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Preface

The pediatric exercise testing laboratory is playing
an increasingly important role in the diagnosis and
assessment of children and adolescents with—or
suspected of having—heart or lung disease. This
text represents an effort to consolidate informa-
tion about our growing experience with exercise
testing in young persons so that those who con-
duct these tests can have a guide and a reference
book. Recent scientific statements (1) and review
articles (2, 4) about clinical exercise testing of
children have given us new material since the
publication of my earlier book, Pediatric Labora-
tory Exercise Testing: Clinical Guidelines (3). It is
the goal of this text to extend coverage of the topic
in order to

¢ provide up-to-date guidance for the perfor-
mance of exercise stress testing in youth,
and

e document our current knowledge about
interpreting the physiological variables
measured during these tests.

The extent of the knowledge and experience
shared in this book, compared to its much thin-
ner predecessor published over 20 years ago, is a
testament to the growing importance of pediatric
exercise testing.

The central theme of this text is that clinical
exercise testing in children differs from that con-
ducted in the adult stress testing laboratory. The
clinical questions being addressed in these two
populations reflect obvious differences in forms
of cardiopulmonary disease, and the protocols
for testing adults must be modified to satisfy the
requirements of a wide range of subject sizes and
degrees of physical development as well as the
intellectual and emotional immaturity of the child.

The first part of this book outlines the testing
procedure and its measurement variables, fol-
lowed by chapters that offer practical approaches
to patient complaints that are commonly
encountered in the exercise testing laboratory.
Throughout these discussions, we emphasize the
value of determining gas exchange variables to
supplement the traditional measurement of blood
pressure and electrocardiogram.

This book is directed toward those who conduct
exercise testing of children and adolescents in the

clinical laboratory setting. Appropriately, then,
the consideration of testing methods will take into
account the typical wide variety of ages, sizes,
levels of physical fitness, and body composition of
patients as well as states of cardiac and pulmonary
health. Still, those involved in exercise testing of
youth for research purposes will undoubtedly find
useful material in these pages.

A practical guidebook such as this one is obli-
gated to present normative data for exercise test-
ing variables. While such published norms will be
included in these chapters, one must—as will be
repeatedly emphasized—accept such information
with a high level of caution. Normative data for
one laboratory often differ from those of another
because of variability in types of measuring equip-
ment, subject population, testing protocols, and
staff characteristics. There are few data that can
be confidently considered normal for a general
pediatric population. Consequently, normal values
for variables measured during exercise testing are
best established for one’s own laboratory.

As much as possible, the discussions in these
chapters will be based on published, evidence-
based observations of youth during exercise test-
ing. In some cases, however, the authors of these
chapters will draw observations and recommen-
dations from their own professional experience.
These authors all have a high level of expertise
and extensive experience in
exercise testing of children
and adolescents; they each eBoo
r.eprgsgnt esta.bllshed pedl.at— available at
ric clinical testing laboratories
in major medical centers.

The authors expect that this book will prove
useful to physicians and exercise scientists as a
source of current testing information and practi-
cal guidelines for performing exercise testing in
young patients. Beyond this, we hope that this
book will serve as a means of focusing and unify-
ing approaches to such testing and that it will
serve as a foundation for the future development
of innovative approaches to exercise testing in the
health care of children and adolescents.

Thomas W. Rowland, MD
Editor

ix

HumanKinetics.com
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Notice and Disclaimer

Care has been taken to confirm the accuracy of the information presented and to describe
generally accepted practices. However, the authors, editors, and publisher are not respon-
sible for errors or omissions or for any consequences from application of the information
in this book and make no warranty, expressed or implied, with respect to the currency,
completeness, or accuracy of the contents of the publication.

Application of this information in a particular situation remains the professional
responsibility of the practitioner; the clinical treatments described and recommended
may not be considered absolute and universal recommendations.

The authors, editors, and publisher have exerted every effort to ensure that drug selec-
tion and dosage set forth in this text are in accordance with the current recommendations
and practice at the time of publication. However, in view of ongoing research, changes
in government regulations, and the constant flow of information relating to drug therapy
and drug reactions, the reader is urged to check the package insert for each drug for any
change in indications and dosage and for added warnings and precautions. This is par-
ticularly important when the recommended agent is a new or infrequently employed drug.

Some drugs and medical devices presented in this publication have Food and Drug
Administration (FDA) clearance for limited use in restricted research settings. It is the
responsibility of the health care provider to ascertain the FDA status of each drug or
device planned for use in their clinical practice.
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PART

INTRODUCTION

children and adolescents. Each study must be designed to accommodate

the age and fitness of the subject while producing the information needed.
Still, all such tests require proper equipment, experienced staff, and safe meth-
ods. Following an introductory overview of age-appropriate testing, the chapters
in this section provide guidelines for conducting exercise tests in children and
adolescents and describe the available options for testing protocols.

There is no single, standardized approach to clinical exercise testing of
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CHAPTER

T

Clinical Applicability

of the Pediatric Exercise Test

ou can gain an appreciation for the diag-

nostic relevance of exercise stress testing

by performing a simple experiment. Take
an old 1993 Volvo station wagon and park it next
to a Formula One racing car. Now start the engines
of both. Question: How can you tell which vehicle
will perform better? Answer: You will be hard put
to tell. Certainly, the racing car has a bigger engine,
complex gearbox, smooth tires, and so on. But, the
point is, you can’t tell anything about how each
of these two cars will perform—how much power
they can produce, how fast and how long they can
go—until you take them onto the road.

Think, too, as you contemplate these two vehi-
cles sitting side by side, their motors humming;:
How can you tell which one has its tires badly out
of balance? Which one has a faulty fuel injector or
a slow leak in the cooling system? Once again, you
must put these two vehicles on the highway to
detect malfunctions that will only become appar-
ent when their systems are stressed.

This is the rationale for clinical exercise test-
ing. Lying at rest, with inert leg muscles and the
heart and lungs “idling,” there is little to say about
the functional capacity of the human organism.
Only by putting this machine to work, forcing the
need for increased coronary blood flow, oxygen
delivery, heat dissipation, and so on, will one be
able to detect individual differences in functional
capacity. Only by revving up its “motor” can one
detect weaknesses in any of the mechanisms that
make it function normally. We need to take the
body “out on the road”—put it to work on a cycle
ergometer or on a treadmill in the testing labora-
tory—to uncover functional limits that define the
level of fitness or the liabilities of cardiopulmo-
nary disease. Most of us do not spend our lives
immobile on an examining table. Clinicians need

Thomas W. Rowland, MD

to know how the heart and lungs function in real
life, surrounded by constant physical demands.
And so we have clinical exercise testing.

Starting with the basics, why should monitoring
a bout of motor activity, essentially a repetitive set
of skeletal muscle contractions, provide us with
any information about cardiopulmonary health?
The answer, of course, lies in the dependence of
the musculature on an adequate set of functional
responses from the heart and lungs and a host of
supportive systems for the performance of endur-
ance exercise.

The performance of endurance exercise relies
on an appropriate rise in minute ventilation,
cardiac output, and circulatory blood flow to
exercising muscle. Depressed cardiopulmonary
functional reserve results in limitations on muscle
endurance during exercise. The former must
provide adequate oxygen supply to satisfy the
energy requirements of the latter. But that’s only
part of the story. The end product of cellular
aerobic metabolism—carbon dioxide—must be
eliminated. Accumulating lactic acid must be
buffered to prevent unacceptable metabolic aci-
dosis. Blood flow must be directed to the cutane-
ous circulation for thermoregulation. Oxidative
substrate in the form of glycogen and fatty acids
needs to be supplied to contracting muscle, and
hormonal stimulation must occur via circulating
sympathomimetic amines.

In short, satisfactory cardiopulmonary responses
are essential to the performance of endurance exer-
cise. Without such increases in pulmonary and
circulatory function, one would have difficulty run-
ning to the end of the block. Assessing a patient’s
ability to perform endurance exercise therefore
serves as an accurate marker of the effective-
ness of cardiac and pulmonary reserve function.
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This information may have significant clinical
importance, whether expressed as minutes of
treadmill endurance time, maximum work per-
formed (watts [W]) on a cycle ergometer, or
physiological fitness (maximal oxygen uptake,
or VO, ). Measurement of VO, _, for instance,
serves as a prognostic indicator in young patients
with cystic fibrosis, and a pattern of change over
time of VOZmax, a surrogate of maximal cardiac
output, has been used in the timing of cardiac
transplantation in children.

One can look at this exercise performance—
physiological function relationship from the other
direction, too. The metabolic demands of endur-
ance exercise require that the myriad components
of cardiopulmonary function be operating at full
efficiency. Deficiencies in such a parts-of-the-
whole system may only become apparent under
the stresses of exercise. Considering the number
of individual contributors, the list of potential
weaknesses in the response of heart and lungs to
exercise is a long one. Coronary blood flow must
increase unimpeded to serve the rising metabolic
requirements of the cardiac musculature. Sinus
node function must accelerate appropriately to
generate cardiac output. Increases in myocardial
systolic and diastolic function are required to
sustain stroke volume. There can be no significant
obstruction or leakage of cardiac valves. Airflow
though the lungs must be unimpeded, and gas
exchange at the alveolar—capillary interface must
be unimpeded. All of these critical issues—and
many others—are critical to normal cardiopul-
monary responses to endurance exercise. Stress
testing provides the opportunity to detect such
weaknesses, the magnitude—or even existence—
of which may not be apparent in the resting state.

