in HF due to a bias toward studying diseased 
(rather than disease-free) populations.

Given that inflammatory stress is posited 
to play a significant role in AF, the cytokine 
sequestration hypothesis (i.e. the presence 
of tumor necrosis-α receptors in adipose tis-
sue) may play a significant role in reducing 
AF-associated morbidity [77]. Another expla-
nation for the OP in AF is that higher levels of 
BMI are associated with higher levels of CRF 
(due to increased lean mass), which may con-
fer mortality benefits [71, 72]. Interestingly 
the relationship between CRF and AF has 
been shown to be an inverse one above levels 
of moderate PA/CRF, which will be discussed 
more later in this chapter [78, 79].

 Effects of Cardiorespiratory Fitness

CRF is a measurement of the ability of the circu-
latory and respiratory systems to supply oxygen 
during sustained PA which can be measured with 
exertional metrics, such as the estimated METs 
or through maximal VO2 consumption [80]. 
Assessing CRF has become an important corner-
stone of studying the OP, because of the dynamic 

interactions between levels of CRF and mortality 
benefits derived from excess BMI.

As discussed elsewhere in the text, CRF coun-
ters CVD risk factors, such as hyperglycemia, 
HTN, and HLD. In a study of 29,854 men who 
underwent the Balke maximal exercise treadmill 
test, it was estimated that a 1-MET increase in 
CRF conferred a 20% decrease in CHD risk [81]. 
Barlow and colleagues evaluated CRF associa-
tions with mortality and CVD events and found 
that a 1-unit MET increase in baseline CRF was 
associated with 11% and 18% reductions in all- 
cause and CVD mortality, respectively [82]. 
In HF patients, a 1-MET increase in CRF was 
associated with a 16% risk reduction of HF, and 
patients with exercise capacity of 6–12 METS 
had an 81% reduction of HF compared to patients 
with a capacity of <6 METs (Fig.  15.4) [83]. 
These effects have translated into both lower hos-
pitalization and mortality rates and have resulted 
in the FDA approval of cardiac rehabilitation for 
a HF indication [84–86].

Higher CRF is associated with lower inci-
dence of AF to a point. In a retrospective 
study using data from the Henry Ford Exercise 
Testing Project, there was an inverse relation-
ship between CRF and incidence of AF, espe-
cially for obese patients compared to nonobese 
patients [79]. More specifically, there was a 7% 
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lower risk of AF for every 1-MET increase in 
CRF.  In the CARDIO-FIT Study, weight loss 
and increases in CRF had a synergistic effect 
on reduction of AF recurrence (Fig.  15.5) [87]. 
Among obese subjects, an increase in CRF of 1 
MET alone would result in a 20% reduction in 
occurrence of arrhythmias. Improving PA has 
been shown to reduce the risk factors of AF such 
as autonomic dysfunction, elevated blood pres-
sure, insulin resistance, poor arterial function, 
and inflammation [88–90]. However, some data 
suggest intensive, sustained physical training is 
associated with increasing risk of AF, especially 
in elite endurance athletes [91, 92]. This would 
indicate that CRF can be protective for AF with 
light-to- moderate exercise, but the benefits pla-
teau at higher levels of PA, especially endurance 
exercise [78].

In discussing weight loss with respect to the 
OP, data has shown marked differences between 
intentional (usually fat losses) versus unin-
tentional weight loss. In the National Health 
Interview Survey, intentional weight loss lowered 
mortality rate by 24% (HR 0.76; 95% confidence 
interval, 0.60–0.97). In contrast, unintentional 
weight loss was associated with a 31% higher 
mortality rate (HR 1.31; 95% confidence inter-
val, 1.01–1.70) [93]. In a comparison between 
the Tecumseh Health prospective study and 
Framingham study, weight loss (LM) and fat loss 

(BF) were isolated; weight loss increased HR by 
29–39%, while fat loss reduced HR by 15–17% 
[94]. In the HUNT study, weight gain was asso-
ciated with improved mortality, whereas weight 
loss was only associated with higher mortality 
risk in normal-weight individuals [95]. In the set-
ting of cardiac rehabilitation (CR), weight loss 
was associated with lower rate of CVD regard-
less of baseline BMI (HR = 0.62; P = 0.018) [96]. 
Given the variability in data  surrounding weight 
loss, the difficulty of distinguishing “healthy” 
from “unhealthy” weight loss, and the strong 
support for the OP in chronic disease, at this time 
weight loss is not a recommended method of 
improving outcomes.

 Interactions of CRF, Obesity, 
and the OP

Those with low PA often have more abdominal 
obesity and higher CVD risk. Although increas-
ing PA attenuates the CVD risk associated with 
obesity, leanness does not seem to ameliorate 
the adverse effects of being sedentary [97–99]. 
Thus, both CRF and obesity have been found to 
be independent modifiers of CVD and mortality 
[15, 100, 101].

In some studies body composition appears to 
play a minimal role when stratified by CRF. In the 
Aerobic Center Longitudinal Study, in patients 
with CHD, there were no significant differences 
in CVD and mortality risk among categories of 
BMI, WC, and % BF. This mirrors findings in a 
separate cohort of individuals with CVD where 
obesity did not have significant effects on mor-
tality [14, 102]. Likewise, in the HUNT study, 
only those overweight and obese subjects who 
did not adhere to recommended PA had reduced 
all-cause and CVD mortality [103]. However, a 
systematic review by Fogelholm concluded that 
people with high BMI and CRF had lower risk 
of all-cause and CVD mortality compared to 
people with normal BMI with poor CRF [104]. 
McAuley and colleagues also found that body 
composition had mortality effects; overweight- 
obese men with moderate CRF had similar mor-
tality risk compared to high CRF normal- weight 
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men [105]. Zafrir et al. examined the product of 
BMI and CRF (as measured by the 6-min walk 
distance test) and found that there was a stepwise 
decrease in mortality by viewing BMI and CRF 
as a combined metric (Fig. 15.6) [106].

Other data shows an independent effect of 
body composition on mortality when stratified 
by CRF. Goel and colleagues investigated CHD 
patients from the Mayo Clinic cardiac rehabilita-
tion program and found that differences in mortal-
ity were bimodal, stratifying into just two groups 
of low and high risk. The low-risk cluster con-
tained individuals with high CRF regardless of 
body composition and the low CRF obese, while 
the high-risk cluster contained all other low CRF 
individuals, indicating that obesity was associ-
ated with comparable mortality benefits to CRF 
[107]. Additionally, in the previously referenced 
study by McAuley, subgroup analyses suggested 
that being overweight and having moderate CRF 
were equivalent to being normal-weight and hav-
ing high CRF [105].

However, other data shows significant inter-
actions between BMI and CRF with respect to 
mortality benefits. Kokkinos et  al. explored the 
BMI-mortality risk association in 18,033 male 
veterans and found that lower BMI was associ-
ated with higher mortality risks in the low-fit and 
moderately fit categories, but not in the high-fit 
categories (METs > 11.1) [108]. In several stud-
ies of HF patients, the OP has been observed 
in unfit patients with advanced HF [109, 110]; 

it was noted that BMI 18.5–24.9 was associated 
with decreased survival in the low CRF group, 
while survival was highest in the high CRF group 
regardless of BMI [110]. Lastly, PA and exercise 
training have been shown to reduce adiposity and 
increase CRF while improving prognosis in both 
HF and CHD populations, which suggests that 
lean mass displaces fat mass in physically active 
individuals [95, 111, 112]. As of now, data sup-
ports the OP in populations with low to moderate 
CRF, whereas in the high CRF population, the 
OP is more of a lean paradox [113, 114].

 Conclusions

Obesity is associated with many risk factors 
for CVD, such as MetS, HLD, glucose intoler-
ance, and HTN. Among individuals with CVD, 
many studies have found a favorable association 
between improved survival and having a BMI 
in the overweight to mildly obese range when 
compared to normal-weight or lean groups. In 
exploring the mechanisms of pathology associ-
ated with obesity and the data behind the OP in 
CVD, it is evident that there are significant bene-
fits to excess body weight in the CVD population. 
However, these benefits diminish with increasing 
CRF reserves.

Matthew Budoff has recently discussed the 
utility of CRF as gauge of biological age [115]. 
Given existing data that obesity is detrimental to 
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life-span for younger patients and that the OP 
has not been demonstrated in individuals with 
high CRF, it is reasonable to encourage PA that 
increases CRF in all populations throughout the 
life-span, with the aspiration of improving health 
through higher CRF regardless of BMI [76, 116]. 
Therefore, we recommend exercise training and 
PA to improve CRF to attenuate risk factors of 
CVD in individuals who are overweight or obese.
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Abbreviations

Apo Apolipoprotein
BMI Body mass index
CAD Coronary artery disease
CETP Cholesteryl ester transfer protein
CVD Cardiovascular disease
HDL High-density lipoprotein
HDL-C  High-density lipoprotein cholesterol
HDL-P Total HDL particles
HL  Hepatic lipase
HLP  Large HDL-P
HMP  Medium HDL-P
HSP Small HDL-P
HZ HDL particle size
IDL Intermediate-density lipoprotein
IDL-P Intermediate-density lipoprotein 

particles
Kcal Kilocalories
LCAT Lecithin/cholesterol acyltransferase
LDL Low-density lipoprotein
LDL-C Low-density lipoprotein cholesterol
LDL-P Total LDL particles
LLP Large LDL-P
LPL Lipoprotein lipase

LSP  Small LDL-P
LZ  LDL particle size
NMR  Nuclear magnetic resonance
PA Physical activity
TG Triglyceride
VLCP Large VLDL-P plus chylomicron 

particles
VLDL Very low-density lipoprotein
VLDLCP VLDL-P plus chylomicron particles
VLDL-P VLDL particles
VLZ  VLDL particle size
VMP Medium VLDL-P
VSP  Small VLDL-P

 Introduction

Existing evidence overwhelmingly supports that 
physical activity (PA) and exercise have a posi-
tive effect on improving overall health. These 
positive PA and exercise effects are important for 
the prevention and treatment of adverse health 
conditions such as coronary artery disease 
(CAD), cardiovascular disease (CVD), and stroke 
by reducing disease risk factors such as high 
blood pressure and elevated blood lipids [1]. 
Various blood lipids exist and are necessary for 
normal body functioning [2]. Nevertheless, when 
blood lipids like cholesterol and triglyceride lev-
els are abnormally elevated, risk for CVD is 
increased. Hyperlipidemia and dyslipidemia are 
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terms used to describe abnormal blood triglycer-
ide and cholesterol profiles, but numerous other 
terms such as dyslipoproteinemia also exist. 
These terms with broad definitions are presented 
in Table 16.1.

The first classic exercise study evaluating 
blood lipids was published by Holloszy et al. [3]. 
Their work provided two basic premises regard-
ing blood lipids that are still constant today: total 
blood cholesterol does not usually change with 
exercise unless body weight is changed or dietary 
intake is changed [4], and blood triglyceride lev-
els are usually lower following exercise training 
[3]. Since the publishing of this important study, 
a plethora of exercise studies examining lipid and 
lipoprotein metabolism have been published. 
Though more knowledge is yet to be learned, we 
now have a much clearer understanding of lipid 
and lipoprotein function, the regulation for their 
formation, lipid and lipoprotein transportation 
both extracellularly by the blood to tissue cells 
and intracellular movement, and greater details 
pertaining to abnormal lipid and lipoprotein pro-
file and disease risk. Now after more than 
50 years of scientific examination, many factors 
are known to exist affecting the regulation of 
lipid and lipoprotein metabolism with lifestyle 
interventions such as diet, PA, and exercise. A list 
of some of these factors is found in Table 16.2. 

Much of our expanded knowledge surrounding 
lipoprotein metabolism has come from under-
standing the different genetic and environmental 
factors influencing the lipoprotein metabolic 
pathways and ultimately lipoprotein composi-
tion. Environmental factors include gender; age; 
body composition and body fat distribution; 
dietary intake including fat, cholesterol, carbohy-
drates, fiber, and alcohol; cigarette smoking; 
medication use (see Table 16.3); change in body 
weight; PA; regular participation in exercise; and 
a single exercise session. The intent of this chap-
ter is to provide an appraisal of the existing 
knowledge concerning blood lipids and lipopro-
teins related to PA, regularly practiced exercise, 
and a single exercise session.

 Pathophysiology

 Lipoprotein Composition 
and Metabolic Pathways

Blood lipoproteins are part of a complex system 
for moving exogenous and endogenous lipids 
from the intestine and liver to systemic tissues. 
Because lipids are not soluble in water, lipids 
must combine with proteins (apolipoprotein  – 
apo) (see Table 16.4) to form lipid-protein parti-

Table 16.1 Lipid definitions [139]

Term Definition
Apolipoprotein The protein portion of the lipoprotein that combines with lipids, forming a lipid-protein 

particle (see Table 16.4)
Cholesterol A common steroid found in food and in the body, consumed in the diet and synthesized 

in the liver, and contribute to forming cell membranes, bile, and sex hormones
Dyslipidemia Elevated blood lipid concentrations based on a combination of genetic, environmental, 

and other pathological factors
Hypercholesterolemia Elevated blood cholesterol concentrations
Hyperlipidemia Chronically elevated blood triglyceride and cholesterol as a result of lifestyle
Hyperlipoproteinemia Elevated lipoprotein concentrations possibly related to other underlying diseases
Hypertriglyceridemia Elevated triglyceride concentrations
Lipoprotein The combining of lipids such as cholesterol and triglycerides with soluble proteins, 

making the lipids capable of transportation to body tissues through the plasma
Postprandial lipidemia A dramatic rise in triglyceride-rich lipoproteins after eating a fat-rich meal. Several lines 

of evidence exist suggesting that postprandial lipemia increases the risk of atherogenesis
Triglyceride A group of three fatty acids connected to glycerol. Fatty acids are consumed in the diet, 

synthesized in the liver, used as energy, or stored in body tissues as fat – not soluble in an 
aqueous solution

Information modified from: Durstine and Moore [139]
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Table 16.2 Factors affecting blood lipids and lipoproteins

Factors Explanation
Age Lipid profiles tend to alter as we age and are likely a reflection in the change in blood 

hormone levels [82, 140]
Body fat 
distribution

The distribution of body fat is related to adverse changes in serum lipids and lipoproteins 
rather than the amount: abdominal obesity results in increases of triglycerides [141, 142]

Cigarette smoking Smoking is associated with low HDL-C levels and higher triglyceride concentrations [143]
Considerations for 
women

Include the type of oral contraceptives used and the subjects’ day in the menstrual cycle 
[9, 144]

Diet If an experimental protocol involves several exercise treatments and/or lasts for an extended 
period, dietary composition must be held constant as part of the experimental design [9, 81, 
145]

Fasting state Postprandial vs fasting status influences triglyceride values but not cholesterol [146]. A fasting 
lipid panel is preferred [137]

Medications See Table 16.3 on medications
Plasma volume 
changes

Plasma volume can contract during an exercise session or expand in the days after exercise. 
An appropriate estimate of this change would incorporate measurement of both hemoglobin 
and hematocrit and/or measurement of total plasma proteins [9, 147]

Pre-exercise lipid 
concentrations

If pre-exercise lipid concentrations are high or low for change to occur, persons with initially 
high HDL-C or low total cholesterol concentrations may have to complete a larger volume of 
work [9]

Time of day 
variation

Lipid concentrations will vary throughout the day. The time of the day that the blood samples 
are collected (morning, afternoon, etc.) needs to be consistent throughout the study [146]

Timing of 
follow-up blood 
collection

Single exercise session – changes that occur in lipoprotein metabolism may develop within the 
72-h postexercise period, not necessarily during exertion
Exercise training – blood collection should be at least 48 h after the last exercise session [9]

Training state An inactive person may require a smaller absolute volume of exercise to elicit change than an 
active person [9, 94]

Use of alcohol High alcohol intake has a greater impact on overweight individuals by increasing triglyceride, 
VLDL, and chylomicron levels. Usually when triglycerides are elevated, HDL-C is lower. 
However, alcohol may in this case cause an increase in HDL-C [148, 149]

Weight change Weight change will affect triglyceride, LDL-C, and total cholesterol concentrations [4]
Exercise volume 
(kcals, 
MET-minutes)

The volume of work or exercise completed should be quantified so that various activities may 
be compared in either kcals or Met-minutes [9, 52, 150]

cles referred to as lipoproteins. These particles 
have defined dimensions, are spherical in shape 
and water-soluble, and contain phospholipid, tri-
glyceride, both free and esterified cholesterol, 
and various apolipoproteins. Four basic lipopro-
tein categories exist and are identified based on 
each lipoproteins’ gravitational density proper-
ties. All lipoprotein classes such as HDL-C are 
divided into HDL2-C and HDL3-C (see 
Table 16.5). Chylomicron is the least dense lipo-
protein, is very large in size, is comprised mostly 
of lipid (triglyceride), is mostly produced during 
food digestion, to a lesser degree is produced by 
the liver, and is important for the transport of tri-
glyceride to systemic tissues. Very low-density 

lipoprotein (VLDL) also provides for the trans-
port of triglyceride to systemic tissue and is 
formed mostly in the liver and, to a lesser extent, 
in the gut during digestion. Low-density lipopro-
tein (LDL) is the catabolized remains of VLDL, 
is created by the action of hepatic lipase (HL) [5], 
is found in the endothelial lining of the liver and 
lipoprotein lipase (LPL) [6], is found in the endo-
thelial lining of peripheral blood capillary wall, 
and is the primary transport mechanism for cho-
lesterol to systemic tissue. High-density lipopro-
tein (HDL) is created in the breakdown of other 
lipoproteins and by absorption during digestion 
in the small intestine. With the actions of the 
enzymes cholesteryl ester transfer protein 
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Table 16.4 Major human apolipoproteins [46, 152]

Apolipoprotein Major function CAD risk factor
A-I LCAT activator Inversely related with CAD risk
A-II LCAT inhibitor and/or activator of heparin releaseable hepatic 

triglyceride hydrolase
Not associated with CAD risk

B-48 Required for synthesis of chylomicron Directly associated with CAD 
risk

B-100 LDL receptor-binding site Directly associated with CAD 
risk

(a) Similar characteristics between apo(a) and plasminogen, thus 
may have a prothrombolytic role by interfering with function of 
plasminogen, possible acute phase reactant to tissue damage

Directly associated with CAD 
risk

C-I LCAT activator Not associated with CAD risk
C-II LPL activator Not associated with CAD risk
C-III LPL inhibitor, several forms depending on content of sialic 

acids
Not associated with CAD risk

D Core lipid transfer protein, possibly identical to the cholesteryl 
ester transfer protein

Not associated with CAD risk

E Remnant receptor binding, present in excess in the beta-VLDL 
of patients with type III hyperlipoproteinemia and exclusively 
with HDL-C

Not associated with CAD risk

H Cofactor in phospholipid binding, involved in lipoprotein 
metabolism, possible LPL activator, plays a role in immune 
clearance of foreign particles by macrophages, and inhibits 
certain aspects of platelet activity

Unclear as to CAD risk

VLDL very low-density lipoprotein, IDL intermediate-density lipoprotein, LDL low-density lipoprotein, HDL high- 
density lipoprotein, CAD coronary artery disease, LCAT lecithin:cholesterol acyltransferase, LPL lipoprotein lipase
Reprinted with permission Durstine et al. [46]
Crook and Apolipoprotein [152]

Table 16.3 Drug interactions with lipids and lipoproteins [96, 151]

Class of drug Effect on lipids and lipoproteins
Lipid altering drugs and supplementsa

Bile acid sequestrants Decreases total cholesterol
Cholesterol absorption inhibitor Inhibits cholesterol absorption in the small intestine
HMG-CoA reductase inhibitors Inhibits cholesterol synthesis, increases LDL receptors
Fibric acid derivatives Activates LPL, decreases VLDL and triglycerides, and increases HDL
Nicotinic acid Increases HDL, decreases VLDL synthesis
Fish oils Decreases triglycerides
Common drugs and supplements given for other health conditionsb

Anticonvulsants Variable effects on LDL and HDL
Antipsychotics Increase triglyceride
Beta-blockersc Increase triglyceride and decrease HDL
Immunosuppressive drugs Increases triglyceride, LDL, and HDL
Corticosteroids Variable effects, but tends to increase LDL and triglyceride
Growth hormone Increases LDL, might slightly increase HDL
Retinoids Increases triglyceride and LDL
Anabolic steroids Increases LDL, decreases HDL
Protease inhibitors Increases triglyceride and LDL
Estrogen Decreases LDL but increases both triglyceride and HDL

aModified from Moore et al. [96]
bModified from Herink and Ito [151]
cVaries based on individual drug dose
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(CETP) and lecithin:cholesterol acyltransferase 
(LCAT), HDL is involved in the reverse transport 
process of returning excessive amounts of cho-
lesterol and triglyceride back to the liver for 
breakdown and excretion [7].

In the past, differential centrifugation density 
gradient technology was used for the specific 
classification of all lipoproteins to include chylo-
microns, VLDL, intermediate-density lipoprotein 
(IDL), LDL, and HDL (see Table 16.5). With the 
advancement of technology for blood analysis 
techniques, nuclear magnetic resonance (NMR) 
spectroscopy methods are now available allowing 
for the analysis of lipoprotein concentrations 
based on particle size. Using NMR methodology, 
lipoprotein particles are segregated into the fol-
lowing: VLDL particles (VLDL-P) plus chylomi-
cron particles (VLDLCP); large VLDL-P plus 
chylomicron particles (VLCP); small and 

medium VLDL-P (VSP and VMP, respectively); 
IDL particles (IDL-P); total LDL particles (LDL- 
P); small and large LDL-P (LSP and LLP, respec-
tively); total HDL particle (HDL-P); and small, 
medium, and large HDL-P (HSP, HMP, and HLP, 
respectively). NMR spectroscopy also analyzes 
average VLDL, LDL, and HDL particle sizes 
(VLZ, LZ, and HZ, respectively) [8].

Lipids have different important biological 
uses in the body. Triglyceride is a fat or lipid 
formed as glycerol, combines with three fatty 
acids in the liver or through intestinal absorption 
during digestion, and is used for energy. Excessive 
amounts are stored intramuscularly or in adipose 
tissue. Cholesterol is also a fat or lipid, is synthe-
sized by all animal cells, is an essential structural 
component of cell membranes, and is necessary 
in the biosynthesis of steroid hormones, bile acid, 
and vitamin D [9].

Table 16.5 Characteristics of plasma lipids and lipoproteins [46]

Lipid/
Lipoprotein Source

Composition

ApolipoproteinProtein%
Total lipid 
%

Percentage of total lipid

TG Chol Phosp
Free 
Chol

Chylomicron Intestine 1–2 98–99 88 8 3 1 Major: A-IV, B-48, 
B-100, H
Minor: A-I, A-II, C-I, 
C-II, C-III, E

VLDL Major: liverMinor: 
intestine

7–10 90–93 56 20 15 8 Major: B-100, C-III, 
E, G
Minor: A-I, A-II, 
B-48, C-II, D

IDL Major: VLDLMinor: 
chylomicron

11 89 29 26 34 9 Major: B-100
Minor: B-48

LDL Major: VLDLMinor: 
chylomicron

21 79 13 28 48 10 Major: B-100
Minor: C-I, C-II, (a)

HDL2 Major: HDL3 33 67 16 43 31 10 Major: A-1, A-II, D, 
E, F
Minor: A-IV, C-I, 
C-II, C-III

HDL3 Major: liver and 
intestine
Minor VLDL and 
Chylomicron 
Remnants

57 43 13 46 29 6 Major: A-1, A-II, D, 
E, F
Minor: A-IV, C-I, 
C-II, C-III

Chol Liver and diet 100 70–
75

25–
30

TG Diet and liver 100 100

VLDL very low-density lipoprotein, IDL intermediate-density lipoprotein, LDL low-density lipoprotein, HDL high- 
density lipoprotein, Chol cholesterol, TG triglyceride, Phosp phospolipid
Modified from Durstine et al. [46]
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For movement to various body tissues, triglyc-
eride is wrapped into the core of the large chylo-
micron and VLDL and is circulated to systemic 
tissues by the cardiovascular and lymphatic sys-
tems. Chylomicron and VLDL interact with HL 
[5] found in the liver endothelial walls and LPL 
[6] found in the systemic endothelial walls. Both 
HL and LPL hydrolyze the triglyceride core of 
chylomicron and VLDL.  Free fatty acids and 
glycerol are released during the HL and LPL 
hydrolysis process, are taken up by the tissue, uti-
lized as fuel (beta oxidation), or stored as fat 
intramuscularly or in adipose tissue. The remain-
ing remnant, IDL, is either catabolized in the 
liver by HL or in the peripheral vascular system 
by LPL to become LDL. The resulting LDL par-
ticle is the primary transported mechanism for 
cholesterol systemically. LDL binds to LDL 
receptors found on the surface of all cells. Once 
taken-up by the LDL receptor, LDL is internal-
ized into the cell. When the cell no longer needs 
cholesterol, a negative feedback system reduces 
cellular LDL receptor synthesis, suppressing 
LDL receptors on the outside of the cell prevent-
ing additional cellular uptake of LDL [10].

Excessive cholesterol is removed by the 
reverse cholesterol process and excreted as bile 
[7, 9]. The most notable pathway for cholesterol 
elimination from the body uses nascent HDL par-
ticles secreted by the liver, enriched with free 
cholesterol and phospholipid derived from LPL- 
mediated chylomicron, and VLDL catabolism. 
Free cholesterol is esterified and moved into the 
core of the HDL3 by the action of LCAT with apo 
A-I as a cofactor and provides a constant choles-
terol supply to maintain a chemical gradient for a 
continuous LCAT reaction. As the HDL3 core 
expands, the particle transforms into HDL2. As 
this series of reactions are taking place, two other 
separate groups of metabolic reactions are occur-
ring. In the first group of reactions, the enzyme 
CETP [11] facilitates an exchange for the newly 
obtained HDL2 cholesteryl ester with triglyceride 
obtained from triglyceride-rich lipoprotein rem-
nants, and the remaining lipid-depleted lipopro-
tein remnant is moved to the liver for removal. 
Another group of reactions facilitated by HL 
removes triglyceride and cholesterol from the 

HDL2 particle that previously gained triglyceride 
by CETP action, resulting in a smaller denser 
HDL3 particle that returns to the circulation pro-
viding substrate to continue this process. Finally, 
two other cholesterol removal pathways exist. 
The first pathway is the direct HDL2 withdrawal 
from circulating blood by liver cells through the 
combined action of phospholipase and 
HL.  Another pathway is the hepatic apo E 
receptor- mediated removal of an HDL2 choles-
teryl ester. In this reaction cholesteryl ester-rich 
HDL2 particles containing apo E are withdrawn 
from circulating blood by hepatic LDL receptor- 
mediated endocytosis.

 Lipoprotein Oxidation

Lipoprotein oxidation is both detrimental and 
beneficial [12]. Excessive LDL circulating 
through the cardiovascular system, if not metabo-
lized by the liver, is oxidized [13]. Oxidation 
occurs when LDL reacts with free radicals, caus-
ing the protein portion of the LDL to undergo 
changes, resulting in an altered radical-mediated 
damaged protein containing free radical by- 
products (uncharged particles that are typically 
highly reactive and short-lived). Oxidation is a 
nonenzymatic process altering the amino acids 
and their cross-linking bonds, changing the com-
position and structure of apolipoprotein B (apo 
B), the major protein associated with 
LDL. Oxidized LDL will facilitate further lipid 
degradation and/or peroxidation of the lipid core. 
The modified surface of an oxidized LDL is now 
recognized by leukocytes, triggering an immune 
system reaction that causes an inflammatory 
response [14, 15]. Monocytes and macrophages 
are now attracted to the site and engulf the dam-
aged LDL [13]. The oxidized LDL causes a 
chemical reaction inside the macrophage, caus-
ing foam cell formation and potentiating long- 
term damage and adhesion to blood vessel walls 
which initiates endothelial plaque formation [14, 
16–18]. Long-term damage and plaque buildup 
are reportedly due to various factors including 
diets high in saturated fats [19] and/or a seden-
tary lifestyle [20], leading to lasting problematic 
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health conditions such as atherosclerosis, stroke, 
CAD, and peripheral artery disease.

HDL oxidation also occurs and is both benefi-
cial and detrimental. While LDL oxidation is 
usually associated with adverse health conse-
quences, HDL oxidation is usually associated 
with positive health outcomes [12]. One positive 
benefit of HDL oxidation is that macrophages do 
not recognize oxidized HDL, thus reducing foam 
cell formation. Unlike oxidized LDL, oxidized 
HDL can leave the intima and return to the liver, 
be metabolized, and be excreted [14]. Oxidized 
HDL does not undergo apolipoprotein proteoly-
sis like oxidized LDL [13]. The effectiveness of 
oxidized HDL when compared to their unoxi-
dized counterparts remains unclear. Some exist-
ing evidence supports oxidized HDL as having a 
diminished capacity to accept cholesterol from 
cells [21]. On the other hand, oxidized HDL pro-
motes cholesterol efflux from macrophages more 
effectively than normal HDL depending on the 
type of radical and oxidant used [12] which is 
beneficial because increased efflux capacity is 
inversely related to CHD [22].

HDL, in addition to being a positive compo-
nent for reverse cholesterol transport, offers 
added protection against atherosclerosis. HDL 
has been proposed to interfere with LDL oxida-
tion by absorbing free radicals. If this interfer-
ence with LDL oxidation effect is true, this 
explanation can help to elucidate why HDL is a 
major carrier of lipid peroxides [14]. Thus, ele-
vated HDL not only removes excess cholesterol 
but is effective in the clearance of lipid peroxides, 
allowing for a more effective protection against 
atherosclerosis [17, 18, 23].

 Epidemiological Evidence 
for the Scope of the Disease 
(Prevalence and Incidence)

According to the Center for Disease Control and 
Prevention and the American Heart Association, 
95 million adults 20 years of age and older living 
in the United States (US) (13% women and 11% 
men of total population) have total serum choles-
terol levels above 200  mg/dL [24, 25]. 

Approximately 29 million or 12% of the adults in 
the USA require cholesterol-lowering medication 
because their blood cholesterol levels are greater 
than 240  mg/dL [24, 26]. Non-Hispanic blacks 
represent a lower percentage of adults with high 
total cholesterol (9%) than non-Hispanic whites 
(13%) and all Hispanic adults (13%). However, 
6% of US adults are unaware of their high choles-
terol levels [24]. At the same time, 70% of US 
adults had their cholesterol levels checked within 
the last 5 years [24]. Most notable is that at least 
10% of patients having office-based physician 
visits had their blood cholesterol measurements 
completed when more than 20% of the patients 
had in their medical record an indication of 
hyperlipidemia and needed follow-up measure-
ments [26].

As the incidence of adolescent chronic dis-
eases is increasing in the USA, the number of 
adolescents (12–19 years of age) having abnor-
mal cholesterol levels is 20%. The percentage of 
adolescents having elevated total cholesterol and 
are normal weight is 14%; those adolescents that 
are overweight with high total cholesterol is 22%; 
and those adolescents who are obese and have 
high total cholesterol is 43% [24].

On a positive note, the prevalence of elevated 
cholesterol in the USA has been decreasing. The 
percentage of US adults 20 years and older with 
elevated total cholesterol has decreased from 
18% in 2000 to 11% in 2014, and this trend 
appears to be worldwide. The decline in total 
cholesterol levels in adults is associated with the 
increased usage of cholesterol-lowering medica-
tions rather than lifestyle improvements [24]. At 
the same time, the prevalence of elevated total 
cholesterol in US youth has also declined from 
11% between the ages of 6 and 19 years in 1988–
1994 to 8% in 2007–2010. However, according 
to the American Academy of Pediatrics, less than 
1% of children are eligible for cholesterol- 
lowering medications [24].

As the need for lipid-lowering medication is 
considered, 78 million or 37% of the US adults 
20 years of age and older had LDL-C levels high 
enough for medication in 2012 [25] and represents 
one in three Americans having elevated LDL-C 
levels [27]. Fortunately, the prevalence of elevated 
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LDL-C in the USA has also decreased in adults 
from 59% in 1976 to1980 to 27% in 2007 to 2010 
with the mean LDL-C levels at 113 mg/dL in 2011 
to 2014. The prevalence of elevated LDL-C is 
higher in men (31%) than in women (24%) [24].

Limited data is available for LDL-C levels in 
youth. Adolescents LDL-C levels are higher in 
girls when compared to boys. In 2014 elevated 
LDL-C concentrations were prevalent in 8% of 
girls while elevated in only 6% of boys between 
the ages of 12–19 years. The overall mean LDL-C 
levels in adolescents are 88 mg/dL. Only slight 
mean LDL-C level variations were found between 
racial and ethnic groups [24]:

• Non-Hispanic whites 87 mg/dL for boys and 
89 mg/dL for girls

• Non-Hispanic blacks 86 mg/dL for boys and 
91 mg/dL for girls

• Hispanic youth 86 mg/dL for boys and 88 mg/
dL for girls

• Non-Hispanic Asians 85 mg/dL for boys and 
97 mg/dL for girls

The mean HDL-C level in adults during 2011 to 
2014 was 53 mg/dL. Unfortunately, the percentage 
of adults having low HDL-C levels (lower than 
40 mg/dL) was 17% of the US adults in 2012 [24]. 
Fortunately, the percentage of adults having low 
HDL-C has decreased by 20% since 2010. The 
prevalence of low HDL-C levels varies by gender 
with men having a higher prevalence of low HDL-C 
compared to women. When comparing race/eth-
nicity, blacks have the lowest prevalence of low 
HDL-C levels. Among US adults 20 years of age 
and older, low HDL-C levels for [24]:

• Non-Hispanic whites were 17% (25% of men 
and 9% of women).

• Non-Hispanic blacks were 13% (19.1% of 
men and 7.8% of women).

• Non-Hispanic Asians were 14% (24.5% of 
men and 5.1% of women).

• Hispanic adults were 22% (32.6% of men and 
11.3% of women).

During the time from 2011 to 2014, children 
between 6 and 11 years of age had a mean HDL-C 

level of 54. mg/dL. Adolescents between ages of 
12–19 years had a mean HDL-C level of 51 mg/
dL. The prevalence of low HDL-C among ado-
lescents during that time was 19% for males and 
13% for females [24].

Approximately 24% of adults 20 years of age 
and older in the USA have elevated triglyceride 
levels (≥150  mg/dL) with a mean triglyceride 
level of 104  mg/dL.  Mean triglyceride levels 
were higher in men (112 mg/dL) than in women 
(96  mg/dL) with non-Hispanic black men and 
women having the lowest mean triglyceride lev-
els when compared to the other racial/ethnic pop-
ulations between 2011 and 2014 [24].

Among adolescents, mean triglyceride levels 
were 79 mg/dL in 2014 with boys having higher 
mean triglyceride levels compared to girls. Non- 
Hispanic blacks had lower mean levels of triglyc-
erides compared to the other racial/ethnic groups. 
The prevalence of high triglycerides in adoles-
cents was 9% in boys and 6% in girls [24].

Although US adults are making progress in 
decreasing the prevalence of dyslipidemia 
because of increased medication usage, other 
lipid-lowering interventions including lifestyle 
modifications should still be considered as first- 
line intervention before starting medications [1]. 
If an improved diet, increased PA and exercise 
were regularly practiced, society would decrease 
the need for medications while experiencing 
improved health benefits and quality of life [24].

 Epidemiologic Association Between 
Disease and Fitness

Blood lipid and lipoprotein levels are associated 
with risk for CVD in individuals irrespective of 
age, race, nationality, or gender [24, 28–32]. In 
2015, worldwide deaths associated with ischemic 
heart disease totaled 8.76 million (World Health 
Organization, 2017). In 2012, the cost associated 
with CVD and stroke was an estimated $316.1 
billion [24]. By 2030, 40% of the US population 
is projected to have some form of CVD resulting 
in a $918 billion annual cost [24].

Though elevated blood lipids and lipoproteins 
are associated with increased risk for chronic dis-

J. L. Durstine et al.



273

ease, lipids and lipoproteins are essential for 
proper body function. Lipoproteins are transport-
ers of triglyceride and cholesterol and are utilized 
for multiple essential processes within the body 
[2]. Only when blood lipid and lipoproteins reach 
abnormal levels do lipids and lipoproteins 
become associated with elevated risk for chronic 
disease [28, 33]. Changeable behaviors such as 
PA, exercise, diet, and sleep are known modifiers 
of blood lipid and lipoproteins [9, 34–38], thereby 
changing CVD risk without the necessity for 
pharmacological intervention.

Until recently, CVD risk was determined by 
utilizing only blood markers such as triglyceride, 
total cholesterol, HDL-C, and LDL-C (see 
Table  16.6). With the development of the new 
NMR technology, lipoprotein concentration and 
particle size provide greater detail allowing for 
greater precision in understanding the relation-
ship between disease risk and the various lipopro-
teins and their subfractions [8, 39]. As a reminder, 
the new NMR methodology provides various 
lipoprotein particles including very low- density 
lipoprotein particles (VLDL-P) and chylomicron 
particles (VLDLCP); large VLDL-P and chylomi-
cron particles (VLCP); small and medium 

VLDL-P (VSP and VMP, respectively); interme-
diate-density lipoprotein (IDL) particles (IDL-P); 
total LDL particles (LDL-P); small and large 
LDL-P (LSP and LLP, respectively); total HDL 
particle (HDL-P); and small, medium, and large 
HDL-P (HSP, HMP, and HLP, respectively) [8].

Present scientific investigations have estab-
lished that CVD risk is increased with elevated 
LDL-C and decreased HDL-C levels. In addition, 
lipoprotein particle function also provides added 
information in determining CVD pathophysiol-
ogy. Investigations examining lipoprotein sub-
fractions and their function have concluded that 
elevated concentrations of LSP and HSP are 
 better atherogenic indicators than their larger 
counterparts [40–43]. Smaller mean LZ and HZ 
are also associated with greater CVD risk com-
pared to larger mean LZ and HZ [44, 45]. Since 
the NMR technology used to analyze lipoprotein 
concentrations is relatively new, detailed investi-
gation of how to most effectively modulate lipids 
and lipoproteins via lifestyle is still needed.

As is well established by observational and 
clinical trials, increased PA and regularly prac-
ticed exercise contribute to favorable blood lipid and 
lipoprotein profiles by decreasing blood triglyceride 

Table 16.6 LDL cholesterol goals and cut points for therapeutic lifestyle changes (TLC) and drug therapy in different 
risk categories [153]

Risk category LDL goal
LDL level at which to initiate 
therapeutic lifestyle changes

LDL level at which to consider drug 
therapy

CHD or CHD risk equivalents 
(10-year risk >20%)

<100 mg/dL 100 mg/dL 130 mg/dL (100–129 mg/dL: Drug 
optional)a

2+ risk factors (10-year risk 
≤20%)

<130 mg/dL 130 mg/dL 10-year risk 10–20%:
130 mg/dL
10-year risk <10:
160 mg/dL

0–1 Risk factorb <160 mg/dL 160 mg/dL 190 mg/dL
(160–189 mg/dL:
LDL- lowering drug optional)  
[see Reference 137]

aAlmost all people with 0–1 risk factor have a 10-year <10%; thus, 10-year risk assessment in people with 0–1 risk fac-
tor is not necessary
bSome authorities recommend the use of LDL-lowering drugs in this category if an LDL cholesterol <100 mg/dL cannot 
be achieved by therapeutic lifestyle changes. Others prefer the use of drugs that primarily modify triglycerides and 
HDL, e.g., nicotinic acid or fibrate. Clinical judgment also may call for deferring drug therapy in this subcategory.
Reprinted with permission National Cholesterol Education Program. National Heart, Lung, and Blood Institute, 
National Institutes of Health. NIH Publication No. 01-3670, May 2001. https://www.nhlbi.nih.gov/files/docs/guide-
lines/atp3xsum.pdf
Also found in Expert Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults [153]
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concentration and increasing blood HDL-C levels 
[9, 46]. With the arrival of NMR spectroscopy, the 
effect of exercise on multiple lipoprotein subfrac-
tions is now well established [47–51]. A recent 
meta-analysis by Sarzynski et al. [39] concluded 
that exercise training significantly decreased large 
VLDL-P, SLP, and HMP concentrations as well 
as mean VLZ. In addition, exercise training sig-
nificantly increased LLP and HLP concentrations 
and increased mean LZ.

Cleary, PA and exercise training have posi-
tively impacted the lipoprotein profile, but the 
lipoprotein particles being significantly affected 
by PA and exercise vary from study to study. One 
possible explanation for these inconsistent results 
is the wide variety of exercise training protocols 
utilized across studies. Not yet thoroughly inves-
tigated is the precise PA or exercise volume or 
dose that will influence different lipoprotein sub-
fractions. The volume, amount, or dose does 
make a difference when examining the impact of 
PA and exercise on blood lipids and lipoproteins 
[49, 52, 53]. Kraus et al. [49] demonstrated that a 
high exercise dose or volume impacted 10 of 11 
lipoprotein outcomes compared to a lower dose 
exercise of similar intensity. Exercise volume or 
dose has yet to be investigated in respect to NMR 
spectroscopy-based lipoprotein separation. Prior 
to lipoprotein subfraction analysis, multiple 
cross-sectional studies demonstrated greater 
amounts of exercise, resulting in greater decreases 
in triglyceride and total cholesterol/HDL-C ratio 
by increasing HDL-C concentration [52, 54–60]. 
Though these studies demonstrate that lipopro-
tein cholesterol respond differently to different 
exercise volumes, no published data is available 
concerning the effect of exercise volume on lipo-
protein subfractions separated using NMR 
spectroscopy.

Weight loss by dietary caloric restriction is 
commonly utilized as a method to decrease CVD 
risk [61]. Caloric restriction generally decreases 
CVD risk by decreasing blood cholesterol and 
LDL-C and/or elevating HDL-C [62–64]. A prev-
alence of LSP and HSP particles are associated 
with overweight and obesity [43]. Weight loss by 
means of caloric restriction and alternate-day 
fasting demonstrated decreased LDL-C and 

decreased proportion of LSP among total LDL-P, 
as well as an increase in LZ particles [65–68].

Like caloric restriction and exercise, evidence 
exists that sleep duration also affects blood lipid 
and lipoprotein profiles. As a modifiable lifestyle 
behavior, sleep has only been studied in relation to 
lipoprotein particles and CVD for the past decade. 
Thus, our understanding of the relationship is lim-
ited. Population-based studies have concluded that 
sleep duration is associated with blood triglycer-
ide, total cholesterol, HDL-C, and LDL-C levels 
[34, 69]. These studies demonstrate the existence 
of optimal sleep duration of 6–8 h. Consistent pat-
terns of sleeping less than 6 h or more than 8 h are 
associated with blood lipid and lipoprotein levels 
associated with elevated CVD risk [34]. Only one 
human study has utilized NMR to analyze the 
effect of short-term (5 days) sleep deprivation on 
lipoprotein subfractions and reported a decreased 
concentration of small, medium, LLP, and VSP. No 
significant concentration change in small, medium, 
or HLP were found [70]. Presently, no studies 
exist that utilize NMR spectroscopy to analyze the 
effect of experimental chronic sleep restriction on 
lipoprotein subfractions.

 Interventional Evidence

 Impact of Aerobic Exercise 
on the Blood Lipid Profile

Aerobic exercise has been the focus of most scien-
tific investigations involving the effects of PA and 
exercise on the blood lipid and lipoprotein profile, 
and much of the evidence has linked higher levels 
of aerobic PA and exercise to lower CVD rates and 
other chronic diseases [1]. Well- designed investi-
gations evaluating fitness and other lifestyles have 
eliminated or controlled for confounding factors 
such as diet composition, gender including wom-
en’s phase of their menstrual cycle, age, body fat 
distribution, alcohol use, cigarette smoking, medi-
cation use, and regular participation of exercise 
(see Table 16.2). A summary of the results from 
these studies concerning the impact of exercise 
training on blood lipids and lipoproteins is pre-
sented in Table 16.7. The literature is rather clear 
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regarding the following two points. First, blood 
triglyceride levels are usually reduced after exer-
cise training. Second, unless diet is changed or 
body weight is reduced after exercise training, 
total cholesterol levels do not change.

 Triglycerides

Endurance exercise is almost always associated 
with reduced triglyceride levels. Holloszy et al. 
[3] in a classic study from 1964 compared two 
groups of sedentary middle-aged male subjects. 
One group performed organized endurance exer-
cises (i.e., distance running 2–4 miles and endur-
ance calisthenics) with an exercise trainer, while 
another group performed a less organized and 
unsupervised exercise program. After 6  months 
of aerobic exercise training, triglyceride levels 
did drop significantly from 208  ±  127 to 
125  ±  78  mg/dL or by 40% in the organized/
supervised group. An added important observa-
tion was that triglyceride reductions started to 
occur within 2–3 h following the exercise session 
and last up to 2 days. This study was the first to 

demonstrate that serum triglyceride levels are 
lowered with exercise training and is maintained 
when aerobic exercise is regularly performed [3].

The extent of triglyceride reductions usually 
produced with regular endurance exercise training 
is dependent upon the pretraining concentrations 
and the exercise volume completed throughout 
the training program. Blood triglyceride reduc-
tions ranging from 4% to 40% have been reported 
(see Table 16.7) [9, 52]. Serum triglyceride levels 
are reduced primarily by increasing LPL content 
and activity. This increase in LPL activity is 
responsible for increasing triglyceride hydrolysis 
in both active and sedentary populations [71]. 
Therefore, most individuals gain health benefits 
from regular aerobic exercise training by reducing 
their blood triglyceride levels.

Plaisance et  al. [72] observed the effects of 
aerobic exercise in combination with extended- 
release niacin usage on postprandial triglyceride 
levels in men with the metabolic syndrome. 
Subjects underwent each of four different inter-
ventions: control, only a high-fat meal (100 g fat); 
exercise, 1 h before consuming the high-fat meal, 
subjects completed an aerobic exercise session by 
expending 500 kcal of treadmill running; niacin, 
completed 6 weeks of niacin therapy before con-
suming the high-fat meal; and niacin plus exer-
cise, after completing 6 weeks of niacin therapy 
and 1 h before consuming the high-fat meal, sub-
jects completed an aerobic exercise session by 
expending 500  kcal doing treadmill running. 
Exercise alone reduced postprandial triglyceride 
concentrations without affecting fasting triglycer-
ides. In contrast, extended- release niacin alone 
reduced fasting triglycerides but had little effect 
on postprandial triglyceride levels. The interven-
tion having the greatest effect on triglyceride lev-
els was the exercise plus niacin therapy. These 
results demonstrate the importance of including 
an aerobic exercise program with pharmacologi-
cal therapy in men with metabolic syndrome [72].

 Cholesterol

Historically, existing evidence does not sup-
port that aerobic exercise alone reduces blood 

Table 16.7 Lipids and lipoprotein changes associated 
with exercise [46]

Lipid/
lipoprotein

Single exercise 
session Exercise training

Triglyceride Decreases of 
14–50%
Approximate 
mean change 
20%

Decrease of 4–40%
Approximate mean 
change 24%

Cholesterol No changea No changeb

LDL-C No change No change
Small dense 
LDL-C 
particles

Literature 
unclear

Can increase LDL 
particle size, usually 
associated with 
triglyceride 
lowering

Lp(a) No change No change
HDL-C Increase of 

4–18%
Approximate 
mean change 
10%

Increase of 4–18%
Approximate mean 
change 8%

aNo change unless the exercise session is prolonged (see text)
bNo change if bodyweight and diet do not change (see text)
Reprinted with permission Durstine et al. [36]
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cholesterol concentrations [73]. Rather, endur-
ance exercise does not change blood total cho-
lesterol levels unless body weight is decreased. 
Holloszy et al. reported serum total cholesterol 
levels did not change after exercise training 
[3]. This same finding has been reported time 
after time (see Table 16.7) [4, 9, 35]. Although 
total cholesterol is not changed with exercise 
training, regular exercise does positively affect 
lipid and lipoprotein profiles. For example, 
increasing PA and exercise have become a reg-
ular recommendation for individuals with 
hypercholesterolemia [74].

 HDL-Cholesterol

Aerobic exercise training will increase blood 
HDL-C concentrations but not always [9, 52, 75]. 
Existing evidence supports an inverse relation-
ship between blood HDL-C and triglyceride lev-
els. In a classic study from 1978, Schaefer et al. 
[76] evaluated a large group of patients with 
hypolipoproteinemia. Subjects having high fast-
ing concentrations of triglycerides and/or chylo-
microns had significantly lower HDL-C levels 
when compared to normal controls. As triglycer-
ide levels decrease after exercise training, HDL-C 
concentrations increase, implying that endurance 
exercise has a positive effect on HDL-C levels.

Aerobic exercise is associated with elevated 
HDL-C concentrations in men with low HDL-C 
levels, high triglyceride levels, and abdominal 
adiposity. As part of the HERITAGE Family 
Study, male subjects completed cycle ergometer 
exercise at 75% of maximal oxygen consumption 
(V̇O2max) for 50 min, three times per week for 
21 weeks. Men with higher waist circumference 
and blood triglyceride levels at baseline showed 
the most improvement in their blood HDL-C lev-
els [77]. Nonetheless, not all individuals in this 
study or other exercise studies had this beneficial 
HDL-C response. In fact, considerable interindi-
vidual variability, or heterogeneity of responsive-
ness, to regular exercise participation exists 
regarding changes in both cardiorespiratory fit-
ness and cardiometabolic risk factors [78–80]. 
Thus, some subjects’ HDL-C levels will have 

little or no response to exercise regardless of the 
exercise volume completed. This individual vari-
ability in response to exercise is consequent to 
the interaction of the individual’s genotype, 
familial factors, and environment. The lack of 
beneficial cardiometabolic risk factor responses 
to exercise is not yet well understood.

 LDL-Cholesterol

When considering the effects of aerobic exercise 
on LDL-C concentrations, many studies report 
no exercise effect unless associated with body 
weight or body fat percentage change or an 
altered diet [9, 35, 73]. Stefanick et al. [81] evalu-
ated the effects of exercise or the National 
Cholesterol Education Program (NCEP) diet in 
women and men who have blood lipid and lipo-
protein levels that place them at a high risk for 
CAD. Diet and exercise alone did not alter LDL- 
C.  Rather, diet and exercise combined lowered 
body weight and LDL-C.

Kraus et  al. [49] developed the STRRIDE 
project to evaluate the exercise volume and the 
exercise intensity needed to effect lipids, lipopro-
teins, and lipoprotein subfractions, while body 
weight was maintained at baseline value. Subjects 
were randomly assigned to one of four different 
groups: high-amount-high-intensity group, low- 
amount- high-intensity group, low-amount- 
moderate- intensity group, or a non-exercise 
control group for a 34-week training period. The 
high-amount-high-intensity group expended the 
caloric equivalent of exercising about 20  miles 
per week at 65–80% of peak oxygen consump-
tion (V̇O2peak) expending 23 kcals per kilogram 
per week. The low-amount-high-intensity group 
expended the caloric equivalent of exercising 
12 miles per week at 65–80% of V̇O2peak. The 
low-amount-moderate-intensity group expended 
the caloric equivalent of walking 12  miles per 
week at 40–55% of V̇O2peak. Subject body 
weight remained constant throughout the study 
period. The concentrations of small LDL-C and 
LDL particles decreased, while the size of the 
LDL particles increased only in the high-amount- 
high-intensity group [49].
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 VLDL-Cholesterol

VLDL-C is normally reduced with regular aero-
bic exercise training based on the many observa-
tions that endurance athletes have lower VLDL-C 
concentrations than sedentary controls [9, 35, 73].

 Postprandial Lipemia

Postprandial lipemia is characterized by exagger-
ated levels of triglycerides in the blood that fails 
to return to baseline levels within 8–10  h after 
consumption of high volume of dietary fat [82]. 
Postprandial lipemia is lower in the hours after 
completing aerobic exercise of sufficient volume 
[72, 83, 84] but is increased when exercise is 
withdrawn for several days [85]. Together, these 
data suggest that the beneficial influence of exer-
cise on blood lipids and lipoprotein levels is an 
acute phenomenon that is lost rather quickly after 
cessation of exercise, even in the most highly 
trained individuals. Exercise must be repeated 
regularly to maintain this benefit.