Depressed exercise performance and the detec-
tion of abnormalities in cardiac and pulmonary
functional responses, then, serve as the basis
for the utility of exercise stress testing. The find-
ings from exercise testing are often important to
clinical decisions such as the timing of surgical
interventions, the dosage of medications, and the
evaluation of anomalies that may present a risk for
exercise. These will be outlined in the chapters
that follow. A normal exercise test can also serve
the important purpose of reassuring patient,
parent, and physician that certain symptoms
(chest pain, syncope) during physical activity do
not reflect cardiopulmonary disease.

The theme throughout this book is that while
the preceding basic tenets hold true for both chil-

dren and adults, there are unique considerations
for successful exercise testing in young people. To
start with, the clinical questions that bring chil-
dren to the exercise testing laboratory differ from
those of adult patients. The enormous variability
in age, size, and physical fitness during the grow-
ing years pose challenges to formulating optimal
approaches to the exercise test, and the immatu-
rity of the pediatric subject demands a great deal
of sensitivity and special encouragement from an
experienced testing staff. “Normative” values of
physiologic variables are often different in children
and adults, and they progressively change during
the course of the pediatric years.

Development of Pediatric
Exercise Testing

Clinical exercise testing first developed in the
early part of the 20th century after it was recog-
nized that the appearance of electrocardiographic
changes during exercise, specifically ST-T wave
depression, could effectively identify adults with
angina pectoris and underlying coronary artery
disease (CAD). Not surprisingly, then, the history
of stress testing closely parallels the evolution of
electrocardiography.

In 1903, Willem Einthoven, a Dutch physician
and physiologist, invented the first practical elec-
trocardiograph (for which he received the Nobel
Prize in 1924), and within the next three decades
several investigators found that ST changes on
the electrocardiogram (ECG) were observed when
patients experienced episodes of angina pectoris
triggered by exercise.

Acceptance of exercise as a means of clinically
evaluating patients with chest pain, however, was
slow to develop. Indeed, exercise testing of an adult
suspected of having coronary artery disease in
1930 was not altogether a simple matter. Patients
were asked to exercise by running up and down
flights of stairs, or performing sit-ups (with varying
resistance applied to the chest), or lifting barbells,
immediately after which two hands and one foot
were plunged into separate buckets of electrolyte
solution connected to electrode wires. The elec-
trocardiogram was then recorded (using a string
galvanometer) with an apparatus that weighed
600 pounds and required five workers to operate.

Early exercise testing also focused on defining
aerobic fitness, usually by recovery heart rate
after step exercise, as a marker of cardiac func-
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tional capacity. In 1942, Arthur Master published
data indicating the utility of electrocardiography
immediately after two-step exercise to recognize
ischemic changes in adults with coronary artery
disease. However, the safety of performing such
tests, which were often poorly tolerated by
patients, remained in question, and clinical accep-
tance was limited.

The subsequent development of modern-day
electrocardiography and motor-driven treadmills
opened the door for greater utilization of exercise
stress testing for the diagnosis of coronary artery
disease in adults. Robert Bruce and his colleagues
at the University of Washington brought such test-
ing into the modern era with the development of
a progressive, multistage treadmill protocol in the
early 1960s. Now testing could identify symptoms
and electrocardiographic changes during exercise.
Moreover, with the progressive increments of
treadmill speed and slope of the Bruce protocol,
exercise stress testing could be more easily per-
formed by patients of varying levels of fitness.

Exercise stress testing in adults, eventually
supplemented by radionuclide angiography and
postexercise echocardiography, rapidly became
accepted as a standard component of the diagnos-
tic armamentarium, not only for coronary artery
disease but also for an assortment of other clinical
issues surrounding dysrhythmias, hypertension,
and cardiac function. Karlman Wasserman and
coworkers at UCLA demonstrated, too, how the
acquisition of gas exchange variables measured
during exercise could further delineate and
differentiate abnormal cardiac and pulmonary
responses to exercise.

The use of exercise testing in pediatric popu-
lations, whose members do not normally suffer
from coronary artery disease, initially developed
in the shadow of this story about adult patients.
Early exercise studies in youth were performed
in the research setting. They were designed to
examine physiological differences that separate
children from adults. Sid Robinson provided the
first such treadmill-derived data in the Harvard
Fatigue Laboratory in Boston in the 1930s, demon-
strating the progressive changes in metabolic and
physiological responses that normally occurred
between the ages of 6 and 91. Similar exercise data
in healthy children were subsequently provided
by other investigators in the middle of the 20th
century, including Per-Olof Astrand in Sweden,
Simon Godfrey in Great Britain, and Gordon Cum-
ming in Canada. When Oded Bar-Or published

his landmark book Pediatric Sports Medicine for
the Practitioner in 1983, he was able to accumu-
late a large base of normative data from these
earlier studies to outline aspects of physiological
responses to exercise in youth and how these
developed during the growing years.

While such research was designed to reveal the
normal development of physiological responses to
exercise in children, this information also served as
normative data for those who developed exercise
testing for the clinical assessment of heart and lung
disease in pediatric patients. As studies dealt, for
the most part, with those with congenital heart dis-
ease, early exercise stress testing in young patients
involved a more diverse approach than that of the
traditional adult laboratory focused on the detec-
tion of coronary artery disease. The assessment of
ischemic changes on the ECG was still an issue, par-
ticularly in assessing the severity of aortic outflow
obstruction, but exercise testing in young patients
also involved a wider range of information, such
as blood pressure responses (in coarctation of the
aorta, systemic hypertension), endurance capacity
(postoperative cyanotic heart disease), and rhythm
responses (complete heart block).

Useful clinical testing methodologies and
clinical findings were described by a number of
key early pioneers, such as Fred James at Cincin-
nati Children’s Hospital, David Driscoll at the
Mayo Clinic, Bruce Alpert and William Strong
at the Medical College of Georgia, Rolf Mocellin
in Germany, and Tony Reybrouck and Dirk Mat-
thys in Belgium. The importance of gas exchange
measures, including VO,___and VO, kinetics, was
highlighted by the early reports of exercise test-
ing in patients with congenital heart disease by
Hans Wessel at Children’s Memorial Hospital in
Chicago. During this time, too, exercise testing
became established in both children and adults
as a useful means of assessing bronchospasm and
lung function in patients with asthma and other
respiratory diseases (particularly via the early
experience reported by Hans Stoboy, Gerd Cropp,
and Svein Oseid).

In many cases, clinical exercise testing in chil-
dren was performed in adult laboratories, using
protocols, exercise equipment, and monitoring
systems (ECG, blood pressure) traditionally used to
test adults with suspected coronary artery disease.
A number of developments have now expanded the
role of exercise testing in youth and have identified
the need for more specific approaches to exercise
testing for this population of patients.
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¢ Perhaps most importantly, the past several
decades have witnessed a dramatic expan-
sion in the scope and nature of patients
cared for by pediatric cardiologists. Chil-
dren with complex forms of congenital
heart disease, particularly those charac-
terized by marked unilateral ventricular
hypoplasia (hypoplastic left heart syn-
drome, tricuspid valve atresia), once had
little hope for long-term survival. Now,
thanks to remarkable progress in surgical
techniques, these young patients not only
often survive but also live productive and
fulfilling lives. The physicians caring for
these survivors as they grow toward the
adult years are confronted with new issues,
such as myocardial dysfunction, stubborn
tachyarrhythmia, hypoxemia, and pulmo-
nary hypertension. These problems have
required new diagnostic and therapeutic
approaches, often using information
available in the exercise stress-testing
laboratory. Similarly, in patients with lung
diseases such as cystic fibrosis, improve-
ments in patient care have successfully
extended survival and have at the same
time introduced new clinical questions that
can be assessed through exercise testing.
It is likely that the future will continue to
bring steady improvements in the survival
of young patients with both cardiac and
pulmonary disease that will be paral-
leled by expanded indications for clinical
exercise testing.

¢ A growing understanding of the patho-
physiology of cardiac malformations and
factors influencing risk stratification have
created a need to expand the information
obtained during exercise stress testing
in young patients. It is true that many
issues can be adequately examined by a
limited study involving a traditional bout
of progressive exercise accompanied by
electrocardiographic monitoring and mea-
surement of blood pressure. Assessment of
possible ischemic changes in a child after
Kawasaki disease, for example, or determi-
nation of blood pressure responses after
medical treatment of a hypertensive young
wrestler could be adequately performed
using this approach.

However, the clinical insights gained from exer-
cise testing can be improved by the measurement

of gas exchange variables, which are now readily
obtained with user-friendly commercial metabolic
systems. The changes in the oxygen and carbon
dioxide content of expired air during exercise
reflects similar gas exchange dynamics at the
cellular level. With this approach, for example,
the measurement of V/OzmX provides an objective
physiological assessment of aerobic fitness, and
the determination of ventilatory variables (minute
ventilation, VCOZ) offers insights into pulmonary
responses as well. As will be outlined in the chap-
ters that follow, it is often the calculation of rela-
tionships between these variables that provides
clues into the relative importance of cardiac and
pulmonary etiologies of exercise limitation.
Termed an “integrative cardiopulmonary test”
by Wasserman et al. (20), this approach expands
the utility of exercise testing by providing data that
can help to answer questions about cardiac and
pulmonary issues in youth. In a teenage boy with
moderate aortic valve insufficiency, does his car-
diac disease explain the shortness of breath that
limits his ability to exercise? What mechanisms
lie behind a star athlete’s inability to perform
well after an extended viral illness? [s syncope of
an anxious child during running related to hyper-
ventilation? Is breathlessness during exercise in
a markedly obese child caused by excess body
fat, exercise-induced bronchoconstriction, or car-
diac dysfunction? These types of issues are best
addressed by a full examination of gas exchange
variables during clinical exercise testing.

¢ A growing recognition of the effects of
exercise on electrophysiological function
has created new roles for exercise testing in
youth. Assessment of changes in ventricu-
lar ectopy during exercise is a traditional
indication for exercise testing. Newer indi-
cations include the use of responses of rate
of ventricular repolarization (QT interval)
and conduction down accessory pathways
(WPW syndrome) during exercise as means
of patient risk stratification.

¢ The increased use of pediatric exercise
testing has also been stimulated by the
concerns of parents, coaches, and physi-
cal education instructors over the occur-
rence of symptoms of chest pain, dizziness,
syncope, or palpitations in young people
during exercise. Such concerns have been
fueled by the tragic occurrences of sudden
unexpected death of young, presumably
healthy athletes during sports training
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or competition. While such symptoms
are highly unlikely to reflect the rare dis-
eases that pose a risk of sudden death,
the youngster with occult hypertrophic
cardiomyopathy, coronary artery anoma-
lies, or repolarization abnormalities that
can predispose to fatal dysrhythmias can
present with such complaints. Findings on
exercise testing have thus become part of
the assessment of symptomatic children
and athletes to rule out these anomalies.

¢ A normal exercise test can provide clear-
ance for sports play in young patients with
heart disease or in those who have suffered
illnesses such as viral myocarditis. Exercise
testing also plays a role in assessing risk
and exercise capacities in young patients
who are enrolled in cardiac and pulmonary
rehabilitation programs.

We can expect that clinical exercise testing
in children and adolescents will continue to
expand as the value of exercise is recognized
in the assessment of not only heart and lung
disease but also metabolic and musculoskeletal
disorders. Such trends will undoubtedly follow
improvements in medical and surgical treatment
of these patients. We can also expect to see new
techniques for performing exercise tests (minia-
turization of metabolic systems permitting field
testing, for example) and assessing their results
(three-dimensional echocardiography, myocardial
strain Doppler studies).

Unique Features of Exercise
Testing in Children

The approach to clinical exercise testing of chil-
dren and adolescents differs from that of the
laboratory dedicated to testing adults. One need
only consider the various approaches needed
to perform a satisfactory exercise test first in a
15-year-old cross country runner who experienced
precordial chest pain in her last race, followed by a
test looking for heart rate response in a 5-year-old
youngster with complete heart block, and then a
12-year-old obese boy with a dilated cardiomy-
opathy and progressively worsening shortness of
breath with exercise.

The pediatric exercise testing laboratory must
accommodate wide variations in patient age, size,
and fitness, and that means that testing protocols
and equipment must be similarly adjusted. The

indications for testing are much broader than
those in the adult lab, so the questions to be
answered must be carefully considered before the
exercise begins.

Most children can be easily motivated to give
exhaustive efforts during exercise testing, but
it requires charismatic skill from staff members
experienced with the emotional and physical
responses of children during treadmill or cycle
exercise. It has been said that perhaps the single
most important factor in a successful exercise test
in the pediatric laboratory is the staff administer-
ing the test.

Pediatric exercise testing, then, is distinguished
by the need for a creative approach to each
patient. The staff must know what information
is needed to address the clinical question being
asked, the proper modality—cycle or treadmill—
to obtain that answer, and the optimal protocol
for the subject’s age and fitness level.

The physiological mechanisms underlying the
cardiac and pulmonary responses to a bout of
progressive exercise are no different in children
(at least those over age 6) and adults. Nonethe-
less, certain quantitative measurements (heart
rate, blood pressure, endurance time) are different
in children, and these must be recognized in the
testing of immature subjects.

For example, resting and maximal heart rates in
an exhaustive exercise test are greater in children
than in adults. As will be discussed in chapter 5,
peak heart rate depends on testing modality and
protocol, and there is considerable variability
between individuals. It is important to recognize
that there is generally no specific “target heart
rate” for an exercise test. Importantly, too, the
maximal heart rate during exercise testing in a
given subject does not change over the course of
childhood. Only at about age 16 does this value
begin to decline. Thus, age-related formulae for
predicting a maximal heart rate, such as “220
minus age,” do not apply to youths.

The concept of metabolic equivalents, or METs,
as a measure of energy expenditure during exercise
is commonly used with adult subjects but is fraught
with difficulty in children and adolescents, and it is
best avoided in the pediatric exercise laboratory.
METs is a means of expressing the oxygen require-
ment of a physical activity relative to an assumed
resting value. One MET, or resting \702, in an adult
is considered to be 3.5 ml - kg'1 . min'l; thus, when
walking on a treadmill at a certain speed and slope
that is expected to demand 17.5 ml - kg’1 -min’, a
patient is exercising at a level of 5 METs.
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The difficulty with this concept in youth is that
resting energy expenditure is not constant but
evolves throughout childhood during physical
growth. As would be expected, absolute values
of resting \'/O2 rise with the accrual of body mass.
When adjusted for body mass, or body surface
area, basal or resting values of energy expenditure
decline progressively during the pediatric years.
When expressed as calories per meter of square
body surface area per hour, the basal metabolic
rate declines by about 20% between the ages of
six and the mid-teen years.

In considering a mass-relative definition of a
MET in children, the story is more exaggerated.
Harrell et al. reported that the resting \'/O2 per kg
in a group of 8- to 12-year-old children was almost
50% higher than that of 16- to 18-year-old subjects
and 70% higher than that expected in adults (8).
The use of the MET as defined in adults as a
“currency” or multiplier of energy expenditure in
children, then, clearly would introduce large errors
in defining V02 levels during exercise—and the
extent of the error would be different depending
on the age and size of the child.

Normative Values

As has been emphasized before—and will be again
in future chapters—the use of published “norma-
tive exercise data for children and adolescents”
should be approached with a good deal of cau-
tion. Variation in such results may be strongly
influenced by important differences in equipment,
protocols, subject population, laboratory envi-
ronment, and, especially, testing staff. In some

Table 1.1

cases data may be selective—defining exercise
response, for instance, in recruited rather than
random populations in which the results may be
restricted to those of youth willing to participate in
an exercise study. For these reasons, each testing
laboratory should create its own normative data
for healthy young males and females.

This caveat notwithstanding, a number of
authors have published results of maximal exer-
cise tests in nonselective large numbers of healthy
children and adolescents that can be assumed to
reflect particular populations at large. These are
outlined in table 1.1.

Adjusting Values for Body Size

A number of important variables recorded during
exercise stress testing are measures of volume—
oxygen uptake, minute ventilation, cardiac output,
stroke volume. These, in turn, are manifestations
of body size. Consequently, during the childhood
years the progressive growth of lungs, heart,
blood volume, and muscle mass are reflected in
a steady increase in the absolute values of these
measures. When a boy reaches the age of 15 years,
his maximal oxygen uptake has almost doubled
from when he was 5.

To permit comparison of such physiological
variables over time in the same patient, or to
assess values obtained relative to established
“norms,” it is necessary to adjust these absolute
values for body size. Just how this is best accom-
plished, however, serves as a challenge to both
pediatric exercise scientists and clinicians in the
exercise testing laboratory. There exist a number

Key Studies of Maximal Exercise Test Results in Healthy Children and Adolescents

van der Cammen-van Zijp et al. (18)

Cumming et al. (6) Canada
Ahmad et al. (1) USA
Lenk et al. (9) Turkey
Riopel et al. (14) USA
Armstrong et al. (3)

Washington et al. (19) USA

Ten Harkel et al. (17)
Armstrong et al. (3)

Netherlands

Great Britain

Netherlands

Great Britain

4-5 80 Treadmill Bruce
4-18 327 Treadmill Bruce
5-18 347 Treadmill Bruce
10-15 80 Treadmill Bruce
4-21 288 Treadmill Balke
11-16 220 Treadmill Intermittent
7-12 151 Cycle James
8-18 175 Cycle Ramp

11-16 200 Cycle Intermittent
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of candidate measures by which absolute physi-
ological or anatomic variables might be “normal-
ized”: body mass, body mass raised to a particular
allometrically derived exponent, lean body mass,
height (raised to the 1.0 or 2.0 or 3.0 power), and
body surface area.