 Oxidized Lipoproteins

Tiainen et  al. [17] randomized 161 sedentary 
women from Southern Finland into a control 
group and an intervention group that completed 
6 months of aerobic exercise. Exercise consisted 
of 50-min aerobic exercise sessions 4  days a 
week with heart rate maintained at 65–80% max-
imal heart rate. After intervention, a five- 
percentage increase in oxidized HDL-C level was 
achieved by the intervention group compared to a 
two-percentage decrease in oxidized HDL-C 
level by the control group. A six-percentage point 
decrease in blood triglyceride levels in the inter-
vention group was also observed [17].

Valimaki et al. [23] evaluated oxidative stress 
and lipid oxidation product removal in middle- 
distance and marathon runners from Southern 
Finland following a single exercise session. 
Subjects performed two non-exhaustive treadmill 
exercise sessions: a 40-min intermittent session 
(alternating 2-min runs with 2-min rests at a 

velocity corresponding to 100% V̇O2max) and a 
second 40-min continuous session (at a velocity 
corresponding to 80% V̇O2max). No significant 
change was seen in oxidized LDL during exer-
cise, but a four-percentage decrease after the 
intermittent run was observed as well as a 16% 
decrease after the continuous run. Also, a 26% 
increase in oxidized HDL was reported for the 
intermittent run, and 25% for the continuous run 
was found. Based on these data, continuous exer-
cise and intermittent exercise both decrease oxi-
dized LDL and increase oxidized HDL [23].

Evidence does exist supporting the hypothe-
sis that aerobic exercise training improves 
resistance to LDL-C oxidation. Medlow et  al. 
placed male subjects into four different groups: 
young participants (18–25 years), aged partici-
pants (50–65  years), and randomly assigning 
subjects to either an experimental or control 
group – total of four groups. Subjects assigned 
to the exercise groups participated in 12 weeks 
of moderate- intensity exercise training (55–
65% V ̇O2max) and expended 1600 kcals each 
week. The control group maintained their nor-
mal daily lifestyle for 12  weeks. Lipoprotein 
resistance to oxidation was assessed by measur-
ing the half time (T½max) necessary for oxida-
tion to begin. The most notable result was the 
change in the aged exercising group where 
T½max increased for the large less dense LDL 
subfraction was found. Though additional 
investigations are needed in this area, resistance 
to oxidation occurs to the large less dense LDL 
subfraction after moderate-intensity exercise 
intervention meaning that large LDL is less 
likely to be oxidized in older populations [86].

 Exercise Intensity Versus  
Exercise Volume

Exercise volume has a greater influence on blood 
lipids than exercise intensity. For instance, higher 
HDL-C and lower triglycerides are almost always 
reported when exercise of greater volume is com-
pleted [49, 53]. Even though some evidence sug-
gests an improved blood lipid and lipoprotein 
profile with higher exercise intensity [58–60, 87], 
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exercise volume has the greatest influence on the 
blood lipid profile [52].

Crouse et al. [74] evaluated hypercholesterol-
emic men after a 24-week exercise training pro-
gram which included 3  days a week of a cycle 
ergometer exercise training protocol. Subjects 
were randomized to either a group that trained at 
50% V̇O2max (moderate intensity) or a group that 
trained at 80% V̇O2max (high intensity). Both exer-
cise intensity groups improved in aerobic capacity 
and had significant weight loss and lower percent-
age body fat measurements after exercise training. 
Despite different exercise intensities, no differ-
ences in the blood lipid and lipoprotein levels 
were found between groups [74].

Kraus et  al. [49] in the STRRIDE project 
found that high volume exercise completed at 
65–80% of V̇O2peak, expending the caloric 
equivalent of exercising about 20 miles per week, 
and maintained body weight throughout the 
34-week study period did not change blood cho-
lesterol or LDL-C levels, but the concentration of 
small LDL-C decreased. While the size of the 
LDL particles did become larger, the concentra-
tion of LDL particles also decreased. This study 
further supports the concept that the exercise vol-
ume has a greater impact on blood lipid and lipo-
protein profiles than does exercise intensity [49].

 Effects of Resistance Exercise 
on the Blood Lipid  
and Lipoprotein Profile

Resistance exercise training has not received as 
much attention historically as aerobic exercise 
when examining blood lipids and lipoprotein 
profiles. Gordon et  al. [73] and Eckel et  al. [1] 
state that resistance training does have an impact 
on the blood lipid and lipoprotein profile. 
Nevertheless, earlier reviews report different 
observations [9, 35, 46, 88]. These inconsisten-
cies are most likely due to variations in energy 
expenditure and/or lack of incorporating non- 
exercise control groups into the study design [35, 
73]. Resistance exercise has little effect on blood 
triglyceride levels unless triglyceride levels are 
elevated. Durstine and Haskell [9] and Franklin 

et  al. [35] reviewed the literature and reported 
blood cholesterol, VLDL-C, and/or LDL-C 
which did not change with regular resistance 
training participation [9, 35]. However, recent 
reports contradict these earlier reports [1, 89]. 
Few early studies have presented findings for a 
reduced LDL-C after resistance training because 
it did not consider body weight or body fat 
change [73]. Though few studies report elevated 
blood HDL-C after resistance training, the con-
sensus is that HDL-C usually does not changed 
after resistance training [1, 9, 35].

Wooten et  al. [90] reported that resistance 
training reduced LDL-C and total cholesterol. 
Obese postmenopausal women were randomized 
into either a resistance exercise training group or 
a control group. After 12  weeks of supervised 
resistance exercise training incorporating ten 
whole body exercises, the resistance exercise 
trained group had reductions in total cholesterol 
(16%), LDL-C (23%) and non-HDL-C (20%). 
No changes were observed in HDL-C, body 
weight, BMI, or percentage body fat [90]. This 
resistance training study was well designed and 
gave consideration for variables such as plasma 
volume shift (see Table 16.2).

James et  al. [91] randomized older men into 
either an active control or resistance exercise 
group. After 1  year, the resistance intervention 
group did not change body weight, but did increase 
lean body mass and muscle strength, while fat 
mass decreased. Reductions in blood cholesterol, 
LDL-C, and non-HDL-C concentrations were 
reported when compared to the active nonresis-
tance exercise control group. No changes in blood 
chylomicron, triglyceride, or HDL-C levels were 
found. These data are consistent with the summary 
developed for the 2013 guidelines on lifestyle 
management to reduce cardiovascular risk [1].

 A Single Exercise Session 
and the Blood Lipid  
and Lipoprotein Profile

Studies designed to evaluate lipid and lipopro-
tein metabolism after a single exercise session 
must consider the factors found in Table 16.2. If 
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these confounding factors are not given proper 
consideration, the results presented are difficult 
to interpret. When evaluating a single exercise 
session, exercise or work volume completed 
must be quantified (i.e., kcals or MET-minutes), 
pre-exercise lipid concentrations must be mea-
sured, subjects’ state of training, and plasma 
volume shifts must be considered. Other factors 
include the timing of follow-up periods for 
blood sample collections; diet before, during, 
and after the exercise training; and special con-
sideration for women regarding oral contracep-
tive use and timing of the menstrual cycle [9, 
46, 92]. Understanding the mechanisms causing 
change during a single exercise session provides 
better insight into the health benefits of PA and 
exercise.

Triglyceride concentrations are generally 
lower immediately after and/or in the days fol-
lowing a single exercise session if the session is 
long enough and requires large enough volume of 
energy expenditure [53]. Cholesterol levels are 
not likely to change after a single exercise ses-
sion; however, some evidence exist suggesting a 
small change in blood cholesterol if the exercise 
is prolonged and large amounts of energy 
expended [52, 53]. VLDL-C levels are reduced 
after exercise, and LDL-C is likely reduced if 
exercise is prolonged and a large amount of 
energy is expended [9, 53, 92].

Because physically active persons typically 
exercise on consecutive days, Wagganer et  al. 
[93] recruited obese, sedentary, male and female 
subjects to complete three separate protocols to 
understand the impact of consecutive exercise 
days on blood lipid and lipoprotein levels. The 
first protocol had subjects complete one treadmill 
exercise at 60% V̇O2max for 90 min. The second 
protocol had subjects complete the same tread-
mill exercise at 60% V̇O2max for 90 min on three 
consecutive days. A control protocol requiring 
two fasted blood samples 6  days apart with no 
exercise during these 6  days was completed. 
Average energy expenditure for each exercise 
session was 847  ±  61  kcal. HDL-C levels 
increased during the three-consecutive-exercise- 
day protocol when compared to the 1-day proto-
col. Unexpectedly, LDL-C concentrations were 

lower following the one-exercise-day protocol 
with the greatest change observed 48 h postexer-
cise. However, this LDL-C finding is somewhat 
unique since the past studies have not reported a 
reduced LDL-C following a single exercise ses-
sion unless high kcal expenditure or associated 
weight loss was achieved. The three-consecutive- 
exercise-day protocol observed a continuous 
decrease in triglyceride level with blood triglyc-
eride 29% below baseline 24 h after exercise, and 
a 13% reduction remained 72  h after the third 
consecutive exercise day. Individuals with the 
highest baseline triglyceride level had the great-
est triglyceride reduction. No blood cholesterol 
change was observed by either protocol. Three 
consecutive days of exercise training positively 
impacted blood lipid and lipoprotein profiles 
more than one single exercise session [93]. The 
changes after three consecutive days of exercise 
are similar to those reported for regular exercise 
participation [9, 52].

Kantor et al. [94] evaluated cycle ergometer 
exercise response in subjects working at 80% 
maximum heart for 1 h in untrained and for 2 h 
in trained men. Untrained men did not experi-
ence a change in HDL-C, while trained men 
did increased their blood HDL-C levels and 
decreased blood triglyceride levels immedi-
ately after the exercise which remained lower 
for 48 h after exercise. Blood LDL-C and cho-
lesterol levels decreased in both groups but 
returned to pre- exercise levels 48 h after exer-
cise [94]. Though not reported in this study but 
is deserving of comment, trained men exercis-
ing for 2 h at 80% of their maximal heart rate 
completed more work and are likely responsi-
ble for causing greater exercise change. Based 
on completing greater exercise or work vol-
ume, trained subjects who responded differ-
ently to a single exercise session provide 
further support for the importance of knowing 
the exercise volume completed [94].

Whether a single exercise session or regular 
exercise participation is considered, blood cho-
lesterol and LDL-C are unlikely to change. 
HDL-C levels can increase approximately aver-
age of 8% after a single exercise session and 10% 
after regular exercise participation. Blood 
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 triglyceride levels decrease after a single exercise 
session and after regular exercise participation 
(see Table 16.7) [46, 52]. In light of these benefi-
cial changes, the impact of a single exercise ses-
sion is temporary or transient and lasts for a short 
period of 24–72  h. To maintain these health 
improvements, regular exercise should take place 
at least on nonconsecutive days if not most days 
of the week [9, 95, 96].

Another consideration is the exercise intensity 
impact on blood lipid and lipoprotein profiles. 
Davis et  al. [97] exercised active men having 
high HDL-C levels at two different exercise 
intensities: a high-intensity exercise session at 
75% V̇O2max for 60 min and a low-intensity exer-
cise session at 50% V̇O2max for 90  min. Total 
caloric expenditure of 950 kcals was held con-
stant for each of the two different exercise inten-
sities. After correcting for plasma volume shifts, 
no change in any blood lipid and lipoprotein lev-
els was reported. The data from this study sug-
gest that exercise intensity is not a criterion for 
blood lipid profile change and perhaps a mini-
mum threshold of physical exertion is necessary 
in order to achieve blood lipid and lipoprotein 
modification [97].

Building on the work of Davis et  al. [97], 
Ferguson et al. [53] determined whether thresh-
olds of energy expenditure exist for blood lipid 
and lipoprotein change to take place. This study 
incorporated four different exercise energy 
expenditures (800, 1100, 1300, or 1500 kcal of 
energy expenditure), and all exercise sessions 
were completed at 70% V̇O2max. Twenty-four 
hours following the 800-kcal-exercise session, 
triglyceride levels decreased by 26%, and 
VLDL-C decreased by 22%, but these changes 
returned to baseline 48 h postexercise. Twenty- 
four hours after the 1100-kcal-exercise session, 
triglyceride levels decreased by 30%, VLDL-C 
decreased by 15%, HDL-C increased by 15%, 
and LPL activity increased by 33%. However, 
none of these changes persisted 48 h after exer-
cise. Twenty-four hours after the 1300-kcal- 
exercise session, triglyceride levels decreased by 
28%, VLDL-C levels decreased by 15%, HDL-C 
increased by 15%, and LPL activity increased by 
31%. Twenty-four hours after the 1500-kcal- 

exercise session was completed, triglyceride lev-
els decreased by 36%, VLDL-C and LDL-C 
levels decreased by 25%, HDL-C levels had 
increased by 29% with noticeable increases in 
HDL-C and the subfractions HDL2-C while 
HDL3-C decreased, and LPL activity increased 
by 49%. After 48 h, all the noted changes from 
the 1500-kcal-exercise session remained. This 
study was the first investigation to show that dif-
ferent energy expenditure thresholds or different 
exercise volume thresholds are necessary for 
changes to occur in blood lipids and lipoproteins 
levels [53].

The impact of a single resistance exercise ses-
sion on blood lipid and lipoprotein levels has not 
received as much attention as has aerobic exer-
cise [88]. Two recent studies are considered here. 
Lira et al. [98] evaluated the effects of four differ-
ent resistance exercise workloads on blood lipids 
and lipoproteins. Subjects were randomly 
assigned to complete four different resistance 
exercises ranging from low exercise intensity to 
high exercise intensity. The results indicate that 
low and moderate exercise intensities promote 
greater changes in blood lipid and lipoprotein 
profiles than did the higher resistance exercise 
intensities. A strong point of this study was the 
quantification of total exercise volume between 
the different exercise intensities being held con-
stant. Nonetheless, weaknesses of this study were 
that confounding factors (see Table  16.2) espe-
cially plasma volume change were not consid-
ered. Because exercise will cause plasma volume 
shifts and this study did not correct for this factor, 
interpretations of the data from this study are dif-
ficult [98].

Wooten et  al. [90] completed an exercise 
training study incorporating a pre-exercise and 
postexercise training single exercise session 
evaluation. This experimental design has not 
often been used but is a very good design char-
acteristic. In addition, most of the confounding 
factors pointed out in Table 16.2 were incorpo-
rated into the study design including a correc-
tion for plasma volume shift. Their exercise 
group exhibited improvements in muscular 
strength, but no change in BMI, body mass, or 
body composition post-training. Blood choles-
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terol, LDL-C, and non-HDL-C were lowered in 
the exercise group compared to the control 
group following 12 weeks of resistance training. 
These data are consistent with the summary and 
recommendations developed for the 2013 guide-
lines on lifestyle management to reduce cardio-
vascular risk [1].

 Mechanisms of Exercise-Induced 
Change

PA, regularly practiced exercise, and a single 
exercise session alter blood lipid and lipoprotein 
levels, lipid transport process, and lipoprotein 
metabolism. In the last 25 years, the mechanisms 
responsible for these modifications are better 
understood but not completely. Diet composition, 
sleep, adiposity, weight loss, plasma volume 
change, hormone, and enzyme activity are factors 
that work singularly or in combination with PA 
and exercise to alter the rate of synthesis, clear-
ance of lipid and lipoproteins, and lipid transpor-
tation. Unquestionably, exercise changes blood 
triglyceride levels by modifying LPL, HL, LCAT, 
and CEPT action, and these changes result in 
chylomicron and VLDL breakdown while 
enhancing reverse cholesterol transport [99]. In 
response to routine PA, exercise participation, 
and a single exercise session, the altered lipopro-
tein enzyme activity, especially in the enzyme 
LPL, has provided valuable insight regarding 
mechanisms responsible for the change in lipo-
protein metabolism, composition, and lipid 
transport.

 Lipoprotein Lipase

LPL is responsible for the delipidation of chylo-
micron and VLDL molecules and promotes the 
clearance of fatty acids and glycerol from the 
vascular compartment for either storage or use as 
substrate in energy metabolism. Cross-sectional 
studies report that endurance-trained runners at 
rest have higher heparin releasable LPL activity 
than less active controls [100, 101] but not always 
[102]. After completing endurance exercise train-

ing, inactive men have higher adipose tissue and 
post-heparin LPL activity than before training 
[103, 104]. Peltonen et  al. [103] observed an 
increase in LPL activity after the first week of 
training and suggested that this increased LPL 
activity after only 1 week of exercise training is 
perhaps a response to a single exercise session.

Depletion of intramuscular triglyceride stores 
during exercise promotes secretion and/or syn-
thesis of LPL by capillary endothelial cells. 
Sedentary and trained subjects performing a sin-
gle prolonged endurance cycling exercise session 
[94] had higher post-heparin LPL activity. 
Running a marathon increased post-heparin LPL 
activity and the clearance of an ingested triglyc-
eride emulsion [105]. Higher post-heparin LPL 
activity is not evident until 4–18 h after exercise. 
Augmented LPL activity increased chylomicron 
and VLDL hydrolysis and reduced blood triglyc-
eride levels [53, 94, 106]. Increased catabolism 
of chylomicrons, VLDL, and their remnants 
works with HDL3 in a series of reactions to add 
cholesterol and triglyceride and grow HDL3 into 
HDL2 [101]. This process of enlarging HDL mass 
occurs in the vascular compartment of the muscle 
[106] and adipose tissue [107] following endur-
ance exercise. After 8  weeks of one-leg cycle 
training, Kiens and Lithell [106] reported 
increased arterial-venous HDL2-C concentrations 
across trained skeletal muscle, but not across 
non-trained muscle from the same individual. 
Resting muscle biopsies taken before and after 
8 weeks of exercise training showed an increase 
in resting muscle LPL activity after exercise 
training. This LPL activity change was not seen 
immediately after exercise in either muscle 
group. Rather, muscle LPL activity was higher 
4 h after exercise in only trained muscle [106]. 
These data support that lipoprotein profile 
changes induced by endurance training are, in 
part, explained by altered skeletal muscle LPL 
activity after a single exercise session. Williams 
et al. [107] proposed that LPL activity is greatest 
in adipose tissue, and thus, chylomicron and 
VLDL catabolism occurs in adipose tissue more 
than in muscle tissue. Endurance training that 
induces weight loss and causes the depletion of 
adipocyte triglyceride stores will increase adipo-
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cyte LPL activity affecting blood lipoprotein lev-
els [107]. Regardless of which tissue has the 
more prominent role, both the muscle and adi-
pose tissue are sites for endurance training-
induced LPL activity modifications that cause 
lipoprotein change.

Increased LPL activity can increase HDL syn-
thesis and is often given much of the credit for 
the elevated HDL mass after endurance exercise. 
Yet, present knowledge supports the concept that 
exercise training prolongs HDL apolipoprotein 
survival. The rate of HDL protein synthesis is 
similar for competitive runners and sedentary 
subjects [108] with no change in HDL protein 
synthesis rate after endurance training [104]. 
However, the survival time of HDL protein was 
27% longer in physically active men [108]. 
Furthermore, endurance training increased the 
half-life of apolipoprotein A-I and A-II in for-
merly inactive men [104], and LPL activity and 
fat clearance were associated with the increased 
HDL survival, while post-heparin LPL activity 
was not [104]. Increased HDL mass found with 
endurance training is likely a result of both 
increased synthesis and protein survival.

 Hepatic Lipase

HL bound to the endothelial surface of hepatic 
tissue is involved primarily in reverse cholesterol 
transport. Cross-sectional studies observe that 
HL activity is not different between active and 
inactive groups [101] or is lower in active groups 
[109]. HL is reduced in middle-aged men after 
endurance training [103, 104] and after 1 year of 
weight loss by exercise and/or dieting [110]. HL 
activity is not affected by a single endurance 
exercise session [94, 111] or resistive exercise 
[112]. HDL-C and HL are inversely related in 
active students [113] and negatively correlated 
with HDL2-C but positively correlated with 
HDL3-C [114]. Because HL acts in the process of 
transforming HDL2 to HDL3 and because HL 
activity is either lower or not changed in response 
to a single exercise session, higher HDL2 concen-
trations and lower HDL3 reported after endurance 
exercise training are expected.

 Lecithin:Cholesterol Acyltransferase

LCAT resides on the surface of lipoprotein parti-
cles and catalyzes the transfer of plasma fatty 
acids from lecithin to cholesterol. Once esteri-
fied, cholesterol moves into the hydrophobic core 
of the preferred substrate HDL3 creating a gradi-
ent favoring the net movement of cholesterol 
from cell membranes onto the lipoprotein surface 
[115]. Higher LCAT activity is reported for 
endurance-trained athletes [116–118], after 
endurance training of young men [117] and 
middle- aged men [119], and is thought to con-
tribute to increased synthesis of HDL2-C. LCAT 
activity is correlated with HDL-C (r  =  0.49, 
p  <  0.01) [117]. Thomas et  al. [120], however, 
found LCAT activity not to change in men after 
an 11-week interval training program. Williams 
et al. [115] observed no LCAT mass change after 
1 year of exercise-induced weight loss program. 
Thompson et al. [121] withdrew routine exercise 
for 6 weeks from physically active men who were 
expending about 1000 kcals per week and found 
no change in LCAT activity. The discrepancy 
between studies is not apparent but might be 
related to the exercise training volume com-
pleted. Marniemi et al. [117] had athletes com-
plete 10  h per week of aerobic activity, while 
young military cadets completed 20 h per week 
of combat and aerobic training. LCAT activity 
was correlated with V̇O2max (r = 0.399, p < 0.01), 
whereas Williams et  al. [115] reported on sub-
jects exercising 13 km per week and found that 
V̇O2max was not related to LCAT activity 
(r  =  0.23). If LCAT activity is modified after 
endurance training, a threshold above 13 km per 
week is probably needed.

A single endurance exercise session increased 
LCAT activity [122, 123], but not always [124, 
125]. Wallace et  al. [126] observed increased 
LCAT activity in young weight lifters after a 
90-min high volume weight lifting session in 
contrast to a 90-min low volume weight lifting 
session. These data provide support for the posi-
tive impact that PA and exercise have on LCAT 
activity causing blood lipid and lipoprotein to 
change. For change, an energy expenditure 
threshold must be reached.
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 CETP

CETP promotes the transfer of cholesteryl ester 
to chylomicron and VLDL remnants in exchange 
for triglyceride. Once accepted by these lipopro-
teins, this cholesterol undergoes hepatic degrada-
tion or becomes a source for tissue utilization. 
Little information is available regarding a CEPT 
exercise training effect, but higher CEPT activity 
was observed in endurance-trained athletes [116]. 
Finally, CEPT activity is inversely correlated 
with lipoprotein ratios (total cholesterol/HDL-C) 
and is a reflection for reduced CAD risk. 
Information from these studies provides insight 
into possible explanations regarding the previous 
exercise training observations of blood lipid and 
lipoprotein profiles after exercise training. For 
example, increased CEPT activity could explain 
enhanced reverse cholesterol transport despite a 
coinciding decrease or no change in HDL-C con-
centration [127].

 Clinical/Public Health Relevance

PA and regular exercise participation is recom-
mended for all persons by the 2008 US 
Department of Health and Human Services 
Physical Activity Guidelines for Americans [128] 
and supported by position statements from the 

ACSM [96, 129–131]. A summary of these exer-
cise guideline recommendations is presented in 
Table  16.8. These same recommendations are 
followed for persons having dyslipidemia but no 
other comorbidities. Most persons starting a PA 
or exercise program will start at low functional 
levels and progress at a rate that has been indi-
vidualized to meet their functional abilities. An 
important first long-term goal is to exercise 
150 min of moderate intensity or 75–150 min of 
vigorous-intensity physical activity per week or a 
combination of moderate to vigorous PA.  An 
additional long-term goal of up to 300 min of PA 
or regular exercise participation may be consid-
ered and would provide optimal PA and exercise 
health benefits if participants can complete this 
volume of exercise [128]; many individuals may 
not. Persons with dyslipidemia having other 
comorbidities should follow the exercise recom-
mendations for their condition(s) (i.e., CAD, 
stroke, or diabetes) [96, 132]. Even so, all healthy 
individuals and individuals having other health 
conditions should receive proper exercise pre-
scriptions and encouragement to complete as 
much daily PA and regular exercise as their func-
tional capabilities allow.

Investigations evaluating the impact of PA and 
regular exercise participation on blood lipid and 
lipoprotein levels support a PA or exercise thresh-
old of 8–10 miles or an expenditure of 1000 kcals 

Table 16.8 Exercise prescription [96]

Modes Goals Intensity/frequency/duration Time to goal
Aerobic
Large muscle 
activities

Decrease total cholesterol and 
triglyceride concentrations
Increase endurance and work 
capacity
Increase daily caloric 
expenditure
Decrease adiposity

40–80% peak work rate
40–80% heart rate reserve
>5 days/week
20–60 min/session or intermittent 
sessions (e.g., 2–3 sessions/day of 
10–30 min

4 months 
(fitness)
9–12 months 
(lipids)

Strength
Free weights, 
machines

Increase muscle strength and 
endurance

60–80% 1RM
2–4 sets of 8–12 reps
2–3 days/week

4–6 months

Flexibility
Upper and lower 
body ROM activities

Decrease risk of injury Static stretches: hold for 10–30 s
2–3 days/week

4–6 months

Progression - To optimize the impact of physical activity and exercise, weekly energy expenditure must eventually grow 
to be greater than 2000 Kcals of energy spent each week or more than 250 or more minutes of physical activity and 
exercise each week
Reprinted with permission from Moore et al. [96]
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of activity each week for improved blood HDL-C 
levels [133, 134]. An important consideration is 
for blood lipid, and lipoprotein modifications 
related to health benefits should rely more on the 
total PA or exercise volume completed than on 
the exercise intensity [49, 52, 97]. Though resis-
tance training has limited impact on improving 
the blood lipid and lipoprotein profile, blood cho-
lesterol and LDL-C levels are somewhat lower 
after resistance training programs lasting longer 
than 12  weeks. Regardless, resistance exercise 
training does have many other health benefits and 
must be part of any individuals’ exercise pro-
gramming (see Table 16.8).

Various lifestyle management guidelines exist 
[1, 135, 136] for managing dyslipidemias that 
support PA and regular exercise participating in 
conjunction with a proper diet and weight loss. 
These statements support exercise and diet as 
first interventions. Medications are used when 
lifestyle management is not successful [137]. An 
important consideration is gaining an under-
standing for the interactive effect of exercise and 
diet on lipoprotein metabolism and the interac-
tions between exercise and various classes of 
lipid medications now in use (see Table  16.3). 
Though few studies of such medication interac-
tions have been completed or published, the opti-
mal medical and exercise management of patients 
will in part depend on understanding these 
interactions.

Aerobic exercise has been the focus of most 
scientific investigations involving the impact of 
exercise on the blood lipid and lipoprotein pro-
file, and much of the evidence has linked higher 
levels of aerobic exercise to lower CVD rates. 
Blood triglyceride levels typically decrease, 
while blood HDL-C levels increase. Blood cho-
lesterol and LDL-C levels remain unchanged 
unless associated with weight loss. The main 
goal for PA and exercise programming is to 
expend calories. Inactive individuals starting a 
PA and regular exercise participation should 
expect improved lipid and lipoprotein measure-
ments after several months of PA and regular 
exercise programming.

Favorable changes in blood lipids and lipopro-
teins are optimized when:

• PA and exercise are performed regularly  – 
preferably 5 or more days per week.

• PA and exercise are performed at a moderate 
intensity to vigorous levels (40% to 80% heart 
rate reserve).

• Developing an exercise program that progres-
sively moves the individual to 150  min of 
moderate-intensity exercise or 75  min of 
vigorous- intensity exercise.

• When 250 min of moderate-intensity exercise 
or more than 2000 calories are expended each 
week, optimal impact on blood lipid and lipo-
protein levels occur.

• Resistance exercise is incorporated into a 
training regimen (2–3 days per week).

• Overall calorie and fat intake are reduced.
• Body weight is reduced.

 Special PA and Exercise 
Considerations

If no comorbidities exist, patients with dyslipid-
emia can follow the American College of Sports 
Medicine Guidelines for healthy adults. However, 
modifications in the exercise prescription are 
needed if other chronic diseases are present such 
as CAD, diabetes, obesity, or hypertension 
(ACSM Guidelines and chronic disease recom-
mendation) [96, 132].

Medications and special considerations for PA 
exercise programming include:

• HMG CoA reductase inhibitors  – the most 
common reported side effect with these medi-
cations is muscle discomfort and damage 
which cause a limited ability to perform exer-
cise. In these cases, always contact your physi-
cian. Rhabdomyolysis may occur in rare cases.

• Bile acid sequestrants  – major side effects 
include constipation, bloating, and flatulence, 
resulting in discomfort during PA and 
exercise.

• Other medication usage and interaction during 
exercise should always be considered (see 
Table 16.3).

• Obesity may limit choices for exercise 
training.
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 Conclusions

Scientific investigations report lower blood tri-
glyceride levels because of PA and regular exer-
cise participation for men and women. Blood 
cholesterol is not changed unless body weight is 
reduced or dietary intake is changed. Although 
the triglyceride portion of VLDL is reduced after 
exercise, the prominent changes in lipoprotein 
composition after PA and exercise are the 
increased blood HDL-C and HDL2-C levels. 
LDL-C changes from PA and regular exercise are 
minor without a reduction in adiposity or dietary 
fat and cholesterol intake. Evidence strongly sup-
ports that concentrations of small LDL-C and 
LDL particles will decrease, while the size of the 
LDL particles will increase when an exercise 
program of a high volume completed at moderate 
to vigorous intensity with a caloric energy equiv-
alence of exercising about 20  miles per week. 
The consensus is that HDL-C usually does not 
change after resistance training since few studies 
report elevated blood HDL-C after a resistance 
training program. Resistance exercise reductions 
in blood cholesterol, LDL-C, and non-HDL-C 
concentrations are reported, while no changes in 
blood chylomicron and triglyceride levels are 
found.

The mechanisms responsible for blood lipids 
and lipoproteins after exercise are related to 
increased LPL and LCAT enzyme activity. These 
enzymes enhance the breakdown of the large 
lipoproteins, promote lipid uptake by tissue, and 
facilitate reverse cholesterol transport. The pro-
cess for the removal of cholesterol from HDL is 
better understood and is related to altered CETP 
and HL enzyme activity and/or an increased 
hepatic apo E receptor-mediated pathway. The 
described exercise-induced responses and adap-
tations occur in both men and women of all ages 
and are associated with reduced CAD risk. Thus, 
abundant evidence is available to support a 
reduced disease risk by increasing PA and regular 
exercise participation.

With the introduction of NMR spectroscopy 
methodology, lipoprotein particles are now seg-
regated into chylomicron particles and VLDL 
particles; large VLDL-P and chylomicron parti-

cles; small and medium VLDL-P; IDL particles; 
total LDL particles; small and large LDL-P; total 
HDL particles; and small, medium, and large 
HDL-P. NMR spectroscopy also allows for anal-
yses of the average VLDL, LDL, and HDL par-
ticle sizes. This new methodology provides for 
the analysis of blood lipoprotein levels in a vari-
ety of new ways and adds new clinical 
 perspectives for blood lipid and lipoprotein anal-
ysis after PA, regular exercise participation, and a 
single exercise session. The information gained 
from this new methodology will afford new 
insight for clinical management of dyslipidemic 
persons and a better understanding for the benefi-
cial cardiovascular reduction in CAD morbidity 
and mortality. Much is already known about the 
exercise training-induced blood lipid and lipo-
protein modifications as well as the lipoprotein 
enzyme changes, but much is still to learn, and 
this work should continue with future research 
focus on the molecular basis for these changes.

Although lifestyle management should always 
be considered as the first therapeutic method 
used in dyslipidemia intervention, the primary 
means for blood lipid and lipoprotein change is 
likely pharmacological intervention. Health care 
professionals will and always should consider 
dietary change, weight loss, and increased PA 
and exercise as adjunctive therapies. Few ran-
domized controlled studies have been completed 
evaluating the effects of pharmacological inter-
ventions, PA, and exercise on individuals with 
dyslipidemia. Consequently, the impact of PA 
and regular exercise on these persons may be 
substantially different from the PA and exercise 
effects in persons free of dyslipidemia. 
Intervention programs emphasizing reductions in 
dietary fat and cholesterol result in reduced blood 
cholesterol and LDL-C levels when accompanied 
with exercise programming. Blood HDL-C levels 
will either stay the same or increase. Without 
exercise, a less consistent reduction in blood tri-
glyceride level occurs, while HDL-C tends to 
decrease.

Finally, knowing the interactive effect of exer-
cise and diet on lipoprotein metabolism is impor-
tant for proper patient medical management, but 
knowing the interactions between exercise and 
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various classes of current lipid medications is 
equally as important. Few studies of such interac-
tions have been published. The optimal medical 
management of dyslipidemic persons will in part 
depend on understanding these interactions.

 Recommendations Key Points/
Future Directions

In the last 50  years of scientific investigation, 
major advancements in understanding CVD dis-
ease and the association with blood lipid and 
lipoprotein levels have been achieved. 
Nonetheless, some major literature limitations 
currently exist concerning the effects of PA and 
exercise on blood lipid and lipoprotein levels 
including the lack of complete quantification of 
the proper dose response for specific populations, 
incorporation of confounding factors found in 
Table 16.2 into experimental study design, com-
plete information for understanding PA, and 
exercise impact on lipid and lipoprotein oxida-
tion and lipoprotein functionality. In the past, 
numerous studies have assessed the effects of 
resistance exercise on blood lipid and lipoprotein 
levels; however, our ability at that time for sys-
tematic quantification of resistance exercise was 
lacking. But because new methodology exists for 
quantifying resistance exercise, future resistance 
exercise studies need to better quantify energy 
expenditure when evaluating blood lipid and 
lipoprotein after PA and exercise.

With the introduction of NMR spectroscopy, an 
entirely different continuum in lipid and lipopro-
tein science was opened. For example, utilization 
of NMR spectroscopy provides a new means for 
completing CVD investigations in gaining new 
insight into blood lipids and lipoproteins and their 
subfractions and involvement in oxidation and 
lipoprotein functionality. NMR spectroscopy may 
now be used to assess the impact of PA and exer-
cise and determine the precise exercise volume 
necessary for changing blood lipids, lipoproteins, 
and lipoprotein subfractions. This methodology 
also is useful in determining the effects of sleep 
deprivation on the various lipoprotein subfrac-
tions. An interesting new area for future research is 

the examination of exercise- induced HDL func-
tionality changes and risk of CVD [138].

Regarding lipoprotein oxidation and the work 
of Medlow et al. [86], the impact of exercise on 
oxidation time is an important area for future 
investigations. Understanding the possible 
 mechanisms that alter the oxidized LDL and 
HDL has implications for reducing atherosclero-
sis development.

From a clinical practice perspective, under-
standing the effectiveness for bringing about 
behavioral change in current clinical practices is 
important for reducing overall population disease 
risk [1, 135].

 Key Points

• Elevated blood lipid and lipoprotein levels are 
well-known risk factors for CVD, and over-
whelming evidence exists supporting the 
effects of PA and exercise to improve blood 
lipid and lipoprotein levels.

• PA and exercise recommendations for adults 
with dyslipidemia without other comorbidities 
include at least 30 min per day or 150 min per 
week of moderate-intensity exercise or 
75–150 min of vigorous-intensity exercise per 
week and even up to 300  min per week 
(Table 16.8) to optimize blood lipid and lipo-
protein levels if individuals are able to exer-
cise this much.

• PA and exercise are also recommended for 
adults with dyslipidemia but having comor-
bidities such as CVD, CAD, stroke, diabetes, 
or other complications. In these cases, the 
exercise recommendations for the specific 
condition(s) should be considered when devel-
oping an individualized exercise program.

• Current evidence strongly supports longer 
duration aerobic exercise or greater exercise 
volume over high-intensity exercise when 
developing exercise programming.

• For optimal blood lipid and lipoprotein levels, 
combining exercise and a healthier diet gives 
the best results.

• Present evidence suggests that resistance exer-
cise can reduce blood cholesterol, LDL-C, 
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and non-HDL-C levels, providing other health 
benefits. Thus, when recommending an indi-
vidualized exercise program, resistance exer-
cise should be part in any individuals’ exercise 
recommendation.
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Physical Activity, Fitness, 
and Coronary Heart Disease

Michael J. LaMonte

 Introduction

Coronary heart disease (CHD) mortality among 
US adults has decreased substantially in recent 
decades, resulting in 341,745 fewer CHD deaths 
between 1980 and 2000 [1]. Despite this encour-
aging trend, CHD remains a major force of mor-
bidity and mortality worldwide and accounts for 
excessive healthcare in both high- and low- 
income countries [2]. In 2011–2014, an estimated 
16.5 million US adults had existing CHD, of 
which the age-standardized prevalence is higher 
in men (7.4%) than women (5.3%) and demon-
strates considerable race-ethnic variation [3]. In 
2015, cardiovascular disease was the number one 
cause of death among US adults, with 366,801 
(43.8%) deaths due to CHD [3]. About 35% of 
those who experience an acute CHD event will 
die from it, and for about 40–55% of women and 
men who die suddenly from CHD, there was no 
prior symptom or knowledge of underlying ath-
erosclerotic disease [3]. The proportion of CHD 
deaths in 2015 was higher in men (57.1%) than 
women (42.9%). Fatality remains low at younger 
ages (e.g., <40  years), but rises exponentially 
until about age 80 with men experiencing higher 

mortality than women until about age 70. 
Myocardial infarction ($12 million) and CHD 
($nine million) are two of the ten most expensive 
conditions treated in US hospitals [3]. The esti-
mated total cost of CHD in the United States in 
2013 was $204 billion, and this is projected to 
increase more than 100% by 2030 [3]. Clearly 
the population burden of CHD is large and will 
continue to grow in parallel with population 
aging over the next several decades [4].

CHD has a lengthy induction and incubation 
period during which biological risk factors inter-
act with genetic and environmental influences to 
initiate and promote endothelial cell dysfunction, 
atherosclerotic plaque development, arterial ste-
nosis, and thrombosis [5]. Major clinical mani-
festations of CHD include angina, myocardial 
infarction, and sudden death. Prevention of clini-
cal CHD events is typically achieved by reducing 
the development of new atherosclerotic lesions, 
stabilizing or limiting progression of existing 
lesions, and promoting enhanced fibrinolysis and 
reduced platelet aggregation. The objective is to 
maintain balance between myocardial oxygen 
supply and demand under a range of physiologic 
conditions and perturbations. Major modifiable 
CHD risk factors account for a large proportion 
(i.e., >75%) of the variation in clinical CHD 
between populations [6]. Only a small proportion 
of individuals will express clinical CHD because of 
genetic predisposition to these antecedent factors 
[7]. For most individuals the principal determinant 
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is their lifestyle, the modification of which offers 
tremendous opportunity for controlling CHD in 
the community [8]. The lifestyle factors that 
likely benefit CHD prevention and control the 
most are smoking cessation; reduced dietary sat-
urated fats, cholesterol, sodium, and refined sug-
ars; and increased physical activity [9]. Because 
regular physical activity has far- reaching benefi-
cial effects on major CHD risk factors, inflamma-
tion, oxidative stress, hemostasis, and cardiac 
structure and function, it has substantial implica-
tions to CHD prevention and management.

In this chapter, current evidence will be sum-
marized with respect to benefits of physical activ-
ity and cardiorespiratory fitness on CHD. More 
thorough reviews have been published elsewhere 
[10–12]. To illustrate key points, individual stud-
ies frequently cited in consensus statements and 
systematic reviews will be discussed. Relevant 
biological mechanisms that may explain associa-
tions between activity, fitness, and CHD will be 
briefly reviewed.

 Physical Activity Terminology

Physical activity refers to a behavior, specifi-
cally body movement, that occurs from skeletal 
muscle contraction resulting in increased energy 
expenditure above resting metabolic rate [13]. 
Physical fitness is a set of physiological attri-
butes (e.g., cardiorespiratory fitness, body com-
position, muscular strength and endurance, 
flexibility, agility, balance) that may be enhanced 
through exercise training or through regular par-
ticipation in PA [13]. The component of physical 
fitness that most often has been related with 
CHD outcomes is cardiorespiratory fitness, 
which reflects the body’s ability to circulate and 
utilize oxygen during heavy dynamic physical 
activities. Determinants of cardiorespiratory fit-
ness include age, sex, health status, and genetics; 
however, the principal modifiable determinant is 
habitual physical activity level [13]. In most 
individuals, and particularly among those who 
are sedentary, increases in PA result in increases 
in cardiorespiratory fitness, whereas it declines 
soon after cessation of physical activity. Thus, 

cardiorespiratory fitness can be used as a surro-
gate measure of recent physical activity 
patterns.

Healthy adults are encouraged to achieve a 
minimum of 150  min per week of moderate- 
intensity (3–6 METs) physical activity or at least 
75 min per week of vigorous-intensity (>6 METs) 
activity [13]. The targeted minimum volume of 
PA is about 8 MET-h/week (≈1000  kcal/week) 
above routine activities of daily living and can be 
achieved through a combination of moderate- 
and vigorous-intensity activities. Recent clinical 
trial data indicate that recommended levels of 
moderate-intensity physical activity are a suffi-
cient stimulus to improve cardiorespiratory fit-
ness [14] and that adherence is greater for 
moderate- compared with high-intensity physical 
activity programs [15]. An example that fulfils 
the guideline-recommended energy expenditure 
for health-related benefits might be 30  min of 
brisk walking (moderate intensity) on 3  days, 
plus 20  min of jogging (vigorous intensity) on 
another 1 day of the week. Given that brisk walk-
ing (3.5 mph (5.6 km/h) on level ground) is a 3.8 
MET activity and that jogging (10  min/mile 
(9.6 km/h) on level ground) is a 10 MET activity, 
the weekly volume of combined moderate- 
intensity (30  min  ×  3.8 METs  ×  3  days  =  342 
MET-min) and vigorous-intensity (20 min × 10 
METs × 1 day = 200 MET-min) physical activity 
would be 542 MET-min per week, or 9 MET-h 
per week. In the recent Advisory Committee 
Report for the 2008 Physical Activity Guidelines 
for Americans [11], the health outcome with the 
clearest and strongest evidence supporting bene-
fit at guideline-recommended physical activity 
levels was CHD incidence and mortality. There 
currently is no gold standard classification cur-
rently exists to classify “recommended cardiore-
spiratory fitness level.” However, many 
observational epidemiologic studies have dem-
onstrated substantially lower CHD risk (e.g., 
35–50% lower risk) among adults in the middle 
two fifths of the age- and sex-standardized distri-
bution of achieved maximal metabolic equiva-
lents (METs) during incremental exercise 
ergometry testing, as compared to those in the 
lowest fifth of the distribution [10, 11]. The MET 
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values that separate the lowest and middle two 
fifths of cardiorespiratory fitness distributions are 
about 7–10 METs in men and 6–8 METs in 
women, ages 20–70 years [16, 17].

 Epidemiologic Studies on CHD: 
Primary Prevention

 Physical Activity: Men

The field of physical activity epidemiology is 
rooted in seminal studies demonstrating lower 
CHD rates in men who were more physically 
active in their jobs. Prospective cohort studies 
conducted by Professor Jeremy Morris (1910–
2009) in British civil servants (c., 1950); by 
Professor Ralph Paffenbarger, Jr. (1922–2007) in 
San Francisco longshoremen (c., 1970); and by 
Professor Henry Taylor (1919–1983) in US rail-
road employees (c., 1960) showed that men with 
higher levels of occupational physical activity 
(e.g., double-deck bus conductors, dockworkers, 
railroad switchmen) experienced rates of CHD 
mortality that were about 50% lower than those 
seen in their less active coworkers (e.g., bus driv-

ers, desk clerks) [18–20]. Figure  17.1 summa-
rizes these findings.

Because classifying physical activity levels by 
occupational duties provides a crude assessment 
of overall daily physical activity exposure and 
because widespread reductions in occupational 
energy expenditure were occurring throughout 
the twentieth century, Professors Morris and 
Paffenbarger expanded their research to include 
examination of self-reported leisure-time physi-
cal activity in relation to CHD. Morris’ findings 
in male British civil servants [21] and 
Paffenbarger’s in male Harvard alumni [22] con-
sistently showed higher levels of leisure-time 
activity were associated with significantly lower 
CHD mortality. Morris reported a threshold of 
activity intensity of about 31.5 kJ/min (7.5 kcal/
min; high end of moderate absolute intensity by 
contemporary standards) for at least 20 min on at 
least 2  days per week to obtain about a 62% 
reduction in CHD risk. In the landmark report by 
Paffenbarger on 16,936 male Harvard alumni 
ages 35–74 at baseline who were followed for 
8  years (215 CHD deaths), age-adjusted CHD 
mortality rates across incremental groups of 
leisure- time activity-related energy expenditure 
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0.4

0.2
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London Busman San Francisco
Longshoremen
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Fig. 17.1 Relative risks of CHD mortality according to 
occupational physical activity level in three prospective 
epidemiologic cohort studies on London busmen [18], 
San Francisco longshoremen [19], and US railroad 
employees [20]. Inactive men had job classifications of 

clerks or desk workers and were the referent group. Active 
men were London double-deck bus conductors, San 
Francisco dockworkers, and US railroad switchmen. 
Relative risks were adjusted for age, smoking, systolic 
blood pressure, and relative weight
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(<500, 500–1999, ≥2000 kcal/week in vigorous 
sports play, stair climbing, brisk walking) were 
25.7, 21.2, and 16.4 per 10,000 man-years (trend 
P = 0.002). After adjustment for history of paren-
tal CHD, smoking, weight status, and hyperten-
sion, the risk of CHD death was 33% lower 
(P  <  0.001) among men who expended 
≥2000  kcal/week compared to those with less 
than this amount of activity. Suggestion in both 
studies that vigorous-intensity activity may be 
the principal component of overall leisure-time 
activity that confers CHD benefits focused on 
ensuing research (and scientific debate) on the 
relative roles of physical activity intensity and 
energy expenditure as determinants of CHD mor-
bidity and mortality, and this debate continues 
today [23].

Several additional studies have been published 
following the above seminal work, the majority 
of which have demonstrated that reduced CHD 
risk is associated with higher amounts of physi-
cal activity in men [10, 11]. Table 17.1 provides a 
summary of findings from selected well- 
established large prospective epidemiologic 
cohort studies on physical activity and the risk of 
primary CHD events [24–32].

 Physical Activity: Women

Because early epidemiologic studies on the car-
diovascular benefit of physical activity were con-
ducted in men, it was unclear whether similar 
findings should be expected in women. An initial 
report from the Framingham Heart Study 
included 2311 women ages 35–64  years who 
completed a physical activity questionnaire in 
1955–1956 and then were followed for 14 years 
during which 52 CHD deaths occurred [33]. No 
association was seen between self-reported levels 
of physical activity and mortality risk. In this 
study, activity was quantified using questionnaire 
items and associated energy costs originally 
developed and validated in men. Thus, one pos-
sible explanation for the null finding may have 
been due to misclassification of energy costs in 
women. However, in a later study with longer 
follow-up on these women, physical activity was 

found to be significantly related to lower CHD 
mortality [34]. The authors attributed the differ-
ence in findings to greater statistical power in 
their later analyses.

In another study, 6620 Canadian women 
≥30 years of age completed an extensive baseline 
questionnaire to quantify usual daily physical 
activity during the past year and were followed 
7  years during which 109 women experienced 
fatal CHD [35]. Age-adjusted odds ratios for 
CHD death were 1.0 (referent), 0.61, 0.84, and 
0.63 (all nonsignificant) across incremental 
fourths of leisure-time physical activity. Further 
investigation revealed that of the 8.2 kcal/kg/day 
average daily total physical activity energy 
expenditure, only 1.2  kcal/kg/day (15%) was 
spent in sport and leisure activities, whereas 
7.0 kcal/kg/day (85%) was spent in non-leisure 
activities (e.g., house and family care, commut-
ing). When non-leisure-time physical activity 
was analyzed separately, a significant inverse 
association was seen with CHD death (OR: 1.00 
(referent), 0.71, 0.57, 0.49; P < 0.05, each). The 
data from the Framingham and Canadian studies 
illustrate an important methodological issue, the 
influence that physical activity assessment meth-
ods can have in studies of health risks in women 
[36]. The use of assessment methods that are less 
ideal for measuring physical activity in women 
may partly explain why a significant inverse 
association between physical activity and CHD 
morbidity and mortality is less consistently 
observed in women than men and, when observed, 
why the effect sizes tend to be smaller in women 
than in men [10, 11].

Two of the largest and most comprehensive 
investigations on physical activity and CHD risk 
in women have been led by Professor JoAnn 
Manson in the US Nurses’ Health Study [37] and 
Women’s Health Initiative [38]. In each study, 
more than 70,000 women ages 40–79 years had 
usual leisure and recreational physical activity 
levels assessed at baseline using questionnaires 
relevant to women’s lives and were then followed 
for primary CHD events during an average of 
3–8 years. In both studies, multivariable analyses 
showed that compared with women in the lowest 
physical activity quintile, CHD risk was 12%, 
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19%, 22–26%, and 28–34% lower in women in 
the upper four quintiles, respectively (trend 
P ≤ 0.002). Significant inverse associations also 
were seen when women were categorized by 
race-ethnicity, smoking status, body mass index, 
and history of premature parental coronary 
 disease. Perhaps the most provocative finding 
was that similar CHD risk reduction was seen in 
walking activity and in vigorous physical activi-
ties when energy expenditure was held constant. 
For example, the multivariable risk of CHD was, 
on average, 14% and 6% lower (P < 0.05 each) 
for each 5 MET-h increment of energy expendi-
ture in walking and vigorous activity, respec-
tively [37]. This finding suggests that physical 
activity energy expenditure, not intensity, is more 
relevant to CHD prevention, which is consistent 
with current public health guidelines [11, 13].

 Cardiorespiratory Fitness:  
Men and Women

Compared with studies on physical activity and 
CHD, far fewer studies have been published in 
which an objective measure of cardiorespiratory 
fitness (henceforth fitness) has been obtained in a 
defined cohort of adults, without known clinical 
CVD at the time of fitness assessment, who then 
are followed up prospectively for the occurrence 
of incident CHD events [10, 11]. One of the first 
such studies was completed in 2779 men in Los 
Angeles (CA), ages 55 and younger, who were 
employed in law enforcement and firefighting 
and who completed submaximal cycle ergometry 
testing to quantify their cardiorespiratory fitness 
[39]. During a mean follow-up of nearly 5 years, 
there were 36 myocardial infarctions docu-
mented. In analysis controlling for age and major 
CHD risk factors, men whose fitness level was 
below the cohort median experienced a twofold 
higher relative risk (P  <  0.05) of myocardial 
infarction compared to men above the median 
value. The magnitude of association seen for low 
fitness (RR = 2.2) was comparable to that seen 
for established CHD risk factors hypercholester-
olemia (RR = 2.5), cigarette smoking (RR = 2.8), 
and high systolic blood pressure (RR  =  1.8). 

Interestingly, the relative risk of CHD was more 
than sixfold higher in men with low fitness who 
also had two or more existing CHD risk factors. 
In the previously described US Railroad Study, 
initially CVD-free men completed a single-stage 
submaximal treadmill test to assess their fitness 
level, which was based on the exercise heart rate 
response to a standardized work rate (5  min at 
5% grade and 3.0 mph) [40]. Lower heart rates, 
which reflect greater fitness levels, were associ-
ated with reduced CHD mortality risks. After 
adjustments for smoking, serum cholesterol, and 
systolic blood pressure, the relative risks (95% 
CI) for CHD mortality across four groups of 
incrementally higher exercise heart rates were 
1.00 (referent), 1.06 (0.98, 1.16), 1.13 (1.04, 
1.23), and 1.20 (1.10, 1.26).