In the clinical exercise laboratory, certain
variables have historically been adjusted by
particular size-adjusting measures. Specifically,
oxygen uptake has traditionally been expressed
relative to body mass in kilograms, and cardiac
output and stroke volume have been normal-
ized by body surface area (as cardiac index and
stroke index, respectively). There are appropriate
reasons for continuing this practice, first from a
practical standpoint—both are easily measured—
and second, values expressed as mass-relative
\702max or cardiac index facilitate comparisons to
those obtained in other laboratory or published
normative data. Still, exercise physiologists have
concerns about the validity of such measures to
truly and accurately normalize values for body
size (21). Often these are problematic more from a
scientific than a practical perspective, but certain
weaknesses, particularly of body mass in normal-
izing values of VOZmaX, need to be recognized by
clinicians in the testing laboratory.

Perhaps the most pertinent issue is the influ-
ence of body composition—particularly body fat
content—on values of VOZmaX. Body fat resides in
the “per kg” denominator, but, being physiologi-
cally inert during exercise, it does not influence
absolute VOZmax. Thus, \'/OZmaX per kg will be reduced
in the obese subject yet inflated in the lean sub-
ject simply due to variation in body composition
rather than any differences in maximal cardiopul-
monary function. That is, VO, _ per kg provides
information regarding both body composition and
cardiovascular fitness.

Consequently, this effect of body fat needs to
be taken into account when interpreting \'/OZmax per
kg in an individual patient compared to “norms”
for aerobic fitness. Serial measurement of \'/O,Zmax
per kg in a patient over repeated tests as a mea-
sure of changes in cardiopulmonary function are
safely made only if the patient’s body composition
remains relatively stable. A sudden loss of weight
due to obesity treatment, however, will likely
cause a rise in VO, per kg, which may have no
bearing on improvement of cardiac or pulmonary
status but will simply reflect a decrease in body
fat content.

Tyranny of “Maximal” Testing

Much of the information obtained from clinical
exercise testing (particularly VOZmaX) rests on the
assumption that the pedaling, running, or walking
subject has provided an exhaustive effort—has
pushed to the limits, or at least nearly to the limits,
of his or her muscular endurance. This defines the
functional reserve, or cardiac or pulmonary func-
tion, and it serves to establish whether a given
patient achieves “normal” values of each. Certain
criteria have been established to document such a
maximal effort by heart rate, respiratory exchange
ratio (RER), and plateau of oxygen uptake, as well
as by subjective signs of exhaustion (hyperpnea,
sweating, effort strain). Studies involving “supra-
maximal” tests have confirmed that a ceiling of \'/O2
is achieved when such criteria are met.

With proper encouragement, most healthy
children and adolescents can achieve an exhaus-
tive peak effort when using standard progressive
exercise testing protocols. Aiming to have a
patient perform to a work rate that satisfies cri-
teria for a maximal test has certain advantages.
Obviously, the cardiopulmonary systems are
stressed to a peak level of work, which may have
particular importance depending on the clinical
question being addressed. Also, physiological
values obtained during a maximal test are now
“standardized,” allowing (a) valid comparisons
with outcomes on repeat studies in the future and
(b) comparison to certain normal values that are
based on maximal tests.

It is not always necessary to push a subject
to achieve maximal exercise criteria to address
certain clinical questions. A high-intensity but
not maximal test may be sufficient, for instance,
to examine electrocardiographic changes in a
teenage athlete with a past history of Kawasaki
disease, or ventricular rate response in complete
heart block, or QT interval duration in a patient
with syncope.

The difficulty arises, however, in that patients
with heart or lung disease—as well as otherwise
healthy youths with low cardiovascular fit-
ness—are often incapable or unwilling to perform
exhaustive exercise to achieve standard criteria
for a maximal test. It is difficult to interpret the
results when patients claim to be unable to con-
tinue at a point far short of an exhaustive effort.
For example, consider a treadmill exercise test in
which one wishes to assess possible cardiac-based
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limitations in a sedentary, significantly obese
patient using \'/O2 as a surrogate for cardiac
output. At a heart rate of 140 bpm and RER of 0.92,
values far below maximal criteria, the patient is
uncomfortable, breathless, and complains that
he cannot continue. The test is terminated. At
this point his \'/O2 is only 22 ml - kg'l - min™. By
all standard criteria, he did not even approach
an exercise intensity that would have maximally
taxed his cardiovascular system. Here one would
have to resort to an “operational” definition that
his “peak \702” was the value obtained at a work
level to which the subject was willing to exercise.
But what does this mean? Did he have to stop
simply because he is less able to cope with the
discomfort of high levels of exercise intensity
compared to a nonobese, active child? Or does he
have myocardial dysfunction and a limited cardiac
functional reserve? Or did something else limit his
exercise independent of cardiac function, such as
myopathy of skeletal muscle, or biomechanical
abnormalities, or a painful knee, or diminished
ventilatory reserve? Did the problem lie in the
difficulty a nonathletic, physically awkward child
has in adjusting to treadmill exercise? It may be
difficult to distinguish among these possibilities.

Given the frequency of this dilemma, consider-
able attention has focused on identifying ways
to provide information about cardiopulmonary
fitness from submaximal measures that do not
require an exhaustive exercise effort. These will
be examined in detail throughout this text. For
example, the ventilatory anaerobic threshold
(VAT), the point where the rate of change in
minute ventilation exceeds that of oxygen uptake
due to buffering of lactic acid (usually at about
50%-60% of maximal effort) may reflect level of
aerobic fitness. The slopes of change in oxygen
uptake plotted against either work rate or heart
rate provide insights into cardiac function. The
oxygen efficiency slope C\'/O2 versus the loga-
rithm of minute ventilation) during submaximal
exercise has been linked to both \'/OZmax and VAT
(4). Similar relationships between minute venti-
lation and both \'/O2 and CO, can reflect possible
ventilation:perfusion imbalance.

As Cooper has contended, “the most current
[maximal] protocols . . . which are profoundly
effort dependent . . . are inadequate for children
and limit the valuable clinical and developmental
information that can be gained from in-laboratory
testing” (5, p. 1156). Alternative, submaximal

measures, he noted, would be of particular
utility in expanding clinical exercise testing to
very young children as well as patients with
physical disabilities.

The future application of exercise testing in the
evaluation and management of patients with heart
and lung disease may depend on the development
of such submaximal markers that bear both diag-
nostic and predictive value.

Safety of Clinical
Exercise Testing

Assuring the safety of the exercising subject during
cycle or treadmill testing is paramount, and all
measures need to be in place to

e prevent physical injury and
¢ recognize and manage cardiac and pulmo-
nary complications that can arise.

This is done by close attention to the testing
milieu—normal function of monitoring and testing
equipment, use of appropriate exercise protocol,
availability of resuscitation materials, presence
of trained personnel, and proper instructions to
the patient.

Means of dealing with potential complications
of cardiac rhythm and hypotension need to be
defined in advance of testing. Resuscitation pro-
tocols should be established, and practice drills
in responding to such events should be conducted
on a regular basis.

Contraindications for exercise testing in certain
high-risk patients need to be considered. Similarly,
the appearance of certain findings should signal a
need to discontinue the exercise. We will discuss
a number of additional issues surrounding exer-
cise testing that have a bearing on subject safety.
Should parents be allowed in the room during the
test (might their vocal interjections distract the
subject)? How many staff persons should be pres-
ent? Should holding onto handrails be permitted?

With such measures in place, experience indi-
cates that clinical exercise testing of children
and adolescents is extraordinarily safe. Rhodes
et al. indicated that over an eight-year period at
Children’s Hospital in Boston, “almost 15,000 exer-
cise tests have been undertaken at our institution
without encountering a serious testing-related
complication” (13, p. 1963).
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Alpert et al. reported an overall incidence of
complications during 1,730 cycle exercise tests
in children of 1.79% (2). The most common were
chest pain (0.69%), dizziness or syncope (0.29%),
fall in blood pressure (0.35%), and dangerous
arrhythmias (0.35%). These findings mimic those
of an informal survey by Freed of the experience
of 87 pediatric cardiologists during over 6,000
exercise tests (7). Significant complications were
reported in 1.7% (with no deaths), and only 0.3%
required treatment.

This strong safety record appears to extend
even to testing subjects who are expected to
be at higher risk for complications triggered by
exercise. Smith et al. reported their experience in
maximal exercise testing of 27 pediatric patients
(mean age 12.5 yr) with pulmonary hypertension
who had depressed aerobic fitness (average \‘/Oz,malx
of 23.3 £ 54 ml - kg' - min™) (16). A dysrhythmia
was observed in a third of these patients during
exercise, and one in five demonstrated some
degree of ST segment changes on an electrocar-
diogram. Oxygen saturation fell, on the average, to
85 + 16% at peak exercise. Despite these changes,
there were no significant adverse events (such as
syncope, dizziness, or chest pain).

Hypoxemia often develops during exercise in
patients with cystic fibrosis, who may also exhibit
associated elevation in pulmonary artery pres-
sure and right heart strain. Despite reductions
observed in arterial oxygen saturation, Ruf et al.
described no significant adverse reactions in 713
exercise tests of patients with cystic fibrosis (15).

Young patients with hypertrophic cardiomy-
opathy (HCM) are susceptible to dysrhythmias
triggered by exercise that can cause sudden death.
Olivotto et al. reported their experience in 243
symptom-limited cycle ergometer exercise tests in
adults with HCM (11). Early termination of exercise
was necessitated because of light-headedness in
eight patients, and some dysrhythmia was evident
in a third. But no syncope, cardiac arrest, or malig-
nant dysrhythmia occurred in any case.

Conclusion

Many gaps exist in our present knowledge of the
clinical applicability of cardiopulmonary exercise
testing in children and adolescents. Most particu-
larly, we need a better understanding of the clinical
“meaning” of findings during cycle and treadmill

exercise, especially regarding the strength of their
ability to predict clinical outcomes. How does
the value of VO,__ in a child with dilated cardio-
myopathy help define risks and benefits for the
timing of cardiac transplantation? How do mark-
ers of myocardial function with exercise provide
insights into the efficacy of cardiac rehabilitation
programs? How do rhythm responses to exercise
help define the risk of sport participation? With
continued progress in medical and surgical man-
agement of heart and lung diseases, such issues
will become increasingly pertinent.

New technologies such as infrared spectros-
copy, assessment of VOZ kinetics, and echocar-
diographic measures of myocardial deformation
during exercise will undoubtedly add to the value
of the information gained. How such measures can
be used to assess the cardiopulmonary status of
individual patients remains to be seen.

A better understanding of the physiological
factors that dictate performance during exercise
testing of youth with cardiac or pulmonary disease
will be essential to this progress. For instance, the
critical laboratory measure, VOZmaX, is considered
to be an expression of the combined elements of
the oxygen delivery and utilization chain during
exercise. According to the traditional concept, any
limitation of part of this chain—be it myocardial
performance, or heat rate response, or lung func-
tion—will be expressed as a depression in \'/OZmax
values. The clinical use of VO,  as a marker of
the severity of heart or lung disease is based on
this construct.

The central question is what is it that limits
endurance exercise in healthy or diseased
patients? This applies to defining the physiological
limitations of the elite high school cross country
runner as well as the young patient with a dilated
cardiomyopathy. It has been suggested, in fact,
that cardiac factors may not be exercise-limiting,
even in those with heart disease. In adult patients
with congestive heart failure, for example, exer-
cise tolerance appears often to be related most
closely to peripheral factors—especially skeletal
muscle myopathy—rather than myocardial con-
tractile function (12). This issue has not yet been
addressed in pediatric patients.

Some would argue that the limits of exercise
performance are most directly defined by the
central nervous system rather than by physi-
ological factors. They posit the presence of an
evolutionary, subconscious “governor” within
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the brain that creates sensations of fatigue—
dizziness, breathlessness, discomfort—at “peak”
exercise that cause one to stop exercising as a
means of protecting himself or herself from the
ultimate risks of coronary insufficiency, muscle
tetany, hyperthermia, and even bone fractures
(10). According to this concept, then, no exercise
performance is ever truly maximal.

Much remains to be learned about the physi-
ological, anatomic, and psychological factors that
limit endurance exercise performance in healthy
individuals as well as those with cardiac and pul-
monary disease. As we continue to learn more,
we can expect to see an enhanced role for clinical
exercise testing.



CHAPTER

2

Conducting the Pediatric Exercise Test

xercise testing is a clinically valuable tool

that can be used in the diagnosis and man-

agement of disease in children. Children
can be tested as effectively as adults when certain
adaptations unique to pediatrics are made. The
successful pediatric exercise test must be carefully
tailored with respect to physical environment,
testing modality and protocol, staff approach, and
the individual needs of the patient. This chapter
details some of the distinctive components of the
pediatric exercise test.

Pediatric Exercise Laboratory
Environment and Equipment

The required physical size of the exercise testing
laboratory is related to the types of testing being
performed and resultant equipment needs. Nor-
mally this should range between 400 and 500 ft*
(3747 m2) (15, 23). In addition to the equipment,
the physical space also must be able to accom-
modate a response to an emergency situation. The
laboratory should be kept at a neutral climate with
temperature between 20 and 23 °C (68-72 °F) and a
relative humidity between 50% and 60% (11, 15, 23).

The laboratory may need to account for the
following:

¢ Permanent equipment—equipment that
will stay in the laboratory at all times
(treadmill, cycle ergometer, metabolic cart,
patient gurney)

¢ Transient equipment—equipment that may
move in and out of the laboratory based
on the type of test being performed and
laboratory workflows (ultrasound machine
for stress echocardiography or pulmonary
function cart for provocation testing)

¢ Flexible staff work space—desk, computer
and chair

¢ Ancillary equipment—sink, storage solu-
tions, linen, scale, stadiometer

Amy Lynne Taylor, PhD

A pediatric exercise testing laboratory must
have equipment that can be scaled to the size of
the child (16, 23). Blood pressure cuffs should be
available in multiple sizes. Many treadmills have
an option for adjustable handrails that can be
moved to accommodate the height of the patient.
Cycle ergometers should have seats that can be
adjusted for height, adjustable cranks, and handle-
bars that can be positioned for each child.

The choice between treadmill and cycle testing
is dependent on a multitude of factors ranging
from patient comfort and safety to the clinical
question being addressed. There are benefits and
drawbacks to both treadmill and cycle ergometer
testing. Whichever is chosen, most protocols
should be designed to last approximately 8 to 12
min. More than half of pediatric stress testing labs
in the United States have both a treadmill and a
cycle ergometer (3).

Modern treadmills and cycle ergometers
allow for both direct operator control and pre-
programmed exercise protocols based on the type
of testing being performed. A warm-up period is
typically employed that can range in length from
several seconds to several minutes, depending on
the patient’s exercise testing experience.

The treadmill is the most commonly used modal-
ity for delivering exercise physiological stress (15).
The stimulus is adjusted by varying the speed or the
grade of the belt. Walking and running on a treadmill
can be challenging for some. Patients should be
assessed for their ability to safely walk and run on
atreadmill prior to stress testing. A demonstration
by a staff member may be helpful.

Advantages of the treadmill include the poten-
tial to reproduce symptoms that have occurred
during running. Treadmill testing will yield a maxi-
mal oxygen uptake that is about 10% greater than
cycle ergometry (10, 13, 21). Disadvantages of the
treadmill include the inability to calculate work
rate, cost, and movement artifacts that can affect
blood pressure and electrocardiogram recordings
(15, 23). Generally speaking, treadmill testing is

13
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not considered as safe as cycle ergometer testing
because of the risk of falling (15, 18).

There are two types of cycle ergometers avail-
able for testing. A mechanically braked ergometer
uses friction bands to increase the work rate, while
an electronically braked ergometer increases the
work rate with electromagnetic forces. The former
carries the disadvantage of requiring the subject to
maintain a particular pedaling cadence. Electroni-
cally braked ergometers require a cadence only
within a specific range, and they are typically more
accurate at reporting power output. Use of a cycle
ergometer permits an accurate quantification of
workload that is not possible during treadmill
exercise because of individual differences in gait,
body size, and stride length.

Optimizing Safety

Maintaining a safe environment for the perfor-
mance of the exercise test is paramount. The
very low incidence of serious adverse events
during maximal exercise testing is a testament
to the combined efforts of careful selection and
screening of patients, skilled oversight by staff,
and the development of specific training programs
for those performing these procedures, among
other factors.

Laboratory Staffing

Laboratories should be under the direction of a
physician who has received training in exercise
testing and exercise physiology (15, 23). Both
the American College of Cardiology and the
American Heart Association have documented
clinical competencies for physicians who direct
exercise testing laboratories (16, see also http://
circ.ahajournals.org/content/130/12/1014). The
physician may perform day-to-day management
of the laboratory or delegate this to a non-physi-
cian who has also completed specialized training
in exercise physiology. Ideally the non-physician
manager should have a master’s degree in exer-
cise physiology (23). This person is responsible
for training staff, maintaining equipment, guid-
ing testing procedures based on the patient’s
unique needs, and making timely reports of
results (15, 16, 23). Quality assurance methodolo-
gies must be used to continuously assess data
reliability, reproducibility, and comparisons to
normative values (4).

Laboratory staff performing the exercise test
should understand broad testing indications,

normal and abnormal physiological responses to
exercise, and the monitoring used during testing
(4, 15, 16, 23). A formal list of competencies for
those who perform stress testing has been pre-
sented by others (16). A minimum of two people
should perform the exercise test—one to directly
monitor the patient and the other to monitor the
data collection, including the electrocardiogram,
oxygen saturation, and blood pressure (15, 23).