Soon after publication of the above studies, a 
seminal paper was published by Professor Steven 
Blair, in which more than 10,000 men and 3000 
women, ages 20–88  years, completed maximal 
treadmill exercise tests as part of an elective pre-
ventive medical examination at the Cooper Clinic 
in Dallas, TX, and then were followed 8 years for 
mortality outcomes [41]. While the numbers of 
CHD deaths were insufficient to be analyzed sep-
arately, rates of total CVD mortality declined 
steeply across fitness groups defined as the low-
est fifth, the middle two fifths, and the upper two 
fifths of age- and sex-specific maximal treadmill 
times. Among men, age-adjusted CVD rates (per 
10,000 person-years) were 24.6, 7.8, and 3.1 and 
for women were 7.4, 2.9, and 0.8. A subsequent 
report from this study on a 10-year follow-up for 
nonfatal CHD among 20,728 men and 5909 
women documented 1222 and 97 events in men 
and women, respectively [17]. Study results are 
shown in Fig. 17.2.

Steep inverse gradients in age- and examina-
tion year-adjusted incidence rates of nonfatal 
CHD were observed across incremental fitness 
levels in both men (trend, P < 0.001) and women 
(trends, P  = 0.004). Among men, a statistically 
significant inverse trend in the multivariable- 
adjusted relative risks for nonfatal CHD was seen 
(RR  =  1.00, 0.89, 0.76; P  =  0.001), whereas, 
among women, the inverse trend was observed 
but did not reach statistical significance 
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(RR  =  1.00, 0.93, 0.82; P  =  0.49), perhaps 
because of the limited number of CHD events 
analyzed. Similar to the above study on Los 
Angeles public servants, in this study, the age- 
and examination year-adjusted rates of CHD 
were inversely associated with fitness levels in 
men and women (P < 0.05, each) with especially 
high CHD risk based on the presence of two or 
more risk factors at baseline. Similar findings of 
lower multivariable-adjusted risks of CHD asso-
ciated with greater levels of fitness determined by 
maximal treadmill exercise test duration in 
women and men have been reported in the Mayo 
ClinicOlmsted County Study [42], Framingham 
Heart Study [43], and St. James Women Take 
Heart Project  [44].

The apparent benefit on CHD risk associated 
with higher fitness levels in the above discussed 
studies is based on estimated cardiorespiratory 
fitness, either using a physiologic response or 
work rate achieved during submaximal exercise 
[39, 40] or extrapolating from maximal exercise 
time or the final achieved work rate [17, 45]. 
While providing a reasonable distribution of esti-
mated fitness for use in population health studies, 
these approaches are prone to misclassification of 
true cardiorespiratory fitness, defined as the max-

imal oxygen uptake [13]. Direct measurement of 
maximal oxygen uptake requires expensive labo-
ratory instrumentation and is more burdensome 
to participants; thus, it has been included sparsely 
in large epidemiologic follow-up studies. 
However, this measurement was included as part 
of the Kuopio Ischemic Heart Disease Study 
which followed a cohort of Finnish men, ages 
42–60  years without known CVD, for nonfatal 
myocardial infarction [46] and CHD death [47]. 
Cardiorespiratory fitness was measured using 
maximal cycle ergometry and indirect calorime-
try analysis of expired air. After extensive adjust-
ments for CVD predictors, each 1-MET (3.5 mL 
oxygen uptake/kg/min) increment in fitness was 
associated with a statistically significant 
(P < 0.05) reduced risk of MI (RR = 0.93) and 
CHD death (RR = 0.82). The inverse association 
between fitness and CHD mortality persisted 
when analyses were restricted to men who 
smoked, were obese, and had hypertension and 
dyslipidemia. In 1083 asymptomatic adults, ages 
46–63 years in the Baltimore Longitudinal Study 
of Aging, 76 CHD events were documented dur-
ing 8 years of follow-up [48]. Each 1-MET incre-
ment in measured oxygen uptake was associated 
with a significantly lower CHD risk (RR = 0.92; 
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Fig. 17.2 Age- and examination year-adjusted rates (per 
10,000 person-years) of CHD (MI, revascularization, car-
diac death) according to categories of cardiorespiratory 
fitness in 20,728 men (1222 events) and 5909 women (97 
events) followed 10  years in the Aerobics Center 

Longitudinal Study. Low, moderate, and high fitness cat-
egories were defined as the lower 20%, middle 40%, and 
upper 40% of the sex- and age-standardized distribution 
of maximal treadmill exercise test time
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P < 0.001), following adjustments for age, sex, 
and major CHD risk factors. Results from the 
Kuopio Ischemic Heart Disease Study and 
Baltimore Longitudinal Study of Aging, showing 
lower CHD risks in adults with higher levels of 
directly measured cardiorespiratory fitness, 
enhance confidence in the earlier described epi-
demiologic studies in which fitness was indi-
rectly estimated.

 Physical Activity or Fitness Benefit 
in High-Risk Groups

CHD risk is elevated in adults with existing con-
ditions, such as diabetes, hypertension, metabolic 
syndrome, and obesity [49]. These comorbidities 
can affect the initiation and progression of ath-
erosclerosis as well as potentially contribute to 
clinical event precipitation [50]. A role for physi-
cal activity or fitness in preventing primary CHD 
in these high-risk population subgroups is 
becoming established [51–55]. Among women in 
the Nurses’ Health Study [52] with history of dia-
betes diagnosis, significantly lower multivariable- 
adjusted CHD risk was seen across incremental 
quintiles of self-reported physical activity 
(RR  =  1.00 (referent), 1.07, 0.86, 0.61, 0.49, 
trend P  =  0.003). Age-adjusted rates of CHD 
were lower in adults with metabolic syndrome 
who reported higher physical activity as com-
pared with their less active peers (men, 11.5% vs 
21.8%, P  <  0.001; women, 5.3% vs 12.4%, 
P < 0.001) in the EPIC study [51]. Among adults 
with hypertension diagnosis, multivariable- 
adjusted relative risks for CHD comparing the 
lowest and highest categories of cardiorespira-
tory fitness were 0.71 (P < 0.05) in men and 0.47 
(P = 0.09) in women [53]. And, in the Women’s 
Health Study [55], CHD risks associated with 
being overweight or obese were attenuated, 
though not eliminated, by higher levels of total 
recreational physical activity as well as walking. 
For example, compared to active women with 
normal body weight, relative risks were 1.87 and 
2.53 for obese women who were active and inac-
tive, respectively (P < 0.05, each). These obser-
vational study results reinforce the importance of 

lifestyle modification as part of managing 
individual- level CHD risk [49].

 Change in Activity or Fitness  
and CHD Risk

The studies reviewed thus far had a simple pro-
spective epidemiological design where a single 
baseline measure of physical activity or fitness 
was related to CHD outcomes in follow-up. A 
perplexing issue for such studies is whether study 
participants changed their health habits during 
follow-up. That is, individuals eating a high-fat 
diet at baseline can improve their dietary habits at 
some point during the observation period, 
whereas others could initiate unhealthy dietary 
intakes. The same is true for other lifestyle habits 
such as physical activity and fitness. Those active 
or fit at the start of the study might reduce their 
activity levels early or later in the follow-up 
period and thus might be misclassified on their 
activity patterns or fitness levels for much of the 
observational period. This could introduce a 
biased or “imprecise” measure of association 
between the exposure and outcome variables of 
interest. Misclassification bias can reduce the 
likelihood of showing the true magnitude or sig-
nificance of an association between the exposure 
and CHD outcome if such an association does in 
fact exist. As the field of physical activity epide-
miology evolved, it became apparent that a more 
complete evaluation of the causal hypothesis for 
physical inactivity or low fitness and CHD inci-
dence would be achieved by evaluating the asso-
ciation of changes in physical activity or fitness 
and subsequent CHD occurrence.

In the previously described Nurses’ Health 
Study [37], women reported their physical activ-
ity levels in 1980 and then again in 1986. Women, 
who were physically inactive in 1980, were then 
classified on their activity levels according to the 
1986 survey and followed thereafter for occur-
rence of CHD events. Compared to women who 
were inactive at both time points, the multivari-
able relative risks of CHD in those whose physi-
cal activity had increased placing them into 
incremental quartiles were 0.85, 0.79, 0.67, and 
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0.71 (trend, P = 0.03). In the Copenhagen City 
Heart Study  [56], 4487 men and 5956 women, 
ages 20–93  years, self-reported their physical 
activity at baseline in 1976–1978 and again in 
1981–1983 and then were followed through 2008 
for incidence of CHD. Although significant dif-
ferences in CHD risk factors such as blood pres-
sure and total cholesterol were not seen in relation 
to patterns of physical activity changes, women 
and men who were active at baseline and became 
less active by the second assessment interval had 
statistically significant higher multivariable- 
adjusted CHD risks. Similarly, middle-aged men 
in the British Regional Heart Study who reported 
increases in physical activity levels across two 
assessments separated by 12–14  years had sig-
nificantly lower rates of myocardial infarction 
and CHD death compared to those with persis-
tent inactivity [57]. Fewer data are available for 
the association of fitness changes with CHD risk. 
Blair and colleagues [58] reported significant 
improvements in CHD risk factors among men 
whose maximal treadmill exercise duration 
increased between two tests separated by about 
2  years. A subsequent report from this study 
showed that men with low fitness at the first test 
and improved fitness at the second test have a 
52% (P < 0.05) lower multivariable-adjusted rel-
ative risk of CVD mortality compared to their 
peers with low fitness at both tests [59]. The CHD 
benefit of changing from lower to higher fitness 
seen in the above and other studies that defined 
fitness based on indirect assessments has been 
confirmed in the Baltimore Longitudinal Study 
of Aging [60] where, as previously described, fit-
ness was determined by directly measuring maxi-
mal oxygen uptake. While not as rigorous as 
experimental data from a randomized controlled 
trial, the epidemiological findings reported 
among these studies on the risks of CHD subse-
quent to change in self-reported physical activity 
or measured fitness provide important additional 
evidence for a causal association between these 
exposures and primary CHD occurrence.

One might argue that any propensity for 
increasing physical activity and fitness may well 
reflect genetic prowess in those able to make and 
sustain such changes and subsequently realize 

CHD benefit. Quantifying the extent to which the 
association between physical activity and fitness 
with CHD is explained by genetics is relevant 
when allocating limited public health resources 
for the development of targeted strategies to 
intervene on modifiable risk factors as a means of 
controlling the population burden of CHD mor-
bidity and mortality. Exposure-outcome associa-
tions largely accounted for by genetic selection 
likely would not be a cost-effective widespread 
target for improving population health but instead 
may be more feasible in population subgroups 
with specific genetic composition. Recent find-
ings in the Swedish Twin Registry study [61] 
begin to address this issue as related to physical 
activity and CVD mortality. Physical activity 
questionnaires were completed in 1972 by 13,109 
twin pairs (40% monozygotic twin pairs), who 
then were followed for mortality through 2004 
(1800 deaths). As expected, in the overall study 
population, CVD mortality risk was 66% and 
45% lower among women and men, respectively, 
in the high- compared with low-activity groups. 
When analyses were conducted on physical 
activity discordant monozygotic twin pairs, the 
twin with higher physical activity had a 32% 
lower risk (P < 0.05) of CVD mortality compared 
with their less active co-twin. Similar mortality 
risk reduction in high- compared with low- 
activity groups was seen when monozygotic twin 
pairs were analyzed separately according to sex. 
Associations between activity and mortality were 
weaker and not significant among dizygotic 
twins. The significant protective association 
between physical activity and mortality observed 
in monozygotic twins tempers arguments that the 
association is accounted for principally by 
genetic selection and supports the hypothesis that 
the association is one of causality. In another epi-
demiologic cohort study, the Women’s Genome 
Health Study [62], genes pertaining to cardiore-
spiratory fitness did not modify the significant 
inverse association observed between self- 
reported physical activity and CHD incidence. 
This finding provides some evidence against the 
argument that the CHD benefit associated with 
physical activity habits predominantly reflects a 
broader effect conferred through fitness path-
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ways. It is important to recognize that complex 
multifactorial webs of causation underlay most 
etiological pathways linking lifestyle and other 
exposures with CHD morbidity and mortality, 
and genetic components likely are involved in 
several aspects therein, although these effects 
may be difficult to assess at present. Ongoing 
progress in the technological capacity for refined 
examination of complex gene-gene and gene- 
environment interactions and the emerging field 
of epigenetics will no doubt lead to better under-
standing of the role genetics has in the estab-
lished health benefits associated with physical 
activity and fitness.

 Epidemiologic Studies on CHD: 
Secondary Prevention

Numerous prospective epidemiologic cohort 
studies have documented better prognosis associ-
ated with higher physical activity or fitness levels 
in adults with established clinical CHD [10, 11, 
63]. Results have shown that levels of activity 
and fitness prior to [64–67] and following [64, 
65, 67–74] primary CHD events are associated 
with better outcomes in these patients. These 
studies are summarized in Table 17.2. Prognostic 
benefit of higher physical activity or fitness is 
seen in both women and men with established 
CHD. Fitness, whether estimated from achieved 
maximal work rate during ergometry testing or 
directly measured maximal oxygen uptake, is one 
of the strongest prognostic factors among demo-
graphic, medical, and clinical parameters evalu-
ated [64, 68, 70–74]. Even in those with reduced 
left ventricular ejection fraction (<40%), achiev-
ing higher fitness levels (≥4 vs <4 METs) during 
symptom-limited cycle ergometry was associated 
with significantly lower age-adjusted 5-year mor-
tality (5% vs 29%, P < 0.05) [68]. Among adults 
with stable CHD who had clinical depression, a 
major complication of myocardial infarction and 
other CHD sequelae, low levels of self-reported 
physical activity as well as measured fitness 
eliminated the adverse association between 
depression and secondary CVD events [74]. In 
this study, when simultaneously adjusted for the 

presence of depression and other CVD risk pre-
dictors, physical inactivity remained a strong 
determinant of recurrent CVD events (RR = 1.44, 
P < 0.05).

 Experimental Studies on CHD 
Prevention

 Primary Prevention

Several studies using experimental designs have 
demonstrated favorable changes in CHD risk fac-
tors, including resting and exercise heart rate and 
blood pressure; fasting and postprandial blood 
lipid and glucose concentrations; hemostatic, 
inflammatory, and stress-response biomarkers; 
body fat distribution; and physical fitness param-
eters in adults who increased their physical activ-
ity or fitness levels as a result of exercise training. 
A detailed review of this evidence is beyond the 
scope of this chapter. Readers are referred else-
where to published reviews of these findings [10, 
11, 13, 75–77]. The LookAhead trial is a recent 
randomized primary prevention trial conducted 
among adults who, at enrollment, were over-
weight or obese and had clinically diagnosed 
type 2 diabetes in which physical activity was 
part of a multicomponent intervention [78]. A 
total of 5145 participants were randomized to 
either intensive lifestyle intervention (physical 
activity, dietary restriction, stress management) 
targeting a modest 10% loss of enrollment body 
weight or usual care diabetes education and fol-
lowed for a maximum of 13.5 years. Significant 
weight loss and improvements in systolic blood 
pressure, LDL and HDL cholesterol concentra-
tions, glycemic control, and cardiorespiratory fit-
ness were observed in the intervention compared 
with control group. However, rates (per 100 
person- years) of the primary outcome (CVD 
death, nonfatal MI, stroke, angina) were not dif-
ferent between intervention and control groups 
(1.83 vs 1.92, P = 0.51) nor were rates of a sec-
ondary CHD endpoint (fatal and nonfatal MI; 
intervention, 0.71, vs control, 0.84; P  =  0.11). 
Because this trial did not focus exclusively on 
physical activity or excise training as the sole 
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intervention modality, it is not possible to rule out 
that such an intervention, if of sufficient activity 
dose and adherence, could be efficacious for pri-
mary CHD prevention. However, to date, there 
has not been a published large randomized con-
trolled trial evaluating the effect of physical 
activity on the incidence of primary CHD events. 
Results of an ongoing NHLBI-funded large prag-
matic community-based trial, the Women’s 
Health Initiative Strong and Healthy (WHISH) 
trial [79], to increase physical activity and reduce 
sedentary time among older postmenopausal 
women, will provide desperately needed and 
important scientific understanding in this area.

 Secondary Prevention

More evidence is available from experimental 
studies on the effect that increasing physical 
activity and fitness have on the prevention of 
secondary outcomes in adults with established 
CHD.  One of the first such large-scale studies 
was the National Exercise and Heart Disease 
Program [80], a 3-year multicenter randomized 
trial in the United States, in which 351 and 319 
men, ages 30–64 years who had acute myocar-
dial infarction 2–36 months prior to enrollment, 
were randomized to an exercise or control group, 
respectively. Overall, trial outcomes were more 
favorable in the exercise compared with control 
group. The cumulative 3-year rate of all-cause 
mortality and recurrent myocardial infarction 
favored the intervention group (4.6% vs 7.3%; 
5.3% vs 7.0%), although rate differences did not 
achieve statistical significance. A recent meta- 
analysis [81] on the efficacy of exercise-based 
cardiac rehabilitation for secondary event pre-
vention (16 randomized controlled trials, 14,486 
participants, median follow-up 12 months) dem-
onstrated significantly lower CVD mortality 
(weighted summary RR  =  0.74, 95% CI: 0.64, 
0.86) and hospitalization (weighted summary 
RR = 0.82, 95% CI: 0.70, 0.96) associated with 
physical activity intervention. These findings 
generally concur with the observational findings 
shown in Table 17.2. Additional trial results sug-
gest that increasing physical activity is associ-

ated with reduced healthcare costs and improved 
clinical outcomes as compared with percutane-
ous revascularization in patients with stable 
CHD [82, 83].

 Biologic Mechanisms for CHD Risk 
Reduction

Existing evidence supports a causal association 
between physical inactivity and CHD [10, 11, 
84]. A key aspect that enhances such a conclusion 
is the numerous biologic mechanisms that have 
been demonstrated between physical activity or 
fitness and CHD.  It is beyond the scope of this 
chapter to provide a detailed comprehensive 
review of these data. Figure 17.3 illustrates sev-
eral of these possible mechanisms, grouped into 
four primary elements, including factors improv-
ing skeletal muscle substrate utilization and con-
tractile function, factors improving myocardial 
structure and function, factors that prevent or 
control onset and progression of atherosclerosis, 
and factors related to improved neurohormonal 
control over perturbations in cardiac function as 
well as intermediary metabolic pathways. 
Importantly, physical activity appears to reduce 
both subclinical [85] and clinically evident [86] 
atherosclerosis. Other potential mechanisms that 
could link physical activity with a favorable 
impact on CHD are improved myocardial electri-
cal stability [87], myocardial ischemic precondi-
tioning [88], improved central cardiac 
components of cardiorespiratory fitness (maxi-
mal oxygen uptake) [86], less myocardial ectopic 
fat deposition [89], as well as telomere lengthen-
ing [90] and microRNA responses [91] that may 
have cardiometabolic benefit particularly with 
aging. A principal effect desired for CHD risk 
reduction is to maintain or restore the balance 
between myocardial oxygen supply and demand. 
Clinical trials have demonstrated improvements 
of myocardial perfusion following exercise train-
ing in patients with stable CHD, likely owing to 
regression of atheromatous plaques within the 
coronary circulation [86], enhanced coronary 
endothelial function [92, 93], promotion of coro-
nary collateralization [94], and reduced coronary 
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inflammation [83]. Other elements presented in 
Fig. 17.3 likely have a direct or indirect influence 
on either oxygen supply, demand, or both.

 Clinical and Public Health 
Significance

The ongoing accumulation of scientific evidence 
supports a role, quite likely causal in nature, for 
physical inactivity and low fitness in the etiology 
and clinical manifestations of CHD. Compelling 
evidence derives from large, well-designed pro-
spective observational cohort studies, the results 
of which tend to show strong inverse associations 
between self-reported physical activity and mea-
sured fitness with the incidence of primary CHD 
and with secondary event occurrence in those 
who already have clinical CHD.  The apparent 
CHD benefit associated with physical activity 
and fitness is consistently observed in studies of 

diverse populations, using different approaches 
to the assessment of activity and fitness, and 
across varying lengths of follow-up for endpoint 
events. Indeed, the seminal 1996 US Surgeon 
General Report on Physical Activity and Health 
[10] concluded:

The epidemiologic literature supports an inverse 
causal association between level of physical activ-
ity or fitness and CHD. The association is moder-
ate in magnitude, consistent across studies that 
differed substantially in methods and population, 
and biologically plausible. Dose-response has 
been observed in most studies examining more 
than two levels of exposure. Although controlled 
trials have not been conducted for CHD, morbidity 
or mortality controlled trials have shown that 
increasing physical activity can improve physio-
logic risk factors and subclinical measures for 
CHD. From this large body of consistent scientific 
evidence it is reasonable to conclude physical 
activity is causally related to CHD.

The biological mechanisms that could explain a 
causal link between physical activity and CHD 

Skeletal muscle
• Improve oxygen
 extraction/utilization
• Improve fiber size distribution
• Improve capillarization
• Improve contractility
• Improve fitness(CRF)
• Reduce apoptosisAtherosclerosis

• Improve risk factors
• Improve arterial dilation
• Reduce platelet adhesion
• Improve fibrinolysis
• Reduce inflammation
• Improve antioxidant system

COMORBIDITY
• Reduce risk of developing
 diabetes, hypertension, and
 metabolic syndrome

Cardiac

• Improve balance between
 oxygen supply and demand
• Improve stroke work
• Improve fitness(CRF)
• Favorable remodeling
• Reduce fibrosis
• Improve contractility
• Improve myocardial relaxation
• Improve compliance
• Reduce apoptosis

• Reduce sympathetic tone
• Increase parasympathetic tone
• Reduce angiotensin
• Reduce BNP, troponin
• Improve renal function

Neurohormonal activity

Aerobic
physical
activity

Fig. 17.3 Potential mechanisms through which physical activity reduces CHD risk. Bold elements are likely a major 
pathway
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continue to evolve, and many more likely will be 
identified and existing mechanistic theories 
refined as technologic advances continue in both 
basic and applied scientific settings, including 
the potential understanding about targeted pre-
ventive and therapeutic applications that might 
come through precision medicine endeavors. Use 
of objective measures of physical activity, such 
as accelerometers, will likely result in less mis-
classification of activity exposures, which in turn 
should enhance precision of associations with 
CHD risk factors and clinical endpoints [95, 96]. 
Exercise-induced cardiac benefits in adults with 
stable CHD appear to have a cost advantage over 
conventional clinical intervention [82]. Taken 
together, future discovery and improved research 
methods will expand and refine the paradigm of 
CHD prevention and management; the down-
stream consequence ideally will further decline 
in population CHD rates as seen over the past 25 
or so years [2].

However, the important public health and clin-
ical question pertains neither to more compre-
hensive elucidation of mechanisms nor to 
whether an association between physical activity 
and CHD exists independent of these pathways. 
The more important question is whether the 
 population burden of CHD will decrease if indi-
viduals who are physically inactive and have low 
fitness increase their activity habits and fitness 
levels, even by relatively small amounts [97]. It is 
clear that small changes in other modifiable risk 
factors [98] confer potential for large reductions 
in the incidence of CHD and other atheroscle-
rotic cardiovascular diseases. Community 
changes in behavioral factors associated with 
CHD [99], including physical activity [100], are 
possible. Guideline recommendations for 
improving the cardiovascular health of communi-
ties continue to emphasize the utility of modifi-
able lifestyle behavior targets in order to realize 
these goals [101, 102]. To this point, however, 
experts argue that more guidelines are not the 
answer to the public health problem. Instead, 
widespread efforts to change the US way of liv-
ing are needed so that the abundance of proven 
effective CVD guidelines has a chance at being 
implemented, adopted, and successful in making 

small but meaningful changes in cardiovascular 
health measures within communities [103, 104]. 
Because the population prevalence of physical 
inactivity is high and its association with CHD is 
of a moderate-to-strong magnitude [11], the frac-
tion of CHD morbidity attributable to physical 
inactivity could be as high as 37% [105], which is 
comparable to or exceeds that for other major 
modifiable CHD risk factors such as diabetes, 
hypertension, poor dietary intake, and obesity.

 Conclusion

The population burden to CHD remains large in 
the United States and abroad. Approaches to CHD 
primary and secondary prevention have led to 
recent declines in CHD mortality rates; however, 
the absolute numbers of CHD cases in the com-
munity are substantial and will increase with pop-
ulation aging. Healthcare costs will parallel this 
increasing trend in the coming decades. The 
review in this chapter demonstrates the role that 
physical activity and fitness have in both primary 
and secondary CHD prevention. Evidence will 
continue to accumulate from studies with improved 
designs, including genotypic variation in physical 
activity behavior and the response of CHD risk 
factors therein, and better measures of activity and 
fitness in larger and more diverse cohorts. There 
were 366,801 CHD deaths in 2015 [3]. Assuming 
the population attributable fraction of CHD is 37% 
[105] and assuming a causal association between 
inactivity and CHD, 135,716 CHD deaths in 2015 
could have been averted had no one been exposed 
to inactivity. While such estimates are theoretical, 
they do provide a realistic context about the contri-
bution physical inactivity makes to the population 
burden of CHD. Because improvements in physi-
cal activity tend to favorably influence blood lip-
ids, blood pressure, insulin sensitivity, and 
hemostatic factors as well as cardiorespiratory fit-
ness, next to quitting smoking, increasing and 
maintaining one’s physical activity level at recom-
mended levels is one of the least expensive and 
most beneficial approaches to achieving cardio-
metabolic health and reducing CHD risk available 
to the public.
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 Introduction

Historically, recommendations for physical 
activity in patients with heart failure (HF) have 
evolved differently than other chronic condi-
tions. Prior to the 1980s, patients with HF were 
discouraged from participating in exercise pro-
grams due to concerns regarding safety and the 
potential for harm to an already damaged myo-
cardium [1, 2]. However, studies performed 
over the last three decades have provided exten-
sive insights into both the health outcome ben-
efits of exercise training and the physiological 

mechanisms underlying these benefits. Studies 
on the outcome benefits of exercise-based reha-
bilitation, including mortality and hospitaliza-
tion, have been consistent and convincing, and 
these studies recently led to the US Centers for 
Medicare and Medicaid Services approval for 
coverage of cardiac rehabilitation for patients 
with HF with reduced ejection fraction (HFrEF). 
The landmark HF-ACTION trial [3], among 
others, has had a major impact on our under-
standing of the effects of exercise training on 
health outcomes in patients with HF.  This 
knowledge has provided insight not only into 
the benefits of exercise training in HF but has 
also provided a clearer understanding of the 
dose- response relationship between the volume 
of exercise performed and clinical outcomes as 
well as the cost-effectiveness of training in 
HF. Systematic reviews and meta-analyses have 
provided strong evidence that exercise-based 
rehabilitation is associated with clinically sig-
nificant reductions in hospitalizations and 
improvements in health-related quality of life 
among patients with HF. This chapter will pro-
vide an overview of evidence related to exercise 
training in HF, including the impact of cardiore-
spiratory fitness (CRF) in HF, the epidemiologic 
sequelae of rehabilitation programs, mecha-
nisms underlying benefits of training in HF, 
public health implications, and recommenda-
tions for future research.
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 Epidemiologic Perspective 
on Cardiorespiratory Fitness 
in Heart Failure

The measurement of CRF has probably had a 
greater clinical impact in patients with HF than 
any other condition. The application of direct 
measures of fitness using cardiopulmonary exer-
cise testing (CPX) during the last 25  years in 
patients with HF has evolved as an important met-
ric for stratifying risk in HF guidelines [4–6]. 
Directly measured maximal oxygen uptake, typi-
cally expressed as peak VO2 normalized for body 
weight (ml O2●kg−1

●min−1), is generally consid-
ered to be the measurement that defines the 
limits of the cardiopulmonary system [7]. Peak 
VO2 and other cardiopulmonary exercise test 
responses have been widely applied in recent 
years to estimate risk in patients with HF [4–6]. In 
1991, Mancini and colleagues published an influ-
ential study on the value of peak VO2 for estimat-
ing risk in patients with advanced HF [8]. In a 
sample of 114 candidates for transplantation, they 
observed that patients achieving a peak 
VO2  ≤  14  ml O2●kg−1

●min−1 had an extremely 
poor prognosis (survival rates of 47% and 32% at 
1 and 2 years, respectively), while those achieving 
>14 ml O2●kg−1

●min−1 had survival rates similar to 
patients who received a transplant (94% and 84% 
at 1 and 2 years, respectively). This study was sig-
nificant in that it provided a springboard for 
numerous subsequent studies that further defined 
the role of cardiopulmonary exercise testing (CRF 
in particular) in the management of patients with 
HF. During the 1990s, peak VO2 became recog-
nized as a reliable prognostic marker, particularly 
for the timing of cardiac transplantation in 
advanced HF caused by systolic dysfunction [8–
14]. Over the last two decades, numerous editions 
of HF guidelines and scientific statements have 
incorporated CRF, expressed as peak VO2, as part 
of risk stratification strategies in patients with HF 
[4, 6, 15, 16]. Because of the many studies docu-
menting its prognostic utility, exercise capacity 
measured using CPX techniques has become the 
benchmark for both primary and intermediary 
outcomes in clinical trials undergoing evaluation 
by regulatory agencies in HF [4, 6, 15, 16].

 Exercise Intervention in Heart 
Failure

Prior to the 1990s, patients with left ventricular 
dysfunction were thought to be poor candidates 
for exercise programs. This was out of concern 
for safety and the general thinking that they were 
unable to benefit from training. This has been dis-
pelled, however, by numerous studies that have 
been published over the last three decades [2]. 
Today it is recognized that patients with CHF 
derive considerable benefits from regular exer-
cise. This is important for patients with HF in 
particular because while the incidence of cardio-
vascular disease in general has declined in recent 
decades, there has been an increase in the inci-
dence of HF.  This increase is due to the better 
survival after a myocardial infarction, improve-
ments in therapy (i.e., thrombolytics, ACE inhibi-
tors, beta-blockers, resynchronization therapy), 
and aging of the population. Therefore, many 
more patients with HF are available as candidates 
for rehabilitation programs. As a result of the 
many studies showing physiologic, quality of 
life, and outcome benefits of rehabilitation pro-
grams for patients with HF, the Centers for 
Medicare and Medicaid Services (CMS) recently 
approved coverage for rehabilitation for patients 
with HFrEF. Although the referral rate of patients 
with HF to rehabilitation programs remains poor 
[17–19], CMS reimbursement will undoubtedly 
bring many more of these patients to rehabilita-
tion programs going forward.

 Concerns regarding the effects of training 
on the hearts of patients with reduced ventricular 
function after an infarction were intensified in 
1988 with the publication of a study from a 
Canadian group. Judgutt and coworkers [20] 
studied 13 patients with anterior Q-wave MIs 
using echocardiography before and after the 
supervised low-level exercise training. They 
found that patients with evidence of greater left 
ventricular asynergy (akinesis or dykinesis) at 
baseline had more detrimental ventricular shape 
distortion, with expansion and thinning of their 
left ventricle after exercise training. This was 
thought to be secondary to remodeling of an 
incompletely healed infarct zone. These provoca-
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tive observations were supported by several ani-
mal studies published in the early 1990s, some of 
which demonstrated severe global left ventricular 
dilation, left ventricular shape distortion, and 
scar thinning after periods of training [21–23]. 
Indeed, while cardiac rehabilitation burgeoned as 
a therapeutic modality among patients with CAD, 
guidelines recommended continued bed rest or 
limited activity for patients with HF in the 1970s 
and into the 1980s [24–27].

However, subsequent controlled trials among 
humans did not confirm the concept that exer-
cise training led to further myocardial damage 
[28–35]. Giannuzzi and colleagues [26] com-
pleted a multicenter controlled trial of exercise 
training in Italy. After 1 year, patients in both the 
trained and control groups whose ejection frac-
tions were ≤40% demonstrated some degree of 
additional global and regional dilation. 
Importantly, however, training had no effect on 
this response, and there was no effect in either 
group among patients with ejection fractions 
>40%. These investigators also completed a 
larger randomized trial in patients with left ven-
tricular dysfunction after a myocardial infarction 
[30]. After 6 months, patients in the control group 
demonstrated increases in both end-systolic and 
end-diastolic volumes and a worsening in both 
wall motion abnormalities and regional dilation 
relative to patients in the exercise group. The lat-
ter study was the first to suggest that an exercise 
program may actually attenuate abnormal remod-
eling in patients with reduced ventricular func-
tion. Novel data from Switzerland in the 1990s 
employing magnetic resonance imaging (MRI) 
confirmed that exercise training in patients with 
reduced left ventricular function following an MI 
was effective in improving exercise capacity [28] 
and did not cause further myocardial damage 
(i.e., wall thinning, infarct expansion, changes in 
ejection fraction, or increases in ventricular vol-
umes). Longer-term studies confirmed that there 
were no adverse changes in myocardial remodel-
ing measured using MRI [31], and numerous 
subsequent studies from the United States and 
Europe have documented that training does not 
lead to further myocardial damage in patients 
with HF [32–36]. Exercise training is now recog-

nized as a useful adjunct to medical therapy in 
these patients, widely recommended by national 
and international guidelines on HF [37–40].

 Mechanisms of Benefit 
with Exercise Training  
in Heart Failure

Studies suggest that the major physiologic bene-
fit from training in CHF occurs in the skeletal 
muscle rather than in the heart itself [35, 37–41]. 
Extensive analyses have been performed on the 
effects of training on central hemodynamics, 
peripheral blood flow, myocardial remodeling 
after an MI using echocardiographic and MRI 
techniques, and skeletal muscle metabolism [28–
44]. These studies are nearly universal in their 
demonstration that training has beneficial effects 
on these systems. In addition, the rather extensive 
experience with training in CHF patients now 
available in the literature has been associated 
with improved morbidity and mortality (dis-
cussed below). Numerous studies have demon-
strated improvements in symptoms, and the 
majority of studies have documented improve-
ments in quality of life [37, 38, 42–46].

Potential mechanisms by which exercise train-
ing may improve exercise capacity and improve 
outcomes in HF are outlined in Table  18.1. 
Importantly, the extent to which one or a combi-
nation of these mechanisms may affect an indi-
vidual patient’s exercise tolerance varies 
considerably. Peak oxygen consumption (VO2) is 
strongly related to prognosis in patients with HF, 
and exercise training generally improves peak 
VO2 in the range of 10–25% [37, 38]. However, 
even small changes in peak VO2 are associated 
with significantly improved outcomes [47]. 
Numerous central and peripheral factors influ-
ence peak VO2, but increases in peak VO2 and 
related benefits from training are fundamentally 
related to the combination of an improvement in 
peak cardiac output, improved vascular reactiv-
ity, better utilization of oxygen through meta-
bolic changes in the skeletal muscle, and more 
efficient ventilation. These mechanisms are out-
lined in the following.
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Central Adaptations As mentioned above, a 
general consensus exists that the benefits of exer-
cise training in patients with HF are due largely to 
adaptations in the peripheral vasculature and skel-
etal muscle rather than the heart itself [37, 38, 48, 
49]. Although the focus of these studies has been 
on patients with HFrEF, this also appears to be the 
case among patients with HF with preserved EF 
(HFpEF) [49, 50]. This consensus evolved in part 
due to the recognition that EF is poorly correlated 
with exercise capacity [37, 38, 41]. However, 
while the preponderance of studies has reported 
that EF and other measures of contractility show 
minimal change following training, a number of 
studies have reported significant improvements in 
these indices [34, 51–53]. The majority of studies 
have focused on resting EF, and less is known 
regarding indices of contractility during exercise. 
Because of the difficulty measuring cardiac out-
put directly, it has not been widely reported, but 
studies using thermodilution techniques have 
reported increases in maximal cardiac output fol-
lowing training in the range of 5–20% [54]. A 
meta-analysis of 104 patients reported a mean 
increase in maximal cardiac output of 2.5 L/min, 
corresponding to a 21% increase [42]. Whether 
this increase in cardiac output is a result of 
increases in maximal heart rate or stroke volume 
is unclear; studies have reported small improve-
ments in both indices as well as no change [54]. 
When changes in maximal cardiac output do 
occur, they have been attributed to some combina-

tion of small changes in peak heart rate, stroke 
volume, and afterload reduction (due to enhanced 
endothelial-dependent vasodilation) [37, 38, 
52–55].

Vascular Adaptations Numerous recent studies 
have characterized abnormal endothelial function 
in HF, and favorable adaptations in endothelial 
function have been consistently reported after 
rehabilitation programs [38, 52, 56, 57]. Exercise 
training decreases circulating catecholamine lev-
els in patients with HF, has anti-inflammatory 
and antioxidative effects, reduces natriuretic pep-
tide concentrations, and increases shear stress 
and nitric oxide bioavailability [56–61], all lead-
ing to reduced peripheral vasoconstriction, 
improved endothelial function, and enhanced 
endothelial repair [55, 57, 62, 63]. These adapta-
tions result in better skeletal muscle perfusion 
during exercise. There have been dozens of such 
studies over the last two decades; the volume of 
work by Hambrecht and colleagues is particu-
larly notable [63]. They reported that a regimen 
using handgrip exercise training six times per day 
significantly improved endothelial-dependent 
vasodilation after 4  weeks in patients with HF; 
the effects of training were similar to those of the 
potent vasodilator L-arginine. Circulating pro-
genitor cells, which have the ability to differenti-
ate and exhibit endothelial properties and enhance 
endothelial function, increase following training 

Table 18.1 Potential mechanisms by which exercise training improves outcomes

System Response to training Effect on outcomes
Cardiac function Increased cardiac output

Increase or no change in contractility
Increased peak VO2

Improved ventilatory efficiency

Increased exercise capacity
Improved quality of life
Reduced mortality
Reduced hospitalizations

Regional blood flow Increased vasodilatory capacity
Improved endothelial function
Improved redistribution of flow

Increased exercise capacity

Skeletal muscle Increased aerobic enzymes
Increased mitochondrial volume and density
Increased capillary density
Decreased muscle receptor sensitivity

Increased exercise capacity
Improved physical function
Reduced ventilatory response
Reduced mortality

Autonomic nervous 
system

Decrease in plasma norepinephrine
Increased heart rate variability
Reduced chemo- and ergoreceptor sensitivity
Reduced ventilatory response

Reduced cardiac rhythm disturbances
Reduced or no change in mortality
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in HF [29, 55, 58, 63]. Numerous studies have 
reported that changes in endothelium-dependent 
peripheral blood flow after training are paralleled 
by improvements in peak VO2 [38, 57, 63].

Skeletal Muscle Adaptations Metabolic 
changes in the skeletal muscle with aerobic train-
ing include increases in aerobic enzymes, 
increases in mitochondrial size and density, and 
increases in capillary density [37, 38, 56–60]. 
Muscle biopsy studies have demonstrated shifts 
from type II to type I muscle fibers after training 
[39]. Cytochrome c oxidase-positive mitochon-
dria, an important rate-limiting enzyme in oxida-
tive phosphorylation, was demonstrated to 
increase 41% after 6 months of training [40]. 31P 
MRI spectroscopy has been used to document 
abnormalities in skeletal muscle metabolism in 
HF, including early intracellular acidification, 
accumulation of inorganic phosphate (Pi), accel-
erated utilization of phosphocreatine (PCr), and 
delayed PCr regeneration during recovery from 
exercise [64–68]. Exercise training has been 
demonstrated to partially reverse these abnormal-
ities in oxidative metabolism measured by MRI 
and near-infrared spectroscopy techniques, 
including a slower increase in Pi, a decline in 
phosphocreatine, a decrease in Pi/CP versus 
power output, and faster recovery of O2 stores 
after exercise [69, 70]. Regular exercise also 
reduces muscle wasting and helps restore the 
anabolic/catabolic imbalance that is common in 
HF [71, 72].

Ventilatory Adaptations Ventilatory ineffi-
ciency has been demonstrated to be strongly 
associated with morbidity and mortality in HF; 
in fact, studies performed over the last 20 years 
have shown that markers of ventilatory ineffi-
ciency, such as the VE/VCO2 slope and oxygen 
uptake efficiency slope (OUES), are more pow-
erful predictors of risk for adverse outcomes 
than many clinical and cardiopulmonary exer-
cise test responses in HF [3, 5, 12]. Application 
of these indices for the identification of high-
risk patients has been recommended in recent 

guidelines on the evaluation and management of 
HF [4, 7, 73], and the influence of training on 
these indices is therefore important to docu-
ment. Excessive ventilation in patients with HF 
has been associated with ventilation/perfusion 
mismatching due to impaired cardiac output 
responses to exercise, early lactate accumula-
tion (which stimulates ventilation through the 
buffering of lactate), and chemo- and muscle 
receptor hyperactivity [4, 5, 12, 73]. 
Improvements in abnormal ventilation after 
training involve some combination of hemody-
namic changes (reduced pulmonary pressures or 
improved ventilation-perfusion matching), met-
abolic changes reflected by a delay in lactate 
accumulation, a change in ventilatory control, 
and a change in the ventilatory pattern that 
makes breathing more efficient. Recent studies 
have reported that these indices respond favor-
ably to training [74, 75]. In addition, a growing 
number of studies have demonstrated that spe-
cific training of the respiratory muscles results 
in improved ventilatory dynamics and exercise 
performance [76, 77]. Improvements in the ven-
tilatory response to exercise are a critically 
important mechanism underlying the enhanced 
functional capabilities and outcomes following 
training in patients with HF.

Studies have also identified a pathophysio-
logic mechanism unique to HF that underlies 
abnormal ventilation and that responds favorably 
to training. This mechanism involves specific 
ventilatory signals arising from the exercising 
muscle which are abnormally enhanced in HF 
(termed an “ergoreflex” contribution to ventila-
tion) [78, 79]. These signals have been demon-
strated to contribute to the abnormal 
hemodynamic, autonomic, and ventilatory 
responses to exercise that characterize 
HF. Afferent fibers present in the skeletal muscle 
(ergoreceptors) are sensitive to metabolic changes 
that occur during muscular work. These recep-
tors, which appear to mediate circulatory adapta-
tions occurring in the early stages of exercise, are 
stimulated by metabolic acidosis and are partially 
responsible for sympathetic vasoconstriction 
[78–80]. It has also been demonstrated that 
hypoxic chemosensitivity is increased in HF and 
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that this heightened chemosensitivity is corre-
lated with the VE/VCO2 slope. The results of 
these enhanced ergoreflex and chemoreceptor 
responses are hyperventilation and heightened 
sympathetic outflow, which cause an increase in 
peripheral resistance and thus a decrease in 
 muscle perfusion. These muscle receptors are 
less sensitive to stimulation after training. It has 
been demonstrated that after a 6-week forearm 
training protocol, the ergoreflex contribution to 
exercise ventilation was reduced by 58% [80]. 
These salutary effects on ventilatory control are 
an additional mechanism by which outcomes are 
improved with regular exercise in HF.

 Cardiorespiratory Fitness 
and Incidence of HF

Recent studies have reported that higher CRF 
reduces the incidence of HF.  This is important 
because while advances in treatment have led to a 
decline in most cardiovascular diseases, marked 
growth in the prevalence of HF has occurred over 
the last three decades [81, 82]. The growing prev-
alence of HF reflects a combination of increasing 
incidence, an aging population, and improve-
ments in the treatment of both acute CVD and HF 
[82]. Older Americans are currently hospitalized 
for HF more than any other medical condition, 
and with the aging of the population, the impact 
of HF is expected to increase dramatically [82, 
83]. Therefore, strategies to reduce the incidence 
of HF have important public health implications, 
including the considerable impact of HF on 
health-care costs and disability.

Four recent studies have addressed the asso-
ciation between CRF and incidence of HF. Berry 
et  al. [84] reported an approximate 3.5-fold 
higher rate of hospitalization for HF in the least 
fit quartile of subjects versus the highest fit quar-
tile among >20,000 subjects from the Cooper 
Center Longitudinal Study (CCLS). Each 1-MET 
increment in fitness was associated with an ≈20% 
lower risk for HF hospitalization after the age of 
65  years in men and women. Khan et  al. [85] 
studied 1873 men without HF at baseline and fol-
lowed them for a mean of 21 years. Each 1-MET 

increment in fitness was associated with a 21% 
multivariable-adjusted lower risk of HF. Pandey 
et al. [86] assessed >19,000 adults and observed 
that higher fitness in midlife was associated with 
a significantly lower risk of hospitalization due to 
HF during follow-up; each 1-MET higher fitness 
level was associated with an 18% reduction in 
risk for incidence of HF. In a subgroup of 8683 
participants who underwent a second fitness 
examination a mean of 4.2 years after the initial 
examination, each 1-MET improvement in fit-
ness was associated with a 17% reduction in HF 
risk. Echouffo-Tcheugui and colleagues [87] 
developed a composite risk estimate from these 
studies in a meta-analysis and reported a random 
effect model estimate of 21% lower risk of HF 
for each 1-MET higher fitness level.

Our group assessed CRF in 21,080 subjects 
who were free of HF at baseline at the Veterans 
Affairs Medical Centers in Washington, DC, and 
Palo Alto, CA [88]. Subjects were classified by 
age-specific quintiles of CRF [89]. Multivariable 
Cox models were used to determine the associa-
tion between HF incidence and clinical and exer-
cise test variables. Reclassification characteristics 
of fitness relative to standard clinical risk factors 
were determined using the category-free net 
reclassification improvement index (NRI). 
During a mean follow-up of 12.3  ±  7.4  years, 
1902 subjects developed HF.  When CRF was 
considered as a binary variable (unfit/fit), low fit-
ness was the strongest predictor of risk for HF 
among clinical and exercise test variables, with 
unfit subjects having nearly double the risk for 
developing HF. In a fully adjusted model with the 
least fit group as the reference, there was a graded 
and progressive reduction in risk for HF as fitness 
level was higher. Risks for developing HF were 
36%, 41%, 67%, and 76% lower among increas-
ing quintiles of fitness compared to the least fit 
subjects (Fig. 18.1, p < 0.001). Adding CRF to 
standard risk factors resulted in an NRI of 0.37 
(p < 0.001). The results from the Veterans Affairs 
group are in general agreement with the studies 
mentioned above in that each 1-MET higher fit-
ness level was associated with a 19% reduction in 
future HF risk. Collectively, these observations 
underscore the message that small increments in 
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exercise capacity yield considerable health out-
come benefits in the context of HF prevention.

Potential Mechanisms for Lower HF Incidence 
Among Fitter Subjects There are a number of 
potential explanations for the lower HF incidence 
among more active or fitter subjects. Many of the 
risk factors for CAD and other forms of CVD are 
considered risk factors for HF, including hyper-
tension, smoking, and diabetes. Individuals who 
are relatively fit have a lower risk factor burden 
when compared to those who are not fit [90, 91], 
and studies have generally observed lower fitness 
and a higher burden of chronic disease among 
individuals who develop HF. Fitter subjects have 
a marked attenuation in blood pressure trajectory 
with aging [92] which could potentially reduce 
the risk of future HF. Left ventricular compliance 
is reduced in older individuals, and this can con-
tribute to the development of HF in the elderly 
[93, 94]. Elderly individuals who are physically 
active have higher ventricular compliance com-
pared to sedentary individuals [93]. Brinker et al. 
[95] studied 2925 men and women from the 
Cooper Center Longitudinal Study and found 

that low fitness was associated with a higher 
prevalence of concentric remodeling and dia-
stolic dysfunction, suggesting that regular exer-
cise may lower HF risk through its favorable 
effects on cardiac remodeling and diastolic func-
tion. Regular exercise not only improves fitness 
but is associated with numerous other physiolog-
ical benefits, including reduced blood pressure, 
improved insulin resistance, improved lipid pro-
files, and reduced obesity which collectively may 
contribute to a reduction in the incidence of HF. 
Endothelial dysfunction is associated with vari-
ous forms of CVD, and favorable adaptations in 
endothelial function have been consistently 
reported after exercise training among individu-
als with and without HF [52, 96, 97].

 Exercise Training and Clinical 
Outcomes in HF

In addition to studies on the physiologic effects 
of exercise training in HF, a growing number of 
studies have followed patients for long-term out-
comes after exercise training programs. These 

Fig. 18.1 Relative risks of heart failure incidence between 
quintiles of fitness, with the least fit group (<6 METs) as the 
referent group. Ninety-five percent confidence limits are in 
parentheses within each bar. Adjusted for age, body mass 
index, ethnic origin, gender, β blockers, calcium channel 

blockers, angiotensin-converting enzymes, angiotensin 
receptor blockers, aspirin, diuretics, lipid-lowering agents, 
hypoglycemic agents, history of smoking, hypertension, 
diabetes mellitus, chronic kidney failure (stage < 4), and 
HIV/AIDS. (Modified from Myers et al. [88])
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studies have consistently shown that outcomes 
are improved among HF patients who have been 
randomized to exercise therapy compared to 
usual care. These analyses were influential in the 
recent US Centers for Medicare and Medicaid 
Services approval of coverage for phase 2 cardiac 
 rehabilitation for Medicare beneficiaries with 
HFrEF. Beginning in the 1980s, numerous single- 
center studies were performed documenting 
improvements in exercise tolerance, quality of 
life, and other physiological benefits following 
various periods of exercise training [37, 38]. 
However, adoption of exercise training for 
patients with HF in clinical practice was limited 
due to lack of Medicare reimbursement, small 
sample sizes of the available trials, the lack of 
data from large multicenter trials, and limited 
data on safety.

The most ambitious effort to address these 
gaps in the literature was the Heart Failure: A 
Controlled Trial Investigating Outcomes of 
Exercise Training (HF-ACTION) study, designed 
and funded by the US National Heart, Lung, and 
Blood Institute (NHLBI). Investigators random-
ized 2331 patients with HFrEF to endurance 
exercise training or usual care [98]. Patients ran-
domized to exercise participated in 3 months of 
supervised exercise training (3  days per week) 
and transitioned from supervised exercise to 
5 days per week of home-based exercise training. 
Patients were provided a heart rate monitor to 
guide exercise intensity and a leg ergometer or 
treadmill for their home. Patients in the usual 
care group were provided secondary prevention 
education, including information on the impor-
tance of regular physical activity. Both groups 
were contacted every 2–4  weeks. The primary 
outcome was the composite endpoint of incident 
all-cause mortality or all-cause hospitalization.

The HF-ACTION investigators randomized 
patients from 82 sites in the United States, 
Canada, and France. In an intent-to-treat analy-
sis, exercise training was associated with an 11% 
lower adjusted risk for all-cause mortality or hos-
pitalization and a 15% lower adjusted risk for 
incidence of cardiovascular-related mortality or 
heart failure hospitalization. This effect was seen 
in spite of significant crossover between groups 

(22–28% of the patients in the usual care group 
self-reported regular exercise participation) and 
the fact that only 30% of the patients in the exer-
cise group achieved the goal of 120 min per week 
of exercise. In a secondary analysis from 
HF-ACTION, Keteyian et al. [99] examined the 
dose-response relationship between the volume 
of exercise performed and clinical outcomes 
among patients randomized to the exercise group. 
An inverse relationship was observed between 
the volume of exercise performed (expressed as 
MET/hours) and adjusted risk for all-cause mor-
tality or hospitalization as well as cardiovascular- 
related mortality or heart failure hospitalization. 
The lowest risk for both outcomes was observed 
among patients who performed 3–5 MET/h per 
week and 5–7 MET/h per week of exercise 
(>30% reduced risk) compared to patients who 
remained sedentary. A further secondary analysis 
from HF-ACTION suggested that, similar to 
patients with coronary artery disease, relatively 
small changes in fitness can have a significant 
impact on health outcomes in patients with 
HF. Swank et al. [47] studied 1620 participants 
enrolled in HF-ACTION at baseline and 3 months 
later and followed the subjects for all-cause and 
cardiovascular hospitalization and cardiovascular 
and all-cause mortality. They observed that every 
6% increase in peak VO2 (approximately 1 ml/kg/
min), adjusted for other significant predictors, 
was associated with a 5% lower risk of all-cause 
mortality or hospitalization, a 4% lower risk of 
time to cardiovascular mortality or cardiovascu-
lar hospitalization, an 8% lower risk of cardio-
vascular mortality or heart failure hospitalization, 
and a 7% lower all-cause mortality.