Staff should be certified in basic life support
(BLS) at a minimum (15, 18, 23). Requirements for
advanced cardiac life support (ACLS) and Ameri-
can College of Sports Medicine (ACSM) certifica-
tion may vary given the differences between adult
and pediatric practices. Emergency protocols
should be prepared, documented, updated, and
practiced regularly.

Indications for Pediatric
Exercise Testing

Cardiopulmonary exercise testing (CPET) in chil-
dren is usually done to document physical working
capacity, to act as a provocation challenge, or to
provide an additional diagnostic tool in the medi-
cal management of the child (1). Specific indica-
tions for pediatric stress testing are presented in
multiple publications (8, 15, 16, 18, 23) and else-
where in this text. The question to be answered
for each patient should be precisely stated so that
appropriate protocol, equipment, and measured
variables can be used.

Contraindications to Pediatric
Exercise Testing

Contraindications to exercise testing in adults are
well-documented. Similar guidelines were initially
developed for children (11, 15, 20), but experi-
ence has indicated when this type of test can be
performed safely in both healthy and diseased
children (17, 18, 24), including those previously
considered high risk by adult standards (7, 15).
Therefore, over time, the absolute and relative
contraindications for exercise testing in children
have been modified (23).

The guiding principle is that testing should not
be planned in situations where the risk of maximal
exercise outweighs the benefit of the information
gained (23). Many pediatric testing laboratories
have utilized minimal contraindications for test-
ing, most of which center around the presence of
an acute disease process (18). Examples of test
contraindications may include those children
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with acute cardiac disease (such as pericarditis,
rheumatic fever with cardiac involvement, or myo-
carditis), severe cardiac valve stenosis, unstable
arrhythmias with concurrent hemodynamic com-
promise, or severe congestive heart failure or
hypertension (15, 23). Careful assessment of the
risk-to-benefit ratio for all patients is paramount.
Each laboratory should develop criteria related to
contraindications to testing based on their staff-
ing, experience, and comfort level (23).

Test Termination

Given that exercise testing is commonly used to
assess maximal cardiopulmonary capacity or to
trigger clinical symptoms, it is important that the
subject exercise to a high—if not exhaustive—
level of exercise intensity. There are, however,
some situations when an exercise test should be
terminated early: when conclusions have been
reached and the test will not yield any further
additional information, when there is a failure
in monitoring equipment, and when continuing
the test would compromise the child’s safety or
well-being (23).

Clinical judgment and experience are important
in determining if a test should be stopped due to
symptoms reported by the child. Any decision
to terminate a test early should be based on an
assessment of the entire data picture (15). The
decision to terminate a test can be variable and
patient dependent (18).

Other Safety Considerations

Exercise testing in children is considered safe,
even in children who carry a diagnosis that would
stratify them as high risk (7). A debated safety
consideration for pediatric exercise testing is
the need for the presence of a physician during
testing. Communication and pretest planning are
essential in this decision process, with the safety
of the child being of utmost importance. A physi-
cian should be immediately available for testing
deemed to be low risk and should normally be
physically present when testing the high-risk child
(23). Generally, patients who are asymptomatic
or clinically stable are on the low end of the risk
spectrum. More structured guidelines for low-risk
and high-risk patient populations are available
(23); however, the final decision and planning for
risk should occur before the test is performed.
According to the American Heart Association
Council on Cardiovascular Disease in the Young,
Committee on Atherosclerosis, Hypertension,

Should Parents Be in the Laboratory
During Their Child’s Test?

Pediatric exercise physiologists disagree about
whether to allow parents to be in the room during
testing. In this author’s experience, pediatric labs are
split 70 to 30 on letting parents directly observe their
child’s exercise testing, with more letting parents in
than keeping parents out.

Parental presence may be distracting for some
children and may provide reassurance for others.
Shy, very young, or nervous children may be com-
forted by having their parent present. Children
whose parents do not accept less than an Olympic
record for exercise testing (or any other athletic
endeavor for that matter) will not be comforted
by having their parent present. Some parents can
help their children to describe their symptoms to
the exercise staff before testing, while others will
take over describing their child’s symptoms to the
staff while the child is exercising. Some parents will
sit quietly in their designated space during the test,
while others will practically try to help conduct the
test. Some children can verbalize their symptoms to
the exercise staff without their parents, while others
only have symptoms in front of their parents.

At the very least, the family should be actively
engaged in the discussion of the testing procedures,
expectations, risks, and benefits. The entire family
should be encouraged to ask questions and discuss
any concerns they may have prior to the procedure.
If the laboratory uses an orientation visit or a practice
testing session for young or new patients, the family
should be present for the entire session. They then
could be absent for the test itself. Depending on
the size of the laboratory, there may not be room
for the parents to sit and observe, let alone the
grandparents, aunts, uncles, and cousins who may
accompany the child.

and Obesity in Youth (23) (see also the AHA
position statement at http://circ.ahajournals.org/
content/113/15/1905), high-risk patients include
those with a history of

¢ pulmonary hypertension,

¢ long QTc syndrome,

¢ dilated or restrictive cardiomyopathy with
congestive heart failure or arrhythmia,
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¢ hemodynamically unstable arrhythmia,

¢ hypertrophic cardiomyopathy symptoms
with left ventricular outflow tract obstruc-
tion (greater than mild),

¢ hypertrophic cardiomyopathy symptoms
with documented arrhythmia,

¢ airway obstruction on baseline pulmonary
function tests (greater than moderate),

e Marfan syndrome with activity-related
chest pain (suspected noncardiac cause),

e myocardial ischemia with exercise (sus-
pected), and

¢ syncope with exercise (unexplained cause).

Equipment to manage patient emergencies is
essential. Laboratories should have a fully stocked
resuscitation cart with a defibrillator, oxygen, and
suction in the laboratory. Oxygen and suction
capabilities may be on the resuscitation cart, wall
mounted, or built-in.

Preparing the Child
for an Exercise Test

Compared to adult patients, there are some unique
pretest considerations for children. Special care
should be taken to orient the children and their
adult guardians to the testing site, procedures,
and protocols.

Pretest Considerations

It is often helpful to discuss the test with the
child’s guardian(s) several days before the test.
This can take the form of a verbal conversation
or a mailed letter. See Sample Pretest Letter for an
example. Written instructions may increase com-
pliance (20). Information provided should include
the following:

¢ The child should be wearing clothing
appropriate for exercise. The importance
of proper footwear (no street shoes, san-
dals, or flip flops) should be emphasized. A
loose-fitting, short sleeve shirt is preferred.

It is recommended that children do not eat
for 2 to 3 hr prior to an exercise test. If the
test is the first thing in the morning, how-
ever, the child should eat a light breakfast.
(It only takes one experience attempting
to test a teenager who has entered the lab
immediately after consuming fast food,
chips, and soda to understand the impor-

Taylor

tance of this recommendation.) Also, the
child should refrain from highly vigorous
activity 24 hr before the test.

Patients may need to be instructed to either
take or hold routine medications depending
on the type of test being performed (e.g.,
holding a routine bronchodilator the morn-
ing of a provocation test) or the purpose
of the test (e.g., holding a beta blocker to
assess heart rate response).

¢ A brief, high-level description of what to
expect during the test.

Laboratory Orientation

There are certain times when performing an ori-
entation to the laboratory, staff, and equipment
is beneficial. This is formally required in some
research protocols. This allows children and their
families to see, touch, and experience the equip-
ment in a non-pressure situation (not right before
the actual test). It also allows time for children to
ask additional questions that they may have about
the procedure. The child then arrives for testing in
a more relaxed state. This author has performed
multiple successful orientation sessions with chil-
dren who are younger than the age range normally
tested in our laboratory.

Informed Consent

It has been suggested that pediatric exercise test-
ing laboratories use a written consent form for
the procedure (see Sample Consent Form) (4). It
is important to discuss the use of an additional
consent form (in addition to a standard consent
for treatment form) with institutional leadership
because different institutions have different poli-
cies regarding consent for medical procedures. It
is also important to understand local and state
laws on this issue. At this author’s institution, an
additional consent form for exercise testing is used
because the test is considered to present a level of
risk above that of a standard clinic visit. Whether or
not a formal consent document is used, a thorough
discussion of the procedure, the risks and benefits,
and the expectations should occur prior to the
test. Documentation of this conversation may
be warranted.

Testing Protocols

A number of different cycle and treadmill proto-
cols are available for testing children, each with
their own benefits and drawbacks. These will be
discussed in detail in chapter 3.
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Sample Pretest Letter

You/your child has been scheduled for an
exercise test. This test allows your doctor to
learn more about how your heart and lungs
work when you exercise. There is nothing
painful about this test, but you will be asked
to exercise on a treadmill or bicycle until
you are very tired. Most children exercise for
about 8 to 12 minutes, but there is no formal
time limit for the test. It is important to try
your very best during the test. Before, during,
and after the test, you will be attached to sev-
eral monitors that take measurements of you.

- Electrocardiogram (ECG): This measures
your heart rate and rhythm.

- Blood pressure: This measures your blood
pressure in your arm.

- Oxygen saturation: This measures the
amount of oxygen in your blood.