Meta-Analyses Single-center trials have rarely 
been large enough to gain much insight into 
long- term health outcome benefits following 
exercise training in HF, but numerous meta-anal-
yses over the last 10–15 years have been a major 
advance in this area. Among the first meta-anal-
yses to focus on HF was the Exercise Training 
for Chronic Heart Failure (ExTraMatch) 
Collaborative group analysis in 2004 [100]. 
Combining 9 randomized controlled trials 
among 801 patients followed for a mean of 
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≈2 years, a 35% reduction in all-cause mortality 
and a 28% reduction in death or hospitalization 
were observed among subjects randomized to 
exercise training. In a follow-up analysis of the 
ExTraMatch Collaborative that included 23 ran-
domized trials and >4000 patients, those 
 randomized to exercise intervention had an 18% 
lower risk of all-cause mortality and an 11% 
reduced risk of hospitalization compared to 
usual care subjects [101].

In a recent review and meta-analysis using the 
Cochrane Library database, 33 randomized con-
trolled trials and 4740 patients were included, 
largely with HFrEF [102]. All trials included a 
cardiopulmonary exercise training intervention, 
and in 11 of the studies, aerobic training was com-
plemented by resistance training. Exercise train-
ing was delivered in either an exclusively 
center-based setting or a center-based setting in 
combination with home exercise sessions. 
Although there was no significant difference in 
pooled mortality up to 12-month follow-up 
between the exercise training and control groups, 
there was a trend toward a reduction in all-cause 
mortality when pooled across the longest follow-
 up point of the trials with more than 12-month 
follow-up. In addition, significant reductions were 
observed in both overall and heart failure- specific 
hospital admissions with exercise compared to 
control up to 12-month follow-up (15 trials, fixed-
effect RR 0.75, 95% CI 0.62–0.92; p  =  0.005) 
(Fig.  18.2a–c). Quality of life was determined 
using a variety of instruments, including the 
HF-specific Minnesota Living with Heart Failure 
Questionnaire and the Kansas City 
Cardiomyopathy Questionnaire, along with 
generic health-related quality of life tools includ-
ing the EuroQoL, Short Form 36, Psychological 
General Well-Being Index, Patient’s Global 
Assessment and improving quality of life, and 
Spritzer’s Quality of Life Index. Across the 13 
studies reporting the total Minnesota Living with 
Heart Failure Questionnaire score up to 12 months 
follow- up, there was a clinically important 
improvement among subjects randomized to exer-
cise training compared to usual care. Pooling 
across all studies, regardless of outcome measure 

used, there was a significant improvement in qual-
ity of life with exercise training. Notably, a num-
ber of studies have observed improvements in 
quality of life without an improvement in exercise 
capacity [103, 104], suggesting that there are fac-
tors other than physiologic changes that may con-
tribute to quality of life with exercise training.

Taken together, these results strongly support 
the concept that exercise intervention reduces 
mortality in HF, particularly in the longer term 
(>12 months) [102]. In addition, training programs 
appear to have consistent benefits in terms of 
reducing hospitalization and quality of life [105–
107]. Home-based intervention appears to be simi-
lar to center-based exercise programs in terms of 
CRF changes and outcomes [108]. Moreover, 
improvements in exercise capacity, hospitaliza-
tion, and health-related quality of life with exer-
cise-based rehabilitation are consistent regardless 
of cardiac rehabilitation program characteristics 
(exercise training dose, program duration, exercise 
only vs. comprehensive rehabilitation, risk of bias, 
publication date) [106–109].

 Recommendations/Conclusions

Similar to apparently healthy individuals and 
patients with other forms of cardiovascular dis-
ease, higher CRF is strongly associated with 
better outcomes in patients with HF.  Over the 
last three decades, exercise training has evolved 
from a contraindicated treatment to one that is 
widely recognized to be an effective adjunct 
therapy in patients with HF. A major challenge 
going forward is to increase the referral and par-
ticipation rates in cardiac rehabilitation for these 
patients. While the 2014 CMS approval for car-
diac rehabilitation coverage for HF will con-
tinue to have an important impact on 
participation, recent evidence suggests that only 
a small fraction of eligible patients with HF 
receive the benefits of this important treatment 
[17, 110]. Work must be done to close the gap 
between the known benefits of rehabilitation for 
HF and the relatively small fraction of patients 
who receive them. In addition, patients with 
HFpEF, females, and elderly patients remain 
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Fig. 18.2 (a) All hospital admissions up to 12-month 
follow-up. Two trials reported no deaths in either exercise 
CR or control arms (e16,e31). (b) All hospital admission 
more than 12-month follow-up. Two trials reported no 

deaths in either exercise CR or control arms (e16,e31). (c) 
Heart failure-related hospital admissions up to 12-month 
follow-up. (Modified from Taylor et al. [102])
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underrepresented and warrant greater focus in 
future clinical trials. Future trials are also 
needed to explore strategies to enhance the 
long-term maintenance of cardiac rehabilitation 
for patients with HF and outcomes, costs, and 
cost-effectiveness of programs delivered exclu-
sively in a home-based setting.

 Clinical/Public Health Significance

A growing body of data, including single-center 
randomized trials and multicenter trials such as 
HF-ACTION, the ExTraMatch Collaborative, 
and other recent meta-analyses, have been influ-
ential in supporting exercise therapy for patients 
with HF.  Simply improving fitness level by a 
small amount (1–2  ml O2●kg−1

●min−1 measured 
peak VO2) has a significant impact on reducing 
mortality and HF-related hospitalizations. The 
recent CMS approval for Medicare coverage will 
undoubtedly have a major impact on referral and 
participation in rehabilitation programs for 
patients with HF, which remains unacceptably 
low. Results from these randomized trials are 
important from a public health perspective given 
that HF is the one cardiovascular disease that 
continues to increase in prevalence. This increase 
in HF prevalence will represent a growing burden 
on health-care systems, but it also means that the 
pool of eligible patients who stand to benefit 
from rehabilitation will increase. A gap in under-
standing the value of exercise therapy for patients 
with HF remains across the medical community, 
and referral to rehabilitation programs in HF 
remains inadequate. Efforts should be made to 
inform both patients and clinicians regarding the 
benefits of being physically active, and the myth 
that exercise causes harm to the myocardium 
should be dispelled.

References

 1. Smith TW, Braunwald E, Kelly RA.  The manage-
ment of heart failure. In: Braunwald E, editor. 
Heart disease. Philadelphia: W.B.  Saunders; 1988. 
p. 485–543.

 2. Kokkinos PF, Choucair W, Graves P, Papademetriou 
V, Ellahham S.  Chronic heart failure and exercise. 
Am Heart J. 2000;140(1):21–8.

 3. O’Connor CM, Whellan DJ, Lee KL, et al. Efficacy 
and safety of exercise training in patients with 
chronic heart failure: HF-ACTION randomized con-
trolled trial. JAMA. 2009;301(14):1439–50.

 4. Balady GJ, Arena R, Sietsema K, Myers J, Coke 
L, Fletcher GF, on behalf of the American Heart 
Association Exercise, Cardiac Rehabilitation, 
and Prevention Committee of the Council on 
Clinical Cardiology; Council on Epidemiology and 
Prevention; Council on Peripheral Vascular Disease; 
and Interdisciplinary Council on Quality of Care and 
Outcomes Research, et  al. Clinicians guide to car-
diopulmonary exercise testing in adults. Circulation. 
2010;122:191–225.

 5. Ingle L. Theoretical rationale and practical recom-
mendations for cardiopulmonary exercise testing in 
patients with chronic heart failure. Heart Fail Rev. 
2007;12:12–22.

 6. Guazzi M, Adams V, Conraads V, Halle M, Mezzani 
M, Vanhees L, et al. EACPR/AHA scientific state-
ment. Clinical recommendations for cardiopulmo-
nary exercise testing data assessment in specific 
patient populations. A joint statement by the 
European Association of Cardiovascular Prevention 
and Rehabilitation and the American Heart 
Association. Circulation. 2012;126:2261–74.

 7. Myers J.  Essentials of cardiopulmonary exercise 
testing. Human Kinetics: Champaign; 1997.

 8. Mancini DM, Eisen H, Kussmaul W, Mull R, 
Edmunds LH Jr, Wilson JR. Value of peak exercise 
oxygen consumption for optimal timing of cardiac 
transplantation in ambulatory patients with heart 
failure. Circulation. 1991;83:778–86.

 9. Stelken AM, Younis LT, Jennison SH, Miller DD, 
Miller LW, Shaw LJ, et  al. Prognostic value of 
cardiopulmonary exercise testing using percent 
achieved of predicted peak oxygen uptake for 
patients with ischemic and dilated cardiomyopathy. 
J Am Coll Cardiol. 1996;27:345–52.

 10. Myers J, Gullestad L, Vagelos R, Do D, Bellin D, 
Ross H, et  al. Clinical, hemodynamic, and cardio-
pulmonary exercise test determinants of survival in 
patients referred for evaluation of heart failure. Ann 
Intern Med. 1998;129(4):286–93.

 11. Myers J, Gullestad L.  The role of exercise testing 
and gas-exchange measurement in the prognostic 
assessment of patients with heart failure. Curr Opin 
Cardiol. 1998;13:145–55.

 12. Arena R, Myers J, Guazzi M.  The clinical and 
research applications of aerobic capacity and venti-
latory efficiency in heart failure: an evidence-based 
review. Heart Fail Rev. 2008;13:245–69.

 13. Myers J, Gullestad L, Vagelos R, Do D, Bellin D, 
Ross H, et  al. Cardiopulmonary exercise testing 
and prognosis in severe heart failure: 14 mL/kg/min 
revisited. Am Heart J. 2000;139:78–84.

18 Physical Activity and Cardiorespiratory Fitness in Heart Failure



330

 14. Roul G, Moulichon ME, Bareiss P, Gries P, Sacrez J, 
Germain P, et al. Exercise peak VO2 determination 
in chronic heart failure: is it still of value? Eur Heart 
J. 1994;4:495–502.

 15. Piepoli MF, Corra U, Agostoni PG, Belardinelli 
R, Cohen-Solal A, Hambrecht R, et  al. Statement 
on cardiopulmonary exercise testing in chronic 
heart failure due to left ventricular dysfunction: 
 recommendations for performance and interpre-
tation part III: interpretation of cardiopulmonary 
exercise testing in chronic heart failure and future 
applications. Eur J Cardiovasc Prev Rehabil. 
2006;13:485–94.

 16. American Thoracic Society; American College of 
Chest Physicians. ATS/ACCP statement on cardio-
pulmonary exercise testing. Am J Respir Crit Care 
Med. 2003;167(2):211–77.

 17. Arena R, Williams M, Foreman D, Cahalin L, Coke 
L, Myers J, et al. Increasing referral and participation 
rates to outpatient cardiac rehabilitation: the valuable 
role of healthcare professionals in the acute care and 
home health settings. A scientific statement from the 
American Heart Association Council on exercise, pre-
vention, and rehabilitation. Circulation. 2012;125:1–9.

 18. Kotseva K, Wood D, De Backer G, De Bacqueur 
D.  Use and effects of cardiac rehabilitation in 
patients with coronary heart disease: results 
from the EUROASPIRE III survey. Eur J 
Prevent Cardiol. 2013;20(5):817–26. https://doi.
org/10.1177/2047487312449591.

 19. Aragam KG, Dai D, Neely ML, Bhatt DL, Roe MT, 
Rumsfeld JS, et al. Gaps in referral to cardiac reha-
bilitation of patients undergoing percutaneous coro-
nary intervention in the United States. J Am Coll 
Cardiol. 2015;65:2079–88.

 20. Judgutt BI, Michorowski BL, Kappagoda 
CT.  Exercise training after anterior Q-wave myo-
cardial infarction: importance of regional left ven-
tricular function and topography. J Am Coll Cardiol. 
1988;12:363–72.

 21. Oh BH, Ono S, Gilpin E, Ross J. Altered left ven-
tricular remodeling with b-adrenergic blockade 
and exercise after coronary reperfusion in rats. 
Circulation. 1993;87:608–16.

 22. Gaudron P, Hu K, Schamberger R, Budin M, Walter 
B, Ertl G. Effect of endurance training early or late 
after coronary artery occlusion on left ventricular 
remodeling, hemodynamics, and survival in rats 
with chronic transmural myocardial infarction. 
Circulation. 1994;89:402–12.

 23. Oh BH, Ono S, Rockman HA, Ross J. Myocardial 
hypertrophy in the ischemic zone induced by exer-
cise in rats after coronary reperfusion. Circulation. 
1993;87:598–607.

 24. Burch GW, Walsh JJ, Ferrans VJ, Hibbs R. Prolonged 
bed rest in the treatment of the dilated heart. 
Circulation. 1965;32:852–6.

 25. Burch GE, McDonald CD.  Prolonged bed rest in 
the treatment of ischemic cardiomyopathy. Chest. 
1971;60:424–30.

 26. McDonald CD, Burch GE, Walsh JJ. Prolonged bed 
rest in the treatment of idiopathic cardiomyopathy. 
Am J Med. 1972;52:41–50.

 27. Abildgaard U, Aldershvile J, Ring-Larsen H, Falk J, 
Christensen NJ, Giese J, et al. Bed rest and increased 
diuretic treatment in chronic congestive heart fail-
ure. Eur Heart J. 1985;6(12):1040–6.

 28. Dubach P, Myers J, Dzieken G, Goebbels U, 
Reinhart W, Vogt P, et al. Effect of exercise training 
on myocardial remodeling in patients with reduced 
left ventricular function after myocardial infarc-
tion; application of magnetic resonance imaging. 
Circulation. 1997;95:2060–7.

 29. Giannuzzi P, Tavazzi L, Temporelli PL, et al. Long- 
term physical training and left ventricular remodel-
ing after anterior myocardial infarction. Results of 
exercise in anterior myocardial infarction (EAMI) 
trial. J Am Coll Cardiol. 1993;22:1821–9.

 30. Giannuzzi P, Corra U, Gattone M, Corra U, Imparato 
A, Gattone M, et  al. Attenuation of unfavorable 
remodeling by exercise training in postinfarction 
patients with left ventricular dysfunction: results of 
exercise in left ventricular dysfunction (ELVD) trial. 
Circulation. 1997;96:1790–7.

 31. Myers J, Goebbels U, Dziekan G, Dubach 
P.  Influence of exercise training on myocardial 
remodeling in patients with reduced ventricular 
function: one year follow-up with magnetic reso-
nance imaging. Am Heart J. 2000;139:252–61.

 32. Cannistra LB, Davidoff R, Picard MH, Balady 
GJ.  Moderate-high intensity exercise training after 
myocardial infarction: effect on left ventricular 
remodeling. J Cardpulm Rehabil. 1999;19:373–80.

 33. Brum PC, Bacurau AVN, Medeiros A, Ferreira JCB, 
Vanzelli AS, Negrão CE. Aerobic exercise training 
in heart failure: impact on sympathetic hyperactiv-
ity and cardiac and skeletal muscle function. Braz J 
Med Biol Res. 2011;44(9):827–35.

 34. Giannuzzi P, Temporelli PL, Corra U, Tavazzi L, for 
the ELVD-CHF Study Group. Antiremodeling effect 
of long-term exercise training in patients with stable 
chronic heart failure. Circulation. 2003;108:554–9.

 35. Hambrecht R, Gielen S, Linke A, Fiehn E, Yu J, 
Walther C, et  al. Effects of exercise training on 
left ventricular function and peripheral resistance 
in patients with chronic heart failure. JAMA. 
2000;283:3095–101.

 36. Haykowsky M, Scott J, Esch B, Schopflocher D, 
Myers J, Paterson I, et  al. A meta-analysis of the 
efforts of exercise training on left ventricular remod-
eling following myocardial infarction: start early and 
go longer for greatest exercise benefits on remodel-
ing. Trials. 2011;12:92.

 37. Pina IL, Apstein CS, Balady GJ, Belardinelli R, 
Chaitman BR, Duscha BD, et  al. Exercise and 
heart failure: a statement from the American Heart 
Association Committee on exercise, rehabilitation, 
and prevention. Circulation. 2003;107:1210–25.

 38. Downing J, Balady GJ. The role of exercise training 
in heart failure. J Am Coll Cardiol. 2011;58:561–9.

J. Myers and P. Kokkinos

https://doi.org/10.1177/2047487312449591
https://doi.org/10.1177/2047487312449591


331

 39. Hambrecht R, Fiehn E, Yu J, Niebauer J, Weigl C, 
Hilbrich L, et  al. Effects of endurance training on 
mitochondrial ultrastructure and fiber type distribu-
tion in skeletal muscle of patients with stable chronic 
heart failure. J Am Coll Cardiol. 1997;29:1067–73.

 40. Hambrecht R, Niebauer J, Fiehn E, Kalberer B, 
Offner B, Hauer K, et al. Physical training in patients 
with stable chronic heart failure: effects on cardiore-
spiratory fitness and ultrastructural abnormalities of 
leg muscles. J Am Coll Cardiol. 1995;25:1239–49.

 41. Myers J, Froelicher VF. Hemodynamic determinants 
of exercise capacity in chronic heart failure. Ann 
Intern Med. 1991;115:377–86.

 42. Van Tol BA, Huijsmans RJ, Droon DW, Schothorst 
M, Kwakkel G. Effects of exercise training on car-
diac performance, exercise capacity and quality of 
life in patients with heart failure: a meta-analysis. 
Eur J Heart Fail. 2006;8:841–50.

 43. Flynn KE, Piña IL, Whellan DJ, Lin L, Blumenthal 
JA, Ellis SJ, Fine LJ, et al. HF-ACTION investiga-
tors. Effects of exercise training on health status in 
patients with chronic heart failure: HF-ACTION ran-
domized controlled trial. JAMA. 2009;301:1451–9.

 44. Sagar VA, Davies EJ, Briscoe S, Coats AJ, Dalal 
HM, Lough F, et al. Exercise-based rehabilitation for 
heart failure: systematic review and meta-analysis. 
Open Heart. 2015;2(1):e000163.

 45. Myers J, Brawner CA, Haykowsky MJ, Taylor 
RS.  Prognosis: does exercise training reduce 
adverse events in heart failure? Heart Fail Clin. 
2015;11:59–72.

 46. Williams MA, Pozehl B.  Reasonable expectations: 
how much aerobic capacity, muscle strength, and 
quality of life can improve with exercise training in 
heart failure. Heart Fail Clin. 2015;11:37–57.

 47. Swank AM, Horton J, Fleg JL, Fonarow GC, 
Keteyian S, Goldberg L, et  al. Modest increase in 
peak VO2 is related to better clinical outcomes in 
chronic heart failure patients: results from heart 
failure and a controlled trial to investigate outcomes 
of exercise training (HF-ACTION). Circulation. 
2012;5:579–85.

 48. Tucker WJ, Lijauco CC, Hearon CM Jr, Angadi 
SS, Nelson MD, Sarma S, et al. Mechanisms of the 
improvement in peak VO2 with exercise training in 
heart failure with reduced or preserved ejection frac-
tion. Heart Lung Circ. 2018;27:9–21.

 49. Tucker WJ, Nelson MD, Beaudry RI, Halle M, 
Sarma S, Kitzman DW, et  al. Impact of exercise 
training on peak oxygen uptake and its determinants 
in heart failure with preserved ejection fraction. 
Card Fail Rev. 2016;2:95–101.

 50. Haykowsky MJ, Brubaker PH, Stewart KP, Morgan 
TM, Eggebeen J, Kitzman DW. Effect of endurance 
training on the determinants of peak exercise oxygen 
consumption in elderly patients with stable compen-
sated heart failure and preserved ejection fraction. J 
Am Coll Cardiol. 2012;60:120–8.

 51. Wisloff U, Stoylen A, Leonnenchen JP, Bruvold M, 
Rogmo O, Haram PM, et al. Superior cardiovascular 

effect of aerobic interval training versus moderate 
continuous training in heart failure patients: a ran-
domized study. Circulation. 2007;115:3086–94.

 52. Hambrecht R, Gielen S, Linke A, Fiehn E, Yu J, 
Walther C, et al. Effects of exercise training on left 
ventricular function and peripheral resistance in 
patients with chronic heart failure: a randomized 
trial. JAMA. 2000;283:3095–101.

 53. Erbs S, Linke A, Gielen S, Fiehn E, Walther C, Yu 
J, et  al. Exercise training in patients with severe 
chronic heart failure: impact on left ventricular per-
formance and cardiac size. A retrospective analy-
sis of the Leipzig heart failure training trial. Eur J 
Cardiovasc Prev Rehabil. 2003;10:336–44.

 54. Mezzani A, Corra U, Gianuzzi P. Central adaptations 
to exercise training in patients with chronic heart 
failure. Heart Fail Rev. 2008;13:13–20.

 55. Erbs S, Hollriegel R, Linke A, Beck EB, Adams V, 
Bielen S, et  al. Exercise training in patients with 
advanced chronic heart failure (NYHA IIIb) pro-
motes restoration of peripheral vasomotor function, 
induction of endogenous regeneration, and improve-
ment of left ventricular function. Circ Heart Fail. 
2010;3:486–94.

 56. Piepoli MF, Guazzi M, Boriani G, Cicoira M, Corra 
U, Dalla Libera L, et  al. Exercise intolerance in 
chronic heart failure: mechanisms and therapies. Part 
1. Eur J Cardiovasc Prev Rehabil. 2010;17:637–42.

 57. Duscha BD, Schulze PC, Robbins JL, Forman 
DE. Implications of chronic heart failure on periph-
eral vasculature and skeletal muscle before and after 
exercise training. Heart Fail Rev. 2008;13:21–37.

 58. Gielen S, Schuler G, Adams V.  Cardiovascular 
effects of exercise training: molecular mechanisms. 
Circulation. 2010;122:1221–38.

 59. Gielen S, Adams V, Mobius-Winkler S, Linke A, 
Erbs S, Yu J, et  al. Anti-inflammatory effects of 
exercise training in the skeletal muscle of patients 
with chronic heart failure. J Am Coll Cardiol. 
2003;42:861–8.

 60. Tabet J, Meurin P, Driss AB, Weber H, Renaud N, 
Grosdemouge A, et  al. Benefits of exercise train-
ing in chronic heart failure. Arch Cardiovasc Dis. 
2009;102:721–30.

 61. Mendes-Ribeiro AC, Mann GE, Meirelles LR, Moss 
MB, Matsuura C, Brunini TMC. The role of exercise 
on L-arginine nitric oxide pathway in chronic heart 
failure. Open Biochem J. 2009;3:55–65.

 62. Van Craenebroeck EM, Hoymans VY, Beckers 
PJ, Possemiers NM, Wuyts K, Paelinck BP, et  al. 
Exercise training improves function of circulating 
angiogenic cells in patients with chronic heart fail-
ure. Basic Res Cardiol. 2010;105:665–76.

 63. Hambrecht MD, Hillbrich L, Erbs S, Gielen S, Fiehn 
E, Schoene N, et al. Correction of endothelial dys-
function in chronic heart failure: additional effects of 
exercise training and oral L-arginine supplementa-
tion. J Am Coll Cardiol. 2000;35:706–13.

 64. Kao W, Helpern JA, Goldstein S, Gheorghiade 
M, Levine B.  Abnormalities of skeletal muscle 

18 Physical Activity and Cardiorespiratory Fitness in Heart Failure



332

metabolism during nerve stimulation determined 
by 31P nuclear magnetic resonance spectroscopy 
in severe congestive heart failure. Am J Cardiol. 
1995;76:606–9.

 65. Van Der Ent M, Jeneson JA, Remme WJ, Berger R, 
Ciampricotti R, Visser F.  A non-invasive  selective 
assessment of type I fibre mitochondrial func-
tion using 31P NMR spectroscopy. Evidence for 
impaired oxidative phosphorylation rate in skeletal 
muscle in patients with chronic heart failure. Eur 
Heart J. 1998;19:124–31.

 66. Stassijns G, Lysens R, Decramer M. Peripheral and 
respiratory muscles in chronic heart failure. Eur 
Respir J. 1996;9:2161–7.

 67. Cohen-Solal A, Laperche T, Morvan D, Geneves 
M, Caviezel B, Gourgon R.  Prolonged kinet-
ics of recovery of oxygen consumption after 
maximal graded exercise in patients with chronic 
heart failure. Analysis with gas exchange mea-
surements and NMR spectroscopy. Circulation. 
1995;91:2924–32.

 68. Belardinelli R, Barstow TJ, Nguyen P, Wasserman 
K. Skeletal muscle oxygenation and oxygen uptake 
kinetics following constant work rate exercise in 
chronic congestive heart failure. Am J Cardiol. 
1997;80:1319–24.

 69. Vasileiadis I, Kravari M, Terrovitis J, Gerovasili 
V, Drakos S, Ntaliannis A, et  al. Interval exercise 
training improves tissue oxygenation in patients 
with chronic heart failure. World J Cardiovasc Dis. 
2013;3:301–7.

 70. Adamopoulos S, Coats AJS, Brunotte F, Arnolda 
L, Meyer T, Thompson CH, et al. Physical training 
improves skeletal muscle metabolism in patients 
with chronic heart failure. J Am Coll Cardiol. 
1993;21:1101–6.

 71. Gielen S, Sandri M, Kozarez I, Kratzsch J, Teupser 
D, Thiery J, et  al. Exercise training attenuates 
MuRF-1 expression in the skeletal muscle of 
patients with chronic heart failure independent of 
age: the randomized Leipzig exercise intervention 
in chronic heart failure and aging catabolism study. 
Circulation. 2012;125:2716–27.

 72. Adams V, Doring C, Schuler G.  Impact of physi-
cal exercise on alterations in the skeletal muscle 
in patients with chronic heart failure. Front Biosci. 
2008;13:302–11.

 73. Corrà U, Agostoni PG, Anker SD, Coats AJS, Crespo 
Leiro MG, de Boer RA, et  al. Role of cardiopul-
monary exercise testing in clinical stratification in 
heart failure. A position paper from the Committee 
on Exercise Physiology and Training of the Heart 
Failure Association of the European Society of 
Cardiology. Eur J Heart Fail. 2017; https://doi.
org/10.1002/ejhf.979.

 74. Myers J, Gademan M, Brunner K, Kottman W, 
Boesch C, Dubach P.  Effects of high-intensity 
training on indices of ventilatory efficiency in 
chronic heart failure. J Cardiopulm Rehabil Prev. 
2012;32:9–16.

 75. Gademan MG, Swenne CA, Verwey HF, van de 
Vooren H, Haest JC, van Exel HJ, et  al. Exercise 
training increases oxygen uptake efficiency slope in 
chronic heart failure. Eur J Cardiovasc Prev Rehabil. 
2008;15:140–4.

 76. Cahalin LP, Semigran MJ, Dec GW.  Inspiratory 
muscle training in patients with chronic heart failure 
awaiting cardiac transplantation: results of a pilot 
clinical trial. Phys Ther. 1997;77:830–8.

 77. Lin S, McElfresh J, Hall B, Bloom R, Farrell 
K. Inspiratory muscle training in patients with heart 
failure: a systematic review. Cardiopulm Phys Ther 
J. 2012;23:29–36.

 78. Clark AL, Piepoli M, Coats AJ.  Skeletal muscle 
and the control of ventilation on exercise: evi-
dence for metabolic receptors. Eur J Clin Investig. 
1995;25:299–305.

 79. Ponikowski PP, Chua TP, Francis DP, Capucci A, 
Coats AJ, Piepoli MF. Muscle ergoreceptor overac-
tivity reflects deterioration in clinical status and car-
diorespiratory reflex control in chronic heart failure. 
Circulation. 2001;104:2324–30.

 80. Piepoli M, Clark AL, Volterrani M, Adamopoulos 
S, Sleight P, Coats AJ. Contribution of muscle affer-
ents to the hemodynamic, autonomic, and ventilator 
responses to exercise in patients with chronic heart 
failure: effects of physical training. Circulation. 
1996;93:940–52.

 81. Roger VL. Epidemiology of heart failure. Circ Res. 
2013;113:646–59.

 82. Heidenreich PA, Albert NM, Allen LA, Bluemke DA, 
Butler J, Fonarow GC, American Heart Association 
Advocacy Coordinating Committee; Council 
on Arteriosclerosis, Thrombosis and Vascular 
Biology; Council on Cardiovascular Radiology 
and Intervention; Council on Clinical Cardiology; 
Council on Epidemiology and Prevention; Stroke 
Council, et al. Forecasting the impact of heart fail-
ure in the United States: a policy statement from 
the American Heart Association. Circ Heart Fail. 
2013;6:606–19.

 83. Mozaffarian D, Benjamin EJ, Go AS, Arnett DK, 
Blaha MJ, Cushman M, American Heart Association 
Statistics Committee and Stroke Statistics 
Subcommittee, et al. Heart disease and stroke statis-
tics–2015 update: a report from the American Heart 
Association. Circulation. 2015;131:e29–322.

 84. Berry JD, Pandey A, Gao A, Leonard D, Farzaneh- 
Far R, Ayers C, et  al. Physical fitness and risk for 
heart failure and coronary artery disease. Circ Heart 
Fail. 2013;6:627–34.

 85. Khan H, Kunutsor S, Rauramaa R, Savonen K, 
Kalogeropoulos AP, Georgiopoulou VV, et  al. 
Cardiorespiratory fitness and risk of heart failure: a 
population-based follow-up study. Eur J Heart Fail. 
2014;16:180–8.

 86. Pandey A, Patel M, Gao A, Willis BL, Das SR, 
Leonard D, et  al. Changes in mid-life fitness pre-
dicts heart failure risk at a later age independent of 
interval development of cardiac and noncardiac risk 

J. Myers and P. Kokkinos

https://doi.org/10.1002/ejhf.979
https://doi.org/10.1002/ejhf.979


333

factors: the Cooper Center Longitudinal Study. Am 
Heart J. 2015;169:290–7.

 87. Echouffo-Tcheugui JB, Butler J, Yancy CW, 
Fonarow GC. Association of physical activity or fit-
ness with incident heart failure: a systematic review 
and meta-analysis. Circ Heart Fail. 2015;8:853–61.

 88. Myers J, Kokkinos P, Chan K, Dandekar E, Yilmaz 
B, Nagare A, et  al. Cardiorespiratory fitness and 
reclassification of risk for incidence of heart failure: 
the Veterans Exercise Testing Study. Circ Heart Fail. 
2017;28572213

 89. Kokkinos P, Faselis C, Myers J, Sui X, Zhang J, 
Blair SN.  Age-specific exercise capacity thresh-
old for mortality risk assessment in male veterans. 
Circulation. 2014;130:653–8.

 90. Katzmarzyk PT, Church TS, Blair 
SN.  Cardiorespiratory fitness attenuates the effects 
of the metabolic syndrome on all-cause and cardio-
vascular disease mortality in men. Arch Intern Med. 
2004;164:1092–7.

 91. LaMonte MJ, Eisenman PA, Adams TD, Shultz BB, 
Ainsworth BE, Yanowitz FG. Cardiorespiratory fit-
ness and coronary heart disease risk factors: the 
LDS Hospital Fitness Institute cohort. Circulation. 
2000;102:1623–8.

 92. Liu J, Sui X, Lavie CJ, Zhou H, Park YM, Cai B, 
et  al. Effects of cardiorespiratory fitness on blood 
pressure trajectory with aging in a cohort of healthy 
men. J Am Coll Cardiol. 2014;64:1245–53.

 93. Arbab-Zadeh A, Dijk E, Prasad A, Fu Q, Torres P, 
Zhang R, et al. Effect of aging and physical activ-
ity on left ventricular compliance. Circulation. 
2004;110:1799–805. https://doi.org/10.1161/01.
CIR.0000142863.71285.74.

 94. Kitzman DW.  Diastolic dysfunction in the elderly. 
Genesis and diagnostic and therapeutic implications. 
Cardiol Clin. 2000;18:597–617.

 95. Brinker SK, Pandey A, Ayers CR, Barlow CE, 
DeFina LF, Willis BL, et al. Association of cardiore-
spiratory fitness with left ventricular remodeling and 
diastolic function: the Cooper Center Longitudinal 
Study. JACC Heart Fail. 2014;2:238–46. https://doi.
org/10.1016/j.jchf.2014.01.004.

 96. Duscha BD, Schulze PC, Robbins JL, Forman 
DE. Implications of chronic heart failure on periph-
eral vasculature and skeletal muscle before and after 
exercise training. Heart Fail Rev. 2008;13:21–37. 
https://doi.org/10.1007/s10741-007-9056-8.

 97. Myers J, Brawner CA, Haykowsky MJ, Taylor 
RS. Prognosis: does exercise training reduce adverse 
events in heart failure? Heart Fail Clin. 2015;11:59–
72. https://doi.org/10.1016/j.hfc.2014.08.012.

 98. O’Connor CM, Whellan DJ, Lee KL, Keteyian 
SJ, Cooper LS, Ellis SJ, et  al. Efficacy and safety 
of exercise training in patients with chronic heart 
failure: HF-ACTION randomized controlled trial. 
JAMA. 2009;301(14):1439–50.

 99. Keteyian SJ, Leifer ES, Houston-Miller N, Kraus 
WE, Brawner CA, O'Connor CM, et  al. Relation 
between volume of exercise and clinical outcomes 
in patients with heart failure. J Am Coll Cardiol. 
2012;60(19):1899–905.

 100. ExtraMATCH Investigators. Exercise training meta- 
analysis of trials in patients with chronic heart fail-
ure. Br Med J. 2004;328:189–96.

 101. Taylor RS, Piepoli MF, Smart N, Coats AJ, Ellis 
S, Dalal H, ExTraMATCH II Collaborators, 
et  al. Exercise training for chronic heart fail-
ure (ExTraMATCH II): protocol for an individ-
ual participant data meta-analysis. Int J Cardiol. 
2014;174:683–7.

 102. Taylor RS, Sagar VA, Davies EJ, Briscoe S, 
Coats AJ, Dalal H, et  al. Exercise-based reha-
bilitation for heart failure. Cochrane Database 
Syst Rev. 2014;4:CD003331. https://doi.
org/10.1002/14651858.CD003331.pub4.

 103. Koch M, Douard H, Broustet JP.  The benefit of 
graded physical exercise in chronic heart failure. 
Chest. 1992;101:231–5.

 104. Oka RK, De Marco T, Haskell WL, Botvinick E, 
Dae MW, Bolen K, et  al. Impact of a home-based 
walking and resistance training program on quality 
of life in patients with heart failure. Am J Cardiol. 
2000;85:365–9.

 105. Davies EJ, Moxham T, Rees K, Singh S, Coats 
AJ, Ebrahim S, et  al. Exercise based rehabilita-
tion for heart failure. Cochrane Database Syst Rev. 
2010;4:CD003331.

 106. Davies EJ, Moxham T, Rees K, Singh S, Coats 
AJS, Ebrahim S, et al. Exercise training for systolic 
heart failure: Cochrane systematic review and meta- 
analysis. Eur J Heart Fail. 2010;12:706–15.

 107. Taylor RS, Sagar VA, Davies EJ, Briscoe S, 
Coats AJ, Dalal H, et  al. Exercise-based reha-
bilitation for heart failure. Cochrane Database 
Syst Rev. 2014;14:CD003331. https://doi.
org/10.1002/14651858.CD003331.pub4.

 108. Anderson L, Sharp GA, Norton RJ, Dalal H, 
Dean SG, Jolly K, et  al. Home-based versus 
Centre-based cardiac rehabilitation. Cochrane 
Database Syst Rev. 2017;6:CD007130. https://doi.
org/10.1002/14651858.CD007130.pub4.

 109. Sagar VA, Davies EJ, Briscoe S, Coats AJ, Dalal 
HM, Lough F, et al. Exercise-based rehabilitation for 
heart failure: systematic review and meta-analysis. 
Open Heart. 2015 Jan 28;2(1):e000163. https://doi.
org/10.1136/openhrt-2014-000163.

 110. Golwala H, Pandey A, Ju C, Butler J, Yancy C, et al. 
Temporal trends and factors associated with car-
diac rehabilitation referral among patients hospital-
ized with heart failure. Findings from get with the 
guidelines - heart failure registry. J Am Coll Cardiol. 
2015;2015(66):917–26.

18 Physical Activity and Cardiorespiratory Fitness in Heart Failure

https://doi.org/10.1161/01.CIR.0000142863.71285.74
https://doi.org/10.1161/01.CIR.0000142863.71285.74
https://doi.org/10.1016/j.jchf.2014.01.004
https://doi.org/10.1016/j.jchf.2014.01.004
https://doi.org/10.1007/s10741-007-9056-8
https://doi.org/10.1016/j.hfc.2014.08.012
https://doi.org/10.1002/14651858.CD003331.pub4
https://doi.org/10.1002/14651858.CD003331.pub4
https://doi.org/10.1002/14651858.CD003331.pub4
https://doi.org/10.1002/14651858.CD003331.pub4
https://doi.org/10.1002/14651858.CD007130.pub4
https://doi.org/10.1002/14651858.CD007130.pub4
https://doi.org/10.1136/openhrt-2014-000163
https://doi.org/10.1136/openhrt-2014-000163


335© Springer Nature Switzerland AG 2019 
P. Kokkinos, P. Narayan (eds.), Cardiorespiratory Fitness in Cardiometabolic Diseases, 
https://doi.org/10.1007/978-3-030-04816-7_19

Cardiorespiratory Fitness, Physical 
Activity, and Stroke

Steven P. Hooker and Michelle N. McDonnell

 Introduction

Stroke continues to be a worldwide killer and dis-
abler. In 2013, stroke was the second most com-
mon cause of death and third most common cause 
of disability globally after ischemic heart disease 
[1]. This translates to approximately 6.5 million 
stroke deaths, 113  million disability-adjusted 
life-years (DALYs), and 10.3 million new strokes. 
In addition, there are an estimated 25.7 million 
stroke survivors in the world.

In the United States alone, 795,000 people 
experience a stroke each year, which equates to 1 
person every 40  s, and on average, someone in 
America dies of a stroke every 4  min [2]. An 
additional four million Americans will have a 
stroke by 2030 [3], and the incidence of stroke is 
increasing with a concurrent acceleration due to 
the aging of the population [4] and preponder-
ance of modifiable cardiovascular risk factors in 
the population.

Interestingly, declines in both stroke mortality 
and DALYs rates have been observed globally 
since 1990 [1]. However, the absolute number of 
people who have died from stroke, remained dis-

abled from stroke, suffered new strokes, or sur-
vived stroke has significantly increased over the 
same timeframe [1]. With greater scrutiny, it is 
recognized that there has not been any apprecia-
ble change in the proportional contribution of 
DALYs and deaths from stroke in developed 
countries but significant increases in developing 
countries (e.g., Russia, Eastern Europe, and East 
Asia). Furthermore, stroke should no longer be 
viewed as only a disease of the elderly as stroke 
in young and middle-aged adults is not declining 
(may actually be increasing) [5, 6] and two-thirds 
of all strokes befall those <70 years of age [1].

We echo the declaration that a majority of 
strokes are preventable [7]. As mentioned above, 
stroke is undeniably linked to modifiable cardio-
vascular risk factors such as hypertension, diabe-
tes mellitus, dyslipidemia, obesity, tobacco use, 
and physical inactivity [8–10]. Independent of 
other risk factors, physical activity (PA) and car-
diorespiratory fitness (CRF) have emerged as sig-
nificant predictors of future risk of stroke 
incidence [8]. A renewed emphasis on stroke pre-
vention has been recently trumpeted with major 
modifiable risk factors including physical inac-
tivity being labeled as the most cost-effective 
means of prevention [1]. Thus, the purpose of this 
chapter is to (1) present a summary of PA and 
CRF terminology and measurement, (2) synthe-
size the results of prospective longitudinal cohort 
studies of PA and CRF and stroke risk, (3) 
discuss the biologic mechanisms by which PA 
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and CRF exert their influence on stroke risk, (4) 
 provide an overview of the strengths and weak-
nesses of the research to date, (5) clarify the clini-
cal and public health significance of the findings, 
and (6) propose future research directions.

 Terminology and Assessment 
of Physical Activity 
and Cardiorespiratory Fitness

Physical activity and exercise are complex behav-
iors and are difficult to measure in both epidemi-
ological studies and from participants directly. 
The first challenge is terminology, for PA and 
exercise are often used interchangeably, which 
leads to confusion among participants and 
researchers. While PA and exercise do share 
common elements (bodily movement using skel-
etal muscles resulting in variable energy expendi-
ture, positively correlated with physical fitness), 
the specific additional element related to exercise 
is that it is a planned, structured, and repetitive 
bodily movement designed to maintain or 
improve physical fitness [11]. Everyone performs 
some physical activity in their daily lives, and the 
commonly assessed categories relate to activities 
of daily living, household activities, commuting, 
occupational, and leisure-time PA which may be 
quantified in relation to intensity, frequency, and 
duration related to each activity. Exercise is sub-
set of PA and due to the structured and pre- 
planned nature may be easier to quantify through 
recall.

Physical fitness differs in that it refers to “a 
set of attributes that people have or achieve that 
relates to their ability to perform physical activ-
ity.” With regard to health-related components 
of physical fitness, key aspects are cardiorespi-
ratory and muscular endurance, muscular 
strength, body composition, and flexibility [11]. 
Physical fitness is generally easier to measure 
and is most frequently focused on CRF. This can 
be defined as “an objective, reproducible physi-
ological measure that reflects the functional 
influences of physical activity habits, genetics, 
and disease status” [12]. CRF is commonly 

measured objectively with a maximal or sub-
maximal performance test on an exercise bike or 
treadmill, with quantification of CRF through 
maximal oxygen consumption or maximal met-
abolic equivalents.

A limitation of most research related to the 
amount and intensity of PA required to prevent 
stroke and improve recovery from stroke centers 
around the quantification of PA.  This often 
involves a structured questionnaire, asking 
about activities, intensity, and time spent across 
the past week/month. This method is affected by 
recall bias; people tend to overestimate their 
self- reported activity [13]. An alternative 
method to objectively record PA is using accel-
erometers, but there are only moderate to low 
correlations between self-reported and mea-
sured PA [14], possibly due to the issue of non- 
compliance and inaccurate wear time reporting 
[15]. In recent years there has been a consider-
able rise in consumer-level activity monitors, 
with 3.4 million devices of a single brand sold 
in only 3 months in late 2016 [16]. This method 
of activity monitoring may be incorporated 
more into future stroke prevention strategies. 
There are moderate correlations between these 
devices and research-grade accelerometers with 
regard to total daily energy expenditure and 
moderate to vigorous PA quantification [17]. 
This may address the limitations with accessi-
bility and non-wear of research-grade acceler-
ometers and help to establish minimum activity 
levels for stroke prevention.

 Physical Activity and the Primary 
Prevention of Stroke

A considerable body of evidence from prospec-
tive, observational studies indicates that regular 
PA reduces the risk of stroke and decreases risk 
of mortality from stroke [8]. The evidence 
regarding the amount and intensity of PA to 
lower the risk of stroke incidence for men com-
pared to women is inconsistent, with the overall 
evidence suggesting that vigorous physical 
activity reduces the risk of stroke in men 
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 [18–22], but not women [19, 20]. In contrast, a 
number of women-only cohort studies found 
that those in the middle tertile for physical activ-
ity [23] or those who performed relatively mod-
est amounts of PA obtained a significant 
reduction in risk of ischemic stroke in particular 
[24]. Two studies investigated walking in 
women, and both found that longer duration 
(≥2  hours per week) [25] and brisk walking 
compared to an easy pace afforded greater ben-
efits [26] in risk reduction.

While prevalence of stroke is on the rise, mor-
tality has been decreasing steadily over time [27]. 
PA influences mortality from stroke at all ages. 
Adults aged 40–69  in the Jichi Medical School 
Cohort in Japan who were most physically active 
had a significantly lower risk of death from car-
diovascular disease, with the most powerful effect 
in the most active men (hazard ratio 0.40, 95% CI 
(confidence interval) 0.22–0.73), compared to 
women (hazard ratio 0.48, 95% CI 0.22–1.05) 
[28]. Similarly, the Nord-Trondelag Health 
Survey of women aged ≥50 in Norway has also 
shown lower stroke mortality in those undertak-
ing high levels of PA, with regard to both intensity 
and duration [29]. Another high-intensity activity, 
running, has been shown to have a powerful pro-
tective effect. Participants from the Aerobics 
Center Longitudinal Study (mean age 44) who 
participated in running in the previous 3 months 
had 29% and 50% lower risks of all- cause and 
cardiovascular mortality, respectively, compared 
to non-runners [30].

Stroke incidence increases in older adults and 
in individuals with other cardiovascular risk fac-
tors. A study of elderly Japanese patients with 
diabetes (mean age 72) indicated that higher PA 
was protective against all cardiovascular events 
[31]. This is consistent with the findings in dia-
betic women in the Nurses’ Health Study [24]. 
Older adults in the Cardiovascular Health Study 
(mean age 73) who walked briskly or walked 
greater distances had significantly reduced inci-
dence and mortality from stroke [32]. For exam-
ple, the greatest benefits were observed for those 
who walked at a pace above 3  miles per hour 
and/or walked a distance of ≥49 blocks per 

week. The protective effect on stroke mortality 
from high levels of PA (determined based on ter-
tiles of self- reported frequency, intensity, and 
duration) was also found in women aged 
81–100 years [29].

In adults after acute coronary syndromes, PA 
is more protective than changes in diet only for 
death from combined cardiovascular events in 
men and women, although the combination of 
both affords the greatest protection [33]. The 
large HUNT study in Norway investigated the 
protective effect of PA in people with clustering 
of known cardiovascular risk factors (diabetes, 
hypertension, and obesity) [34]. It was discov-
ered that the most active people (based on a sum-
mary score derived from PA frequency, duration, 
and intensity) had a lower risk of mortality from 
stroke than inactive adults without this combina-
tion of risk factors.

Similar to the way that cardiovascular risk 
factors cluster together, healthy lifestyle factors 
may also cluster together with PA a key compo-
nent of this constellation. A number of cohort 
studies have investigated the combination of 
lifestyle factors such as diet, PA, not smoking, 
and healthy body weight on stroke incidence. 
The combination of these four lifestyle factors 
and three medical factors, hypertension, blood 
glucose, and cholesterol, has been termed Life’s 
Simple 7 and adopted by the American Heart 
Association (see Fig. 19.1) [35]. A simple point 
system can be used to quantify cardiovascular 
health, with 0 points allocated for poor, 1 for 
intermediate, and 2 for ideal health for these 7 
medical and lifestyle factors for a total score of 
14. A 1-point higher score on this 14-point scale 
has been associated with an 8% reduction in 
stroke risk in a large, population-based sample 
of US adults [36]. A number of other studies 
have used slightly different combinations of 
healthy lifestyle factors, always including PA, 
confirming the benefit of regular moderate to 
vigorous PA on stroke incidence [37–41]. Even 
in adults after stroke, the combination of routine 
PA and not smoking has been demonstrated to 
reduce all-cause and cardiovascular mortality in 
the NHANES study [42].
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 Cardiorespiratory Fitness 
and the Primary Prevention 
of Stroke

It is well documented that moderate- to vigorous- 
intensity aerobic activities improve CRF [43], 
and it is reasonable to assume that CRF is a good 
indicator of recent PA habits. Data from a num-
ber of sources estimate the genetic contribution 
to CRF is in the range of 25–40% of the variation 
in an individual’s aerobic power. Thus, CRF is 
largely a function of habitual PA and to a lesser 
extent genetic influences. As mentioned earlier, 
because CRF can be objectively measured result-
ing in less exposure misclassification in analyses, 
it is preferable to self-reported PA in establishing 
risk reductions in epidemiological studies. 
Unfortunately, only a handful of studies have 
reported on the association between CRF and 
stroke risk. They do, however, make a valuable 
contribution to the literature and our understand-
ing of how an active lifestyle may impact the 
future risk of a stroke-related event.

The earliest published paper on CRF and 
stroke was by Lee and Blair [44] who examined 
fatal stroke in 16,878 males in the Aerobic Center 
Longitudinal Study (ACLS). Although the study 
was limited to only 32 total deaths due to stroke 
during a 10-year follow-up, after adjustment for 

age and examination year, there was an inverse 
association between CRF (measured by maximal 
treadmill endurance) and stroke mortality 
(P < 0.005 for trend). This association remained 
after further adjustment for cigarette smoking, 
alcohol intake, body mass index, hypertension, 
diabetes mellitus, and parental history of coro-
nary heart disease (P < 0.02 for trend). High-fit 
men (most fit 40%) had 68% (95% CI 0.12–0.82), 
and moderate-fit men had 63% (95% C: 0.17–
0.83) lower risk of stroke mortality when com-
pared with low-fit men (least fit 20%), 
respectively.

Kurl et  al. [45] examined the relationship 
between CRF and stroke in 2011 Finnish men 
during an average of 11 years of follow-up. The 
age-adjusted risk of ischemic stroke in the 25% 
lowest-fit men was more than three times higher 
compared to the men in the highest 25% of 
CRF. The lower risk remained after adjustment 
for several stroke risk factors. Interestingly, the 
relative risk associated with the lowest level of 
CRF was similar to risks observed for obesity, 
smoking, systolic blood pressure, alcohol con-
sumption, and low-density lipoprotein 
cholesterol.

These two early studies, however, did not pro-
vide separate risk estimates for fatal and nonfatal 
strokes, and neither included women. To evaluate 

Fig. 19.1 The 
American Heart 
Association schematic 
encouraging physical 
activity as part of “Life’s 
Simple 7” steps to better 
cardiovascular health. 
(Modified from: https://
ahacharlotte.wordpress.
com/2013/03/20/
lifes-simple-7-may-help-
to-reduce-cancer-risk/)
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the precise role of CRF in primary stroke 
 prevention, it is important to determine whether 
CRF is also related to incident nonfatal events. It 
is also useful to determine whether greater CRF 
protects both women and men. To address these 
gaps, Hooker et  al. [12] reported on fatal and 
nonfatal strokes in 46,405 men and 15,282 
women from the ACLS who were followed for an 
average of 18 years. After adjusting for several 
covariates, there was a significant independent 
association between CRF and fatal and nonfatal 
stroke in men and nonfatal stroke in women. In 
women, the lack of a significant independent 
association between CRF and fatal stroke in the 
fully adjusted model may have been due to the 
small number of fatal stroke cases with only ten 
such events in the top 2 CRF quartiles.

The relative risk reduction in stroke mortality 
for ACLS men was 41–50% when comparing 
those in the highest two CRF quartiles with the 
lowest CRF quartile. This level of stroke protec-
tion is greater than that for self-reported occupa-
tional (36% lower risk) and leisure-time (20% to 
25% lower risk) PA levels when comparing the 
most active and the least active men [46, 47]. In 
ACLS women in the highest two CRF quartiles 
compared with the lowest CRF quartile, the rela-
tive risk reduction in nonfatal and total stroke 
was 44% to 66% and 43% to 57% lower, respec-
tively. This level of stroke protection associated 
with higher CRF is greater than that reported in 
cohort studies using self-reported PA (pooled risk 
reduction = 43%).

Of particular note in the findings reported by 
Hooker et  al. [12], a dramatic reduction in the 
incidence of total stroke for both men and women 
was observed at a CRF level of 7–8 METs. 
Beyond this level of CRF, no further decreases in 
total stroke rate were noted for either men or 
women. Interestingly, in this ACLS cohort, some 
men and women in the lowest fitness quartile, 
and all of them in the next highest quartile of fit-
ness, exhibited a CRF greater than 8 METs. This 
finding of an apparent CRF threshold adds insight 
into the relationship between CRF and stroke. A 
functional capacity of 7–8 METs is rated as a low 
to moderate level of CRF for men and women 
across the adult age spectrum. Most people can 

attain this level of CRF by participating in mod-
erate- and/or vigorous-intensity physical activi-
ties for 150 min weekly.

Utilizing a subset of 19,815 participants from 
the ACLS, the Cooper Center Longitudinal Study 
(CCLS) sought to determine if there was a direct 
effect of CRF on stroke risk independent of estab-
lished stroke risks factors of hypertension, diabetes 
mellitus (DM), and atrial fibrillation (AF) [48]. 
After 129,436 person-years of Medicare follow-up, 
there were significant differences in the observed 
stroke hospitalization rates among participants 
according to baseline CRF levels. Compared with 
the low-fit participants (quintile 1), moderate-fit 
(quintile 2–3) and high-fit (quintile 4–5) partici-
pants had a lower risk of stroke hospitalization. 
There was a definitive dose-dependent inverse 
association between midlife CRF and risk of stroke 
hospitalization later in life (see Fig.  19.2). Each 
1-MET higher CRF was associated with 7% reduc-
tion in risk for stroke hospitalization (hazard ratio 
0.93 (0.98–0.97 per MET)). In addition, the inverse 
association was independent of hypertension, DM, 
and AF and not different between men and women. 
In contrast to the results presented by Hooker et al. 
[12], these data indicated no apparent threshold 
effect or limit to the protective effects of CRF on 
long-term stroke risk.

In another study involving a Finnish popula-
tion, Khan et al. [49] assessed baseline CRF and 
followed 2089 men for an average of 19  years 
while monitoring participants for the first major 
nonfatal cardiovascular event including stroke. 
After adjustment for several traditional risk fac-
tors, there was an inverse association between 
CRF and incident myocardial nonfatal infarction 
and heart failure rates, but not for nonfatal stroke 
rates. The hazard ratio per 1-MET increase in 
CRF was 0.94 (95% CI 0.87–1.01) for nonfatal 
stroke after full adjustment for potential con-
founders. Although nonsignificant, this 6% 
reduction in nonfatal stroke per 1-MET increase 
in CRF is similar to the 7% reduction on stroke 
hospitalization per 1-MET increase reported by 
Pandey et  al. [48] in the CCLS cohort and the 
approximate 10% reduction in total stroke per 
1-MET increase observed by Hooker et al. [12] in 
ACLS men and women.
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Factors such as varying age, sex, and ethnic 
groups, follow-up periods, dietary habits, envi-
ronmental contexts, and type and number of 
stroke-related outcomes may account for the dif-
fering results between studies. Regardless, as 
with the studies using PA as the predictor, 
research with CRF indicates that healthcare pro-
viders, public health practitioners, fitness profes-
sionals, and others should consider the potential 
independent cerebrovascular benefits of greater 
CRF and encourage their less active patients and 
clients to become more physically active and 
improve their CRF as a strategy to considerably 
reduce their stroke risk.

 Physical Activity for Stroke 
Survivors

Regular participation in PA is a key lifestyle fac-
tor associated with better health and is particu-
larly important for those who have already 
suffered a stroke. International clinical manage-
ment guidelines for rehabilitation recommend 
that all stroke survivors undertake regular PA 
[50–52] to prevent stroke and minimize disabil-
ity. At the time of their incident stroke, many 
patients have a cluster of risk factors such as 
hypertension and obesity and often have led a 
sedentary lifestyle. This pre-stroke inactivity is 

Fig. 19.2 Stroke 
hospitalization rate by 
midlife cardiorespiratory 
fitness (METs) among 
the Cooper Center 
Longitudinal Study 
participants. (Modified 
from: Pandey et al. [48]. 
http://stroke.ahajournals.
org/content/47/7/1720)
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compounded by the disability from the stroke, 
leading to fitness levels much lower than their 
age-matched counterparts [53], and often so low 
that it impacts upon their abilities to carry out 
daily activities [54, 55].

The American Heart Association/American 
Stroke Association Scientific Statement Physical 
Activity and Exercise Recommendations for 
Stroke Survivors published in 2014 has reviewed 
the evidence for the benefits of PA for stroke sur-
vivors (see Fig. 19.3) [55]. The body of evidence 
supports PA and exercise to improve functional 
capacity and quality of life and reduce the risk of 
further cardiovascular events. There is also con-
sistent evidence that regular cardiorespiratory 
training improves physical fitness, gait speed, 
and endurance [51]. There are some small studies 

suggesting that PA improves mood and cogni-
tion, but the evidence is inconsistent, and further 
research is needed to confirm the benefits of PA 
on psychological outcomes.

Despite substantial epidemiological evidence 
confirming that PA can reduce the risk of a first- 
ever stroke, less research has been conducted on 
reductions in stroke incidence in stroke survi-
vors. Research conducted on the impact of a 
healthy lifestyle on mortality post-stroke found 
that people post-stroke who self-reported that 
they participated in PA at least three times a 
week had reduced all-cause mortality, indepen-
dent of other variables [42]. There are no inter-
vention studies that have followed large numbers 
of stroke survivors to confirm the reduced inci-
dence of stroke with increasing PA. Small-scale 

Fig. 19.3 Summary of exercise/physical activity recommendations for stroke survivors. (Modified from: Stroke 
Foundation [51])
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studies have examined a multimodal interven-
tion, such as the cardiac rehabilitation model, 
and documented reduction in overall stroke risk 
[56] or individual risk factors such as low-den-
sity lipoprotein cholesterol [57]. A community 
exercise class for stroke survivors has also been 
shown to reduce blood pressure and cholesterol 
after a 19-week intervention [58], but without 
long-term follow- up, it is unclear whether these 
effects can be sustained.

In the absence of research data from random-
ized controlled trials, recommendations for sec-
ondary prevention following stroke extrapolate 
the benefits from primary prevention studies or 
follow expert consensus. It is clear that stroke 
survivors have additional barriers to participa-
tion in PA and need tailored interventions to 
break the cycle of reduced PA leading to lower 
functional capacity and increased risk of compli-
cations, cardiovascular and otherwise [50]. 
Some of the most common barriers are related to 
accessing exercise programs (cost, transport) 
[59, 60], but patient- related factors such as lack 
of interest are also common and often predate 
the stroke event [61]. To increase PA levels in 
stroke survivors, health professionals need to 
understand the barriers and facilitators to PA and 
work to increase exercise self-efficacy to ulti-
mately change exercise behaviors [62].

 Biologic Plausibility

It is well documented that moderate- to 
vigorous- intensity PA aerobic activities improve 
CRF [63]. Thus, it is reasonable to assume that 
CRF is a valid indicator of recent PA. With this 
in mind, it also supposed the biologic mecha-
nisms by which PA and CRF modify the risk of 
stroke are the same. However, without conclu-
sive findings from rigorous exercise interven-
tion trials, the mechanistic pathways through 
which physical activity, physical training, and 
improved CRF reduce the risk of stroke remain 
to be fully elucidated.

It has been postulated that PA reduces the risk 
of stroke through the positive effect it has on other 
stroke risk factors such as hypertension, diabetes 

mellitus (DM), obesity, and atrial fibrillation. 
Hypertension is one of the most vital risk factors 
for stroke prevention [8], and regular moderate-
intensity PA helps to control blood pressure [64, 
65]. For those with DM, structured PA has posi-
tive effects on glycemic control, visceral adipose 
tissue, and plasma triglycerides [66]. Even in 
people with DM, stroke risk was reduced substan-
tially in those who participated in daily brisk 
walking compared to those who remained inac-
tive [67]. Although PA alone usually results in 
only modest weight loss (1–2 kg) [68], improve-
ments are noted in body mass index, waist cir-
cumference, visceral adipose tissue, and overall 
body fat in those undertaking regular PA [69] par-
ticularly in those with DM [70]. Despite a lack of 
weight loss, PA also enhances lipid profiles by 
lowering low-density lipoprotein cholesterol and 
triglycerides and increasing high-density lipopro-
tein cholesterol [71].

Due to the positive changes with regular PA 
noted above, there is general consensus that PA 
reduces the risk of ischemic stroke by reducing 
the risk of developing atherosclerosis and throm-
bosis [72]. Ischemic stroke involves pathophysi-
ology comparable to that of atherosclerotic 
disease, and arterial thrombosis develops similar 
to coronary artery disease. Thus, the benefits of 
regular PA on decreasing clotting risk, reducing 
blood lipids, and increasing high-density lipopro-
tein cholesterol could explain a reduction in the 
risk of developing ischemic cerebrovascular 
disease.

The protective effect of PA and CRF is proposed 
to go beyond risk factor modification. Previous 
research indicates that higher levels of physical 
activity and CRF favorably act on carotid artery 
distensibility, nitric oxide availability, and endothe-
lial dysfunction [69, 73–76]. These biologic actions 
result in improvements in cerebrovascular function 
via increased cerebral blood flow and brain volume 
with a parallel delay in naturally declining cerebral 
tissue density [77–79].

PA may also provide anti-inflammatory effects. 
It has been established that inflammatory biomark-
ers, such as C-reactive protein and fibrinogen, are 
linked to cardiovascular disease risk. Regular PA 
and increasing levels of CRF have consistently 
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been shown to be associated with reduced levels of 
C-reactive protein which could mediate the impact 
of PA and CRF on stroke risk [80–82].

It is also possible that regular PA and higher 
levels of CRF help protect against stroke mortal-
ity by limiting brain cell damage after a stroke 
[72]. Rodents undergoing voluntary running of 
moderate intensity exhibited positive neuro-
trophic effects on neurons in several brain 
regions [83]. Such biologic adaptations to regu-
lar PA could protect against ischemic stroke by 
upregulating nitric oxide synthase expression 
which would stimulate endothelium-dependent 
vasodilation in the brain [84] and diminish brain 
injury [85] and mortality rate [86] following 
stroke.

When the evidence from both animal and 
human studies is considered, it is clear that cur-
rent PA guidelines recommending regular PA and 
improvements in CRF for prevention of cardio-
vascular and cerebrovascular disease are well 
justified. The precise biologic mechanisms 
undergirding the associations between PA and 
CRF and a reduced risk of stroke are beginning to 
be illuminated. However, more studies are 
required to determine the dose-response relation-
ships between PA and CRF and various mecha-
nistic pathways connected to stroke risk and 
brain health.

 Impact on Public Health

Physical inactivity and low CRF contribute sub-
stantially to the economic burden of stroke, the 
leading cause of disability in the United States. 
The annual direct and indirect cost of stroke is 
$33.6 billion [10]. Globally, the annual cost of 
physical inactivity has been estimated at $53.8 
billion, and $6.0 billion of the healthcare costs of 
inactivity was spent on stroke in 2013 [87]. 
Research is required to quantify the public health 
benefits from increasing population levels of 
activity and CRF.

Another consideration related to increasing 
PA and CRF is the potential for reduced burden 
of stroke. Evidence is emerging that patients 
who suffer a stroke, but were more physically 

active pre-stroke, may recover more quickly 
following stroke [88]. Combined with the ben-
efits of PA for stroke survivors, as discussed 
above, there is compelling evidence that target-
ing PA would likely impact favorably on mor-
bidity, mortality, hospitalization rates, 
productivity, and quality of life-years [55]. 
These economic evaluations are a priority for 
future research. The public health challenge for 
both primary and secondary prevention of 
stroke through increasing PA is to implement 
effective models of care. While individual stud-
ies have successfully increased fitness levels in 
stroke survivors with exercise interventions 
[89], it is likely that behavioral interventions 
are needed to achieve long-term changes. There 
is some evidence that multifaceted approaches 
with education, social support, and community 
involvement can assist with lifestyle modifica-
tion, including PA, for stroke survivors [55]. In 
addition to reductions in disability and self-
efficacy, incorporating PA as part of a compre-
hensive self-management intervention is also 
likely to improve quality of life [90].

 Future Directions

Despite this vast literature confirming that PA 
reduces the risk of stroke incidence and decreases 
stroke mortality, there remain two important 
unanswered questions. Does PA also confer a 
reduced risk for hemorrhagic stroke? What dose 
of PA is required for optimal health benefits? The 
lower incidence of hemorrhagic stroke may con-
tribute to the lack of significant inverse associa-
tions between PA and stroke incidence [20, 32, 
91]; however, meta-analyses with significantly 
more hemorrhagic stroke events have established 
that increased PA is associated with reduced inci-
dence [46, 47]. The issues related to measure-
ment and quantification of PA, and the possibility 
of a sex interaction where men may benefit more 
from higher-intensity PA, are largely unresolved. 
Most studies investigated the benefits of moder-
ate to vigorous PA, but several large cohorts 
divided participants into tertiles based on amount 
of any PA or dichotomized those who did any PA 
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compared to none. This suggests that even low 
intensity and frequency of PA can be associated 
with health benefits. Future research is required 
to evaluate the health benefits obtained by those 
who increase their PA over time; recent research 
in older adults (>70 years) revealed that relatively 
small increases of PA (43 mins/week) resulted in 
clinically meaningful benefits in relation to phys-
ical function and preventing disability [92]. 
Increasing PA may have similar benefits in stroke 
risk reduction and reducing morbidity following 
stroke.

There are a multitude of other research ave-
nues for future work in the area of CRF, PA, and 
stroke. Based on individual published papers, 
professional society consensus, and clinical rec-
ommendations, the topics listed below summa-
rize additional scientific gaps:

• With the use of objectively measured PA, 
refinement of dose-response relationship 
between PA and stroke to help develop 
national guidelines.

• Studies on the influence of the total amount 
and patterns (including bouts and breaks) and 
types of sedentary behavior on incidence of 
stroke and/or cardiovascular biomarkers asso-
ciated with stroke risk.

• Animal and human exercise intervention trials 
to help discover mechanistic pathways through 
which physical training and exercise could 
prevent or reduce the risk of stroke.

• Determine if there is an independent effect of 
PA/CRF on stroke risk above and beyond the 
modulation of risk factors

• Develop models or systems that integrate 
either objectively measured or predicted CRF 
to help screen patients who may benefit from 
exercise training to reduce their risk of stroke.

• More studies with varying populations based 
on age, sex, race/ethnicity, geographic loca-
tion, and socioeconomic status.

• Evaluate the influence of PA and exercise 
training on reducing the occurrence of sec-
ondary events or outcomes related to the car-
diovascular health (e.g., mortality, vascular 
risk factors) of stroke survivors.
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 Introduction

Atrial fibrillation (AF) is the most common car-
diac arrhythmia, and it is associated with signifi-
cant mortality and morbidity. Its incidence and 
prevalence have been progressively increasing 
despite the progress of medicine and the introduc-
tion of more sophisticated ways of management, 
e.g., with the use of catheter ablation. In addition, 
there has been a significant increase in mortality 
associated with AF from 1990 to 2010 [1]. AF has 
been linked to several risk factors including hyper-
tension (HTN), type 2 diabetes mellitus (DM2), 
obesity, obstructive sleep apnea, thyroid disease, 
alcohol, and drugs [2] with at least one identifiable 
risk factor in approximately 56% of AF cases [3]. 
These Maybe These observations, along with the 
limitations of the definitive management of AF 
observations, along the limitations in the definitive 
management of AF, have increased interest in the 
modification of risk factors to prevent AF [4].

Cardiorespiratory fitness (CRF) is inversely 
associated with significantly lower incidence of 

several risk factors linked to AF, including HTN, 
DM2, and obesity, and protects against coronary 
artery diseases and heart failure [5–11]. However, 
the role of exercise in AF remains controversial. 
Several observational studies have reported 
increased incidence of AF in endurance athletes 
proportional to the duration of high-intensity 
exercise and the type of sport engagement [12–
18]. In contrast, engaging in low-to-moderate- 
intensity physical activities is associated with 
decreased AF incidence, especially in middle- 
aged population [19–25]. The aforementioned 
reports, showing either positive or negative asso-
ciations of exercise with AF, were mainly based 
on self-reported physical activity (PA) status 
using questionnaires, potentially over- or under-
estimating the true impact of PA on AF incidence. 
Studies where CRF was assessed objectively and 
more accurately by standardized exercise proto-
cols have also reported favorable cardiovascular 
outcomes [26–29] including significant reduc-
tions in AF incidence [30, 31]. This chapter will 
elucidate (1) the association between PA, CRF, 
and incident AF, (2) the pathophysiologic mecha-
nisms involved, (3) the type of PA necessary that 
could potentially decrease the incidence of AF, 
and (4) the role of exercise in patients with AF.

 Pathophysiology of Atrial Fibrillation

AF is a supraventricular tachyarrhythmia with an 
unorganized and erratic atrial activation resulting 
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in compromised atrial contractions [4, 32, 33]. 
Prerequisite for the onset of AF is the presence of 
several triggers which initiate the arrhythmia and 
the substrate to preserve it. Ultimately, AF is the 
result of a combination of electrophysiological 
and structural changes.

Several triggers have been associated with the 
generation of AF including sympathetic or para-
sympathetic stimulation, bradycardia, atrial pre-
mature beats, tachycardia, accessory AV pathways, 
acute atrial stretch, and ectopic foci occurring in 
“sleeves” of atrial tissue within the pulmonary 
veins or vena cava junctions [33–35]. Although the 
aforementioned triggers are important for the ini-
tiation of AF, the propagation and sustainability of 
the arrhythmia require the presence of atrial struc-
tural changes [36]. Atrial electrical abnormalities 
include increased heterogeneity, decreased con-
duction, shortening of action potential/refractori-
ness, increased automaticity, and abnormal 
intracellular calcium handling. Abnormalities in 
atrial architecture which are observed in cases of 
AF are hypertrophy of the cells, ischemia of the 
tissue, infiltrative processes, dilation, and increased 
atrial stretch. The common denominator and final 
result of the above changes are fibrosis of the atrial 
tissue [4]. All the common risk factors of AF like 
HTN, DM2, obesity, obstructive sleep apnea, thy-
roid disease, etc., have been shown to cause struc-
tural and electrophysiological abnormalities [33, 
35]. These abnormalities create the necessary con-
ditions for the two basic mechanisms responsible 
for the initiation of AF: reentry and focal ectopic 
activity [33, 34]. Reentry is caused by both elec-
trophysiological changes, such as decreased 
refractory period, which allows the wavelength to 
find excitable tissue, and structural abnormalities, 
like tissue dilation and stretch, which increase the 
reentrant pathways and, as a result, create the con-
ditions for proarrhythmic state [33].

Increased focal ectopic activity is another 
mechanism that contributes to AF. This is caused 
by rapidly firing foci, initially starting at the left 
atrium myocardial sleeves and propagating to the 
pulmonary veins [34–36]. This increased propen-
sity for automaticity and arrythmogenicity can 
likely be explained by the electrophysiological 
and anatomic characteristics of the cells in the 
pulmonary veins and the atrial and pulmonary 

vein junction [37–39]. These include (1) pulmo-
nary vein myocytes with relatively depolarized 
resting potential that promotes sodium channel 
inactivation and (2) shortened action potentials 
and refractoriness. Lastly, another plausible 
mechanism is triggered activity which is caused 
by delayed afterdepolarizations (DADs), DADs 
are spontaneous depolarizations after completed 
cellular repolarizations. They are caused by 
imbalance in cellular calcium (Ca2+) and more 
specifically excess of it. When DADs reach the 
threshold potential, cell firing is caused, either as 
an isolated ectopic beat or as tachycardia. This 
rate-dependent entry of Ca2+ can provoke DAD-
related tachycardia and eventually AF [4, 36, 40].

 Epidemiology

AF is the most common arrhythmia in the elderly 
affecting 1 in 10 individuals over the age of 80 years 
and approximately 33.5 million worldwide [2, 41]. 
AF can be asymptomatic or present with severe 
symptoms associated with increased and frequent 
hospitalizations, thromboembolic events, hemody-
namic instability, and significant morbidity and 
mortality. In the United States, AF is the primary 
cause of admission in more than 497,000 cases 
annually and approximately 99,000 deaths [4, 36, 
41]. Approximately six million US adults have AF, 
with an estimated healthcare cost of 26 billion. The 
number of AF patients is expected to double in the 
next 25 years as more than 50% of the patients will 
be older than 80 years of age [36, 41].

The most dreadful complication of AF is a 
thromboembolic event with the increase in the 
risk of stroke up to five times compared to the 
general population. Furthermore, given the 
pathophysiology of the embolic event and the 
involvement of larger arteries, strokes caused by 
AF are more fatal compared to other causes [4, 
42, 43]. In addition to an increased risk of stroke, 
there is a significant association of AF with heart 
failure, decline in physical performance, cogni-
tive ability, dementia, shorter disability-free sur-
vival, and eventually, higher mortality [44–51].

Despite the use of different approaches to 
manage AF, including pharmacologic and inter-
ventional treatments, a significant portion of 
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patients experience recurrences of AF and its det-
rimental complications. Thus, there have been 
significant efforts to study the predisposing fac-
tors that lead to AF and strategies to decrease its 
incidence. In this regard, several risk factors have 
been identified that independently contribute to 
AF, including increased age, male gender, HTN, 
heart failure, coronary artery disease, valvular 
heart disease, DM2, obesity, obstructive sleep 
apnea, thyroid disease, and alcohol or drug abuse 
[33, 48–57]. These risk factors contribute to elec-
trophysiological and anatomical cardiac abnor-
malities and create conditions that foster the 
development of AF.  Approximately 60% of the 
patients presenting with the AF have at least one 
identifiable risk factor [52]. The hierarchical, 
independent contribution of selective risk factors 
to AF is presented in Table 20.1.

 Epidemiology of Exercise and Atrial 
Fibrillation

The efficacy of increased PA or structured exercise 
in positively modifying a number of risk factors 
related to AF is well-established [5–11]. However, 
the role of PA, exercise, and increased CRF in the 
incidence of AF is less clear. The participants 
included in most of the studies assessing the exer-
cise-AF association were high-endurance athletes 
or military personnel. In studies reporting a posi-
tive correlation between PA and AF, physical 
activity status was self-reported in most, using 
mainly questionnaires [20–23, 25], and relatively 
few studies assessed CRF using standardized exer-
cise test protocols. In contrast, when CRF was 

assessed by standardized exercise tests, certainly 
more objective than questionnaires, the associa-
tion between CRF and AF was inverse and graded.

Collectively, the findings support that individ-
uals who engage in high-intensity and volume 
endurance exercise are at increased risk for AF, 
whereas persons engaging in low-to-moderate- 
intensity exercise, as per AHA/ACSM recom-
mendations for physical activity and exercise, are 
not at increased risk of AF.

 Atrial Fibrillation Incidence 
on High-Endurance Individuals

One of the first studies to investigate the associa-
tion of AF and exercise was conducted by 
Karjalainen et  al. [13] This study included 300 
middle-aged, high-ranked veteran orienteers (age 
ranging from 35 to 59) and 495 controls in the 
same age range. At the time of enrollment, partici-
pants in both groups completed questionnaires 
about the existence of any diseases and the amount 
of PA they were engaging in. After 11  years of 
follow-up, individuals in both groups again filled 
the same questionnaires. In addition, they were 
asked if their doctor had informed them that they 
had AF or atrial flutter. Positive answers were 
verified by examining the medical records of 
these patients. Although there was a significant 
decrease in mortality and other cardiovascular 
outcomes, AF was found in 5.3% of the veteran 
orienteers and 0.9% of the control group. These 
results were attributed to the increased vagal tone 
and the atrial structural changes which are 
expected to happen in the athletes.

Mont et al. [14] also reported an independent 
association between AF and engaging in  moderate 
and heavy physical activities in 107 middle- aged 
patients (mean age 48 years) who presented at the 
hospital. Interestingly, the height of the individ-
ual and left atrial size were also risk factors for 
incident AF. Heidbüchel et al. [16] also reported 
that in patients who underwent an isthmus abla-
tion for atrial flutter, a history of endurance sports 
or those who continued engaging in endurance 
exercise after the ablation was an independent 
and significant risk factor for incident AF after 
the ablation.

Table 20.1 Risk factors for AF and relative risk

Risk factors Relative risk (95% CI)
Congestive heart failure 4.11 (2.1–8.03)
Male gender 2.68 (1.34–5.38)
Coronary artery disease 1.65 (1.23–2.14)
Hypertension 1.46 (1.29–1.65)
Left ventricular hypertrophy 1.35 (1.16–1.6)
Diabetes mellitus 1.22 (1.09–1.38)
Age (per year) 1.09 (1.07–1.1)
BMI (per unit) 1.07 (1.05–1.08)
Alcohol consumption 1.04 (1.0–1.70)

Adapted from: Lau et al. [35]
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An even higher AF incidence has been 
reported by Molina et al. [17] The investigators 
retrospectively studied 252 marathon runners 
and compared them to 305 sedentary men. After 
a follow-up of approximately 10 years, medical 
records were reviewed, and the presence of AF 
was diagnosed based on the EKG recordings. 
After adjusting for age and blood pressure, the 
investigators reported that the AF risk in mara-
thon runners was nearly ninefold higher (hazard 
ratio  =  8.80; 95% confidence interval, 1.26–
61.29) compared to sedentary controls. 
Similarly, a meta-analysis of six case- control 
studies also revealed a more than fivefold 
increased risk of AF in athletes compared to 
nonathletes (odds ratio, 5.29; 95% confidence 
interval, 3.57–7.85) [15].

Finally, in the Physicians’ Health Study cohort, 
Aizer et al. [18] identified 16,921 male physicians 
with no medical history of AF.  They were then 
categorized according to the frequency of vigor-
ous exercise (0, <1, 1–2, 3–4, 5–7 days per week), 
the exercise intensity extrapolated from the ques-
tion “Do you engage in a regular program of exer-
cise vigorous enough to work up a sweat?” and, 
the duration of each exercise session (≤10 min; 
11–24;25–40 and ≥41 min). The 3-year question-
naire asked, “What types of vigorous exercise do 
you engage in? (racquet sports, swimming, jog-
ging/running, cycling, including indoor and oth-
ers). During a 12-year follow-up, the investigators 
noted an incremental association between the 
engagement of vigorous exercise and incident 
AF. However, when variables potentially involved 
in the biologic pathway through which exercise 

influences AF risk were excluded, the risk was not 
significantly elevated. Furthermore, a subgroup 
analysis, this elevated risk was observed only in 
men below age 50 and joggers.

Collectively, the aforementioned findings sug-
gest a direct association between AF and exercise 
volume and intensity of exercise performed. The 
participants in these studies were relatively young 
(<50 years of age) and were either athletes or par-
ticipated in high-intensity physical activities. The 
increase in AF was attributed mainly to increased 
vagal tone, which is more common in athletes, 
sympathetic/parasympathetic mismatch, or struc-
tural changes (increased atrial dimensions). In 
contrast to these findings, Pelliccia et  al. [19] 
reported that increased dimension of the left 
atrium, measured by echocardiograms, in men 
and women athletes participating in different 
competitive sports did not have increased preva-
lence of AF or other supraventricular tachycar-
dia, compared to athletes who did not have 
increased LA dimensions.

The common denominator of the above stud-
ies was that exercise status was determined by 
questionnaires. Also, on several studies AF inci-
dence was self-reported. The presence of AF was 
then verified by examining medical records. This 
raises several concerns regarding the accuracy of 
the findings. In addition, athletes or individuals 
who engage in higher-intensity physical activity 
may be more health-conscious and therefore 
more prone to identify and report symptoms sug-
gestive of arrhythmia, ultimately leading to more 
reporting of AF compared to the control groups 
Table 20.2.

Table 20.2 AF risk with high-intensity exercise

Study Participants
Physical 
activity level Results/AF risk

Karjalainen et al. [13] 300 middle-aged 
veterans

High Increased prevalence (5.3% in athletes vs 
0.9% in non-athletes)

Mont et al. [14] 107 middle-aged 
patients

High Increased AF incidence

Heidbüchel et al. [16] 137 post-atrial flutter 
ablation

High Increased AF risk (multivariate HR = 1.81)

Molina et al. [17] 252 marathon runners High AF 8.8-fold higher than sedentary controls
Aizer et al. [18] 16,921 male physicians High 

recreational
Increased AF in high-frequency exercise 
group (HR = 1.2)

Pelliccia et al. [19] 1777 competitive 
athletes

High Increased LA dimension; no increase in AF
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 Low-to-Moderate-Intensity Physical 
Activity and Atrial Fibrillation

Several studies have also assessed the association 
between AF incidence and relatively low-to- 
moderate-intensity physical activity. In contrast 
to the findings reported by high-intensity exer-
cises, the conclusions of these studies support the 
concept that engaging in low-to-moderate- 
intensity exercise or physical activities protects 
against the occurrence of AF. Mozaffarian et al. 
[20] followed 5446 participants in the 
Cardiovascular Health Study (CHS) (mean age 
74 years), for a total of 12 years. Physical activity 
status was assessed by the Minnesota Leisure- 
Time Activities at baseline and then after 3 and 
7 years, evaluating the frequency and duration of 
15 different types of activities in the 2 prior 
weeks. Based on this information, they formed 
quintiles of fitness categories, ranging from no 
physical activity to high. AF was evaluated by 
assessing electrocardiograms (EKGs) yearly and 
by contacting the patients every 6 months. They 
found a significant decrease in incident AF rang-
ing from 22% to 36% in the moderate-intensity 
leisure-time physical activity group, but this 
association lost significance for the high- intensity 
group, suggesting a U-shaped association 
between exercise and AF.

Drca et al. examined the association between 
physical activity and the incidence of AF in dif-
ferent age groups and gender differences [21, 
22]. In the first study [21], 44,410 men with a 
mean age of 60 years were followed for 12 years. 
Physical activity was assessed by questionnaires 
completed at baseline. Participants reported ret-
rospectively the time they spent on leisure-time 
exercise when they were 15, 30, and 50 years old. 
They reported that individuals who were engag-
ing in physical activity (walking or bicycling) for 
more than 5 hours per week at the age of 30, com-
pared to participants who were exercising for less 
than 1  hour per week, had 19% higher risk of 
developing AF. This association was even more 
prominent for individuals in the high activity 
group who quit exercising later in life. In con-
trast, the group of older men, with a mean age of 
60, who were exercising more than 1  hour per 

week, had a 13% reduction in the incidence of 
AF. In their study, the investigators evaluated the 
incidence of AF in 36,513 women (median age of 
60 years), followed for a total of 12 years [22]. 
PA was also assessed by questionnaires with par-
ticipants reporting retrospectively the time spent 
on leisure exercise at the age of 30 and 50 years 
old. The investigators reported an inverse associ-
ation between engaging in PA and decreased 
incidence of AF.  Compared to women who 
reported no PA, AF was 15% lower in women 
exercising ≥4 hours per week and 19% for those 
exercising ≥40 minutes per day [22].

The association of PA and AF was also 
assessed in the Atherosclerosis Risk in 
Communities (ARIC) Study [23]. Investigators 
followed 14,219 individuals (mean age of 
54 years), for a total of 12 years of follow-up. 
The modified Baecke questionnaire was used to 
assess physical activity in sports, leisure time, 
and at work. The questions were then converted 
to min/week using the American Heart 
Association (AHA) definition of PA; three 
groups were created accordingly: poor, interme-
diate, and ideal. Incident AF was evaluated 
based on EKGs conducted during clinic visits, 
on the presence of the ICD-9 diagnosis on the 
medical records and if AF was listed as a cause 
of death on a death certificate. The investigators 
reported a protective association of PA with a 
risk of AF that was of a similar magnitude for 
both men and women. Compared to those clas-
sified as having “poor” PA, those who reported 
having an ideal level of PA at baseline had 11% 
(95% CI, 0–21%) lower risk of AF after adjust-
ing for relevant confounders. In a more recent 
study, the investigators examined the associa-
tion between the ideal cardiovascular health 
metrics known as Life’s Simple 7 (LS7), defined 
by the American Heart Association that includes 
PA status and incident AF in a biracial cohort of 
middle- and older-aged adults without known 
cardiovascular disease. The modified Baecke 
questionnaire was used to assess PA in sports, 
leisure time, and at work. The study included 
13,182 ARIC participants (mean baseline 
age = 54 ± 5.7 years; 56% women; 25% black) 
free of AF and cardiovascular disease. An over-
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all LS7 score was calculated as the sum of the 
LS7 component scores and classified as inade-
quate (0–4), average [5–9], or optimal [10–14] 
cardiovascular health. AF was identified primar-
ily by ECG and hospital discharge coding of 
AF.  Cox multivariable proportional hazard 
model was used to assess AF risk over a median 
follow- up of 25.1 years. Participants in the aver-
age (n = 8629) and optimal (n = 3496) LS7 cat-
egories each had a lower risk of developing AF 
(hazard ratio 0.59, 95% confidence interval 
0.51–0.67 for average and hazard ratio 0.38, 
95% confidence interval 0.32–0.44 for optimal). 
The AF risk was 12% lower for each 1-point-
higher LS7 score when compared with the inad-
equate category (hazard ratio 0.88, 95% 
confidence interval 0.86–0.89; n = 1057) [24].

Azarbal et al. [25] assessed the role of obesity, 
PA, and their interaction with the risk of incident 
AF. They followed 81,317 women (mean age of 
64  years) with no baseline AF for a total of 
11.5  years. PA was assessed by self-reported 
questionnaires. PA was classified as low if indi-
viduals reported frequent walks outside the home 
for more than 10  min without stopping and 
engaged in recreational physical activity at levels 
that increased heart rate and produced sweating. 
Strenuous activity was classified if participants 
reported frequently engaging in strenuous or very 
hard exercise, resulting in sweating and fast 
heartbeat, such as aerobics, aerobic dancing, jog-
ging, tennis, and swimming laps. Metabolic 
equivalents (METs) hours per week (MET-h/
week) were estimated for each participant based 
on the activities reported, and the following four 
categories of physical activity were established: 0 
MET-h/week, >0 to 3 MET-h/week, >3 to 9 
MET-h/week, and >9 MET-h/week. AF was 
assessed by using medical records and by identi-
fying the code of the disease (ICD-9). 
Multivariable adjustment individuals in the high-
est category of PA (>9 MET-h/week) had a sig-
nificantly lower risk of incident AF (HR, 0.90; 
95% CI, 0.85–0.96), compared to sedentary 
women. When the obesity-PA-AF interaction 
was assessed, the risk of incident AF was greater 
in the sedentary group (HR, 1.30; 95% CI, 

1.17–1.45) than in the physically active group 
(HR, 1.16; 95% CI, 1.08–1.24).

Bapat et al. [58] also examined the associa-
tion between PA (including everyday activi-
ties) and AF, using the Multi-Ethnic Study of 
Atherosclerosis (MESA) database of 5793 men 
and women (mean age of 62 years), followed 
for 7.7 years. PA was assessed using the MESA 
Typical Week Physical Activity Survey 
(TWPAS), completed at the baseline examina-
tion, which identifies the amount of time spent 
and the frequency of various physical activities 
during a typical week in the previous month (1, 
household chores; 2, lawn/yard/garden/farm; 
3, care of children/adults; 4, transportation; 5, 
nonoccupational walking; 6, dancing and sport 
activities; 7, conditioning activities; 8, leisure 
activities; 9, work). Participants reported 
whether they participated in these activities, 
and, if applicable, they answered questions 
regarding the average number of days per week 
and time per day engaged in each activity. 
Where appropriate, the PA survey accounted 
for exercise intensity at three levels (heavy, 
moderate, or light), which was determined by 
the type of activity in any given category (i.e., 
sitting or standing versus pushing or lifting), 
and three groups were created. Minutes of 
activity were summed for each discrete activity 
type and multiplied by the METs. Overall, nei-
ther vigorous PA nor total intentional exercises 
were independently associated with incident 
AF after multivariable adjustment. However, in 
the group that reported any vigorous PA, there 
was a statistically significant inverse associa-
tion between total intentional exercise and 
incident AF. Being in the top tertile, total inten-
tional exercise was associated with a 54% 
lower risk of incident AF, compared with the 
group with no total intentional exercise in the 
fully adjusted model (HR 0.46, 95% CI 0.22–
0.98). No subgroup of participants demon-
strated an increased risk of incident AF with 
greater PA.

Collectively, the findings of the aforemen-
tioned studies support an inverse association 
between the level and intensity of PA and the risk 
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of developing AF, regardless of gender or the 
type of PA performed. However, it is important to 
emphasize that PA in all studies was self-reported 
using questionnaires (Table 20.3).

 Exercise and Cardiorespiratory 
Fitness

Several studies assessed cardiorespiratory fitness 
(CRF) more objectively using standardized exer-
cise protocols. The first of these studies included 
2014 healthy middle-aged men. The investiga-
tors assessed fitness by a standardized exercise 
protocol using a cycle ergometer [26]. 
Participants were followed for a total of 35 years, 
and AF was identified by examining the medical 
records. Increased risk for AF was observed only 
in men with low fitness, and the overall risk of 
AF was reduced by 23% in the fit men. Obesity 
was an independent risk factor for incident AF. 
Men with a baseline BMI of ≥28  kg/m2 had a 
68% higher risk (HR 1.68, 95% confidence 
interval 1.14–2.40) compared to those with BMI 
<28 kg/m2.

Khan et  al. [59] used data from the Kuopio 
Ischemic Heart Disease (KIHD) study to assess 
the AF-CRF association. Participants (n = 1950; 
mean age 52.6 years) were followed for a total of 
19.5 years. Four CRF groups were formed based 
on maximal oxygen consumption (VO2 max) 
achieved at baseline exercise testing. The risk of 
developing AF was inversely associated with 

CRF. The incident rate varied from 11.5 (95% CI 
9.4–14.0) for the first CRF to 9.1 (95% CI 7.4–
11.2) for the second quartile, 5.7 (95% CI 4.4–
7.4) for the third quartile, and 6.3 (95% CI 
5.0–8.0) for the fourth quartile. After adjusting 
for age, there was still a significant decrease in 
AF incidence (hazard ratio 0.67, 95% CI 0.48–
0.95) when comparing the least-fit group with the 
highest-fit.

The impact of CRF on AF incidence was also 
assessed in a larger study of 6,4561 middle-aged 
(mean age 54), predominantly white (64%), par-
ticipants and a follow-up period of 5.4  years 
[30]. CRF was assessed by a standardized tread-
mill stress test at baseline (Bruce protocol). Four 
groups were formed according to the peak METs 
achieved: <6 METs, 6–9.9 METs; 10–11 METs 
and >11 METs. AF was determined by ICD-9 
code. After adjustment for potential confound-
ers, an incremental increase of 1 MET was asso-
ciated with a 7% lower risk of incident AF 
(hazard ratio, 0.93; 95% confidence interval, 
0.92–0.94; P < 0.001). When AF risk was exam-
ined across CRF categories, an inverse and 
graded association was noted. The risk of AF for 
individuals with an exercise capacity of 6–9 
METs (CRF group the next to the least-fit) was 
20% lower, compared to those in the least-fit 
group (hazard ratio 0.80 (0.74–0.86). For those 
in the next two CRF categories (10–11 and >11 
METs), the risk was lower by 40% (HR 0.60; CI 
0.54–0.65) and 56% (HR 0.44; CI, 0.39–0.50), 
respectively.

Table 20.3 AF risk in low-moderate-intensity exercise

Study Participants Level of activity Results/AF risk
Mozaffarian 
et al. [20]

5446 older participants Moderate Decreased (22–36%)

Drca et al. [21] 44,410 men, mean age of 
60 years

Moderate-low Decreased 13%

Drca et al. [22] 36,513 women (median age 
of 60 years)

Leisure-time 
exercise

Decreased 15–19% with increasing levels 
of leisure-time exercise

ARIC study [23] 14,219 individuals (mean age 
of 54 years)

Leisure time Decreased AF 11% on ideal vs poor PA 
groups

Azarbal et al. 
[25]

81,317 women (mean age of 
64 years)

Leisure time/
sports

Decreased AF HR 0.90 high vs low PA 
group

Bapat et al. [58] 5793 participants (mean age 
of 62 years)

Leisure time/
sports

Decreased 54% on the higher activity group
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Similar and more impressive findings were 
reported by Faselis et  al. [31]. The investigators 
examined the CRF-AF association in 5962 middle- 
aged US veterans with no evidence of AF prior to a 
maximal stress test using the Bruce protocol. Data 
were collected from 1987 to 2012 with a median 
follow-up of 8.3 years. Four fitness categories were 
established based on age- stratified quartiles of peak 
METs achieved: least fit (4.9  ±  1.10 METs; 
n  =  1446), moderately fit (6.7  ±  1.0 METs; 
n  =  1490), fit (7.9  ±  1.0 METs; n  =  1585), and 
highly fit (9.3 ± 1.2 METs; n = 1441). Incident AF 
was determined using the ICD-9 code for diagnosis 
of AF in the medical records. Incident AF was sig-
nificantly less common in the highly fit individuals. 
Compared with the least fit and after multivariable 
adjusting, hazard ratios were 0.80 (95% CI, 0.67–
0.97) for moderately fit individuals, 0.55 (95% CI, 
0.45–0.68) for fit individuals, and 0.37 (95% CI, 
0.29–0.47) for highly fit individuals. Each 1 MET 
incremental increase in exercise capacity was asso-
ciated with 21% lower risk for incident AF (hazard 
ratio, 0.79; 95% CI, 0.76–0.82). The above find-
ings were particularly significant because they 
were derived from a population predominantly 
composed of African Americans and because of the 
equal access to care of all the participants indepen-
dent of a patient’s financial status.

In a recent review, Elliott AD et  al. [60] 
sought to define the optimal dose and dura-
tion for the prevention and treatment of 
AF.  In doing so, they reviewed the evidence 

that supports a decline in AF risk for those 
who achieve a weekly physical activity dose 
slightly above the current recommended 
guidelines of 150  min of moderate- intensity 
activity per week [61]. The investigators 
identified a CRF threshold of 8 METs (meta-
bolic equivalents of task) or more during 
maximal exercise testing for reduced inci-
dence of AF.

Collectively, the findings of the aforemen-
tioned studies support an independent, inverse, 
and graded association between moderate levels 
of exercise/physical activity and the incidence 
of AF.  Importantly, no U-shaped association 
was observed, suggesting that increased exer-
cise levels do not increase the incidence of 
AF.  It is also noteworthy that only 1 MET 
increase in the CRF confers a significant 
decrease in incident AF ranging from 7% to 
21%. The strength of the above studies as we 
have underscored is that CRF was assessed 
objectively using standardized exercise tread-
mill or bike test. It is important to note that CRF 
was based on one assessment at baseline in all 
studies, and CRF follow-up data on changes 
over time were not available, increasing the 
probability of regression dilution bias. However, 
CRF is more likely to decline with age. 
Therefore, it is reasonable to assume that the 
impact of CRF assessed at baseline on AF risk is 
likely to be underestimated rather than overesti-
mated (Table 20.4).

Table 20.4 Atrial fibrillation and cardiorespiratory fitness

Study Participants Level of activity Results/AF risk
Grundvold et al. [26] 2014 middle- aged 

men
Assessed using a 
cycle ergometer

AF risk was 23% in the fit compared to non-fit 
men

Khan et al. [59] 1950; mean age 
52.6 years

METs quartiles Progressive decrease in AF risk when compared 
to the least-fit group. The risk for those in the 
highest fitness category was 33% lower. 
Decreased AF with an HR 0.44 fit

Qureshi et al. [30] 64,561 middle- 
aged (mean age 
54)

4 METs groups Progressive decrease in AF risk when compared 
to the least-fit group. The risk for those in the 
highest fitness category was 56% lower

Faselis et al. [31] 5962 middle- aged 
veterans with a 
mean age of 
56 years

METs quartiles Progressive decrease in AF risk when compared 
to the least-fit group. The risk for those in the 
highest fitness category was 63% lower
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 Pathophysiologic Mechanisms 
of Atrial Fibrillation and Exercise

The available evidence supports that moderate 
exercise is associated with a protective effect 
against incident AF. There is also strong evidence 
supporting that high intensity and high volume of 
exercise endured by marathon runners and other 
high-endurance athletes can increase the rate of 
developing AF.  The potential mechanisms 
involved in exercise-induced increase in AF risk 
are not completely elucidated, but several mecha-
nisms have been proposed.

As mentioned earlier, prerequisite for AF is 
the presence of triggers to initiate it and the sub-
strate to preserve it. High-endurance exercise is 
associated with structural changes leading to 
increased dimensions of both the atria [19]. There 
are several causes including increased height and 
left atria size in athletes and higher blood pres-
sure at rest and peak exercise [19, 62–64], lead-
ing to a more concentric type of left ventricular 
remodeling. In addition, high-intensity exercise 
is associated with increased inflammation, 
 oxidative stress, and eventually fibrosis of the 
atria [63].

Besides the pathological substrate, there 
should also be triggers which will initiate the 
arrhythmogenic cascade. High-endurance exer-
cise has been associated with increased ectopy at 
the level of the atria [65]. This phenomenon in 
conjunction with the increased shifts in the sym-
pathetic/parasympathetic balance [62, 66–69] 
could cause the electrophysiological abnormali-
ties described above. Although increased para-
sympathetic tone commonly seen in athletes may 
be expected to potentially have a protective effect 
against AF, it seems that there is a vagal subtype 
of AF which presents in individuals with predom-
inance of vagal tone [70]. Collectively, all these 
could explain the potential mechanisms of 
increased incidence of AF in high-endurance ath-
letes as illustrated in Fig. 20.1.

On the other hand, there are several mecha-
nisms which could explain the decrease in fre-
quency of AF in individuals who engage in less 
competitive physical activity. Increased PA 
improves well-established risk factors which are 

related to AF like DM2, HTN, heart failure, obe-
sity, CAD, etc. and decreases inflammation and 
oxidative stress [5–11]. Furthermore, exercise 
decreases the sympathetic tone with a predomi-
nance of vagal tone which, with the exception of 
a specific type of AF (see above), is related to  
decrease in incident AF [7].

 Exercise in Patients with Atrial 
Fibrillation

Relatively little is known about the impact of 
exercise in patients with established AF, paroxys-
mal, or permanent and if the prescription of PA in 
addition to the established treatment methods is 
beneficial. The beneficial effect of exercise in 
modifying multiple factors associated with AF is 
well described, but the direct effect of PA on AF 
is not well studied [62, 71].

In a large review study, Abdul-Aziz et al. [72] 
identified ten studies describing the effect of PA 
in patients with existing AF. The articles included 
one study on yoga, two studies on acupuncture, 
three studies that examined weight loss programs, 
and four studies that evaluated the impact of mod-
erate physical activity. Yoga caused less symp-
tomatic disease and improved the quality of life. 
Acupuncture decreased the episodes of AF, 
weight loss was associated with a significant 
reduction in AF occurrence and symptoms, and 
finally, moderate exercise resulted in a decrease in 
symptomatic disease and higher AF-free disease. 
The above findings though should be interpreted 
with caution, as the design of the studies was 

Increased
fibrosis

Increased
ectopy

Structural
changes with

increased atria
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fibrillation

Shifts in
autonomic

shifts

Fig. 20.1 Proposed mechanisms of atrial fibrillation in 
athletes
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poor. In another Cochrane database review study, 
Risom et al. [73] concluded that there was not a 
clinically relevant effect of PA on health-related 
quality of life improvement in patients with 
AF. Pooled data from six RCTs showed a positive 
association on the outcome of exercise capacity, 
but due to the low number of participants and the 
quality of the evidence, the association of exercise 
and other outcomes (mortality and cardiovascular 
outcomes) could not be safely assessed.

In another study, Kato et al. [74] conducted a 
meta-analysis including five trials with a com-
bined total of 379 participants. In AF patients, PA 
was associated with increased exercise capacity 
and improved left ventricular ejection fraction 
compared with the control (standardized mean 
difference (SMD), 0.91; 95% CI, 0.70–1.12; MD, 
4.8%; 95% CIs, 1.56–8.03, respectively). 
Compared with the control, exercise training also 
significantly reduced BMI (SMD, −0.47 kg/m; 
95% CIs, from −0.89 to −0.06) and improved the 
quality of life in some of the standardized 
questionnaires.

Only two randomized studies assessed the dif-
ferent intensities of PA and the effect on the AF 
burden in patients with paroxysmal or persistent 
AF.  In the study by Skielboe et  al. [75], 76 
patients with paroxysmal/persistent atrial fibrilla-
tion were randomized to a 12-week low-intensity 
or high-intensity exercise program (50% and 
80% of maximal perceived exertion, respec-
tively). The primary outcome was burden of AF 
and the secondary outcome was change in VO2 

max. There was no statistical difference in AF bur-
den (incidence rate ratio 0.742, 95% CI 0.29–
1.91, p  =  0.538) or VO2 max between high- and 
moderate- intensity groups. However, lack of sig-
nificantly higher VO2 max values for the high-
intensity group suggests that the exercise 
intervention was not adequate to affect the pri-
mary outcome. In addition, the study lacked a 
control (non-exercising) group.

Malmo et al. [76] also randomly assigned 51 
AF patients referred for catheter ablation to high- 
intensity aerobic interval training exercise over 
12 weeks, or no exercise, and recorded AF bur-
den from implantable loop recorders as the pri-
mary study outcome. A significant reduction in 

AF burden was noted in the exercise group, 
where the mean time in AF declined from 8.1% 
to 4.8%, with no significant change in the control 
group. Increased AF burden was more common 
in the control patients (64%) than in the exercise 
group (12%). A decline in the arrhythmia burden 
was noted in the exercise group, where 38% of 
patients experienced a decline in their arrhythmia 
compared to only 20% of the control group. The 
exercise group also experienced fewer and less 
severe symptoms following the intervention, with 
no concomitant change in the control group.

 Conclusions

In conclusion, the current literature strongly sug-
gests that long-term participation in exercise/
physical activity of high intensity and/or volume 
is likely to predispose at least some individuals to 
increased incidence of AF. The threshold of exer-
cise intensity and/or volume where the poten-
tially deleterious effects of exercise occur has not 
been identified and is an issue of great interest for 
future studies. However, moderate levels of phys-
ical activity close to the guidelines recommended 
by the American Heart Association and the 
American College of Sports Medicine are likely 
to protect against the development of AF.  The 
benefits of increased PA in such patients are at 
least, in part, attributed to the beneficial effect of 
PA on modifying risk factors which have shown 
to be related with increase in AF burden.
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AER Albumin excretion rate
ACR Albumin-to-creatinine ratio
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CKD Chronic kidney diseases
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eGFR Estimated glomerular filtration 
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ESRD End-stage renal disease
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UACR Urine albumin-to-creatinine ratio
VO2 max Peak oxygen uptake
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 Introduction

Chronic kidney diseases (CKD) are collectively 
characterized by an abnormal change in kidney 
function or structure that persists for at least 
3  months [1, 2]. CKD are most commonly 
detected by measurement of serum creatinine, 
allowing for the calculation of estimated glomer-
ular filtration rate (eGFR) by various formulae 
(such as Cockcroft-Gault, Modification of Diet in 
Renal Disease, and Chronic Kidney Disease- 
Epidemiology [CKD-EPI]), and the presence of 
albumin in the urine, indicating damage to the 
renal glomeruli. Kidney diseases are classified by 
etiology and staged by eGFR (Table  21.1) and 
degree of protein loss in the urine (Table 21.2).
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In the absence of kidney damage, neither GFR 
category G1 nor G2 fulfills the criteria for CKD.

With progressive loss of eGFR and increase in 
albuminuria, the risks of cardiovascular (CV) 
 disease, mortality, further renal injury, and pro-

gression to dialysis dependency increase 
(Fig. 21.1) [1]. Stage 3 CKD represents the larg-
est proportion of CKD patients in the United 
States, encompassing some 43% of the CKD 
population [3].