- Breathing: You may be asked to breathe
into a mouthpiece or face mask when you
exercise.

- How you are feeling: The people perform-
ing your test will ask you about how you
are feeling.

Other instructions:
- Please wear comfortable exercise clothes
and sneakers to the test.

- Please do not eat for 2 hours prior to the
test. If your test is first thing in the morn-
ing, however, you should eat a light break-
fast.

- Please do not participate in vigorous
physical activity 24 hours before the test.
- Please take your medicine as you normally

would unless your doctor gives you other
instructions.

From T.W. Rowland, American College of Sports Medicine, and North American Society for Pediatric Exercise
Medicine, 2018, Cardiopulmonary exercise testing in children and adolescents (Champaign, IL: Human Kinetics).

Multistage incremental protocols increase in
intensity every 2 to 3 min. The most common
multistage incremental protocols used in pediatric
exercise testing are the Bruce (treadmill) and the
James and McMaster (cycle ergometer). The Bruce
protocol can be applied to children of almost any
age. Highly trained children may become quite
bored with the first three to four stages of this pro-
tocol, however. The 3 min stages may also cause
boredom in some children. On the other hand,
the work increments between stages may be too
challenging for some patients. Normative data on
children ages 4 to 14 are available (6).

The James and the McMaster cycle protocols
each use three different protocols based on spe-
cific patient characteristics. The James protocol is
selected based on gender and body surface area,
whereas the McMaster protocol is chosen based
on the patient’s gender and height. The James
protocol uses 3 min stages while the McMaster
uses 2 min stages. Normative data are available
for the James protocol (12, 22).

Cycle ergometer testing can also use a progres-
sive incremental protocol, where the workload

increases every minute, or a continuous ramp pro-
tocol, where the workload increases constantly.
These two protocols provide similar physiological
responses (14, 19, 25). These types of protocols are
highly effective at yielding diagnostic data within
10 to 12 min (5). The Godfrey test was the first 1
min stage test used in children. The Godfrey test
utilizes three protocols based on the height of the
child and then uses a work interval of either 10
or 20 W. Normative data are available (9). Cooper
described the first continuous ramp protocol used
in children. The slope of the ramp is adjusted to
the child’s size and physical abilities and is typi-
cally assessed on a patient-by-patient basis.

Test Communication

Performing an exercise test on a child is often
more art than science. The science aspects of
protocol design, safety procedures, and equipment
maintenance are covered before the child enters
the laboratory and are generally not seen by the
patient. The art comes into effect during the actual



Sample Consent Form

Purpose and explanation of the test: is being asked to perform an exercise test to deter-
mine the presence or absence of any limitation related to the heart and lungs and/or to evaluate the
effectiveness of any past surgical or medical intervention. The exercise intensity will begin at a low
level and will be increased over time. While is exercising, blood pressure, electrocardiogram
(EKG) readings, and oxygen levels will be constantly monitored and recorded. will also be
monitored for a short recovery period after exercise. may be asked to breathe through a
mouthpiece so that oxygen intake can be sampled and studied.

Patient risks and discomforts: By reviewing preliminary information about health and by
careful observation during and after the exercise test, every effort will be made to conduct the test
in such a way to minimize discomfort and risk. However, as with other types of procedures, there
are potential risks involved. Risks during exercise testing include but are not limited to feeling light-
headed, fainting, chest discomfort, and muscle cramps. Sudden death and problems that would
require hospitalization are extremely rare but possible. Emergency equipment and trained personal
are available to handle unusual situations should they occur.

Participant responsibilities: Each patient will be asked by the supervising staff if there are any symp-
toms or discomfort that they are experiencing during the exercise test. Patients will tell the supervisory
staff what medication(s) they are currently taking.

Benefits to be expected: The results obtained from the exercise test may help in diagnosing illness,
evaluating the effect of medication or surgical intervention, or evaluating what kinds of physical
activities the patient can perform.

Opportunity for questions: | have read the preceding information and have been informed about
the exercise testing procedure. All of my questions have been asked and answered. | know | can ask
further questions at any time about the exercise test.

Freedom of consent: | hereby consent to perform an exercise test. My permission is given voluntarily.
| have read this form and | understand the proposed test procedure and the risks and discomforts

of the test procedure. Knowing the risks and discomforts and having had my questions answered
to my satisfaction, | consent for my/my child’s participation in this test.

Signature of Parent/Legal Guardian or Patient Date
I have explained the contents of this document to the patient and have answered all of the patient’s
questions, and to the best of my knowledge | feel the patient has been adequately informed and

has consented to the procedure(s) detailed above.

Signature of Physician or Trained Delegate Date

From T.W. Rowland, American College of Sports Medicine, and North American Society for Pediatric Exercise
Medicine, 2018, Cardiopulmonary exercise testing in children and adolescents (Champaign, IL: Human Kinetics).
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test. Figuratively speaking, getting a child to per-
form a maximal effort during testing is an exercise
in successful sales and marketing. The atmosphere
of the laboratory must be relaxed, warm, and
inviting. Pediatric exercise physiologists must be
able to successfully motivate and praise a child
during the procedure. This is particularly impor-
tant in children who are not active and not used
to pushing themselves physically to exhaustion.
These children may feel they are at their maximal
capacity while the objective data do not indicate
amaximal effort. Verbal encouragement becomes
even more important during this portion of the
test in these children. In essence, the staff must
achieve buy-in from the child that the test is fun
and that the child’s performance is special.

Communication with the child during the test
should be a balance between confirming the pres-
ence or absence of symptoms and distracting the
child from feelings of discomfort. Frequent inter-
action with the child during the test is important
and positive. This interaction should focus on how
wonderful the child is performing (phrases such
as “you’re doing a great job” or “I'll bet you can do
one more minute”) instead of how tired the child
is becoming. The key is to refocus the child away
from feeling uncomfortable to finishing as much
as possible.

Communication plans should be discussed
before the test begins, particularly when a
mouthpiece is used for metabolic measurements,
because the child will not be able to speak nor-
mally during the test. Options may include using
athumbs-up or thumbs-down or using a symptom
rating scale (0 is not at all, 10 is the worst ever)
during the test to allow for nonverbal communica-
tion about symptoms.

Children should be alerted that at the end of
test they should not stop exercising or jump off
the treadmill because there will be a cool-down
period. Applause from the staff at the end is sup-
portive. Providing the child with an achievement

Music During Pediatric CPET:
Motivational or Distracting?

Several pediatric exercise labs play popular music in
the background during CPET. There are reportsin the
literature of decreased ratings of perceived exertion
when music was played during standardized exer-
cise compared to a no-music control situation. Music
during testing may be distracting in some children
while others may find it motivational.

Communication between the exercise staff
and the patient throughout the test is paramount
in maintaining a safe environment. If a patient is
listening to music through earphones during the
test, then this communication could be hampered,
especially in situations where communication must
be rapid. If background music is played, the volume
should not obstruct ongoing communication
between the child and the exercise staff.

Another consideration is the effect of playing
music on longitudinal data obtained on the same
patient. If the patient was listening to a favorite artist
for one test (and hypothetically was more enthusi-
astic) and did not do this for a follow-up test, there
is potential for the data to be skewed.

certificate or other type of award after the test
may be useful.

Conclusion

Maximal exercise testing in pediatrics can be
performed safely in both healthy children and
children with disease. Proper training of staff is
essential. There are multiple testing protocols
that are well suited for children. It is important to
recognize that there is an art to pediatric exercise
testing that is needed to achieve quality results.
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PART

EXERCISE TESTING METHODOLOGY

when measurement of appropriate case-specific physiological variables

are incorporated into the study design. Testing experience over the past
several decades has greatly expanded the number of useful variables that can
be measured, including aerobic fitness, cardiac output, myocardial function, and
ventilatory capacity. Part Il provides an overview of current cardiopulmonary
variables that are available during exercise testing.

g n exercise test can only be expected to yield useful clinical information
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CHAPTER

3

Exercise Testing Protocols

Richard ]. Sabath Ill, EdD, David A. White, PhD, and Kelli M. Teson, PhD

ver the past three decades there has

been a significant increase in the use

of pediatric exercise testing both in the
clinical setting and in the research arena. Clini-
cians and researchers have benefited from the
development of testing equipment that has greatly
enhanced our ability to monitor the patient’s elec-
trocardiogram (ECG), oxygen saturation, blood
pressure, and echocardiogram during exercise.
The development and steady improvement in
breath-by-breath oxygen consumption technology
has made the accurate measurement of cardiore-
spiratory parameters possible without the use
of cumbersome Douglas bags and Scholander
devices that were once necessary. These tech-
nological advances have aided the clinician in
diagnosing disease, assessing more precisely a
patient’s functional capacity, and making decisions
about future medical management. Researchers
have also benefited from the enhanced assess-
ment techniques and new methodologies that
have provided fresh insights into the physiological
responses of children during exercise.