Table 21.1 GFR categories in CKD [1]

GFR category
GFR (mL/
min/1.73 m2) Terms

G1 ≥90 Normal or high

G2 60–89 Mildly decreaseda

G3a 45–59 Mildly to 
moderately 
decreased

G3b 30–44 Moderately to 
severely decreased

G4 15–29 Severely decreased
G5 <15 Kidney failure

aRelative to young adult level

Table 21.2 Albuminuria categories in CKD [1]

Category
AER 
(mg/24 h)

ACR (approximate 
equivalent)

Terms
(mg/
mmol) (mg/g)

A1 < 30 < 3 < 30 Normal to 
mildly 
increased

A2 30–300 3–30 30–300 Moderately 
increaseda

A3 > 300 > 30 > 300 Severely 
increasedb

Abbreviations: AER albumin excretion rate, ACR albu-
min-to-creatinine ratio
aRelative to young adult
bIncluding nephrotic syndrome (albumin excretion usu-
ally >200 mg/24 h [ACR > 2200 mg/g; > 220 mg/mmol])
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 Prevalence and Incidence

CKD is a growing concern, not just for its serious 
health consequences but for its increasing preva-
lence in the general population and vulnerable 
subpopulations. Approximately 14% of the gen-
eral adult US population, or 1  in 7 adults, was 
estimated to have CKD based on 2015 data. The 
prevalence rose 2% between the periods of 1994–
1998 and 1999–2004 [4]. Gender and racial dis-
parities also exist; women are 3.8% more likely 
to have CKD stages 1–4, while African- 
Americans and Mexican-Americans are, respec-
tively, 2.4% and 0.6% more likely to have CKD 
than Caucasian-Americans [5]. While a slight 
decline in kidney function may be inevitable with 
aging, possessing risk factors that predispose to 
chronic kidney disease accelerates the decline. 
However, even though some of the risk factors 
for getting kidney disease are non-modifiable 
(e.g., polycystic kidney disease or family history 
of genetic CKD), many of the other risk factors 
which are more commonly implicated in CKD, 
including but not limited to hypertension (HTN), 

type I and II (DM2) diabetes mellitus, dyslipid-
emia, heart disease, and obesity, are modifiable. 
About a third of diabetics and a fifth of hyperten-
sives are at risk of developing CKD. Both HTN 
and DM2 are known risk factors for increased 
mortality and cardiovascular disease including 
coronary heart disease and strokes, and these 
risks are compounded further with the develop-
ment of CKD [6, 7].

Similar to its associated risk factors, CKD can 
remain hidden for many years, with nonspecific 
symptoms such as fatigue, pruritis, fluid over-
load, nausea, and loss of appetite emerging only 
at moderate to severe stages. This insidiousness 
is alarming considering CKD can ultimately lead 
to end-stage renal disease (ESRD), rendering the 
patient dialysis dependent and in need of renal 
transplant. Men are more likely to progress to 
ESRD than women. Though the incidence of 
ESRD was slightly lower in the first three quar-
ters of 2017 than in 2016 and 2015 (92,767 vs. 
94,517 vs., 94,210, respectively), the prevalence 
of ESRD (Fig. 21.2) with its associated morbid-
ity and mortality continues to rise. While there 
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are numerous etiologies of kidney disease, 
including glomerulonephritides, urological dis-
orders, and ischemic injury, hypertension and 
diabetes are the leading causes of ESRD, out-
numbering all others by a 3:1 ratio from 2015 to 
2017 [8].

 Patient and Societal Impact 
of Chronic Kidney Diseases

The financial impact of CKD is staggering. In 
2015, Medicare spending for all patients with 
CKD and ESRD was almost $100 billion, divided 
roughly in a 2:1 ratio; 20% of Medicare spending 
for patients aged 65 years and greater was devoted 
to the treatment of CKD alone. Annual spending 
per patient with CKD was $15,930, 54% higher 
than beneficiaries without CKD, DM, or heart 
failure (HF). If patients had concurrent diagnoses 
of diabetes and heart failure, their annual expen-
diture was 44% higher than those patients with-
out CKD but with diabetes and heart failure [9]. 
Expenditures increased with CKD severity; the 
more severe the CKD stage, the higher the expen-
diture. For patients with ESRD receiving treat-
ment via in-center hemodialysis, the annual 
Medicare expenditure is approximately $85,000 
per annum [10].

In addition to the economic consequences of 
CKD, patients are at a significantly increased risk 
for developing cardiovascular (CV) disease, CV 
events, and other comorbidities resulting in fre-
quent hospitalizations and a 15–30-fold higher 
mortality rate compared to an age-matched 
healthy population [11]. The presence of CKD 
has dramatic negative consequences for life 
expectancy. A systematic review and meta- 
analysis assessing the relationship between CKD 
and mortality was conducted by Tonelli et  al., 
examining 39 trials totaling 1.37 million patients. 
In 38 of 41 cohorts, they found a statistically sig-
nificant association with CKD progression and 
mortality risk, which increased exponentially 
with severity of CKD [12]. Large cohort studies 
have revealed that patients aged 30  years with 
stage 3B or 4 CKD, respectively, lose 17 and 
25  years from their expected life expectancy 

compared to patients in the general population. 
Patients of the same age with stage 2 and 3 albu-
minuria have an associated reduction in life 
expectancy of 10 and 18  years, respectively. 
Declines in eGFR and increasing albuminuria 
were also associated with increased cardiovascu-
lar mortality; patients with CKD stages 3A and 
3B are at higher risk of death from cardiovascular 
etiologies than kidney failure; this relationship is 
inverted when patients reach CKD stage 4 [13].

Some other less recognized but equally criti-
cal consequences of CKD are deterioration of 
quality of life, depression, and decline in muscu-
lar strength. Quality of life is low for patients 
across the CKD and ESRD spectrum [14]. 
Although early stages may be asymptomatic, 
progressive loss of renal function can lead to 
symptoms such as fatigue, loss of appetite, nau-
sea, vomiting, and confusion. Prior to the onset of 
symptoms, laboratory abnormalities such as 
hyperkalemia and hyperphosphatemia can 
require the use of binding medications, increas-
ing pill burdens. A 2009 assessment of 235 ESRD 
patients on chronic dialysis found that their 
median pill burden was 19 per day, with a quarter 
of the patient population taking over 25 pills per 
day [15].

 Physical Activity and Exercise 
Habits of Patients with Chronic 
Kidney Diseases

In 2003, Stengel et  al. reported an association 
between physical inactivity and risk of chronic 
kidney disease in the NHANES II dataset [16]. 
Since then, numerous studies have examined the 
association between physical activity status and 
renal outcomes in large cohorts. An international 
analysis of exercise habits of 20,920 chronic dial-
ysis patients enrolled in the Dialysis Outcomes 
and Practice Patterns Study (DOPPS) revealed 
that 54% of patients exercised less than once a 
week, while 47.4% were regular exercisers 
defined ≥1 exercise session per week [17]. In a 
prospective study of 54 chronic dialysis patients 
followed over 1 year, physical activity declined 
3.4% per month as measured by accelerometry 
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and a validated questionnaire [18]. Others have 
also identified that CKD and ESRD patients have 
decreased aerobic exercise capacity with 
increased muscle atrophy and weakness, evident 
even in the early stages of CKD and progres-
sively worsen as kidney function deteriorates, 
contributing to comorbidities and lowering qual-
ity of life [19, 20]. Cardiovascular response to 
exercise and the relationships between cardiore-
spiratory fitness (CRF) and CV burden were eval-
uated in 136 CKD patients with eGFR of 
40  ±  9  ml/min/1.73  m2 aged 59.7  ±  9.6  years. 
Fifty-five percent of them were males, 38% 
 diabetic, 17% smokers, and 39% with established 
CV disease. Assessments included direct peak 
oxygen uptake (VO2 max) PA level by a question-
naire, echocardiographic left ventricular param-
eters, central arterial stiffness by aortic pulse 
wave velocity, and LV afterload using augmenta-
tion index. The investigators reported that signifi-
cantly the peak VO2 and heart rate response to 
exercise were significantly impaired in these 
patients. This was more pronounced on the low- 
fit individuals, who tended to be older and obese 
and with higher prevalence of CV disease. The 
reduced cardiorespiratory fitness was also inde-
pendently associated with increased aortic stiff-
ness, increased left ventricle afterload, poor left 
ventricle function, and higher burden of cardio-
vascular risk [21].

 Physiologic Limitations to Physical 
Activity in CKD and ESRD

Several factors limit exercise tolerance and pro-
mote deconditioning in the CKD/ESRD popula-
tion. One such factor is anemia, a common issue 
in the CKD/ESRD population from loss of eryth-
ropoietin generation. When corrected, exercise 
capacity improves. However, in a prospective 
study of 9 patients with CKD stages 3a–4 with 
hemoglobin levels >12  g/dL without any prior 
treatment for anemia, VO2 max declined with 
eGFR despite maintenance of hemoglobin levels 
during a follow-up period of 2 years or until dial-
ysis initiation, suggesting additional responsible 
mechanisms for deconditioning [22].

Sarcopenia has also been studied as a contrib-
uting factor to low exercise capacity in CKD 
patients. Progressive kidney disease is associated 
with an elevated inflammatory state, leading to 
increased catabolism of protein, as well as 
decreased appetite from the buildup of uremic 
toxins. This milieu can develop as early as CKD 
stage 3a and worsens with the loss of renal func-
tion [23]. Further protein losses occur from the 
process of dialysis, as well as increased acidemia 
from the loss of renal buffering capacity with 
advanced CKD.  Sarcopenia and CKD were 
shown to have a multivariate association by Foley 
et al. in 13,770 community living adults [24]. In 
100 CKD patients not on dialysis, de Souza et al., 
using the European Working Group on Sarcopenia 
in Older People (EWGSOP) and the Foundation 
for the National Institutes of Health (FNIH) 
Sarcopenia Project diagnostic criteria, found that 
sarcopenia was present in 11.9% of CKD patients 
using the EWGSOP criteria and 28.7% using the 
FNIH criteria [25]. The prevalence of sarcopenia 
increased with worsening kidney functions, being 
present in 34.5% of CKD patients in stages 2 and 
3A and 65.5% in stage 3B, 4, or 5. A reduced 
muscle mass was present in 44% of the patients, 
9% had reduced muscle strength, and 69% had 
reduced muscle performance [26, 27]. Patients 
with sarcopenia had higher levels of high- 
sensitivity C-reactive protein (hsCRP) levels and 
lower levels of phosphorous and log of interleu-
kin (log(IL)) [26].

 Interventional Evidence of Physical 
Activity in Chronic Kidney Disease

One of the common denominators in managing 
the several risk factors and consequences of 
chronic kidney disease is lifestyle modification. 
Health benefits related to increased physical 
activity in patients with CV disease are well 
established, and several guidelines recommend 
improving lifestyle in patients with CKD. Kidney 
Disease: Improving Global Outcomes (KDIGO) 
guidelines recommend a minimum of 30-min 
exercise sessions 5 times per week. This is based 
on the beneficial effects of exercise on risk factors 
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for CKD, even though specific effect of exercise 
on CKD is not fully elucidated. KDIGO exercise 
recommendations are the same for all stages of 
CKD, which may reflect an effort to facilitate 
physician counseling and patient compliance and 
the low level of evidence cited in the recommen-
dation (a grade of D) [28]. More specific guide-
lines have been recommended in the Exercise & 
Sports Science Australia (ESSA) position state-
ment, which recommends aerobic exercise at 
>60% of maximum capacity [29].

In a survey of DOPPS patients, ESRD patients 
on chronic dialysis, who exercised at least once a 
week, reported significantly higher quality of life 
scores, physical function, and sleep quality 
scores. Significantly fewer hospitalizations for 
fractures were observed in this group compared 
to the infrequent exercise cohort, though hospi-
talizations for cardiac events or amputations did 
not favor either group. Leisure-time physical 
activity was associated with lower mortality on a 
personal and facility-level, though this also cor-
related with socioeconomic factors [18]. In a 
meta-analysis of 24 studies totaling 879 CKD 
patients on chronic dialysis aged 18 or older, 
Smart et al. reported significant improvements in 
VO2 max in the 10 trials where it was measured, 
as well as significant improvements in 6MWT in 
hemodialysis patients. Exercise was also associ-
ated with statistically significant decreases in 
reported depression symptoms on the Beck 
Depression Score [30].

Evidence supports that exercise need not be 
strenuous to confer health benefit. After 12 weeks 
of Tai Chi exercise in hemodialysis patients, 
Chang et  al. reported improvements in kidney 
disease-related quality of life and physical func-
tioning in Taiwanese patients [31]. The findings 
of a meta-analysis also suggest that combining 
aerobic and resistance exercises may confer 
greater health benefits than either exercise alone. 
A greater improvement in VO2 max was noted in 
studies where aerobic and strength training were 
combined compared to aerobic training alone, 
though this was not a significant finding. Training 
on non-dialysis days also appears to have a 
greater increase in VO2 max (30.8 ± 7.6%) ver-
sus training during dialysis days (17.8 ± 7.7%). 

Of note, hemodialysis facilities offering exercise 
programs were associated with a 38% higher 
odds ratio for having patients performing regular 
exercise [30]. Thus, offering exercise programs 
may lead to increased participation in leisure- 
time physical activity among in-center hemodi-
alysis patients.

The effect of different types of exercises on 
clinical outcomes was evaluated in a meta- 
analysis of 41 randomized, controlled trials with 
928 CKD patients [32]. Measured parameters 
varied by study, such as aerobic capacity, muscu-
lar functioning, CV function, walking capacity, 
and health-related quality of life. Most of the 
studies were in patients on dialysis and most used 
aerobic exercise for intervention. The overall 
conclusion was that exercise has a beneficial 
effect on several clinical outcomes including aer-
obic exercise capacity, muscle functioning, car-
diovascular function, and health-related quality 
of life.

The role of exercise was also evaluated sepa-
rately in patients with stage 2–5 CKD, patients 
on hemodialysis, and those with renal transplants. 
Overall, exercise-related health benefits were 
similar in all subgroups with no group-specific 
benefits noted for the different types of exercise 
[32]. An accompanying editorial highlighted 
some of the shortcomings of this meta-analysis. 
Poor quality of several studies and inadequate 
reporting of methodology and outcomes were 
factors mentioned that may explain the indeter-
minate results. Intention-to-treat analysis was not 
reported in 80% of the studies [33].

In the EXerCise Introduction To Enhance per-
formance in dialysis patients (EXCITE) trial, a 
multicenter randomized trial was designed to 
assess the effect of walking over 6  months on 
6-min walk distance (6MWD), five-times sit-to- 
stand test time (5STS), and cognitive and social 
interaction scores in the Kidney Disease Quality 
of Life Short Form (KDQOL-SF). A total of 296 
chronic dialysis patients from 13 dialysis centers 
were randomized to normal physical activity 
(145 patients, control) or a home program mod-
eled on a peripheral arterial disease rehabilitation 
program managed by dialysis staff (151 patients, 
intervention). The patients included both hemo-
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dialysis and continuous ambulatory peritoneal 
dialysis (CAPD) patients. Patients were matched 
for age, gender, type of dialysis, presence of 
DM2, heart failure, and tobacco use and bio-
chemical parameters including kT/V (k, dialyzer 
clearance of urea; T, dialysis time; V, volume of 
distribution of urea). Systolic blood pressure 
(BP) in the intervention arm was somewhat 
higher compared to the control arm, but not sta-
tistically significant. At the end of 6 months, 91% 
of the intervention arm patients had documented 
their adherence, averaging 83% completion of 
the 144 sessions. Forty-six patients performed 
more than 144 sessions and 29 patients per-
formed less. Reasons cited for low adherence 
included lack of interest, orthopedic issues, and 
problems with work. Neither group had any 
changes observed in BP, heart rate, serum creati-
nine, kT/V, albumin, phosphate, parathyroid 
hormone (PTH), triglycerides, or cholesterol. 
Significant improvements (Fig.  21.3) in the 
6MWT were noted in the exercise group com-
pared to the control group (+ 39 meters vs. +2 
meters, P < 0.001), which was noted to correlate 
with adherence to the program, and correlated to 
a 23% reduction in mortality risk in 3.3-year fol-
low-up. The number of patients who were unable 
to complete the 5STS trial at baseline decreased 
significantly in the intervention arm vs. the con-
trol arm (p < 0.001). Similar to 6MWD, the effect 
size increased with adherence to the intervention. 
Dialysis modality was not found to have a signifi-
cant impact on the results of the tests. Although 
there was a trend to improvement in the interven-
tion arm on the KDQOL-SF, this was not statisti-
cally significant when compared to the control 
arm. For patients who completed the trial, 
hospitalization- free survival was lower in the 
intervention arm compared to the control arm 
(p = 0.04). There was no difference in AV-fistula 
events between the two groups, a notable finding 
as many dialysis patients are counseled against 
vigorous use of their access arms for exercise for 
fear of provoking fistula morbidity [34].

For CKD patients not requiring dialysis, 
Narayan et al. reported on the relationship of car-
diorespiratory fitness and risk for chronic kidney 
disease in a cohort of 5812 VAMC patients. 

They found that as cardiorespiratory fitness 
improved, the relative risk of progressive CKD 
decreased [35]. In the Seattle Kidney Study, 256 
clinic patients with CKD stages G3a–4 were pro-
spectively followed over a mean of 3.7  years. 
Patients were administered the Four-Week 
Physical Activity History Questionnaire (FWH) 
to self- report their leisure-time activity. 
Investigators reported that every 60-min increase 
in weekly physical activity was associated with a 
0.5% decrease in the rate of renal decline, which 
was demonstrated when controlling for diabetes 
and coronary artery disease. There was a 2.8% 
percent difference between groups that did not 
participate in any leisure-time activity versus 
those who did more than 150 min per week [36]. 
The same group had previously examined 5888 
patients 65  years and older enrolled in the 
Cardiovascular Health Study, finding that the 
decline in renal function was 16% in the group 
with the highest rate of physical activity and 30% 
in the group with the lowest [37]. Nylen et  al. 
reported an improvement in GFR following a 
12-week exercise program in 128 diabetic 
patients with mild CKD.  Overall there was a 
3.9% increase in eGFR, a 6% increase in patients 
with stage 2 CKD, and 12% in those with stage 3 
CKD [38]. Other small interventional studies, 
however, have failed to find improvement in 
eGFR decline with exercise, further muddying 
the evidence [37].

Finally, there is epidemiologic evidence that 
increased cardiorespiratory fitness (CRF) 
decreases the risk for developing CKD. The asso-
ciation between CRF and CKD incidence was 
assessed in a recent study of 5812 US male veter-
ans (mean age, 58.4 ± 11.5 years) with an esti-
mated eGFR of ≥60  mL/min per 1.73  m2 
6 months before exercise testing and no evidence 
of CKD.  During a median follow-up period of 
7.9  years, the investigators reported an inverse 
and graded association between exercise capacity 
and CKD incidence. The adjusted risk was 22% 
lower for every 1 metabolic equivalent (MET) 
increase in exercise capacity. When the cohort 
was stratified by the exercise capacity (peak 
METs achieved), the risk across the CRF catego-
ries for developing CKD declined progressively 
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with increased CRF.  When compared with the 
least-fit individuals (reference group), the risk 
was 17% lower for individuals in the next CRF 
category, 45% lower for the moderate-fit, and 
58% lower for the highest- fit individuals [39].

 Conclusions

Progressive CKD is associated with declines in 
exercise capacity which can increase the risk of 
morbidity and mortality. Exercise programs can 
improve CRF though the data is based primarily 
on epidemiological data. More rigorous, prospec-
tive interventional evidence is needed to deter-
mine optimal exercise regimes and their effect on 
long-term outcomes in CKD patients and those at 
risk for developing renal disease.
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 Introduction

Sexual dysfunction is a public health problem that 
impairs the quality of life of affected individuals 
and their sexual partners [1]. The World Health 
Organization defines sexual dysfunction as “the 
various ways in which an individual is unable to 
participate in a sexual relationship as he or she 
would wish.” For males, sexual dysfunction is 
defined as the persistent inability to attain and/
or sustain penile erection for at least 3  months 
for sufficient time to achieve a successful inter-
course [2]. For females, sexual dysfunction is 
defined as a persistent or recurring reduction in 
sexual desire and/or sexual arousal, dyspareunia, 
and inability or difficulty to achieve orgasm [3]. 
In this chapter, the terms “sexual dysfunction” 
will be used when referring to both genders, and 
“erectile dysfunction” [ED] will be used when 
referring to males.

A strong association between erectile dysfunc-
tion and cardiovascular (CV) risk is exemplified 
by the fact that ED is independently associated 
with an increased CV risk, and in men not yet 
diagnosed with CV disease, it precedes the devel-
opment of overt CV disease by 3–5 years [4–7]. 
The pathophysiology of ED includes a variety of 
psychological, hormonal, and vascular causes. 

The management algorithm includes the imple-
mentation of exercise and other lifestyle inter-
ventions as the first step, and then physicians can 
proceed to targeted treatment based on the etiol-
ogy of ED and/or administration of phosphodies-
terase 5 (PDE-5) inhibitors [1, 5–9].

The purpose of this chapter is to summarize 
the prevalence and the pathophysiology of ED 
and its association with CV disease and critically 
discuss available data on the effects of exercise 
on sexual function.

 Erectile Dysfunction

 Prevalence of Erectile Dysfunction

The prevalence of ED varies and depends on 
age, comorbidities, and concomitant therapy, as 
well as the definition and the assessment meth-
ods used. Thus, studies offer a large variation 
in prevalence of ED. Age seems to be the major 
determinant with an increasing prevalence of ED 
from 2% in men younger than 40 years to 86% in 
men older than 80 years. In general, most stud-
ies have demonstrated that the prevalence of ED 
in the general adult population is approximately 
15–20% [10–15].

The prevalence of ED seems to share a bidi-
rectional relation with the presence of CV risk 
factors or disease. Patients with overt CV dis-
ease or CV risk factors more often have sexual 
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 dysfunction and vice versa. ED patients more 
commonly suffer from hypertension, diabetes, 
obesity, dyslipidemia, or other established CV 
risk factors, as well as CV disease [16].

The prevalence of ED is two times higher in 
hypertensive patients compared to subjects with 
normal blood pressure levels. Similarly, ED is 
more common in patients treated with antihyper-
tensive medications, suggesting that medications 
contribute to ED.  The type of antihypertensive 
medications used is a major determinant of the 
presence and the severity of ED.  B-blockers 
(except for nebivolol) and diuretics are related 
with more severe erectile function, whereas 
calcium channel blockers and angiotensin- 
converting enzyme inhibitors seem to have a 
neutral effect on sexual activity. On the contrary 
angiotensin receptor blockers have a neutral and 
even beneficial effect on erectile function [16–
18]. In patients with diabetes mellitus (DM), ED 
is more frequent, seems to present at earlier stages 
of the disease, and becomes more severe as the 
disease progresses [19–23]. An increased risk of 
ED is also supported by most studies in patients 
with high total and low-density lipoprotein cho-
lesterol (LDL-C) and triglycerides, as well as in 
those with low high-density lipoprotein choles-
terol (HDL-C) compared with patients without 
dyslipidemia [24–27]. Similarly, the prevalence 
of ED is 30–90% and twofold higher in patients 
with obesity and metabolic syndrome, respec-
tively [28–30]. Lastly, ED is highly prevalent in 
patients with overt CV disease. Approximately 
50% of patients with overt CAD (myocardial 
infarction, angioplasty or bypass grafting, sta-
ble or unstable angina) have ED.  Furthermore, 
patients with heart failure have even higher rates 
of ED, reaching up to 90% [31–36].

 Pathophysiology of ED

The pathogenesis of vasculogenic ED involves 
complex mechanisms that include androgen defi-
ciency, subclinical inflammation, and vascular 
structural and functional damage. In the setting of 
CV disease or risk factors (hypertension, diabetes, 
dyslipidemia, smoking), the arterial tree is typi-

cally more sclerotic than in healthy individuals and 
involves vessels of all sizes, including the penile 
arterial tree. In addition, the development of ath-
erosclerotic lesions further exaggerates the struc-
tural abnormalities and reduces the diameter of 
the vessels. Based on the “artery size” hypothesis, 
vessels of smaller diameter, like the penile artery, 
are usually affected first by such lesions. Therefore, 
ED might be one of the first manifestations of sub-
clinical systematic vascular disease [37–47].

The mechanisms involved in ED are presented 
in Fig.  22.1. Endothelial function is commonly 
altered in patients with CV disease or CV risk 
factors. The endothelial cells are the primary 
source of nitric oxide (NO), a vital molecule 
involved in the regulation of vascular wall dila-
tion. NO increases the levels of cyclic guanosine 
monophosphate (cGMP) in the penile smooth 
muscular cells, thus resulting in vasodilation. 
Several factors seem to decrease the bioavail-
ability of NO in the altered endothelial function 
setting [48–50]. Oxidative stress is directly toxic 
to the endothelium and reduces the release of 
NO, while enhancing the aggregation of platelets 
and neutrophils that activate the release of sev-
eral vasoconstrictor substances. Given the small 
diameter of the penile arteries, these changes 
result in significant reduction in arterial blood 
flow [51, 52], leading to a cascade of events all 
contributing to ED.  First, the increased ROS 
production in the penile tissue has been shown 
to increase peroxynitrite formation, leading to 
lower NO concentrations [53]. Second, peroxyni-
trite and superoxide increase the apoptosis rate in 
the endothelium of cavernosal smooth cells, thus 
further exacerbating NO deficiency [54]. Third, 
reactive oxygen species seem to directly inter-
act with NO, further reducing its bioavailability 
[55]. Finally, nicotinamide adenine dinucleotide 
phosphate (NADPH) is upregulated in patients 
with endothelial dysfunction and produces great 
amounts of superoxidase radicals leading to fur-
ther endothelial damage [56].

Advanced glycation end products (AGEs) 
have also been implicated in the pathophysiology 
of vasculogenic ED.  It has been suggested that 
in a cellular environment with increased AGEs 
concentrations, NO is unavailable to interact 
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with guanylate cyclase. As a result, cGMP levels 
are decreased, and vasodilation cannot be suffi-
ciently achieved. AGEs are found to be elevated 
in human penile tissues of diabetic patients, espe-
cially in the corpus cavernosum [57]. In addition, 
the receptors of AGEs seem to be involved in the 
production of endothelin 1, a strong vasoconstric-
tor substance, in penile tissue of rats [58]. It has 
also been shown that AGEs reduce NO produc-
tion through direct alteration of endothelial NO 
synthase phosphorylation in diabetic rats, com-
pared with controls [59]. Interestingly, inhibitors 
of AGEs formation were shown to prevent the 
development of several complications including 
ED in animals [60, 61].

 ED and CV Disease

ED and CV disease are strongly associated. In a 
retrospective study of more than 12,800 patients, 
ED was associated with a twofold increase in 
risk of myocardial infarction [62]. Similarly, in 
a study of approximately 2500 patients, ED was 
associated with an increased 10-year risk of CAD 
(by 65%) and stroke (43%) [63]. In 300 patients 
with angiographically documented CAD, 50% 
had ED, and in approximately 70% ED preceded 
the onset of CAD by 3  years [34]. In another 
study, 19% and 24% of ED patients had angio-
graphically documented CAD and positive exer-

cise treadmill and/or stress echocardiography 
tests, respectively [64].

The Prostate Cancer Prevention Trial prospec-
tively assessed the risk for CV events in patients 
with and without ED. After 5 years, ED was asso-
ciated with a significant 25% increase in the risk 
for CV disease [65]. In another study of approxi-
mately 1250 CV disease-free male subjects, ED 
was associated with a significantly elevated risk 
of stroke, myocardial infarction, and sudden 
death after 6.3 years [66]. The risk for CV and 
all-cause death is also strongly related with the 
presence of ED, according to a study of 1300 ED 
patients showing an increased risk of 26% and 
43%, respectively, after 15  years [67]. In addi-
tion, the severity of ED is strongly associated 
with the risk for CV events. In a prospective study 
of more than 95,000 patients, on follow-up CV 
disease-free subjects with severe ED had a 60%, 
92%, and 35% risk increase for CAD, peripheral 
arterial disease, and any CV events, respectively, 
compared to subjects with normal sexual func-
tion, and even greater risks were found in patients 
with severe ED and overt CV disease [68].

Important information comes from post hoc 
analyses of randomized trials. A sub-analysis 
of the ADVANCE study found that ED among 
more than 6000 men was associated with a 36% 
increased risk for cerebrovascular disease, 35% 
increased risk for CAD, and 19% increased 
risk for any CV event [69]. The ONTARGET/

Fig. 22.1  
Pathophysiology of 
erectile dysfunction
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TRANSCEND trials demonstrated that ED was 
an independent predictor of the composite out-
come of CV mortality, myocardial infarction, 
stroke, and hospitalization for heart failure (risk 
increase of 42%) and an 84% increased risk for 
all-cause death [70].

Confirming data come from 2 meta-analyses, 
1 of more than 36,000 subjects in 12 prospective 
studies and the other of more than 92,000 par-
ticipants in 14 studies. In the first one, ED was 
associated with increased risk for CAD (46%), 
stroke (35%), CV disease (48%), and all-cause 
death (19%) [71]. The second one found a 44%, 
62%, 39%, and 25% risk increase for CV events, 
myocardial infarction, cerebrovascular disease, 
and all-cause death, respectively, in participants 
with ED compared with non-ED patients [72].

 Exercise and Sexual Dysfunction: 
Epidemiological Data

 Healthy Subjects and ED

Several data exist that support the existence of 
a close relation between exercise and ED in 
healthy participants. A study of healthy men 
aged 18–40 years evaluated the impact of physi-
cal exercise on sexual function. The sedentary 
group (lower than 1400 kilocalories expendi-
ture per week) presented lower scores in several 
International Index of Erectile Function (IIEF) 
Questionnaire domains. Erectile function, inter-
course satisfaction, and overall satisfaction were 
significantly lower in the sedentary compared 
to the active group. Sexual desire scores were 
similar across the two groups, while a trend for 
a decrease in the overall satisfaction domain was 
observed in the physically active compared with 
the sedentary group [73].

 Exercise and ED in Patients of CV Risk 
Factors or Disease

CV disease and/or risk factors are strongly related 
with the presence of ED. Since increased physical 
activity and cardiorespiratory fitness (CRF) con-

fer health benefits in healthy individuals and in 
patients with chronic disease [74], several studies 
have been devoted to also assess the association 
between physical activity and CRF in patients 
with ED. A population-based study of approxi-
mately 1000 high CV risk patients reported 
that more than half of the study population had 
ED. Among several lifestyle and socioeconomic 
parameters examined, high-intensity physical 
activity was associated with a 50% reduced risk 
for ED [75]. In a sub-analysis of the Action for 
Health in Diabetes (Look AHEAD trial) where 
patients with type 2 diabetes were evaluated for 
the impact of several factors on sexual function, 
CRF was found to be protective for ED (risk 
reduction of 24%). Improved levels of fitness 
were associated with a 40% reduction in the risk 
for ED compared with the lowest fitness levels, 
whereas self-reported ED was related with lower 
scores in the social functioning health index and 
depression scores. The protective role of CRF on 
erectile function remained significant even after 
adjustment for potential cofounders, including 
antihypertensive medications [76].

Another study examined the association of 
exercise with ED in approximately 300 patients. 
Study participants were predominantly obese 
(body mass index, 30.5  kg/m2), 39% reported 
that they were diabetic, and 36% with CAD. The 
majority of the patients (44%) reported physi-
cal activity totaling less than three metabolic 
equivalents (MET) hours per week (sedentary). 
Compared to the sedentary group, those exer-
cising ≥3–17.9 MET hours per week had better 
sexual function scores. However, not all sexual 
domains were shown to be significantly associ-
ated with these exercise levels. Patients who exer-
cised ≥18 MET hours per week had significantly 
greater sexual function scores compared to those 
exercising <3 MET hours per week. It is impor-
tant to emphasize that exercising ≥18 MET hours 
per week represents moderate levels of physical 
activity, achieved by a brisk walk 4–6 times per 
week, approximately 40–60  min per session. 
These physical activity levels are attainable by 
most middle-aged and older individuals [77]. 
Lastly, the prevalence of ED and its relation with 
several atherosclerotic markers were assessed in 
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a relatively small study of 57 patients with meta-
bolic syndrome and 48 physically active subjects 
without metabolic syndrome. The prevalence of 
ED was 63.2% and 27.1%, in the metabolic syn-
drome and physically active groups, respectively. 
In addition, the prevalence of ED was 88% lower 
in those engaging in physical activity requiring 
more than 400 kilocalories per day. Large arterial 
elasticity was lower, and fibrinogen and resting 
heart rate are higher in patients with metabolic 
syndrome compared to physically active sub-
jects. Importantly, all these markers were signifi-
cantly worse in patients with ED compared with 
non-ED patients. Of note, the lowest values of 
large arterial elasticity and the highest levels of 
fibrinogen and resting heart rate were observed 
among patients with both metabolic syndrome 
and ED [78].

ED was evaluated in 139 middle-aged men 
(60  ±  12  years old), admitted to an intensive 
cardiac rehabilitation program 13  days post- 
myocardial infarction. The exercise capacity 
of the participants was assessed by two 6-min 
walk tests (performed 2  weeks apart) and by a 
symptom- limited cardiopulmonary exercise test. 
Both the 6-min walk test and cardiopulmonary 
exercise were negatively related with the pres-
ence of ED and were associated with the degree 
of sexual dysfunction [79]. Furthermore, exercise 
seems to ameliorate premature ejaculation, an 
important parameter of sexual activity and satis-
faction. In this setting, a population-based study 
evaluated the impact of exercise on premature 
ejaculation and found a significant negative rela-
tion between the level of physical exercise and 
premature ejaculation, which remained signifi-
cant after adjustment for age, body mass index, 
alcohol intake, and erectile dysfunction [80].

 Female Sexual Dysfunction 
and Exercise

A study of 2030 female married patients assessed 
the prevalence of female sexual dysfunction 
(FSD) with the use of the female sexual function 
score and examined potential association of FSD 
with sociodemographic and lifestyle parameters. 

The prevalence of FSD was 51% among this 
study population, and it was found that physi-
cal exercise was protective against FSD [81]. In 
a study of 1217 women (18–80  years old), the 
investigators evaluated the association between 
the existence of risk factors associated with FSD 
and urinary incontinence. Compared to sexu-
ally active women, female patients with sexual 
dysfunction were more likely to have a higher 
body mass index, less physical exercise, and a 
lower educational level [82]. In another study 
of 400 healthy women (18–58  years old), the 
prevalence of FSD was 72.8%, with anorgasmia, 
sexual insufficiency, vaginismus, dissatisfaction, 
non- sensuality, and avoidance of intercourse 
being the more prevalent among the parameters 
examined with the Golombok Rust Inventory of 
Sexual Satisfaction. Age, smoking, exercise, and 
marital and educational status failed to provide 
a significant relation with sexual dysfunction 
areas. Only alcohol intake was significantly asso-
ciated with alteration of sexual activity [83]. In a 
cross- sectional study of more than 400 women, 
the authors reported that Female Sexual Function 
Index (FSFI) scores and scores of lubrication and 
pain domains were significantly better in women 
exercising compared with women who reported 
only walking as physical activity or women who 
did not report any type of exercise. Of note, every 
unit increase in weekly exercise was associated 
with an approximately 80% reduction in the risk 
for deterioration of sexual desire [84]. In 216 
women with history of breast cancer, physical 
inactivity along with age and body mass index 
were unfavorably and independently related 
with sexual dysfunction and hypoactive sexual 
desire disorder [85]. In a cross-sectional study of 
approximately 300 patients with ovarian cancer, 
sedentary behavior was related with lower quality 
of life scores and sexual function [86]. However, 
in a small study of 59 diabetic female patients, 
sexual dysfunction along with diabetic neuropa-
thy, hypertension, and CAD were not associated 
with exercise levels [87]. Collectively, conflicting 
data exist about the association of female sexual 
dysfunction with exercise. Further studies are 
needed to clarify this association and uncover the 
underlying mechanisms.
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 Exercise and Sexual Dysfunction: 
Interventional Data

 ED and Exercise: Non-randomized 
Intervention Studies

Patients with ED appear to have a lower capac-
ity for exercise. In 180 ED patients and 50 
with normal erectile function, ED patients had 
a lower peak exercise time and thus reduced 
exercise capacity compared with non-ED sub-
jects. The severity of ED was significantly and 
inversely related with the duration of exercise 
and peak overload, as well as with chronotropic 
parameters such as heart rate recovery in 2 min 
after exercise and chronotropic index (markers 
of autonomic dysfunction). In addition, flow- 
mediated dilatation of the brachial artery, a rec-
ognized marker of endothelial dysfunction, was 
found to be positively related with both chrono-
tropic parameters [88].

As mentioned, ED is closely related with the 
presence of CV disease risk factors. Given the 
favorable health outcomes of exercise in patients 
with CV disease [74], several studies investigated 
the effect of exercise in CV disease patients with 
ED. In a study of patients with essential hyper-
tension and ED, participants were instructed 
to stop their antihypertensive drug treatment 
for 1  week prior to study’s initiation. Patients 
were then subdivided into the exercise and con-
trol group. Those in the exercise group (n = 22; 
62 ± 5 years) engaged in interval exercise train-
ing for 8 weeks exercise intensity of 60–79% of 
heart rate max reserve for a duration of between 
45 and 60 min per session. The age-matched con-
trol group (n = 21; 64 ± 5 years) remained sed-
entary during this period. The findings revealed 
that even a short duration of exercise (8 weeks) 
had a significant and favorable effect of on erec-
tile function of hypertensive patients with ED 
(P < 0.05). In the exercise group, IIEF-5 scores 
increased significantly from 11.5 to 15.1; on the 
contrary, IIEF-5 scores were similar at the end of 
study compared with baseline values in the con-
trol group (8.1 vs 8.9 at the beginning vs end of 
study). It was concluded that adequate exercise 
program may be a possible effective noninvasive 

and nonpharmacological management of ED in 
male hypertensive patients [89, 90].

The effects of exercise on ED were also 
assessed in a 6-month rehabilitation program 
(that included cycle ergometers, general gym, 
or outdoor exercises and resistance training) on 
IIEF-5 scores in patients with ischemic heart 
disease. The mean IIEF-5 score increased in the 
intervention group (89 patients) from 13.15 to 
15.36. These changes were not observed in the 
control group (35 patients; IIEF-5 score: 12.26 
at baseline vs 12.43 at end of study). In addi-
tion, heart rate recovery was also greater in the 
intervention group, and its change from baseline 
was significantly related with the changes in 
the IIEF- 5 scores in the intervention group. In 
another study, the same investigators also exam-
ined the impact of exercise intensity on changes 
in erectile function, in 150 men with ischemic 
heart disease. Of those, 115 underwent car-
diac rehabilitation with endurance exercise for 
6 months, and 35 patients served as controls (no 
exercise). Upon completion of the study, IIEF-5 
scores were significantly greater in the interven-
tion compared with the control group. However, 
parameters evaluating the intensity of the train-
ing program (initial, final, and mean training 
work and training work growth) were not associ-
ated with the noted changes in sexual function. In 
contrast, parameters evaluating the chronotropic 
response (peak heart rate and heart rate growth 
dynamics at beginning and end of program) were 
significantly related with the changes in IIEF-5 
scores [91–93].

 ED and Exercise: Randomized 
Intervention Studies

A few randomized studies have been conducted 
to assess the effect of exercise on ED.  The 
impact of physical activity on ED was assessed 
in patients with recent myocardial infarction and 
ED, randomized to an unsupervised home-based 
outdoor walking program (n = 41) and usual care 
(n = 45). After 30 days, the investigators reported 
that ED increased by 9% in the control group 
and a significant 71% reduction in the walking 
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group. The 6-min walk distance was significantly 
higher in the walking group compared with usual 
care, and this distance was negatively associated 
with ED [94]. Another study in patients with late- 
onset hypogonadism assessed the combination of 
testosterone replacement therapy (TRT) alone 
or in combination with exercise on sexual dys-
function. TRT was administrated for 12  weeks 
and then discontinued for 8 weeks. Patients were 
randomized in a sedentary and an exercise group. 
After 12 weeks, testosterone levels were signifi-
cantly increased in both groups. However, tes-
tosterone levels were significantly higher in the 
exercise group compared with the sedentary one. 
Similarly, IIEF scores were improved in both 
groups but significantly greater in the exercise 
group at week 12. The sexual symptoms subscale 
of the Aging Males’ Symptoms (AMS) question-
naire showed better symptomatology with exer-
cise compared to the sedentary group at week 12, 
a difference that remained statistically significant 
even after the termination of TRT. Interestingly, 
exercise intensity was directly related to the 
degree of improvement in ED [95]. In another 
study 90 sedentary obese men were random-
ized to either low-volume (<150  min/week) or 
high- volume (200–300 min/week) exercise plus 
diet for 24  weeks. The group on the high-vol-
ume exercise program had significantly greater 
increases in the IIEF-5 scores and testosterone 
levels compared with the low-volume exercise 
group. Greater improvements in body weight and 
fat mass were also observed in the high- com-
pared with the low-volume exercise group [96].

 PDE-5 Inhibitors and Exercise

The combination of exercise with PDE-5 inhibi-
tors to achieve improvements in erectile function 
compared to PDE-5 inhibitors administration 
alone has been evaluated in a few studies. A study 
of patients with ED and metabolic syndrome 
assessed the impact of tadalafil and exercise 
compared with tadalafil alone on sexual function. 
After 2  months, the double intervention group 
showed greater improvements in sexual func-
tion scores compared to the tadalafil group. Peak 

oxygen consumption during cardiopulmonary 
exercise testing was significantly related with the 
IIEF score changes in the group on a combina-
tion of both exercise program and tadalafil [97]. 
Lastly, in patients with late-onset hypogonadism 
and severe erectile dysfunction, exercise in com-
bination with tadalafil was associated with signif-
icant improvements in IIEF scores. In addition, 
ultrasound parameters such as penile artery peak 
systolic velocity and end-diastolic velocity were 
ameliorated with exercise and PDE-5 inhibitor 
administration compared to baseline [98].

The promising data for the combination effect 
of PDE-5 inhibitors and exercise on sexual func-
tion have been confirmed from small randomized 
trials. Effect of sildenafil citrate on erectile func-
tion in type 2 diabetic ED patients on intensive 
glycemic control was compared with diet and 
exercise. Both interventions resulted in signifi-
cantly greater IIEF-5 scores compared with base-
line values. However, PDE-5 inhibitor use was 
associated with greater benefits compared with 
lifestyle modifications (change in IIEF-5 score: 
5 vs 2.5  in the PDE-5 inhibitors and exercise 
groups, respectively) [99]. A randomized study of 
60 patients with ED assessed the impact of PDE-5 
inhibitors alone or in combination with aerobic 
physical activity on erectile function. Physical 
activity of 3.4 h per week resulted in restoration 
of ED in approximately 78% of patients in the 
group on the combined intervention. All IIEF-15 
domains were better in the PDE-5 inhibitor plus 
physical activity group compared with group on 
the PDE-5 inhibitor alone, with the exception of 
the domain evaluating the extent of orgasm which 
did not reach  statistical significance. Testosterone 
levels were also significantly improved in the 
double intervention group compared with baseline 
values. Lastly, physical activity was found to be 
an independent variable for normal erection and 
IIEF-15 scores and high sexual satisfaction [100].

 Meta-analyses of Studies Assessing 
the Impact of Exercise on ED

A meta-analysis of 5 randomized studies of over 
380 ED patients showed that aerobic exercise 
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was associated with significant increases in IIEF 
scores from 13.91 to 16.74. On the contrary, the 
control group did not show such benefits (13.25 
vs 13.61 in IIEF score at baseline vs end of study, 
respectively) [101]. Another meta-analysis of 7 
studies and 478 patients assessed the impact of 
aerobic, pelvic, or combined exercise on ED. A 
significant increase in IIEF scores of 3.85 was 
found before and after the intervention. Of note, 
physical activity and exercise, alone or in combi-
nation with usual care, were associated with sig-
nificant benefits. Similarly, short- and long-term 
physical interventions were found to provide sig-
nificant improvements [102].

 Female Sexual Dysfunction 
and Exercise

Relatively few interventional studies have 
assessed the effects of structured exercise pro-
grams on sexual dysfunction in women. In a 
small study of 34 healthy women, all domains 
in the FSFI questionnaire along with the overall 
score were significantly improved (total FSFI 
score: 25.9 vs 32.2 at baseline vs end of study, 
respectively) following 12 weeks of Pilates exer-
cise [103]. In another study, 41 women with met-
abolic syndrome were randomized to a 12-week 
yoga exercise or no exercise. Yoga exercise was 
associated with improvements in sexual arousal 
and lubrication compared with the controls [104]. 
In yet another study, more than 220 menopausal 
women were provided with instructions for a 
12-week program of lifestyle interventions with 
some subjects participating in face-to-face con-
sultation meetings with nurses that provided 
help in implementing the lifestyle interventions. 
Sexual dysfunction was significantly improved 
in all women, compared with baseline scores, 
and women participating in nurse consultation 
showed greater benefits compared with women 
not participating in meetings [105].

The impact of exercise on sexual function has 
been examined in females with polycystic ovary 
syndrome as well. In a case-control study of 43 
women with PCOS and 51 control ovulatory 
women, participants underwent a physical resis-

tance training program for 16  weeks. Patients 
with polycystic ovary syndrome had a signifi-
cant increase in the overall FSFI score and in the 
desire, excitement, and lubrication domains at 
end of study. In the control group, only the pain 
domain was significantly ameliorated with exer-
cise [106].

Lastly, two studies investigated the impact of 
exercise on sexual function in women on antide-
pressant drugs. Female patients on selective sero-
tonin reuptake inhibitors (implicated in sexual 
arousal impairment through reduction in sympa-
thetic nervous system tone) or selective serotonin 
and norepinephrine reuptake inhibitors partici-
pated in three sessions with erotic film projec-
tions, in two of which they exercised before the 
projection. In both drug groups, exercise signifi-
cantly increased sexual arousal before the stim-
uli. Of note, women with worse sexual function 
presented greater sexual arousal after exercise. In 
patients on selective serotonin receptor inhibitors, 
sexual arousal following exercise was associated 
with the activity of the sympathetic nervous sys-
tem [107]. In a small randomized crossover study 
of women reporting antidepressant drug-related 
sexual dysfunction, women were randomized to 
exercise three times per week for 3 weeks either 
before intercourse or in time periods not relevant 
to the time of intercourse. Patients with sexual 
dysfunction at baseline and exercise prior to 
intercourse had significant amelioration of sexual 
activity. However, orgasm was increased only 
in the group on regular exercise, and in neither 
group satisfaction was improved [108].

 Mechanisms: Pathophysiology 
and Experimental Data 
on the Benefits of Exercise on ED

The mechanisms involved in the exercise-
induced improvement in ED are presented in 
Fig. 22.2. In diabetic and sedentary mice, super-
oxide dismutase was 53% lower compared with 
nondiabetic controls but was restored after exer-
cise. In addition, relaxation responses were also 
reduced in diabetic rats and were also restored 
after training. Similarly, the impaired relax-
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ation via electrical- field stimulation in diabetic 
animals was also restored after exercise [109]. 
The impact of exercise was also assessed on 
Western diet- associated erectile dysfunction. 
Erectile function improved significantly in sed-
entary rats on a 12-Western diet with exercise 
with improvements in mean arterial pressure and 
intracavernosal pressure. In addition, significant 
benefits were observed in parameters of endo-
thelial function [110].

Evidence supports that the exercise-related 
improvements in ED are mainly mediated through 
increases in the bioavailability of NO increased 
testosterone levels in men. Physical activity 
increases systematic endothelial NO produc-
tion via shear stress, secondary to the elevation 
of blood flow [111, 112]. In type 1 diabetic rats, 
exercise training was found to improve the erectile 
response and the intracavernous pressure changes 
to N-methyl-D-aspartic acid and sodium nitroprus-
side. Furthermore, an increase in the expression 
of neuronal NO synthase in the paraventricular 
nucleus of the hypothalamus was noted with exer-
cise training [113]. Of note, the impact of exercise 
on NO might be affected by both the frequency 
and the intensity of exercise. Acute exercise was 
found to increase NO release for 48 h. On the con-
trary, daily exercise resulted in a fourfold eleva-
tion of NO levels that was maintained for 1 week 
[114]. Flow-mediated dilation, another marker of 
endothelial function, is improved with moderate 

exercise. Acute severe physical exercise, however, 
increases oxidative stress that in turn reduces flow-
mediated dilation [115].

Circulating testosterone levels have also been 
shown to increase with exercise. An experi-
mental study assessed the impact of exercise on 
age- related reduction in testosterone and on the 
activity of endothelial and neuronal NO syn-
thase in rats. In the control group, the activity 
of both endothelial and neuronal NO synthase 
was reduced in aged compared with young ani-
mals. On the contrary, aged rats that exercised 
had significantly higher NO synthase activity 
compared with the control group without exer-
cise. Similarly, testosterone levels were higher in 
young and trained aged rats compared with the 
controls [116].

Other potential erectile function-related ben-
eficial mechanisms might include the exercise- 
induced secretions of myokines, adipokines, and 
hepatokines that might attenuate vascular altera-
tions and result in functional benefits [117].

 Recommendations/Conclusions

Large studies have shown that ED is strongly and 
independently related with increased CV risk. 
Lifestyle interventions are recommended in the 
management of patients with any CV risk factor 
or overt CV disease and are undoubtedly a vital 

Fig. 22.2 Beneficial 
effects of exercise on 
erectile function
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intervention for the primary and secondary pre-
vention of CV disease. Since ED shares common 
pathophysiological mechanisms with CV disease, 
lifestyle interventions are recommended by sev-
eral experts and international guidelines for the 
management of ED patients, as well [118–123]. 
Several observational and interventional studies 
have shown benefits of exercise on ED in healthy 
subjects, patients with CV risk factors or overt 
CV disease, patients on treatment-induced ED, 
and other subgroups of patients. However, most 
of these studies were performed in rather small 
study populations, and their design was usually 
not optimal. Only a few randomized studies exist 
that also did not implement exercise interven-
tion in a sufficient number of patients. Large 
randomized trials could verify the benefits noted 
in these studies. However, in the interim physi-
cians should recommend exercise interventions 
in all patients with sexual dysfunction (men and 
women) to optimize their CV profile and poten-
tially ameliorate their sexual dysfunction.

 Clinical/Public Health Significance

Sexual dysfunction affects approximately one 
fifth of the general population, and its preva-
lence increases in patients with CV risk factors 
and disease by up to 90%. The early identifica-
tion of ED is of major clinical significance since 
ED precedes the manifestation of overt CV 
disease by 3–5  years. However, physicians are 
unaware of the significance of ED in the preven-
tion algorithm of CV disease and most often are 
not assessing sexual function in everyday clinical 
practice. Furthermore, given the sensitive nature 
of this subject, patients are unwilling to discuss 
the details of their sexual life [124–127].

Accumulating evidence suggests that SD 
impairs the quality of life of affected individu-
als. Patients feel nervous when initiating an 
intercourse and are afraid of sexual intimacy. SD 
exerts detrimental effects on self-esteem and self- 
confidence of patients that might trigger anxiety 
and depressive symptoms. In addition, impaired 
sexual function affects other aspects of life, such 
as daily life activities and work performance. 

Importantly, the presence of SD negatively 
affects the sexual health and total well-being of 
the sexual partners of the affected patients [126, 
128–133]. On the contrary, improved erectile 
function is related with better self-esteem and 
quality of life of both SD patients and their part-
ners [134, 135].

Nevertheless, ED has been associated with 
lower adherence to therapeutic treatment. The 
most common cause for treatment discontinua-
tion is drug side effects. Antihypertensive treat-
ment has been related with increased incidence 
of ED.  It has been noted that ED compromises 
medication adherence and results in treatment 
self-termination. On the other hand, PDE-5 
inhibitors use has been found to improve antihy-
pertensive treatment adherence and thus might 
reduce the risk for CV events [136].

Collectively, sexual dysfunction affects a 
variety of aspects of patient’s life. Therefore, the 
management of SD is of paramount importance 
to improve patients’ quality of life and increase 
treatment adherence to optimize their CV profile. 
Exercise interventions could have a significant 
role in management of SD, based on the above-
mentioned studies reporting improvements in 
sexual function in both men and women. Larger 
studies are needed to verify these findings and 
to reinforce the significant role of exercise in 
the routine management of patients with sexual 
dysfunction.
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 Introduction

Cardiac rehabilitation (CR) is a medically super-
vised exercise and lifestyle education program 
designed for patients who have had a recent car-
diac event. The focus of CR is to return a patient 
to an optimal physical, spiritual, sexual social, 
vocational, and emotional well-being. There is 
strong evidence that CR results in a reduction of 
morbidity and mortality for many cardiac-related 
diagnoses and comorbid conditions [7, 37, 47, 
49, 59, 70]. Combined with an ever-improving 
public insurance and clinical environment, car-
diac rehabilitation referral and participation have 
become an important part of the overall treat-
ment model. For instance, in the United States, 
the Centers for Medicare and Medicaid Services 
(CMS) has expanded cardiac rehabilitation cov-
ered diagnoses twice over the past 10 years, and 
most third- party insurers have followed this lead. 
Additionally, CR referral following a qualifying 
cardiac event is a secondary preventive perfor-
mance measure as stipulated by the American 
Heart Association (AHA) and the American 
College of Cardiology (ACC) [71]. Also, many 
centers are beginning to add CR to their post- 

hospitalization disease management processes, 
including for heart failure. Finally, in 2017, the 
CMS released a decision memo allowing for 
supervised exercise training in those with symp-
tomatic peripheral arterial disease and suggested 
the CR setting as appropriate for implementation.

Although multifaceted, a primary goal of CR is 
to improve the cardiorespiratory fitness (CRF) of 
those who attend. A typical outpatient (aka phase 2) 
CR program consists of a 5–10-min warm-up using 
aerobic exercise equipment (e.g., treadmill, sta-
tionary cycle, seated or upright stepping machine, 
upper body ergometer, elliptical, etc.), followed 
by 30–45  min of aerobic exercise training, and a 
5–10-min cooldown. The objective of this train-
ing is to increase exercise duration and intensity to 
promote a positive effect of the exercise training on 
CRF. Although exercise is the primary deliverable 
component of CR, most CR programs also provide 
education focused on lifestyle-related risk factors 
associated with cardiovascular disease progression 
and future cardiac events. Interestingly, all of the 
studies prior to the year 2000 that have found CR to 
reduce morbidity and mortality have only focused 
on the delivery of exercise training, but not the edu-
cational component. More recently studies using 
CR as a research intervention have also included a 
variety of non-exercise strategies aimed at reduc-
ing risk factors including providing individualized 
education, stress management, behavioral health 
support, smoking cessation, and other lifestyle strat-
egies in addition to exercise training [67].
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CRF is considered the most important targeted 
therapeutic outcome for those who participate in 
CR. There is ample evidence associating a higher 
CRF level with a reduced incidence of cardiovas-
cular disease risk factors including hypertension, 
diabetes, obesity, and metabolic syndrome [68]. 
Based on the importance of exercise regard-
ing CR, outlined in the preceding paragraph, it 
is rational to assume that CRF will also be con-
nected to secondary prevention. The method 
used to assess CRF or changes in CRF after an 
exercise intervention program should also be 
considered. Typically, CRF is estimated based 
on the peak speed and grade of the treadmill or 
the workload when using a leg or arm ergometer 
and is expressed in metabolic equivalents of task 
(METs). One MET is considered to be equiva-
lent to the amount of oxygen (O2) consumed at 
rest (approximately 3.5  mL ⋅ kg−1 ⋅ min−1). A 
more accurate assessment of CRF is achieved by 
a direct assessment of maximal or peak oxygen 
uptake (VO2 max or VO2 peak), performed by the 
open-circuit spirometry method during a stan-
dard symptom- limited exercise test, and is con-
sidered the “gold standard” of CRF assessment. 
Surrogate estimates of CRF also include the 
6-min walk test (6MWT), and a crude estimate of 
change in CRF is determined by calculating the 
METs during exercise training in the first week 
of CR versus the final week. This chapter will 
focus on the effects of CR on CRF and how this 
is related to outcome in participating patients.

 Pathophysiology

Eligible diagnoses for CR participation as desig-
nated by the Centers for Medicare and Medicaid 
Services (CMS) are presented in Box 23.1. These 
diagnoses result from both the presence of ath-
erosclerotic disease and nonspecific origins. For 
instance, myocardial infarction, bypass surgery, 
coronary artery stenting, and stable angina are 
associated with obstructive coronary artery dis-
ease. Heart failure may develop initially from 
ischemic coronary artery disease (e.g., causing 
a myocardial infarction which may lead to heart 
failure) or may have a non-ischemic origin due to 
factors such as uncontrolled hypertension, valvu-

lar disorders, toxic substance abuse (e.g., alcohol, 
illicit drugs), cancer treatment, and viral infec-
tion, or the cause may be unknown (i.e., idiopathic 
dilated cardiomyopathy) in up to 50% of the cases.

In addition patients with the comorbid dis-
eases of diabetes, pulmonary arterial hyper-
tension, and congenital heart disease are also 
included in CR and secondary prevention 
programs. TAVR = transcatheter aortic valve 
replacement; TMVR = transcatheter mitral valve 
replacement; HFrEF = heart failure reduced 
ejection fraction.

 Epidemiological Evidence 
of the Scope of the Disease

As noted in the previous section, eligibility for 
participation in CR may or may not involve ath-
erosclerotic disease. Although CR participation 
has been shown to improve functional capacity 
in all eligible populations, improvements in mor-
bidity and mortality have not been demonstrated 
in some of these diagnoses [52]. The total num-
ber of Americans that are eligible for CR par-
ticipation annually is relatively large. More than 
900,000 people each year have a new or recur-
rent myocardial infarction [24], and approxi-
mately 400,000 coronary-artery bypass grafting 
surgeries are performed annually, although this 
number has declined by about 30% over the 
past decade [3]. Yet despite the known benefits 

Box 23.1 Eligible Diagnoses for Cardiac 
Rehabilitation

• Acute myocardial infarction within the 
preceding 12 months

• Coronary artery bypass surgery
• Current stable angina pectoris
• Heart valve repair or replacement (open 

surgery or via catheterization lab, e.g., 
TAVR, TMVR)

• Percutaneous transluminal coronary 
angioplasty (PTCA) or coronary stenting

• Heart or heart/lung transplant
• Stable chronic heart failure with reduced 

ejection fraction (HFrEF, EF ≤ 35%)
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of CR, participation occurs in less than 30% of 
eligible patient’s post-myocardial infarction and 
~30% post- coronary artery bypass surgery who 
are referred to a CR program [65]. Participation 
is even lower in eligible Medicare beneficiaries 
where the overall participation rate for all eligible 
diagnoses is between 19% and 34%, depending 
on US regional location, diagnosis, and age of 
the patient [1]. Additionally, there are more than 
100,000 open valve surgeries (primarily mitral 
and aortic) and more than 50,000 transcatheter 
valve procedures performed annually in the 
United States [26]. Estimates of up to 1.25 mil-
lion Americans are eligible for CR each year [53]. 
Note that this estimate does not include heart 
failure patients with reduced ejection fraction 
(HFrEF). Approximately 550,000 new cases of 
heart failure are diagnosed annually [17]. Some 
of these patients are likely to be included in the 
other eligible diagnoses (e.g., myocardial infarc-
tion or valve disease leading to heart failure).

More than 800,000 Americans die each year 
from a cardiovascular disease [12]. The Million 
Hearts Initiative has proposed an increase of CR 
participation to 70% of eligible patients in the next 
several years. It is estimated that this will save 
25,000 lives and decrease 180,000 hospitalizations 
annually in the United States [1]. While the source 
of these anticipated benefits is likely multifacto-
rial (i.e., exercise, lifestyle changes, improved 
medication adherence, three times weekly clinical 
surveillance, etc.), the increase in daily physical 
activity and intentional exercise and subsequent 
improvement in CRF likely play a significant role. 
However, if CR participation approached just 50% 
of all eligible patients, the current capacity to ser-
vice those referred may not be sufficient [53].

 Epidemiologic Association Between 
Cardiorespiratory Fitness 
and Disease Baseline Fitness

As previously stated, CRF can be assessed directly 
and expressed as peak oxygen consumption (peak 
VO2) or indirectly (peak METs), as is often the 
method used in CR settings. The following section 
provides information on both measured peak VO2 
(via gas exchange analysis) and estimated peak 

METs for those entering CR. This information is 
also segmented, where possible, by both diagnosis 
and sex to account for the sex-specific and varying 
degrees of baseline CRF differences. Regarding 
sex, in 2896 male (n = 2081) and female (n = 815) 
patients of similar age and mixed cardiac diagno-
ses who were entering two separate CR centers in 
Vermont and Michigan, Ades et al. reported peak 
VO2 values of 19.3 ± 6.1 mL ⋅ kg−1 ⋅ min−1 for men 
and 14.5 ± 3.9 mL ⋅ kg−1 ⋅ min−1 for women [18]. 
They also noted a greater age-related decline of peak 
VO2 in men than women (−2.42 vs. −1.16 mL  ⋅ 
kg−1 ⋅ min−1 per decade; p < 0.01, respectively).

 Percutaneous Coronary Intervention, 
Myocardial Infarction, and Coronary 
Bypass

Specific to diagnosis, Ades et al. [2] reported that 
peak VO2 was 3.5–6 mL ⋅ kg−1 ⋅ min−1 higher in 
male compared to female patients who had a pre-
vious percutaneous coronary intervention, a myo-
cardial infarction, or a coronary artery bypass 
surgery (CABG) or who were treated medi-
cally for unstable angina (Table 23.1). Note that 
for each diagnosis, the peak VO2 for males was 
3.5–6 mL ⋅ kg−1 ⋅ min−1 higher than for females.

Beckie et  al. also reported even lower MET 
levels in 232 women entering CR without con-
sidering the initial diagnosis [11]. The group 
 consisted of 50% who had undergone a PCI, 33% 
CABG, 12% with stable angina, and 5% who had 

Table 23.1 Baseline peak VO2 by cardiac diagnosis of 
patients enrolling in cardiac rehabilitation [2]

Peak VO2, mL ⋅ kg−1 ⋅ min−1

Cardiac diagnosis Womena Menb

PCI, no MI 15.1 ± 4.1 21.2 ± 7.2
MI 14.7 ± 4.2 20.4 ± 6.6
Med Rx (unstable 
angina)

14.7 ± 3.8 18.3 ± 5.8

CABG 13.5 ± 3.4 17.8 ± 4.8

Modified from Ades et al. [2]
PCI percutaneous coronary intervention, MI myocardial 
infarction, Med medical, Rx prescription, CABG coronary 
artery bypass graft
Raw data are presented. Statistical analysis adjusts for age
aCABG significantly lower than PCI without MI
bCABG lower than MI. PCI without MI higher than MI

23 Cardiorespiratory Fitness in the Context of Cardiac Rehabilitation



392

an MI. Peak estimated METs for the cohort were 
5.8  ±  2.5. Similarly, relatively low MET levels 
were reported by Balady et al. [9] on a cohort of 
558 men and 220 women (45% MI, 26% CABG, 
10% PCI, 13% angina, 6% others) enrolled in CR 
program. At baseline, the peak MET level for men 
was 8.6 ± 3.4 and for women 6.0 ± 2.6 METs. As 
expected the peak MET values were highest for the 
youngest overall grouping (<65 years =8.9 ± 3.4; 
65–75  years  =  6.6  ±  2.6; >75  years =5.7  ±  2.9 
METs). Exercise capacity improved significantly 
for men and women of every age group includ-
ing those older than 75 years. The improvements 
were more pronounced among those with an ini-
tial peak MET level <5 (Fig. 23.1). The investi-
gators concluded that referral to CR programs 
should be advocated for both men and women and 
should not be limited by age.

Kavanagh et al. reported on 12,169 men (aged 
55.0  ±  9.6  years) with either a previous MI or 
CABG, who were diagnosed with ischemic heart 
disease and who were referred to a single-site CR 
program with peak VO2 measured prior to partici-
pation [32]. The investigators stratified the cohort 
into three groups based on peak VO2 values at base-
line: <15, 15–22, and >22 mL ⋅ kg−1 ⋅ min−1. After 
a median follow-up of 7.9 years, there were 1336 
cardiac and 2352 all-cause deaths. The investiga-
tors reported a graded reduction in cardiac and all-
cause death with increased CRF. A 9% reduction 
in death risk was noted for each 1 mL ⋅ kg−1 ⋅ min−1 
incremental increase in VO2. Similar findings 

were reported by the same group in 2380 women 
referred to CR [33]. For these women, each 1 mL ⋅ 
kg−1 ⋅ min−1 higher baseline peak VO2 was associ-
ated with a 10% lower cardiac mortality risk. The 
investigators concluded that baseline peak VO2 was 
a strong predictor of mortality in CR patients and 
that even small increments in peak VO2 might sig-
nificantly reduce the risk of death.

 Aortic Valve Replacement/
Implantation

Peak VO2 values have been reported for patients 
entering a CR program who had either a trans-
catheter (TAVR or TAVI) or a traditional surgi-
cal aortic valve replacement/implantation [58]. 
Peak VO2 was not different between patients in 
the TAVR group of 12.5 ± 3.6 mL ⋅ kg−1 ⋅ min−1 
versus 13.9 ± 2.7 mL ⋅ kg−1 ⋅ min−1 for the sur-
gical group. Note that 32% in the TAVR group 
were male versus 50% in the surgical group. The 
higher percent of males in the TAVR group, along 
with the usually higher-risk patients undergoing 
TAVR procedures, might explain, in part, the 
slightly higher peak VO2 in the surgical group.

 Heart Failure

The HF-ACTION trial randomized reduced ejec-
tion fraction heart failure patients (HFrEF) to 
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usual care or usual care plus CR [47]. In 2016 
Keteyian et  al. reported on baseline cardiopul-
monary exercise test results in the HF-ACTION 
cohort of 2100 (71% male). Baseline peak VO2 
values for men and women were 15.2 (8.7–24.3 
for 5th and 95th percentiles) and 13.4 (7.7–21.0) 
mL ⋅ kg−1 ⋅ min−1, respectively [36]. The absolute 
mean values were 1.45 and 1.11 L min−1 which 
represented 57% and 68%, respectively, of the 
age- and sex-predicted peak VO2 for the men 
and women. Guazzi et al. reported that baseline 
peak VO2 values in a group of 34 HFrEF and 34 
preserved ejection fraction heart failure patients 
(HFpEF) were not different (14.3  ±  5.0 vs. 
14.3 ± 5.6 mL ⋅ kg−1 ⋅ min−1, respectively; p = 0.2) 
[27]. Of note, each group had an identical rep-
resentation of males (76%) and females (24%). 
One point of interest is that the HF-ACTION 
patients were all tested on a treadmill (standard in 
the U.S.) and the Guazzi group were all tested on 
leg cycle ergometers (standard in Europe). Cycle 
modalities are associated with a 10–15% lower 
peak VO2 when compared to a treadmill [57].

Myers et al. reported on 41 male patients with 
HFrEF (68.3 ± 12 y, EF = 33 ± 9%) who performed 
a maximal exercise test on a treadmill using an 
individualized ramp protocol where the increase 
in walking speed and treadmill grade was adjusted 
to result in a test duration of approximately 10 min 
[43]. Peak oxygen consumption was measured at 
16.1 ± 6.2 mL ⋅ kg−1 ⋅ min−1, equivalent to 4.5 ± 1.8 
METs. However, estimated METs were measured 
at 5.4  ±  2.2, indicating a discrepancy between 
measured and estimated peak METs. This issue is 
addressed later in this section.

 Left Ventricular Assist Device (LVAD)

Kerrigan et al. assessed peak VO2 in 26 patients 
(27% female; mean age 55 ± 13 years) who had 
an LVAD implanted more than 6  weeks prior 
[34]. The peak VO2 for the entire group was 
12.9 ± 3.1 mL ⋅ kg−1 ⋅ min−1 (13.4 ± 3.5) for men 
and 11.3 ± 2.4 mL ⋅ kg−1 ⋅ min−1 for women. In a 
comparison of peak VO2 values between a group 
of HFrEF patients not yet eligible for LVAD 
placement and those with an implanted LVAD, 

Nahumi et al. found a significantly higher peak 
VO2 in the HFrEF, group (15.0 vs. 12.4  mL ⋅ 
kg−1 ⋅ min−1; p < 0.001) [44]. This difference is 
not surprising since a lower peak VO2 is a cri-
terion for LVAD placement [41]. Despite this, 
they reported that the LVAD group had a better 
submaximal exercise capacity as evidenced by 
a greater 6-min walk test distance. It is unclear 
how LVAD implantation affects peak VO2, but 
the authors concluded that peak VO2 might not 
be the best measure to assess functional changes 
after LVAD placement.

 Cardiac Transplant

A peak VO2 of 17.5 ± 0.9 mL ⋅ kg−1 ⋅ min−1 (peak 
RER  =  1.25  ±  0.01) was reported by Ehrman 
et al. in 16 orthotopic heart transplant recipients 
(45 ± 1.9 years of age) who performed a maximal 
exercise treadmill test at 3 months after surgery 
using a low-level protocol [22]. A substan-
tially higher peak VO2 was reported by Schmid 
et  al. in 17 heart transplant recipients using a 
cycle ergometer cardiopulmonary exercise test 
(20.9 ± 5.2 mL ⋅ kg−1 ⋅ min−1) [64]. Carter et al. 
reported on the natural course of posttransplant 
peak VO2 and that the percent of age- and sex- 
predicted peak VO2 increased from 41.3 ± 2.2% 
at pre-transplant evaluation to 48.6  ±  1.7% 
at 1-year posttransplant [18], with no further 
change at 5  years postoperative. Salyer et  al. 
reported a measured peak VO2 of 18.7 ± 4.7 mL ⋅ 
kg−1 ⋅ min−1 and an estimated peak MET level of 
7.8 ± 2.0 METs (actual measured METs = 5.3) at 
a mean of 68 ± 32 days post-surgery in 24 patients 
(age 26 ± 11 years, 9 women and 15 men) who 
underwent cardiac transplantation [60].

 Measured and Estimated Functional 
Capacity Discrepancies

The information in the preceding sections, where 
available, demonstrates a consistent disconnect 
between measured peak VO2 and predicted peak 
METs during a maximal symptom-limited graded 
exercise test. For instance, the cardiac transplant 
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section presented data with a measured peak 
MET level of 5.3 (18.7 ± 4.7 mL ⋅ kg−1 ⋅ min−1) 
and an estimated MET value of 7.8 [60]. This is 
a 32% difference. And a 17% overestimation of 
METs was noted in data presented in the heart 
failure section [43]. This type of overestimation 
is a consistent finding among all clinical popu-
lations and must be considered when addressing 
issues such a prognosis, an insurance company- 
mandated MET level to determine the number of 
approved CR sessions, and an individual patient 
response to treatment.

Ades et  al. noted that the American College 
of Sports Medicine’s (ACSM) equation for deter-
mining peak MET level during treadmill walk-
ing systematically overestimated peak METs in 
CR patients [2]. For men, Ades et al. reported the 
overestimation was 30%; and for women, it was 
23% [2]. They provided a correlation coefficient 

of 0.48 (moderately weak) between the estimated 
and measured peak METs. They also noted that 
the correlation was stronger in women than men 
(R = 0.66 vs. 0.39; p < 0.001), but did not pro-
vide specific percent measurement differences 
between the groups. It is important to note that 
the ACSM equations were developed to estimate 
energy expenditure at submaximal rather than 
maximal workloads [57]. Based on this finding, 
Ades et  al. developed a nomogram (Fig.  23.2) 
to correct the overestimation of METs by the 
ACSM formula.

 Epidemiologic Association Between 
Fitness and Chronic Disease

It is well established that physical inactivity 
resulting in a low CRF is a risk factor for the 
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cardiovascular disease and all-cause mortality 
[13, 14, 38]. Additionally, sedentary behavior 
is independently related to the risk of develop-
ing cardiovascular disease [23]. Specific to CR, 
there is evidence that CRF at baseline and upon 
completion of a CR program are each indepen-
dently related to mortality risk [15, 39]. In a 
cohort of 5641 patients (76% male), stratified 
based on estimated peak METs at baseline as 
low (<5 METs), moderate (5–8 METs), and 
high fitness (>8 METs), mortality risk was asso-
ciated 46% and 78% lower in the moderate and 
high fitness categories, respectively [39]. The 
improvement of CRF following CR participa-
tion was also associated with a 13% reduction 
in mortality risk per 1 MET increase in exer-
cise capacity (hazard ratio [HR], 0.87; 95% CI, 
0.79–0.96; p < 0.001).

In a study of 1726 patients (36% female) who 
completed 9–15 sessions of CR, Brawner et  al. 
reported a 40–50% lower risk of a composite end 
point (all-cause mortality, nonfatal MI, or heart 
failure hospitalization) per MET at baseline and 
32–37% lower risk, after completing the program 
[15]. METs achieved following training were a 
stronger predictor of the composite outcome and 

all-cause mortality compared to METs at base-
line (Fig. 23.3).

 Chronic Disease and Physical 
Activity Prevalence

The volume of physical activity performed is 
relatively low among those with an established 
chronic disease [16]. Using data from the 2014 
National Health Interview Survey (NHIS), 
Brawner et al. reported that among those with a 
myocardial infarction, only 40% stated they per-
formed at least 150 min per week of leisure-time 
aerobic physical activity as compared to about 
55% among those with no known chronic disease 
(Fig. 23.4) [16]. Additionally, they reported that 
with each additional chronic disease within an 
individual, there was a 17% (OR = 0.83; 95% CI, 
0.81–0.85; P < 0.001) lower likelihood of achiev-
ing 150  min per week of leisure-time aerobic 
physical activity [16].

Similar findings were reported by Evenson et al. 
in the National Health and Nutrition Examination 
Survey (NHANES). Participation in at least 
150 min per week of moderate-intensity physical 
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activity in chronic heart failure patients was 40% 
and 54% in patients with coronary heart disease. 
Both of these groups also had higher sedentary 
behavior than noted in those without disease.

Schairer et  al. assessed the physical activ-
ity levels of 104 CR maintenance program par-
ticipants (32% CABG, 22% MI, 16% PCI, 14% 
angina, 7% HF) using the Paffenbarger Physical 
Activity Questionnaire [63]. The total weekly 
exercise duration was 292  ±  188  min of which 
174 ± 86 min was accumulated in CR. Thus, CR 
participation alone met the US physical activity 
recommendation of at least 150  min per week. 
The average weekly caloric expenditure in CR 
was 830  ±  428 kcals, and another 675  ±  659 
kcals was expended during non-CR leisure-time 
physical activity for a total of 1504 ± 830 kcals 
expended per week during all physical activity/
exercise training combined. Although activity 
intensity was not reported, this amount of energy 
expenditure is nearly the amount recommended 
to slow the progression of coronary artery disease 
(~1533 kcal per week) and improve CRF [29].

Because of the high prevalence of low physi-
cal activity volume and sedentary behavior in 
those with cardiovascular disease, CR programs 
provide an important tool to increase physical 
activity levels in patients with cardiovascular 
disease.

 Interventional Evidence: Cardiac 
Rehabilitation

Change in CRF following CR participation is best 
assessed by an exercise test performed before and 
following the program, by a direct assessment of 
peak VO2 (open-circuit spirometry method) rather 
than estimating METs based on the workload 
achieved. However, direct assessment of peak 
VO2 requires specialized equipment and trained 
personnel and is costly, limiting a widespread 
application. Thus, estimated METs have been 
extrapolated based on treadmill speed and eleva-
tion (workloads) or cycle ergometry (work rate). 
Although estimated peak METs overestimate 
measured peak VO2 [45], functional capacity esti-
mated by peak METs is acceptable. The following 
sections review studies that have assessed change 
in functional capacity following CR participation.

Almodhy et  al. studied the effects of CR on 
117 patients who performed a shuttle walk perfor-
mance test either once (n = 58) or twice (n = 59) 
a week for 6 weeks [4]. Both groups improved 
peak MET capacity by ~0.3 METs, with no dif-
ference between the groups. The authors reported 
that this change was well below typical improve-
ment which range between 1.2 and 1.8 METs. 
They suggested that the training stimulus was too 
low for maximal MET improvement.
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 Percutaneous Coronary Intervention, 
Myocardial Infarction, and Coronary 
Artery Bypass Surgery

Armstrong et al. reported on a group of diabetic 
(n = 1546) and nondiabetic (n = 7036) patients 
who attended CR between 1996 and 2010 [8]. 
Approximately 50% of patients had a previous 
myocardial infarction, 60% percutaneous coro-
nary intervention, 30% coronary artery bypass 
surgery, and about 10% heart failure. Participants 
completed an exercise test, and peak METs were 
estimated at baseline and at the end of the CR 
program (12 weeks). Data were analyzed in those 
who completed the program (85% of nondiabetic 
and 80% diabetic). The diabetic group had a sig-
nificantly lower baseline peak MET level (by 
1.0 in men and 0.5 METs in women) compared 
to the nondiabetics. Both groups significantly 
improved their peak MET levels with the nondia-
betic group having a significantly larger increase 
(0.95 vs. 0.8 MET, p < 0.001). Interestingly, at 
1-year follow-up, nondiabetic patients retained 
their gains in peak METs resulting from exercise 
training, while diabetic patients did not.

Lower baseline CRF levels in CR patients 
with type 2 diabetes (DM2) compared to nondia-
betics have also been reported by Banzer et  al. 
[10]. Baseline MET levels for diabetics (n = 250; 
age 62 ± 10 years) and 7.0 ± 2.6 for nondiabetics 
(n  =  702; age 61  ±  11  years). The greater per-
centage of males in the nondiabetic group (64% 
vs. 53%) may have contributed some of this dif-
ference in baseline METs. Significant improve-
ment in peak METs was noted in both diabetics 
and nondiabetics who completed the program 
(26% and 27%, respectively; p < 0.001). Similar 
findings were reported by Hindman et al. in 292 
patients enrolled in a CR program. Baseline MET 
levels in DM2 patients were 5.7 ± 2.3 CRF and 
7.3 ± 2.4 following CR participation of at least 
7  weeks of three times per week. MET lev-
els for the nondiabetic participants (n  =  1213) 
were 7.1 ± 2.6 MET at baseline and increased to 
8.9 ± 2.7 METs after CR participation. Similar 
findings have been reported by Keteyian et  al. 
in 8319 patients (31% female) who participated 
in CR and completed at least nine sessions [35]. 

Peak MET levels increase by 1.3  ±  1.1 and 
0.9 ± 0.7 in men and women, respectively.

Recently, high-intensity interval training 
(HIIT) has been advocated as an alternative 
method of increasing aerobic capacity in those 
with limited time to commit to a traditional CR 
program. In this regard, Currie et  al. assessed 
CRF improvements in MI, PCI, and CABG 
patients (n  =  22) randomly assigned to low- 
volume high-intensity interval training (HIIT) 
versus moderate-intensity steady-state training 
for 12 weeks, two times per week [19]. Training 
volume in the HIIT group was approximately 2.5 
times less than the moderate-intensity endurance 
trained group. Both groups improved similarly 
(18.7 ± 5.7 vs. 22.3 ± 6.1 mL ⋅ kg−1 ⋅ min−1 for 
the moderate-intensity program and 19.8  ±  3.7 
vs. 24.5 ± 4.5 mL ⋅ kg−1 ⋅ min−1, p < 0.001, for 
pre- vs. post-training) for the HIIT program. The 
finding suggest that HIIT may provide a viable, 
alternative method to improve CRF, requiring 
less time to perform for those struggling with the 
time commitment to participate in CR.

 Aortic Valve Replacement/
Implantation

Aortic valve replacement does not appear to 
improve exercise capacity or function in patients 
[42]. However, improvements in CRF and func-
tion have been noted in just 3  weeks of CR 
program participation in 76 patients following 
transcatheter aortic valve implantation (TAVI) 
and 366 following surgical aortic valve replace-
ment [72]. Both groups improved in 6-min walk 
distance (28 vs. 46 m), with the surgical group 
improving significantly more (p < 0.001). Part of 
this difference may have been due to the older 
age of the TAVI group (80 ± 6 vs. 68 ± 11 years, 
p < 0.001).

Russo et al. also reported a 60.4 ± 46.4 m sig-
nificant (p < 0.001) improvement from baseline 
in 78 patients who had a TAVI procedure after 
participation in CR [58]. Similar improvements 
were also noted in the group of 80 surgical aor-
tic valve replacement patients (±72.3 ± 57.3 m). 
Similar improvements in peak VO2 were also 
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noted in both groups following CR (12.5 ± 3.6 
and 13.9 ± 2.7 mL ⋅ kg−1 ⋅ min−1 for the TAVI and 
surgical groups, respectively; p = 0.16).

To date there have not been any studies 
reporting on the change in variables associ-
ated with CRF and morbidity or mortality in 
patients following aortic valve replacement. 
Additionally, there does not appear to be a sur-
vival advantage from participating in CR for 
patients who have had aortic (or mitral) valve 
disease or surgery [52].

 Heart Failure

Prominent among recent investigations is the 
HF-ACTION study, which assessed the effi-
cacy of 12 weeks of supervised training in the 
CR setting followed by an 18-month at-home 
exercise program in 2331 patients with systolic 
heart failure and left ventricular ejection fraction 
<35% [40]. Over a median follow-up period of 
2.5  years, subgroup analysis demonstrated that 
patients receiving exercise training had a lower 
incidence of cardiovascular mortality and hos-
pital admissions for heart failure. Several other 
subgroup analyses of this study have been pub-
lished, on outcomes in patients with heart failure 
and diabetes, COPD, cancer, and different gender 
and ethnicities [46–50]. In general, comorbidi-
ties appeared to reduce the efficacy of exercise 
therapy, while female sex or self-identification as 
black race did not. Thus the HF-ACTION study 
supports a broad role for exercise in patients with 
systolic heart failure, with caveats for those with 
significant comorbidities.

 Left Ventricular Assist Device

The literature is not robust for those with an LVAD, 
with only two studies available. Kerrigan et  al. 
assessed 23 patients who had LVAD implantation 
(n = 26; 7 women; age 55 ± 13 years; ejection frac-
tion 21  ±  8%) and who either were randomized 
to participate in 18 sessions of CR (n = 16) or to 
usual care (n = 7). The CR group had a significant 

increase in their peak VO2 as compared to the usual 
care group (13.6 ± 3.3 to 15.3 ± 4.4 vs. 11.2 ± 2.0 
to 11.8 ± 2.0 mL ⋅ kg−1 ⋅ min−1; p < 0.05). The 
training group also had a significantly greater 
increase in 6-min walk test distance.

Marko et al. reported on 41 LVAD recipients 
who participated in CR within 48 ± 38 days after 
implantation. Exercise training included lower 
limb resistance training exercises, cycle ergome-
try, walking, and gymnastic movements. They 
reported an increase of peak VO2 in a subgroup 
who underwent pre- and post-program test-
ing (11.3 ± 4.1 to 14.5 ± 5.2 mL ⋅ kg−1 ⋅ min−1; 
p = 0.007). To date there has been no report on 
the effect of change in CRF following exercise 
training on all-cause or cardiovascular morbid-
ity or mortality in those who have had LVAD 
implantation.

 Cardiac Transplantation

A Cochrane review from 2017 evaluated 10 
randomized controlled trials involving 300 car-
diac transplant patients (mean age 54.4  years; 
25% female), who participated in CR [5]. They 
reported a median improvement of 2.49  mL ⋅ 
kg−1 ⋅ min−1 for peak VO2 (95% CI 1.63 to 3.36; 
N = 284; studies = 9; moderate quality evidence) 
and concluded that there was moderate evidence 
that exercise-based CR improves exercise capac-
ity as measured using peak VO2.

Despite the ten trials using CR in those with 
a cardiac transplant, a recent paper is the only 
one that assessed the association between par-
ticipation in CR and survival in those with a car-
diac transplantation. Rosembaum et al. reported 
that participating in CR was associated with an 
improved survival in a group of 201 patients who 
participated between 2000 and 2013. Peak VO2 
was reported over 10  years in a subgroup who 
performed cardiopulmonary exercise testing. 
They reported a significant increase from prior to 
transplant to after (~14–17.5 mL ⋅ kg−1 ⋅ min−1) 
with no further change thereafter. And although 
CR participation was associated with improved 
survival, change in peak VO2 was not.
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 Mechanisms of Exercise-Induced 
Changes

The improvements in CRF noted following 
participation in CR exercise training programs 
are a result of multiple physiologic changes. 
Notably, skeletal muscle changes have been 
observed. These include histochemical (myo-
globin increases, enhanced aerobic glycolysis 
enzymes and proteins, increased mitochondrial 
density) and histological (fiber size increases, 
enhanced capillary density, changes in muscle 
fiber type concentration). Adaptations of the 
cardiovascular system have also been reported. 
These include potential increases in left ven-
tricular wall size and thickness which leads 
to an improved stroke volume. Additionally, 
increases in total blood volume, hemoglobin, 
and arteriovenous oxygen difference (a-vO2 dif-
ference) have been reported resulting in more 
oxygen availability to and extraction by the 
working muscles. Collectively, these changes 
result to an increase in aerobic capacity of the 
patient. Although there are no known pulmonary 
improvements that occur with aerobic exercise 
training with respect to lung volumes, the acces-
sory muscles oft used during ventilation may 
improve their functional ability and allow for 
enhanced tidal volumes, respiratory rates, and 
other volumes at a reduced physiologic cost.

The health benefits of improved CRF in appar-
ently healthy and chronic disease populations are 
well-accepted and the mechanisms involved have 
also been elucidated. Some have suggested a sys-
temic effect on the vasculature (aka “vascular 
conditioning”) [25] that may involve a reduced 
rate or reversal of atherosclerotic progression 
[51], improved vascular function (i.e., reactiv-
ity, endothelial function), or functional changes 
in vascular structure (e.g., enhanced nitric oxide 
production). A possible link between improved 
CRF and a vascular effect was demonstrated by 
Hambrecht et  al. [30]. In their study, patients 
with a cardiac lesion amenable to stenting were 
randomized to either percutaneous angioplasty or 
exercise training at 70% of their maximal heart 
rate. Heart rate and CRF were measured dur-
ing a symptom-limited cycle ergometer exercise 

test performed prior to and following aerobic 
exercise training. The exercise training was per-
formed daily over 12 months for 20 min plus a 
once-per-week, 60-min group exercise session. 
Measured peak VO2 levels improved significantly 
in the exercise-trained group, but not in the stent 
group (22.6 to 26.2 vs. 22.3 to 22.8 mL ⋅ kg−1 ⋅ 
min−1; p < 0.001). After 12 months, the exercise-
trained patients had a significantly higher event-
free survival (88% vs. 70%) than the stented 
group (OR 0.33, 95% CI 0.12–0.90, P < 0.023). 
These results suggest that exercise training may 
positively affect the vasculature of diseased ves-
sels to a greater degree than placing a stent.

There is also ample evidence of an inverse 
relationship between CRF and atrial arrhythmia. 
Qureshi et al. [56] reported on over 64,000 adults 
who had a stress test between 1991 and 2009. 
They noted that each 1-MET increase in exercise 
capacity was associated with the 7% lower risk 
of atrial fibrillation. In the CARDIO-FIT study 
[55] that included 308 obese patients with a his-
tory of atrial fibrillation, the authors reported that 
those who increased their CRF by ≥2 METs had 
a  significantly better arrhythmia-free survival 
(i.e., less atrial fibrillation recurrence) than a 
group who improved by <2 METs (p < 0.001). 
In a cohort of 5962 US Veterans (mean age, 
56.8  ±  11.0  years), Faselis et  al. reported an 
inverse association between CRF (peak METs) 
and the incidence of atrial fibrillation, during a 
median follow-up period of 8.3  years. Exercise 
capacity was inversely related to AF incidence. 
The risk was 21% lower (hazard ratio, 0.79; 
95% CI, 0.76–0.82) for each 1 MET increase in 
exercise capacity. When the cohort was strati-
fied according to fitness categories, the risk of 
AF declined progressively with increased fitness. 
Specifically, the AF risk was 20% lower in the 
moderate fit, 45% in the fit, and 63% lower in 
the highly fit individuals, compared with the least 
fit individuals. Similar trends were observed in 
those younger than 65 years and those 65 years 
or older [73].

There is very little direct evidence of an 
association of CRF and ventricular arrhythmias 
in humans. In a cohort of 2328 Japanese men, 
Hagnas et al. [28] reported that those categorized 
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as low CRF (< 8 METs) and ST-segment depres-
sion, indicating cardiac ischemia, had a 4.8-fold 
higher risk of sudden cardiac death (defined as a 
death occurring within 1 hour of the onset of the 
symptoms) than those with a higher fitness level 
and no ST-segment depression (95% CI, 2.9–
7.9). More importantly, the risk of sudden death 
in those with a high CRF level and ST-segment 
depression was similar to those with a high CRF 
level and no ST-segment depression, possibly 
indicating a protective effect of high CRF. There 
is ample evidence from animal model research 
supporting the protective effects of CRF on ven-
tricular tachycardia and fibrillation. Dor-Haim 
[21] used a myocardial infarcted rat model and 
exposed them to either sedentary living or bouts 
of intensive aerobic exercise training. Exercise 
resulted in a significant increase in CRF compared 
to the sedentary rats (p > 0.05). In isolated hearts 
following sacrifice, they found a significantly 
lower risk of ventricular tachycardia and fibrilla-
tion in the exercise-trained group (4.5 ± 0.8% to 
1.6 ± 0.2%; p < 0.05). They also assessed heart 
rate variability and noted an increase in electrical 
organization of excitation (i.e., coupling interval 
dispersion) and ventricular fibrillation dominant 
frequencies, both protective against arrhythmias.

 Clinical Relevance

The importance of CR as a part of the treatment 
paradigm for many cardiac diagnoses is well 
established. Interestingly, the meta-analyses that 
assessed the effect of CR on morbidity and mor-
tality only assessed the effects of exercise train-
ing and not lifestyle education aimed at reducing 
modifiable risk factors [6, 31, 48, 50, 70]. The 
strong correlation between CRF and mortality 
as noted in some disease states in this chapter 
reflects the importance of focusing on improving 
fitness during CR participation. However, CR is 
greatly underutilized. It is reported that less than 
20% of eligible Medicare patients in the United 
States participate in at least one session of CR 
[1, 65]. Based on known data of mortality reduc-
tion, it is estimated that simply increasing CR 
participation threefold would save 25,000 lives 

and reduce annual hospitalizations by 180,000 in 
the United States.

Suaya et  al. [66] reported a dose-response 
relationship between the number of CR sessions 
attended and mortality in a propensity-based 
matching analysis. This finding is corroborated 
by a meta-analysis of 31 studies (n  =  3827) 
performed by Sandercock et  al. [61] in which 
they reported a mean 1.55 (95% CI 1.21–1.89) 
MET improvement and fitness gains were great-
est in those who completed at least 36 sessions. 
Interestingly, change in fitness was not related 
to whether a program offered exercise only or 
added an educational component. Thus, assum-
ing more CR sessions attended are related to the 
amount of improvement in CRF, it would be pru-
dent to design CR programs with a goal of maxi-
mally increasing peak oxygen consumption or 
estimated peak METs. The current literature sug-
gests that this is best achieved by program adher-
ence to as many CR sessions as possible.

 Conclusions

There is abundant evidence that improvement 
in CRF is achievable during CR program par-
ticipation. This most certainly leads to improved 
functional capacity in all patients referred to a 
program. And in some patients, it may lead to 
improved outcomes, including reduced hospi-
talizations and deaths. Because of this, it is very 
important to refer all eligible patients to CR and 
to improve their functional capacity to the great-
est amount possible.

 Recommendations: Key Points/
Future Directions

While we know much about the relationship of 
CRF and patient health outcomes, we need to 
expand our understanding in certain areas. For 
instance, the current data on the adherence/exer-
cise dose-response and risk is scant. Suaya et al. 
[66] reported a 19% reduced relative risk of death 
over the ensuing 5 years in those who attended 
25 or more exercise sessions versus those who 

J. K. Ehrman



401

attended <25 sessions. Santiago et  al. also 
reported a dose-response association in a meta- 
analysis of 33 studies [62]. Those attending more 
sessions had a lower risk of all-cause death, but 
not cardiovascular death. Although these studies 
suggest a dose-response association based on the 
number of sessions attended, there is no informa-
tion on the independent and synergistic effect of 
exercise duration, intensity, or exercise volume 
and cardiovascular events. Thus a randomized 
trial is warranted to further our understanding.

There also is little data on the mortality and 
morbidity effects of CRF on several disease 
populations eligible for CR. These include valve 
replacement/repair, percutaneous coronary inter-
vention, heart and heart/lung transplantation, and 
coronary artery bypass surgery. These conditions 
were approved for CR participation solely based 
on its effect on improving CRF.  It is unlikely 
that the National Institutes of Health would fund 
a study to evaluate these conditions such as the 
HF-ACTION study. The HF-ACTION study was 
responsible for the approval of systolic heart fail-
ure as a covered diagnosis in the United States 
for CR based on both the functional improvement 
noted and the morbidity and mortality reductions 
[46]. Additionally, little is understood about the 
relationship of a generally lower CRF level in 
black versus white CR patients and the clinical 
significance [69].

The exercise training as implemented in the 
CR model has been efficacious for other chronic 
diseases. For instance, Dolan et  al. presented 
outcomes of 152 subjects with female breast 
cancer survivors [20]. They performed one time 
weekly supervised CR sessions for 22  weeks, 
and their CRF level improved by 14% (21 ± 6 to 
24 ± 7 mL ⋅ kg−1 ⋅ min−1, p < 0.001). And with 
the recently approved Medicare coverage in the 
United States for supervised exercise training 
for those with peripheral artery disease, many of 
these patients will be performing their training 
in a CR setting (although this is not required). 
A meta-analysis by Parmenter et al. assessed 41 
randomized controlled trials of those with symp-
tomatic peripheral artery disease who performed 
exercise training [54]. In addition to the tradition-
ally reported improvement in pain free and total 

walking distances as a result of exercise training, 
there is also a significant improvement in CRF as 
measured by peak VO2. However, no studies have 
assessed improvement in CRF in these patient 
populations and clinical outcomes.

Finally, a recent training style that has 
received attention in the traditional CR set-
ting is high- intensity interval training (HIIT). 
In a systematic review and meta-analysis of 17 
studies (953 total participants), Hannan et  al. 
reported significant improvements in CRF as 
measured by oxygen consumption using HIIT 
(±0.34  mL ⋅ kg−1 ⋅ min−1) versus moderate- 
intensity continuous training. Improvements 
were optimized in programs longer than 6-week 
duration, and the high-intensity training was as 
safe as the moderate-intensity training. Despite 
these findings, there have been no studies inves-
tigating the effects of high-intensity interval 
versus moderate-intensity continuous training 
on morbidity and mortality in any CR popula-
tion. Collectively, the evidence presented sup-
ports a strong argument for future research in 
the aforementioned areas.
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Physical Activity 
and Cardiometabolic Health 
Benefits in Children

Konstantinos D. Tambalis and Labros S. Sidossis

 Introduction

Physical activity is any activity that gets children 
and adolescents moving, resulting in adequate 
increases in heart rate and breathing rate. This 
wide definition includes all contexts of physical 
activity, i.e., leisure-time physical activity 
(including sports activities and dancing), school- 
related physical activity, occupational physical 
activity, physical activity at or near the home, and 
physical activity connected with transport. 
Physical activity and exercise are at times used 
interchangeably. However, it is important to 
make the distinction that exercise is a form of 
physical activity that is planned, structured, 
repetitive, and performed with the aim of improv-
ing health or fitness.

Physical activity, health, and quality of life are 
strongly interrelated. According to Hippocrates 
(ancient Greek doctor and philosopher), the 
human body was designed to move, and therefore 
regular physical activity is needed in order to 
function optimally and prevent illness and dis-

ease. It is now well-documented that physical 
inactivity is a major risk factor for developing 
health conditions and chronic diseases, including 
coronary heart disease, type 2 diabetes mellitus 
(Τ2DM), and obesity [1]. The incidence of these 
diseases is directly linked to lifestyle changes, 
specifically physical activity behaviors, eating 
habits, and smoking, present not only in adults 
but also in young children [2, 3]. These behav-
iors, including a sedentary lifestyle, start in child-
hood and are perpetuated by the attitudes and 
habits of the social environment (family mem-
bers, friends, teachers) and media. In spite of the 
fact that children and adolescents don’t usually 
develop chronic diseases, such as heart disease, 
hypertension, Τ2DM, or osteoporosis, data sug-
gest that physically inactive children are more 
likely to possess risk factors for these diseases 
such as relatively lower levels of high-density 
lipoprotein cholesterol (HDL-C), higher blood 
pressure, increased serum insulin levels, and 
excess fat than physically active children [1, 4, 
5]. Given that pathogenicity has its roots in child-
hood, and the likelihood that physical activity 
will attenuate the incidence of the aforemen-
tioned risk factors, the need for interventions dur-
ing childhood is of great importance. Therefore, 
efforts to promote and foster a healthy lifestyle 
that includes increased physical activity and 
proper nutrition during childhood are essential in 
the prevention of chronic illness in adulthood.
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 Physical Activity Level in Children 
and Adolescents

In the United States, only 25% of children and 
adolescents (6–15  years old) meet the 2008 
Physical Activity Guidelines for Americans rec-
ommendation of at least 60 min of moderate-to- 
vigorous physical activity (MVPA) per day [6, 
7]. Most recent data, from the combined 2012 
NHANES and NHANES National Youth Fitness 
Survey, confirmed that 24.8% of adolescents 
12–15  years of age reported 60  min of MVPA 
daily [8]. Meeting the recommendations differs 
by age, gender, and ethnicity, with males, 
younger children, and nonwhite ethnicities being 
more physically active than their female, older, 
and white ethnicity counterparts [9]. Moreover, 
on average, 20% of children in the Organisation 
for Economic Co-operation and Development 
countries participate in MVPA daily [10]. It has 
been speculated that at the onset of the twenty-
first century, children expend for physical activ-
ity almost 600  kcal/day fewer than their 
counterparts 50 years ago [5]. Possible reasons 
for this include:

 1. More sedentary recreational pursuits such as 
Internet/computer games and television 
viewing, which have replaced outdoor play 
time

 2. Decreased opportunities for active recre-
ational pursuits

 3. Fewer physical education time in schools
 4. Decreased active transportation to school 

(e.g., walking, cycling)
 5. Towns and cities unfamiliar to physical activ-

ity opportunities without safe active transport
 6. Overprotective parents with disproportionate 

worry about children’s outdoor play
 7. A family (e.g., inactive parents) and social 

environment (school, society) that does not 
support physical activity

The main limitations and benefits reported by 
children and adolescents associated with physical 
activity are presented in Table 24.1.

 Physical Activity and Health 
Benefits in Children 
and Adolescents

The health benefits of physical activity for chil-
dren and adolescents have been observed in sev-
eral health domains and can be generally placed 
into three categories: (1) mental, social, and 
physical health benefits, (2) health benefits of 
childhood physical activity that carry over to 
adulthood, and (3) physical activity behaviors 
“tracked” from childhood to adulthood 
(Fig. 24.1).

Children and adolescents with low physical 
activity levels have a higher prevalence of psy-
chological and emotional distress. Physical inac-
tivity also contributes to increased incidence of 

Table 24.1 Benefits and limitations reported by children 
and adolescents in relation to physical activity

Limitations Benefits
Preference for 
in-house activities 
(TV, video, computer, 
books, music, etc.)

Social benefits (fun/
enjoyment, socializing with 
friends, enjoying teamwork)

Low levels of energy 
(feeling tired, lack of 
energy, eating fast 
food)

Improvement of 
psychological characteristics 
(self- confidence, pride, 
discipline development, 
reduction of guilt)

Limited time (reading, 
extracurricular)

Improving body sensation 
(energy, fatigue reduction, 
feeling of increased physical 
strength, endurance, fitness, 
improved sleep)

Social factors 
(influence from a 
social pressure group, 
e.g., friends, lack of 
parental support, 
criticism from others)

Improving athletic 
performance (skill 
development, reflex 
improvement, flexibility, 
coordination, agility, 
endurance, strength)

Mobilization 
(nonrecurring benefits 
from exercise)

Cognitive benefits (improved 
concentration and brain 
function, good memory)
Response strategies (stress 
relief, relaxation, diminished 
frustration and anger)

Adapted from O’Dea [11]
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obesity, insulin resistance, disordered lipid 
 profile, and elevated blood pressure in children. 
This cardiometabolic profile is likely contribut-
ing to the increasing prevalence of T2DM in 
children and adolescents, a disease that until 
recently was found in overweight and obese 
adults [13]. The population impact of this devel-
opment for the next generation is of great 
concern.

In contrast, increasing physical activity pro-
vides an important medium for children and 
adolescent to improve self-esteem, social well-
being, and a healthy self-perception of body 
image and competence. Children that engage 
in adequate physical activity and maintain aer-
obic fitness are more likely to have better cog-
nitive function and a wide range of health 
benefits [14]. These include maintenance of 
energy balance and consequently a healthy 
weight and healthy growth, healthy develop-
ment of the cardiorespiratory and musculoskel-
etal system, avoidance of cardiovascular 
disease risk factors (e.g., hypertension, dyslip-
idemia, T2DM), and the opportunity for social 
interaction, academic achievement, and psy-
chological well-being [14, 15]. The above 
health benefits are similar in children of all 
weight classes (normal, overweight, and obese) 
and are independent of gender, age, and health 
status (Table 24.2) [12].

Fig. 24.1  
Interrelationships of 
children and adolescent 
physical activity and 
health. (Adapted from 
Blair et al. [12])

Table 24.2 Important health benefits of physical activity 
in children and adolescents

1. Health benefits in childhood/adolescence
  Maintains energy balance and prevents overweight/

obesity
  Reduces risk factors for:
   Cardiovascular disease (e.g., obesity)
   Type 2 diabetes
   Hypertension
   Dyslipidemia
  Promotes management of type 1 diabetes
  Promotes healthy growth and development of the 

musculoskeletal system
  Develops a healthy cardiorespiratory system
  Develops neuromuscular awareness
  Improves mental health and psychological 

well-being through:
   Decreasing anxiety, stress, and depression
   Promoting self-esteem
   Improving cognitive function and academic 

performance
   Improving sleep
   Improving social interaction
2.  Health benefits of childhood physical activity that 

carry over to adulthood
  Decreased probability of overweight/obesity during 

adulthood
  Decreased probability of morbidity from 

cardiovascular disease during adulthood
  Increased bone mass/strength reduces likelihood of 

osteoporosis in adulthood
3.  Physical activity “track” from childhood to adulthood
  Increased probability of becoming a physically 

active adult
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 Health Benefits in Childhood/
Adolescence

 Obesity
Obesity is defined as an excess accumulation of 
body fat that increases health risks. Simply stat-
ing it, obesity results from a chronic positive bal-
ance between energy intake and energy 
expenditure. Childhood obesity is a complex 
multifactorial matter that includes genetic, life-
style, cultural, and environmental factors. Both 
genetic and environmental factors influence the 
predisposition to becoming obese. Of the envi-
ronmental factors, lifestyle preferences and cul-
tural environment are the most significant 
contributors to childhood obesity. They are also 
modifiable. Both physical activity and caloric 
intake must be considered to modulate body 
composition. Changes in the nutritional habits of 
children undoubtedly contributed to increasing 
global levels of childhood overweight/obesity. 
However, decreased physical activity is believed 
to be one of the main contributors and a critical 
factor in determining whether children can main-
tain a healthy body mass or lose excess body fat 
[16]. The International Obesity Taskforce (IOTF) 
stated that the most significant social habits con-
tributing to the current childhood obesity epi-
demic are (a) the reduction in active transportation 
to school, (b) decreased opportunities for recre-
ational physical activity, and (c) increased seden-
tary recreation and screen time [17]. 
Consequently, lack of sufficient physical activity 
level is of great concern to the rising problem of 
obesity in youth, globally [18].

Several methods are available to assess body 
fat, including magnetic resonance imaging or 
dual-energy X-ray absorptiometry, hydrostatic 
weighing, and measurement of subcutaneous fat. 
However, these methods are cost-prohibitive for 
they require expensive apparatus and trained per-
sonnel. Thus, body mass index (BMI; weight 
[kg]/height [m2]) has been adopted as a surrogate 
for estimating body composition in large cohorts 
and for epidemiologic studies.

A child’s weight status is determined using an 
age- and sex-specific percentile for BMI 
(Table 24.3) rather than the BMI categories used 

for adults. This is because children’s body com-
position varies as they age and varies between 
boys and girls. Therefore, BMI levels among 
children and teens need to be expressed relative 
to other children of the same age and sex. BMI at 
or above the 85th percentile is considered over-
weight and at or above the 95th percentile is con-
sidered obese for children and teens of the same 
age and sex.

The prevalence of obesity in children and ado-
lescents has reached a global epidemic. In 2012, 
16.9% of 2- to 19-year-old children and adoles-
cents in the United States were obese [20]. 
Similar statistics have been reported for the 
European Union. According to estimates from 
the WHO’s Childhood Obesity Surveillance 
Initiative (COSI), 1 in 3 children in the European 
Union aged 6–9  years old were overweight or 
obese in 2010. This represents a considerable 
increase compared to 2008, when 1 in 4 children 
were overweight or obese [World Health 
Organization. European Childhood Obesity 
Surveillance Initiative, COSI, round 2008]. More 
than 300,000 children are becoming obese every 
year [21]. The rise in the prevalence of over-
weight and obesity in children and young people 
has a highly negative impact on health and qual-
ity of life and may overwhelm the healthcare sys-
tems in the near future.

Epidemiological Studies
The association between physical inactivity and 
overweight or obesity in school-aged children and 
adolescents has been extensively studied. In a 
review of 31 observational studies, where over-
weight and obesity were classified using age- and 
gender-specific BMI criteria, the authors reported 

Table 24.3 BMI categories terminology by Expert 
Committee, 2007

Weight category Percentile range
Underweight <5th percentile
Normal or healthy 
weight

5th percentile to less than the 
85th percentile

Overweight 85th to less than the 95th 
percentile

Obese 95th percentile or greater

Adapted from Barlow SE and the Expert Committee [19]
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the least physically active group was 1.33 times as 
likely to be obese than the most physically active 
group [22]. Moreover, studies that assessed 
MVPA alone were more strongly and consistently 
related to obesity compared to the studies that 
included low-intensity physical activities, sug-
gesting a dose-response relationship [23]. In stud-
ies that physical activity was assessed objectively 
via accelerometers, the result indicated a stronger 
and significant relationship between physical 
activity and overweight/obesity. The association 
was stronger in males than in females [23].

Interventional Studies
A review of 24 intervention studies (17 random-
ized control trials, RCTs), ranging from 4 weeks 
to 2 years, reported significant decreases in BMI, 
total fat, and/or abdominal fat in response to 
engaging in 17–30 min of aerobic physical activ-
ity per day [22]. Similarly, a decrease in total 
body and visceral adiposity was reported in over-
weight children and adolescents (both genders) 
engaging in systematic physical activity interven-
tions of moderate intensity, 30–60 min in dura-
tion, 3–7 days per week. Furthermore, a consistent 
and negative association between walking and 
adiposity was reported in studies that used 
pedometers to quantify physical activity [24]. 
Finally, a meta-analysis of 34 intervention trials 
(median exercise 3 times/week, 50  min/session 
over a 12-week period) reported significant 
reductions in BMI for aerobic activities and com-
bined aerobic and strength, but not strength alone 
activities [25].

Mechanisms of Exercise-Induced Changes
The exercise-related mechanisms involved in 
body fat reduction are not well understood. A 
simplistic view is that increased physical activity 
results in a concomitant increase in energy expen-
diture. If caloric intake does not compensate for 
the exercise-related energy expenditure, a chronic 
and sustained energy deficit is achieved, ulti-
mately resulting in body fat losses [22]. Exercise 
is one of the most significant contributors to the 
physiological stimuli for lipolysis. Several fac-
tors related to obesity, such as gender, body fat 
mass, size, and distribution of adipose cells, con-

tribute to the response to exercise training. 
Moreover, several cardiometabolic adaptive 
responses occur with exercise training, ultimately 
favoring greater utilization of FFA by the work-
ing muscles at an absolute workload, instead of 
carbohydrates [26].

Clinical, Public Health Significance 
and Conclusions
The public health significance of physical activ-
ity on childhood obesity is that physical activity 
could reverse some of the negative consequences 
of obesity (physiological and psychosocial). For 
instance, it is of great concern that obese children 
and adolescents become targets of discrimination 
and tend to develop a negative self-image, while 
participation in sports improves their self-esteem. 
Specifically, physical activity could positively 
influence numerous health complications of 
childhood obesity such as disturbances in blood 
lipids, glucose intolerance, hypertension, sleep 
problems, and orthopedic complications [27].

In conclusion, childhood obesity presents a 
major public health concern. Proper dietary hab-
its and increased levels of physical activity should 
be the foremost focus of strategies aimed at pre-
venting and treating overweight/obesity in chil-
dren and adolescents.

 Type 2 Diabetes Mellitus: Prevalence 
and Incidence
Diabetes is a chronic metabolic disease charac-
terized by total or partial insulin deficiency 
resulting in hyperglycemia [28, 29]. About three 
decades ago, type 2 diabetes mellitus was a rare 
occurrence in children and adolescents. However, 
in the mid-1990s, an increasing incidence of type 
2 diabetes mellitus was observed particularly in 
the United States but also worldwide [1, 2].

Childhood T2DM is a disease that affects chil-
dren who (a) are typically overweight or obese 
(BMI ≥85th–94th and  >95th percentile for age 
and gender, respectively), (b) have a strong fam-
ily history of T2DM, (c) have substantial residual 
insulin secretory capacity at diagnosis, (d) have 
insidious onset of disease, (e) demonstrate insu-
lin resistance, and (f) lack evidence for diabetic 
autoimmunity [30]. According to the American 
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Diabetes Association, diabetes is defined as (1) 
HbA1c ≥6.5%, (2) fasting plasma glucose 
≥126 mg/dL, (3) 2-h plasma glucose ≥200 mg/
dL during an oral glucose tolerance test, or (4) a 
random plasma glucose ≥200 mg/dL with symp-
toms of hyperglycemia. Individuals with T2DM 
have an increased risk of developing complica-
tions in microcirculation such as retinopathy, 
nephropathy, as well as major vascular diseases 
of the nervous system.

Epidemiological evidence suggests that the 
emergence and increasing prevalence of T2DM in 
children and adolescents are linked to the increased 
prevalence of obesity in these age groups. The 
admission rate for obesity in hospitals in the 
United Kingdom for individuals 18  years and 
younger increased by 63.5% from 1996 to 2004, 
and the admission rate for T2DM rose to 44.4% 
during the same time period [31]. Currently, in the 
United States, almost one in three new cases of 
T2DM diagnosed in youth are among children and 
adolescents, 10–18 years old [30].

This increasing trend is occurring internation-
ally, and it is estimated that by the year 2030, an 
expected 366 million people worldwide will have 
T2DM [32, 33].

Epidemiological Studies
Physical activity and cardiorespiratory fitness 
(CRF) in youth are directly associated with insu-
lin sensitivity independent of adiposity [34]. 
Moreover, the results of a meta-analysis of stud-
ies in children and adolescents have shown that 
exercise training is a moderate predictor of 
T2DM incidence. Specifically, fasting insulin 
and HOMA-IR improved by 11.4  U/mL [95% 
CI, 5.2–17.5] and 2.0 [95% CI, 0.4–3.6], respec-
tively, providing support to the belief that exer-
cise is efficient in reducing fasting insulin and 
enhancing insulin sensitivity in children and ado-
lescents [35].

Interventional Studies
Although physical activity plays an essential role 
in weight management, there is a scarcity of 
available data regarding physical activity and 
weight management for the prevention and treat-
ment of T2DM in children and adolescents. It has 

been shown that physical activity is inversely 
related to insulin resistance and positively associ-
ated with insulin sensitivity in children [36, 37]. 
In a review of eight interventional studies (four 
aerobic training and four resistance training), 
exercise ranging from 6 to 40 weeks, 10–30 min/
day, and 3–5  days/week resulted in favorable 
changes on fasting insulin and insulin resistance 
among overweight/obese children. Interestingly, 
all of the aerobic exercise studies reported sig-
nificant improvements in at least one of the insu-
lin variables examined. However, only one of the 
four resistance exercise studies reported favor-
able findings in insulin sensitivity (increased 
45.1+/−7.3% in the training group vs. 
–0.9+/−12.9% in controls, p < 0.01) [23].

Mechanisms of Exercise-Induced Changes
The favorable effect of exercise/physical activity 
on T2DM has been documented by a plethora of 
studies. However, the mechanisms involved in the 
exercise-induced modulation of glucose metabo-
lism are not well understood and are briefly pre-
sented here. It is well-accepted that exercise 
improves insulin sensitivity and increases glucose 
uptake by the contracting muscle. Potential mech-
anisms involving aerobic exercises include (a) 
higher postreceptor insulin signaling, (b) increased 
glucose transporter (GLUT4) mRNA, (c) improved 
activity of glycogen synthesis, (d) decreased 
release and increased clearance of free fatty acids, 
and (e) improved transport of glucose to the exer-
cising muscles owing to an increased blood flow 
and muscle capillary network. Resistance exercise 
training also increased insulin-mediated glucose 
uptake, GLUT4 protein content, and insulin sig-
naling in skeletal muscles [38].

Clinical, Public Health Significance 
and Conclusions
Sustained lifestyle changes such as diet and phys-
ical activity have a favorable impact in the pre-
vention of T2DM in children and adolescents. 
There is also evidence that physical activity could 
prevent or delay many of the complications of 
T2DM, particularly for the control of weight 
gain, blood glucose, blood pressure, and blood 
lipids [27, 34, 38].
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Thus, increased physical activity should be 
strongly recommended to children and adoles-
cents as a component of a healthy lifestyle 
designed at preventing and managing T2DM.

 Type 1 Diabetes Mellitus (T1DM)
Type 1 diabetes mellitus, also known as “insulin- 
dependent diabetes mellitus,” is considered to 
have an autoimmune etiology. T1DM occurs as a 
consequence of the organ-specific immune dam-
age of the insulin-producing β-cells in the islets 
of Langerhans within the pancreas. The β-cells 
regulate blood glucose levels by sensing glucose 
and releasing insulin to maintain physiologic glu-
cose levels. Once these cells are destroyed, as is 
the case in patients with T1DM, glucose regula-
tion is compromised. This leads to acute condi-
tions related to blood glucose levels (e.g., 
ketoacidosis and severe hypoglycemia) and sec-
ondary complications (such as heart disease, 
blindness, and kidney failure). This form of dia-
betes usually strikes children and young adults, 
although disease onset can occur at any age. Risk 
factors for T1DM may be genetic, autoimmune, 
or environmental [39].

Type 1 diabetes mellitus is the most frequent 
type of diabetes in children and adolescents with 
a prevalence of about 5% of people with diabetes 
(an estimated 23.1 million people) in the United 
States. According to the US Diabetes Surveillance 
System, the estimated annual number of newly 
diagnosed cases in the United States during 
2011–2012 included 17,900 children and adoles-
cents younger than age 20 years with T1DM [40].

Epidemiological Studies
Epidemiological findings in children and ado-
lescents with T1DM concluded that 90% had 
poor glycemic control and 80% had low physi-
cal activity levels. Also, fasting blood glucose 
was significantly correlated with physical activ-
ity levels and sedentary time. Differences in 
HbA1c, fasting blood glucose, duration of dis-
ease, and insulin dose were observed among the 
three groups of physical activity levels (insuffi-
cient, moderate, and active) [41]. Studies exam-
ining the relationship between physical activity 
and glycemic control in subjects with T1DM 

revealed that physical exercise had a positive 
influence on long-term glycemic control in these 
patients. Nevertheless results were contradic-
tory with respect to insulin sensitivity and fast-
ing glucose [42].

Interventional Studies
Meta-analysis of 26 physical activity/exercise 
interventions studies in children and adolescents 
with T1DM reported at least one favorable health 
outcome at follow-up. Specifically, results 
showed potential benefits of physical activity/
exercise on HbA1c (standardized mean differ-
ence −0.52, 95% CI –0.97 to −0.07; corresponds 
to a reduction of 8.5 mmol/mol), BMI (standard-
ized mean difference  −0.41, 95% CI –0.70 to 
−0.12), and triglycerides (mean difference −0.70, 
95% CI –1.25 to −0.14; corresponds to a reduc-
tion of almost 22 mg/dl). The largest reduction 
was observed for total cholesterol (standardized 
mean difference −0.91, 95% CI –1.66 to −0.17; 
corresponds to a reduction of almost 22 mg/dl). 
Moreover, the authors reported that physical 
activity interventions improved cardiovascular 
fitness and increase physical activity levels [43].

Mechanisms of Exercise-Induced Changes
In patients with T1DM, physical activities, both 
aerobic and anaerobic (resistance exercises), 
improve glucose uptake by the working muscle. 
In addition, both aerobic and anaerobic activities 
have a favorable effect on skeletal muscle endo-
thelial cell function, inflammation, and insulin 
sensitivity. In children, total cholesterol in the 
blood appears to be a risk factor for the develop-
ment of atherosclerosis, a precursor of cardiovas-
cular diseases, which is the leading cause of 
mortality in patients with T1DM.  On the other 
hand, physical activity improves lipid composi-
tion in blood [38, 44].

Clinical, Public Health Significance 
and Conclusions
Children with T1DM have twice the risk of 
developing cardiovascular disease in comparison 
with those without the disease. In children with 
diabetes, cardiovascular disease risk factors (i.e., 
endothelial dysfunction) can develop as early as 
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preadolescence [44]. The findings support sig-
nificant beneficial effects of physical activity in 
BMI, HbA1c, triglycerides, and total cholesterol 
in children and adolescents and on the develop-
ment of complications later in life [43, 45].

In conclusion, physical activity is essential for 
the management of T1DM in children and ado-
lescents and has the potential to protect against or 
delay the development of cardiovascular disease.

 Dyslipidemia
Lipids are fats that are either synthesized by the 
liver or absorbed from ingested meals. Although 
all lipids are physiologically important, abnormal 
triglyceride (TG) and low-density lipoprotein 
cholesterol (LDL-C) metabolism may contribute 
to the development of metabolic diseases. A num-
ber of environmental, genetic, and pathological 
factors can alter cholesterol and triglyceride 
metabolism. Some of these factors are gender, 
age, fat distribution, diet, inheritance, and physi-
cal activity [46]. Combined dyslipidemia is con-
sidered the predominant dyslipidemic pattern in 
childhood, characterized by elevated triglycerides 
and non-high-density lipoprotein cholesterol, 
small increase in LDL-C, and reduced high-den-
sity lipoprotein cholesterol (HDL-C). Normal val-
ues for lipids for children and adolescents are 
defined according to population levels [47].

According to the National Health and 
Nutrition Examination Survey in the United 
States, in 2011–2012 dyslipidemia was present in 
approximately 20.2% of children and adoles-
cents. Between 1999–2000 and 2011–2012, the 
prevalence of TC, HDL-C, and non-HDL-C con-
centrations decreased from 10.6% to 7.8% 
(p  =  0.006), 17.9% to 12.8% (p  =  0 .003), and 
13.6% to 8.4% (p < 0 .001), respectively [48].

Epidemiological Studies
A systematic review of epidemiologic studies sug-
gested that relationships between physical activity 
and TC, HDL-C, LDL-C, and TG levels are gener-
ally weak in observational studies. Increased phys-
ical activity was associated favorably with HDL-C 
and TG levels, but did not consistently affect TC or 
LDL-C, in nonobese and obese children and ado-
lescents [23]. A study on a representative sample 

of 12- to 19-year-old US adolescents indicated that 
unfit girls were 1.89 and boys were 3.68 times 
more likely to have high TC compared to moder-
ately and highly fit boys and girls [49].

Interventional Studies
A review of 38 RCTs reported that lifestyle inter-
ventions (including physical activity) on blood 
lipids in overweight or/and obese children 
resulted in significant reductions in TC (−3.5 mg/
dL), LDL-C (−11.6 mg/dL), and TG (−13.3 mg/
dL), but a nonsignificant improvement in HDL-C 
(+3.9  mg/dL) [50]. In another review, aerobic 
physical activity had a significant and favorable 
effect on LDL-C (−0.49  mg/dL) and TG 
(−0.55 mg/dL) [51]. Moreover, a review study of 
RCTs to children and adolescents with high cho-
lesterol levels or obesity concluded that aerobic 
activities had a beneficial effect on HDL-C and 
TG levels, but not on total cholesterol or LDL-C 
levels [23]. Finally, a meta-analysis of interven-
tion studies concluded that 70% of studies had a 
beneficial effect on blood lipids. Compared with 
control, intervention with physical activity alone 
or with diet improved lipid measures in children, 
with a mean reduction of −6.06 mg/dL in LDL- 
C, an increase of 1.87 mg/dL in HDL-C, and non-
significant reductions in TC and TG [52].

Mechanisms of Exercise-Induced Changes
Exercise-induced favorable effects on lipid metab-
olism are attributed to the increased capacity of 
skeletal muscles to utilize free fatty acids for its 
energy demands that increase during aerobic exer-
cise. This is achieved by activation of several 
enzymes in the muscle needed for lipid turnover. 
Aerobic exercise improves TG and HDL-C 
through its effect on lipoprotein lipase expression 
and activity, resulting in more TG hydrolysis [53]. 
In addition to the traditional mechanisms previ-
ously described, it was proposed that upregulation 
of Liver X receptor, a transcription factor that has 
a significant function in liver cholesterol metabo-
lism, increased ATP- binding cassette transporter 
expression in macrophages, leading to enhanced 
reverse cholesterol transport to the liver through 
HDL-C.  In addition, it is proposed that exercise 
may affect LDL-C by modulating PCSK9, a bio-
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marker of LDL clearance. Thus, less PCSK9 
potentially could result in more LDL-C absorbed 
and excreted by the liver [53].

Clinical, Public Health Significance 
and Conclusions
Dyslipidemia is a significant modifiable risk fac-
tor for cardiovascular diseases. Serum lipid con-
centrations in childhood and adolescence (e.g., 
TC and LDL-C) are linked to serum lipid concen-
trations in adulthood. There is an agreement that 
physical activity attenuates the development of 
cardiovascular diseases by modulating several 
risk factors including dyslipidemia.

In conclusion, the findings of the aforemen-
tioned studies support that increased aerobic 
activity in children has a favorable effect on the 
lipid profile of children and adolescents. The 
amount of activity required for favorable changes 
and the existence of a dose-response relationship 
between physical activity/exercise and blood lip-
ids have not been well defined [47].

 High Blood Pressure
Hypertension in children and adolescents is a 
crucial health problem in the developed world. 
Primary hypertension is becoming the most com-
mon form seen in childhood and mainly attrib-
uted to vascular, renal, or endocrine causes. The 
obesity epidemic is strongly associated with 
increasing prevalence rates of elevated blood 
pressure. The assessment of high blood pressure 
in children and adolescents is more involved than 
in adults and is aimed both at identifying second-
ary causes and identifying other comorbidities of 
cardiovascular risk. Appropriate emphasis should 
be given in the treatment of high blood pressure 
in childhood and adolescence to reduce cardio-
vascular risk [54, 55].

The prevalence of elevated blood pressure 
(diastolic blood pressure ≥90th percentile or sys-
tolic blood pressure/diastolic blood pres-
sure  ≥120/80  mmHg) increased considerably 
from 1988–1994 to 1998–2008 (NHANES; boys, 
15.8–19.2%; girls, 8.2–12.6%) [55].

Epidemiological Studies
Observational studies in children and adolescents 
suggest an inverse association between PA (mea-

sured with accelerometers) and blood pressure 
[4, 23, 56]. Specifically, in adjusting for several 
potential confounders, the results suggested 
moderate but significant reductions in systolic 
blood pressure (ranging from 2.0 to 4.6 mmHg) 
and diastolic blood pressure (ranging from 1.6 to 
2.0 mmHg). However, studies used self-reported 
questionnaire responses did not provide consis-
tent results [56]. Review study proposed a dose- 
response association (stronger in overweight 
children) between aerobic fitness and blood pres-
sure, but no association between self-reported 
sports participation and blood pressure [57].

Interventional Studies
There is a consensus that physical activity or 
structured exercise does not decrease blood pres-
sure in normotensive youth [24, 58]. However, 
experimental studies in children and adolescents 
with high blood pressure or obesity reported sig-
nificant decreases in systolic blood pressure, 
between 5.8 and 8.2 mmHg, in response to three 
exercise sessions per week, each lasting >60 min 
[24, 59–61]. In addition, a further decrease in 
diastolic blood pressure by almost 2.0  mmHg 
was achieved when the frequency of exercise was 
greater than three times per week. Furthermore, 
8 months of aerobic physical activity in hyperten-
sive and normotensive overweight children 
resulted in a decrease in systolic and diastolic 
blood pressures in the exercising subgroups of 
6.5 and 4.1 mmHg, respectively, in the normoten-
sive, and 4.9 and 3.8 mmHg, respectively, in the 
hypertensive group [24, 59, 60]. Resistance exer-
cise has also been reported to have moderate but 
significant antihypertensive effects (−4.0 mmHg) 
on systolic blood pressure of obese children [23, 
62]. Collectively, these findings suggest that a 
physical activity intervention lasting at least 
30 min, three times per week, could reduce blood 
pressure in youth with mild essential 
hypertension.

Mechanisms of Exercise-Induced Changes
The mechanisms for the exercise-induced 
changes in blood pressure in children are multi-
factorial and independent of weight loss. Physical 
activity of adequate intensity duration and vol-
ume is likely to act on several factors that contribute 
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to chronic increases in blood pressure. Such fac-
tors include improved insulin sensitivity and ben-
eficial adaptation of the cardiovascular system 
(reduction in sympathetic tone, reduction in arte-
rial stiffness, and reduction in endothelial dys-
function). In addition to the independent effects 
of exercise-induced BP reduction, body weight 
changes, as a result of exercise, can act synergis-
tically to lower BP even further. Significant BP 
reductions have been reported with any weight 
loss at least in adults [60].

Clinical, Public Health Significance 
and Conclusions
The prevention and treatment of primary hyperten-
sion in children and adolescents is based on an inter-
ventional strategy on modifiable risk factors. These 
include body weight, salt intake, sedentary behavior, 
and bad sleep quality. Physical activity may exert a 
potentially favorable effect on overweight, sodium 
balance, and quality of sleep and therefore indirectly 
affect the metabolic mechanisms involved in the 
development and maintenance of blood pressure. 
These factors include deposition and distribution of 
the fat mass, insulin resistance, activation of the 
sympathetic nervous system, the renin-angiotensin 
system, sodium homeostasis, and regulation of vas-
cular function [60].

In conclusion, the data suggests that physical 
activity with duration of at least 30  min, three 
times a week, and intensity sufficient to improve 
aerobic fitness can be effective in reducing blood 
pressure in children with hypertension.

 Musculoskeletal System
Bone and muscle are two intricately related tissue 
types; however, factors such as sex, maturation, 
and physical activity/exercise can modify this 
relationship. Physical activity helps children pro-
mote muscle mass and bone mass, which can 
extent to adulthood and reduce weight-related 
wear to joints [63]. The forces associated with 
muscular contractions during weight-bearing 
physical activities such as strength/resistance 
training have a favorable influence on skeletal tis-
sue [23]. An adequate level of physical activity 
during growth was associated with greater bone 
mass and bone development [64, 65]. Prospective 
studies indicated significant influence of physical 

activity on skeletal health (e.g., muscular strength 
and endurance) [23]. In children, strength training 
can increase muscle strength, power, and endur-
ance and is now recommended as safe and appro-
priate for enhancing physical health and function 
[66, 67]. Studies suggest that 10 min of moderate-
to-high-intensity weight-bearing physical activity 
performed 2–3 days/week can increase bone min-
eral density in both genders [22, 23].

Skeletal muscles have long been recognized 
as a main source of anabolic mechanical stimuli 
for bone tissue. According to the “mechanostat” 
theory, survival of the skeleton (as all other tis-
sues, such as fibrous tissue, hyaline cartilage, 
fibrocartilage, cementum, or dentin) requires the 
functional coordination of modeling and remod-
eling. Modeling is an adaptive response to bone 
overloads, by enhancing additions of new bone 
and by changing bone architecture. Conversely, 
remodeling is an adaptive response to bone 
underloads, by removing bone next to marrow 
and conserving normally used bone. Habitual 
loads to bone are derived essentially from grav-
ity. Above and beyond biomechanical function, 
the endocrine properties of bone and muscle may 
take effect to sense and transduce biomechanical 
signals such as loading, exercise, or systemic 
hormonal stimuli into biochemical signals [68, 
69]. Adaptations of resistance exercise training 
are due to muscle fiber hypertrophy and neural 
adaptations.

Clinical, Public Health Significance 
and Conclusions
Muscle contractions during heavy exercise 
deliver up to ten times the gravity force, resulting 
in modeling beyond that provided by the gravita-
tional force. Thus, habitual physical activity that 
generates relatively high-intensity loading forces 
may decrease osteoporosis-related fracture risk 
by improving muscle strength, flexibility, coordi-
nation, and balance, by enhancing bone mineral 
accrual during development, by enhancing bone 
strength, and by decreasing the risk of falls [70, 
71]. Finally, it is reasonable to propose that habit-
ual exercises or a physically active lifestyle that 
begins in childhood may result in lasting struc-
tural changes that may contribute to increased 
bone and muscle strength.
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 Mental Health (Anxiety, Stress, 
and Depression)
Mental disorders are a serious public health issue. 
It is estimated that up to 15% of US schoolchil-
dren have a diagnosable mental health disorder 
[72, 73]. Observational studies have recognized 
the relationship between physical activity and 
mental health but are unable to clarify the direc-
tion of that association [22, 23]. Experimental 
studies observed significant improvements in at 
least one symptom of depression in response to 
8- to 12-week aerobic exercise programs [22]. 
Cross-sectional studies suggest weak-to- 
moderate- positive influences of physical activity 
on anxiety and depression symptoms [23]. 
Finally, physical activity has been shown to 
improve mood and sleep and to prevent the onset 
of depression and anxiety [72, 74, 75].

Mechanisms of Exercise-Induced Changes
Both physiological and psychological mecha-
nisms modify the association of physical activity 
with mental health [76]. One potential mechanism 
may be that physical activity elevates the synaptic 
transmission of monoamines and stimulates the 
release of endorphins, which have an inhibitory 
effect on the central nervous system, creating a 
sense of calm and improved mood [38, 73].

Clinical, Public Health Significance 
and Conclusions
Physical activity is associated with improved life 
satisfaction, physical health, and cognitive func-
tioning, while physical inactivity seems to be 
related with the development of psychological 
disorders [77, 78]. Thus, physical activity can 
improve mental health by lessening and prevent-
ing conditions such as anxiety, stress, and depres-
sion, as well as improving mood and other aspects 
of well-being.

 Health Benefits of Childhood Physical 
Activity that Carry Over to Adulthood

Physical activity in childhood can influence adult 
health status [79]. Childhood obesity tracks into 
adulthood, and it is of concern that obese chil-
dren have twice the risk of being obese as adults 

compared to nonobese children [80, 81]. Low 
CRF or the decrease of CRF during childhood is 
connected to increased cardiovascular disease 
risk at this period of life [82]. It is proposed that 
maintaining adequate levels of CRF and physical 
activity during childhood reduces the risk of car-
diovascular disease in adulthood [83]. Weight- 
bearing activities during growth result in the 
attainment of greater bone mass and are protec-
tive against osteoporosis in old age [84]. Studies 
of predictors of adult obesity proposed that there 
was suggestive evidence for a protective role of 
physical activity in childhood on adult fatness 
[85–88]. Risk factors for T2DM maintained from 
childhood to adulthood predict T2DM in young 
adulthood [89, 90]. Many studies have suggested 
that T2DM can be eliminated through balanced 
diet and adequate physical activity and by reduc-
ing sedentary behaviors [91]. On the other hand, 
several studies proposed that there is only a weak 
relationship between physical activity in child-
hood and cardiovascular disease risk factors in 
adulthood [91–93].

Detecting relationships between childhood 
physical activity and adult health is quite difficult. 
Decreasing sedentary behaviors and increasing 
physical activity levels may be an efficient strat-
egy for the management of obesity in children and 
the prevention of health consequences in adult-
hood. Physical activity should be encouraged 
among children as one factor of lifestyle aimed at 
preventing T2DM, cardiovascular  disease risk 
factors, and bone health [13, 88, 91, 93, 94].

In conclusion, there is accumulated scientific 
evidence suggesting that childhood physical 
activity influences health in adulthood.

 Physical Activity “Track” 
from Childhood to Adulthood

Several public health interventions focused on 
children and adolescents are based on the princi-
ple that healthy behaviors established in child-
hood and adolescence will persist later in life 
[79]. There is a growing body of scientific evi-
dence suggesting that physical activity habits 
established during childhood and adolescence 
tend to track into later life [95–97]. Children who 
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emerge from their first years of life feeling confi-
dent about their physical skills and have had 
encouraging experiences of physical activity 
have a better chance of being physically active 
through adulthood. Negative attitudes toward 
physical activity during childhood may persist 
into adulthood and affect people’s willingness to 
participate in physical activities [98]. The asso-
ciation between childhood physical activity and 
adult health is to be expected, as numerous health 
outcomes linked with physical activity (e.g., 
BMI) track from childhood into adulthood 
[79, 93, 99].

A study that examined the tracking of physical 
activity between adolescence and adulthood in a 
cohort followed at 3-year intervals (for 9–12 years 
to 21, 24, 27, and 30  years) reported moderate 
correlations, with the highest correlation for 
3-year intervals declining as the intervals 
increased [96]. Several reviews examining track-
ing of physical activity suggested that tracking 
through childhood appears relatively good; how-
ever, there was only a weak relationship between 
childhood and adolescent physical activity and 
health and adult physical activity and health [78, 
100, 101]. Another systematic review of adoles-
cent physical activity and health reported a con-
sistent effect of physical activity during 
adolescence on adult physical activity; however, 
the extent of this association was also moderate 
[92]. Finally, several studies reported stronger 
associations between physical activity in child-
hood and physical activity in adulthood when the 
quality of the physical activity in childhood, 
rather than the quantity, was taken into consider-
ation [95, 98, 102].

The above findings support the importance of 
the type and quality of physical activity as factors 
determining the probability of tracking into 
adulthood.

In conclusion, it is strongly suggested that 
promotion of increased physical activity, espe-
cially in the school setting, is likely to result in 
children engaging in physical activity in adult-
hood [13, 79, 93, 99, 103].

 Physical Activity Recommendations 
for Children and Adolescents

The referred guidelines have been adopted by 
governmental public health bodies in several 
countries including the United States (Centers for 
Disease Control and Prevention, American 
Center of Sports Medicine), the United Kingdom 
(Department of Health), and Australia 
(Department of Health and Ageing) [104–106]. 
The current recommendations are:

Children and adolescents should accu-
mulate at least 60  min of moderate-to- 
vigorous intensity physical activity, daily.

Activities to improve bone health and 
muscle strength should be included at least 
3 days per week.

In children’s physical activity, most of 
the 60 or more minutes per day should be 
either moderate- or vigorous-intensity aer-
obic physical activity.

Children’s daily physical activity does 
not have to be done all in one go. The 
60  min can be accumulated with shorter 
bouts throughout the day.

To achieve additional health benefits, 
children should engage in more activity – 
up to several hours per day.
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 Types of Activity

The guidelines for children and adolescents spot-
light on three types of physical activity: aerobic, 
muscle-strengthening, and bone-strengthening. 
Each type has significant and partly different 
health benefits. Specifically:

• Aerobic physical activities are those in which 
children rhythmically move their large mus-
cles and increase CRF. Walking, running, jog-
ging, bicycling, skipping, jumping rope, 
swimming, and dancing are all examples of 
aerobic activities. Most of games and sports 
are considered aerobic.

• Muscle-strengthening physical activities are 
those that force muscles to work intensely 
(overload) than usual and strengthen the mus-
cles. Muscle-strengthening activities can be 
structured such as lifting weights (own weight 
or partner’s weight) or working with resis-
tance bands and unstructured, such as climb-
ing trees, playing on playground equipment, 
etc.

• Bone-strengthening physical activities gener-
ate a force on the bones that enhances bone 
strength and growth. Physical activities, such 
as running, jumping rope, basketball, tennis, 
etc., constitute examples of bone- strengthening 
activities. Bone-strengthening activities could 
be aerobic and/or muscle-strengthening activ-
ities, also.

 Intensity

Though all physical activity offers health benefits 
in children and adolescents, the current guide-
lines recommend moderate-to-vigorous intensity 
physical activities.

• Moderate-intensity physical activities are 
defined as those activities requiring some 
effort, although children can carry a conversa-
tion easily while performing such activities. 

Such activities include fast walking, bicycle 
riding, volleyball, active play, etc.

• Vigorous-intensity physical activities require 
more effort, increasing the breathing rate of 
children and the feeling of fatigue. Such activ-
ities include running, chasing and playing tag, 
organized sports (e.g., soccer, basketball), 
jumping rope, etc.

 Duration and Frequency

Children and adolescents should engage in at 
least 60 min of MVPA every day. This daily time 
of 60 min can be accumulated with shorter bouts 
(e.g., bouts of 15 min) throughout the day.

Table 24.4 presents examples of the types of 
physical activity recommended in the guidelines 
according to the type and level of intensity (aero-
bic), in children and adolescents.

It is important that children are encouraged to 
participate in physical activities that are appropri-
ate for their age, enjoyable, and offer variety. It is 
also important to keep in mind that progressive 
increases in physical activity, beyond the mini-
mum guidelines proposed, are likely to result in 
greater health benefits and therefore are highly 
recommended for most children and adolescents. 
Children can meet the 60-min per day target 
through the accumulation of bouts of activity of 
varying durations and types during the entire day. 
This can include short intermittent bouts of phys-
ical activity or longer bouts of play during breaks 
at school, walking to and from school, and pro-
grammed activities such as physical education, 
sports, or games. Activities should include aero-
bic in nature to improve CRF and resistance exer-
cise, for improvements in muscular strength and 
bone health.

For bone health, it is crucial that children 
engage in bouts of bone-strengthening activities 
that impose a relatively high demand on the 
bones and joints (e.g., running, jumping, skip-
ping, ball games, and gymnastics). To develop 
and maintain muscular fitness and flexibility, 
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children should participate in active play involv-
ing carrying and climbing or in sports, as a wide 
range of different modes and intensities of physi-
cal activity can provide optimum health benefits 
across all body systems. Adolescents are likely to 
meet the recommended physical activity levels 
through a different range of activities, such as 
walking to and from school, organized sports and 
games, exercise classes in school, and recre-
ational activities. With the aim of making lifetime 
physical activity attractive to children and ado-
lescents, it is important that educational programs 
offer an extensive range of activities designed to 
foster an enjoyable experience, make them feel 
confident about their bodies, and appreciate the 
benefits of physical activity for health.

Table 24.5 proposes five “levels” of physical 
activity, the physical activity pattern needed to 
achieve that level, and the health benefits that 

each level may incur. For each physical activity 
pattern, the resultant “level” is a combined mea-
sure of type, frequency, intensity, and time spent 
in the various activities.

 Overall Summary and Conclusions

The current available scientific data supports that 
physical activity confers significant health bene-
fits for children and adolescents. The most docu-
mented health benefits include healthy growth 
and development of the musculoskeletal and 
 cardiorespiratory systems; decreased body fat-
ness; favorable cardiovascular and metabolic dis-
ease risk profiles (T2DM, blood pressure, and 
lipid); reduced symptoms of anxiety, depression, 
and stress and increased opportunity for social 
interaction; and academic achievement. 

Table 24.4 Types of physical activities by level of intensity in children and adolescents

Type of physical activity Children Adolescents
Aerobic 
moderate- intensity

Active recreation (e.g., hiking, 
skateboarding)Brisk walking
Bicycle riding
Games (e.g., volleyball)

Brisk walkingBicycle riding
Active recreation (e.g., rollerblading, 
hiking, skateboarding)
Housework and yard work
Games involving catching and throwing 
(e.g., baseball, softball)

Aerobic 
vigorous- intensity

Games involving running and chasing 
(e.g., tag)
Jumping rope
Bicycle riding
Martial arts (e.g., judo, karate)
Running
Sports such as soccer, basketball, tennis, 
swimming

Games involving running and chasing 
(e.g., flag, football)
Jumping rope
Bicycle riding
Martial arts (e.g., judo, karate)
Running
Sports such as soccer, basketball, tennis, 
swimming
Vigorous dancing

Muscle- strengthening Resistance exercise with children’s own 
weight (e.g., climbing)
Resistance exercise with the weight of a 
partner
Sit-ups (curl-ups or crunches)
Swinging on playground equipment/bars
Resistance exercise with activities such as 
throwing a ball, rowing, carrying things, 
etc.

Games like tug-of-war
Push-ups, pull-ups, sit-ups (curl-ups or 
crunches)
Resistance exercises with exercise bands, 
weight machines, handheld weights
Climbing wall
Sit-ups (curl-ups or crunches)

Bone- strengthening Running
Jumping rope
Skipping, jumping, hopping
Games such as hopscotch
Sports like basketball, volleyball, tennis
Gymnastics

Hopping, skipping, jumping
Jumping rope
Running
Sports like basketball, volleyball, tennis
Gymnastics
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Moreover, it seems that adequate physical activ-
ity level in childhood is likely to carry favorable 
behavioral and biological effects into later life, 
while physical activity behaviors track from 
childhood to adulthood, although at relatively 
low levels. The amounts and types of physical 
activity required incurring health benefits vary, 
and the limited available scientific data does not 
allow for definitive conclusions relating the opti-
mal doses of physical activity needed to confer 
specific health benefits. Nonetheless, current rec-
ommendations propose that significant health 
benefits can be expected for most children and 
adolescents who participate in 60 or more min-
utes of moderate-to- vigorous physical activity 
every day. Participation in muscle-strengthening 
physical activity is expected to improve muscular 

strength and enhance bone health. Vigorous aero-
bic physical activity ≥3days per week for 60 min 
or more per day is likely to promote CRF, and 
cardiovascular health, by modulating established 
cardiometabolic risk factors. It is of great public 
health importance that children are encouraged to 
participate in physical activity that lead to long- 
lasting health benefits and promote a lifelong 
physically active lifestyle.
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 Introduction

Chronic illnesses are increasing in the USA in 
part because of the aging of the population, but 
an important contributing factor is increasing 
trends in unhealthy lifestyle behaviors including 
lack of physical activity [1, 2]. In the current era 
of rising healthcare costs, many healthcare sys-
tems have directed a greater emphasis toward 
promoting health behaviors that reduce the inci-
dence of disability and disease [3, 4]. Despite the 
widely recognized observation that more physi-
cally active individuals have fewer health prob-
lems and lower overall health costs, surveys show 
that the majority of Americans do not meet the 
minimal recommendations for physical activity 

[5]. An abundance of data has been published in 
recent years suggesting that modulating fitness, 
physical activity patterns, or both have a pro-
found effect on healthcare utilization [1, 2, 6, 7]. 
Indeed, numerous recent studies have reported 
that individuals who are comparatively sedentary 
have higher overall healthcare costs, which has 
been attributed to factors including greater ill-
ness, hospitalization, and disability [3, 5–9].

A great deal of epidemiologic evidence has 
also been published in recent years demonstrat-
ing a strong inverse association between level of 
cardiorespiratory fitness (CRF) and adverse 
health outcomes [1, 2, 10–20]. Relative to highly 
fit or moderately fit individuals, low-fit individu-
als are particularly susceptible not only to higher 
mortality but also to higher rates of cardiovascu-
lar events, type 2 diabetes, stroke, hypertension, 
particular forms of cancer, and other conditions 
[1, 2, 10–20]. In a growing number of studies, 
fitness has been reported to be a stronger predic-
tor of risk for mortality and cardiovascular events 
than traditional risk factors including hyperlipid-
emia, hypertension, and smoking [1, 10, 12, 13, 
17]. These observations have led many national 
and international health organizations to advo-
cate strategies to improve fitness by promoting 
physical activity [13, 18, 21]. In addition, a great 
deal of research in recent years has been devoted 
to the economic consequences of physical inac-
tivity [3, 6–9]. These studies have evolved from 
the assessment of physical activity patterns from 
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observational cohorts [7, 22], and a growing 
number of studies have evaluated the economic 
benefits of worksite wellness programs [4, 7, 
23–25]. However, surprisingly few data are avail-
able regarding the association between objective 
measures of CRF and healthcare costs.

Physical activity patterns are often employed 
as a surrogate for CRF [19, 26], in part because 
direct measures of fitness require an exercise test 
and are frequently not available. However, quanti-
fying physical activity patterns in epidemiologic 
studies typically relies on self-report, and self-
reported physical activity can be unreliable [27, 
28]. There remains a need for studies on the asso-
ciation between healthcare costs and CRF using 
objective measures. The demonstration of such an 
association provides an objective, economic ratio-
nale for employers, healthcare professionals, and 
professional organizations to promote physical 

activity. The purpose of this chapter is to provide 
an overview of the available evidence related to 
the impact of CRF on healthcare costs.

 Previous Studies on the Association 
Between CRF and Healthcare Costs

Despite the current increase in the prevalence of 
chronic illnesses and heightened interest in limit-
ing the unsustainable rise in healthcare costs, 
there are surprisingly few studies that have been 
performed on the impact of CRF on healthcare 
costs. This is likely due to the vicissitudes of 
healthcare costs, the difficulty obtaining them in 
a valid fashion, and the fact that CRF is underap-
preciated as a risk factor [1, 13]. An outline of the 
key studies is presented in Table  25.1, and an 
overview is provided in the following.

Table 25.1 Summary of studies assessing association between healthcare costs and cardiorespiratory fitness

Author Year Number Type of subjects Type of costs Key findings
Weiss et al. 2004 881 Veterans Affairs 

patients referred for a 
clinical exercise test

Inpatient and 
outpatient costs 
expressed in 
relative cost units

Costs were incrementally lower by 
an average of 5.4% per higher 
MET

Grune de 
Souza e 
Silva et al.

2018 9789 Referred male 
veterans assessed over 
7-year period

Total costs 
(inpatient, 
outpatient)

Each 1-MET improvement in 
fitness level associated with annual 
cost savings per person (USD) of 
$1346, $1823, and $2745 for 
normal-weight, overweight, and 
obese subjects, respectively

Myers et al. 2018 9942 Subjects undergoing a 
maximal exercise test 
for clinical reasons

Total and 
annualized 
healthcare costs

Each 1-MET increase in fitness 
was associated with a $1592 
annual reduction in healthcare cost 
(5.6% lower cost per MET)

Bachmann 
et al.

2015 19,571 Healthy individuals in 
the Cooper Center 
Longitudinal Study 
undergoing fitness 
assessment

Average annual 
healthcare costs 
obtained from 
Medicare

Each 1-MET increase in fitness 
associated with 6.8% and 6.7% 
reduced annual healthcare costs a 
mean 22 years later in life among 
men and women, respectively

Mitchell 
et al.

2004 6679 Healthy male subjects 
undergoing medical 
exams on two 
occasions (including 
maximal ETT)

Incidence of 
medical treatments 
during a 1-year 
period before each 
of two exams

High-fit subjects had fewer hospital 
visits and overnight hospital stays 
vs. low-fit subjects; low-fit men at 
baseline who became fit during 
follow-up had reduced hospital 
stays

Pronk et al. 1999 8822 Employees enrolled in 
a worksite health 
promotion program

Annualized 
healthcare costs 
incurred over a 
period of 
33 months

Low-fit subjects had 10% higher 
healthcare costs vs. high-fit 
subjects
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Mitchell and colleagues [29] studied 6679 
participants in the Aerobics Center Longitudinal 
Study and observed an inverse relation between 
fitness level (expressed in quartiles) and the num-
ber of office visits and hospitalizations over a 
1-year period. Subjects who exhibited improved 
fitness on a second examination had a decreased 
number of hospital stays compared to those who 
remained classified as unfit. While direct costs 
were not available in the Mitchell et  al. study 
[29], the comparison between the fittest subjects 
and the least fit amounted to a 53% reduction in 
costs based on overnight hospital stays. Weiss 
et  al. [30] quantified inpatient and outpatient 
costs following a maximal exercise test among 
881 veteran subjects and reported that among 
clinical, demographic, and exercise test variables, 
exercise capacity was the strongest predictor of 
healthcare costs during the year subsequent to the 
exercise test. Costs were incrementally lower by 
an average of 5.4% per metabolic equivalent 
(MET) achieved. Bachmann and colleagues [31] 
studied 19,571 individuals who underwent a base-
line fitness assessment at a mean age of 49 years 
and who received Medicare coverage between 
1999 and 2009. They observed that annual health-
care costs were significantly lower for participants 
with high midlife fitness compared to low midlife 
fitness ($7559 vs. $12,811 in men, p < 0.001, and 
$6065 vs. $10,029  in women, p  <  0.001). The 
reductions in annual healthcare costs per MET 
achieved were 6.8 and 6.7% in men and women, 
respectively. Pronk et  al. [32] studied >8800 
employees enrolled in a managed care worksite 
health program and quantified health behaviors, 
risk factors, and healthcare costs over a period of 
3  years. CRF, expressed as predicted VO2 max, 
was not determined directly but was estimated 
using demographic variables, body mass, and 
weekly strenuous exercise habits (R2 = 0.78 ver-
sus measured VO2 max) [33]. After controlling for 
the presence of disease and demographic charac-
teristics, annualized healthcare costs were 10% 
higher for participants with low vs. high predicted 
VO2 max.

Our group recently studied 9942 subjects 
(mean 59 ± 11 years) who underwent a maximal 
exercise test for clinical reasons between January 

2005 and December 2012 [34]. CRF, expressed as 
a percentage of age-predicted peak METs 
achieved, was categorized in quartiles. Total and 
annualized healthcare costs were derived from the 
VA Allocation Resource Center and were com-
pared using multiple regression models, control-
ling for demographic and clinical characteristics. 
A gradient for reduced healthcare costs was 
observed as CRF increased, with subjects in the 
least-fit quartile having approximately $14,662 
higher overall costs per patient/year compared to 

Exercise capacity (% predicted)

C
o

st
 p

er
 p

at
ie

n
t 

p
er

 y
ea

r 
(U

S
D

)

10,000

20,000

30,000

40,000

50,000

50 100 150 200
0

Fig. 25.1 The association between costs per patient per 
year (USD) and exercise capacity (% predicted). 
(Modified from: Myers et al. [34]; PMID 29195922)

Exercise capacity (% predicted)

C
o

st
 p

er
 p

at
ie

n
t 

p
er

 y
ea

r 
(U

S
D

)

10,000

20,000

30,000

40,000

50,000

41,100

32,600 33,400

26,300

<60% 60-80% 80-100% >100%
0

Fig. 25.2 Mean annual costs (USD) by category of exer-
cise capacity. (Modified from: Myers et  al. [34]; PMID 
29195922)

25 Association Between Cardiorespiratory Fitness and Healthcare Costs



428

those in the fittest quartile, after controlling for 
potential confounding variables (p  <  0.001) 
(Fig. 25.1). Each 1-MET higher increment in fit-
ness was associated with a $1592 annual reduc-
tion in healthcare costs. Similar to the Weiss et al. 
[30] and Bachmann et  al. [31 studies, a 5.6% 
lower cost per MET was observed. Most notably, 
each higher quartile of fitness was associated with 
a $4163 annual cost reduction (USD) per patient 
(Fig.  25.2). The effect of CRF was more pro-
nounced among subjects without cardiovascular 
disease (CVD), suggesting that the results were 
not driven by the possibility that less fit individu-
als had greater CVD. In a model including histori-
cal, clinical, and exercise test responses, heart 
failure was the strongest predictor of healthcare 
costs, followed by CRF (p < 0.01).

An ancillary observation in the latter study was 
the fact that cost savings related to higher CRF 
were most pronounced among overweight and 
obese subjects. This issue was therefore recently 

addressed in more detail among 2043 normal-
weight, 4046 overweight, and 3700 obese veter-
ans [35]. Total healthcare costs were quantified 
over a 7-year period. For each 1-MET improve-
ment in CRF, annual cost savings per person 
(USD) were $1346, $1823, and $2745 for normal-
weight, overweight, and obese subjects, respec-
tively. Normal-weight, overweight, and obese 
subjects in the highest quartile of CRF had annual 
costs that were $2890, $12,059, and $16,379 
lower, respectively, than subjects in the lowest 
quartile of fitness (p < 0.01). Thus, cost savings 
with higher fitness were far more evident among 
overweight and obese individuals. The associa-
tion between annual healthcare costs per person 
and exercise capacity is shown in Fig.  25.3, in 
which the inverse association between costs and 
CRF was steeper among overweight and obese 
subjects compared to normal- weight subjects. 
The observation that cost savings associated with 
higher CRF were particularly apparent among 
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overweight and obese subjects is provocative and 
suggests that the considerable economic burden 
of obesity [36] may be reduced through interven-
tions that target improvements in CRF.

 Limitations

It should be noted that the number of studies on 
the association between objective measures of 
CRF and healthcare costs remains limited; most 
of the results come from men, and little is known 
regarding types of costs (e.g., inpatient/outpatient, 
effect of particular illnesses). While the Mitchell 
et  al. study [29] quantified hospital stays with 
serial measures of CRF, no studies are available to 
our knowledge on serial testing and direct health-
care costs; such data would be valuable in order to 
determine the influence of changes in CRF on 
healthcare costs. Fitness is a complex attribute 
that is influenced by many factors in addition to 
physical activity patterns, and it is not possible to 
account for all of them. For example, fitter sub-
jects may engage in other healthy behaviors such 
as a better diet, regular physician visits, or better 
medication adherence. Additional observational 
studies are required to evaluate the impact of life-
style factors in addition to CRF. Finally, the esti-
mation of healthcare costs is a difficult undertaking 
under the best of circumstances; different health-
care systems use different processes to estimate 
costs, and private and Medicare costs and services 
are often poorly integrated, may vary consider-
ably, and may not accurately reflect true health-
care costs [31, 32]. Additional studies are needed 
to better define the extent to which healthcare 
costs are influenced by CRF.

 Clinical Implications 
and Conclusions

Collectively, the findings from these studies sug-
gest that level of fitness is inversely related to 
overall healthcare costs among subjects in whom 
CRF has been objectively determined with a max-
imal exercise test. Total healthcare costs are con-
sistently lower per MET achieved (in the range of 

5–7%), are consistent when adjusted for poten-
tially confounding factors, and, in at least one 
study, are not altered appreciably after excluding 
patients without cardiovascular disease or who 
died within 1 year of follow-up. Cost savings with 
higher CRF appear to be more pronounced among 
overweight and obese subjects [35], although this 
requires confirmation from other prospective 
cohort studies. CRF appears to be a powerful pre-
dictor of healthcare costs (surpassed only by heart 
failure [30, 34]). The latter finding is noteworthy 
given the spectrum of risk factors and chronic 
conditions that have been associated with rising 
healthcare costs and the fact that CRF has not 
generally been considered when assessing overall 
risk or healthcare costs [1, 12, 13].

Recent findings on the impact of CRF on 
healthcare costs extend the many recent studies 
showing lower mortality among individuals with 
higher versus lower CRF [1, 11–18]. Moreover, 
they support studies demonstrating that healthcare 
expenditures are considerably lower among more 
active individuals [3, 7–10, 22–25, 36] and the 
concept that programs designed to increase work-
site physical activity participation have a positive 
economic impact [1, 4, 7–10]. These studies also 
support the recent case for “fitness as a vital sign” 
[12, 13], in which CRF should be routinely deter-
mined clinically along with traditional risk factors 
such as blood pressure, weight, and lipid levels. 
Finally, results from these studies provide an eco-
nomic-based impetus for healthcare providers and 
health organizations to recommend moderate 
physical activity to their patients in order to 
improve CRF [1, 4, 12, 13, 22–25, 29–35].
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