The purpose of exercise testing is to stress
the central oxygen delivery mechanisms in a
controlled and monitored setting to allow identi-
fication of abnormalities of the cardiopulmonary
systems that may not be evident at rest. Exercise
testing provides information about exercise capac-
ity, indications for future surgery, the need for
therapy or additional tests, the efficacy of medi-
cines, and the risk potential for future disease or
complications from existing disease. It is poten-
tially helpful in instilling confidence in parents and
children (8, 73). The basic tenets of exercise test-
ing, however, have remained unchanged despite
the advances that have been made. One of the
first decisions to be made by the test administra-
tor is the mode of exercise to be used and the
specific protocol for that testing mode. The mode
of exercise is determined by the objective of the

test, the age and health status of the patient, and
the available equipment. The protocol must be
capable of producing valid, reproducible results.
A significant amount of research has focused on
the effect of exercise testing protocols on exercise
tolerance, diagnostic accuracy, and gas exchange
parameters (57). Myers (57) has stated that a
child’s performance on an exercise test largely
depends on the mode of exercise and the test pro-
tocol selected. Stage duration and the work rate
increment of each stage are also important con-
siderations. Stage duration has no apparent effect
on maximal heart rate or maximal oxygen uptake
(89). Traditionally, protocols with 3 min stages
or longer have been used to assess submaximal
variables. However, protocols with 2 min stages
may be sufficient for testing children since they
typically adapt to changes in the external work
rate more quickly than adults do (42, 77). Several
studies have shown that peak oxygen uptake is
relatively unaffected by protocol variations within
a given mode of exercise (76, 77, 81).
Information about a child’s physiological
response to exercise is only as good as the
methods used to obtain it. Therefore, it is very
important that appropriate protocols and testing
techniques be used. There are several unique
considerations in testing children, who are emo-
tionally and physically immature compared to
adults (73). Exercise testing of children demands
more personal attention by the laboratory staff
and requires more time to prevent fear, misun-
derstanding, or inadequate understanding of test
requirements (73). Ideally, the test protocol should
be designed to maximally tax the patient’s central
delivery mechanisms within 8 to 12 min (63) of
exercise. Some researchers and clinicians have
suggested that test protocols for young children
should be 6 to 10 min in duration (40), but Was-
serman et al. (86) stated that testing protocols of
less than 10 min in duration may result in poor

23
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aerobic performance secondary to increased
muscle fatigue caused by the higher work rates
required to reduce test duration.

Typically, pediatric exercise testing guidelines
recommend a total test duration of 10 + 2 min
(41, 63, 84). Many experienced clinical pediatric
exercise physiologists report, with few exceptions,
that children 5 to 6 years of age can exercise for 8
to 12 min on various types of treadmill protocols
without significant difficulty. Each exercise test
protocol should begin with a 2 to 3 min warm-up.
The exception to this rule is when the objective
of the test is to evaluate a patient for possible
exercise-induced bronchospasm. In this case the
onset of exercise should be very brisk, elevating
the patient’s heart rate to 160 to 180 bpm relatively
quickly (as described in chapters 11 and 13).

In tests where oxygen consumption is measured
using a breath-by-breath metabolic system, the
same recommendations for protocol duration
apply. Some youth tend to terminate exercise early
due to discomfort with the headgear, mouthpiece,
and nose clips associated with measurement of
VOz. The silicone oronasal face mask is generally
accepted as an appropriate alternative to the older
mouthpiece and nose clip system. When using
oronasal face masks, it is vital to ensure there is a
proper seal, particularly around the patient’s chin
and the sides of the nose, to prevent any leaking
that would affect the measurements. Although
many advanced metabolic systems can measure
oxygen consumption breath-by-breath, this fre-
quency of measurement may make the data too
variable, potentially altering the accuracy of the
data. Adjusting the metabolic system settings to
10 to 30 s averages will allow for ample exercise
data while minimizing variability. The patient
should avoid verbal communication while oxygen
consumption is being measured. Thus, the use of
predetermined hand signals and ratings of per-
ceived exertion (RPE) scales are effective modes of
communication during an exercise test. Although
the traditional Borg scale is the most commonly
used and well-studied RPE scale, children often
struggle to comprehend the unorthodox 6 to 20
rating system. The Children’s OMNI RPE scale may
be more appropriate for this population due to the
easy-to-understand 0 to 10 scale and the scale’s
use of numerical, pictorial, and verbal descriptors
(38). The OMNI scale is valid and reliable for youth
with versions specific for running and cycling.

Exercise Testing Modality

The two most common modes of exercise testing
are the mechanically or electronically braked
cycle ergometer and the motor-driven treadmill.
Debate over the advantages and disadvantages
of cycle ergometer and treadmill testing proto-
cols is ongoing. General perceptions are that
the treadmill is noisy and may frighten small
children. There is also concern about increased
risk of injury on the treadmill (63). Experience
reveals that very young children (aged 3-5) have
not been hesitant to exercise on the treadmill. In
fact, many appear eager because they often have
been restricted from treadmill use by their par-
ents or guardians. With proper instructions, the
risk of injury with the use of treadmill protocols
is very low. Many treadmills designed for exer-
cise testing can be modified for a younger pedi-
atric population. These modifications include
adjustable side rails and a fixed or adjustable
front handlebar that can be placed at the child’s
level. These modifications not only help children
feel more comfortable while exercising (which
may lead to longer treadmill test time) but also
may help with ECG quality by allowing them to
place their hands in a more appropriate posi-
tion. Furthermore, many younger children may
fail to start moving their feet at the initiation of
exercise and may need to be reminded to start
walking as the belt moves. Appropriate treadmills
for pediatric exercise testing should be able to
start at speeds less than 1.0 mph (1.6 km/h),
which will allow the younger patient to become
acclimated to treadmill walking before exercise
intensity increases.

Stephens and Paridon have published guide-
lines regarding the mode of exercise that may
be most useful in evaluating different types of
patients (78). They recommend cycle ergometer
protocols for the evaluation of patients with
repaired or unrepaired aortic stenosis or insuf-
ficiency, transposition of the great arteries, tetral-
ogy of Fallot, single ventricle physiology, and
coronary artery anomalies in which the detection
of ischemia and arrhythmias is of primary impor-
tance. Treadmill protocols are recommended for
the assessment of pacemaker rate responsive-
ness, exercise-induced bronchospasm, and chest
pain. Assessment of peak aerobic exercise capac-
ity may be made using either a cycle ergometer
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or treadmill protocol. However, the treadmill is
preferred over the cycle ergometer for testing
young children (<7 yr) because of concerns that
relatively underdeveloped knee extensors lead
to leg fatigue and early test termination during
cycle testing (9, 73). The cycle ergometer is
preferred by many pediatric laboratories due
to more stable ECG tracings, ease of blood pres-
sure measurement, and increased patient safety
(63). Numerous studies have provided reference
values for children and adolescents performing
cycle ergometry (1, 28, 32, 85). Reference values
for treadmill testing have also been published
(11, 22, 83, 87).

As with treadmills, cycle ergometers for pedi-
atric exercise testing may need to be modified to
fit a variety of children. The most common pedi-
atric modification for an adult-sized ergometer
is adjusting the pedal crank arms. These crank
arms allow the pedals to be moved to different
positions in order to shorten the diameter of the
pedal revolution for smaller children. Many cycle
ergometers also have rotatable handlebars. The
handlebars should be placed in a position that
is comfortable for the child’s or adolescent’s
seat height. Many children will report significant
seat discomfort during cycle ergometer exercise.
Cycle saddles are produced in many different
shapes and sizes; it is best to find one that is
wide in the back to provide support and stability
without being too large. If the seat is too large,
the child’s range of motion may be disturbed, and
he or she may tend to slide off the front of the
seat. An adult-sized wide seat is recommended
for adolescent populations. Some manufactur-
ers produce smaller cycle ergometers designed
specifically for the pediatric population. These
ergometers typically are brightly colored and
adjustable to fit younger children comfortably.

A third mode of exercise not commonly used
in most pediatric exercise testing laboratories is
arm ergometry. In the past, arm ergometry has
been used to evaluate nonambulatory patients,
but current clinical practice seems to favor phar-
macologic testing of nonambulatory patients or
those who are too deconditioned or too ill to
exercise safely on a treadmill or cycle ergometer
(63). Arm ergometry is used in the evaluation of
patients with spinal cord injuries, various con-
genital defects, or leg amputations due to disease
or injury.

Protocol Design

Protocols for all modes of exercise may be divided
into three categories: multistage, intermittent, or
ramp. Multistage protocols (also known as incre-
mental protocols) consist of continuous, progres-
sive changes in slope or speed at specific time
intervals typically 2 to 3 min in duration. Examples
of multistage protocols include the Bruce and
Balke treadmill protocols and the McMaster and
James cycle ergometer protocols.

Intermittent protocols have been used to
determine maximal oxygen uptake and to measure
multiple submaximal variables. In intermittent pro-
tocols the subject exercises at a given intensity for
3to 5 min and is then given a short rest period. The
protocol continues with additional intermittent
bouts of exercise until the subject can no longer
continue. While this type of protocol is very good
for assessment of submaximal parameters and the
determination of VOzpeak, it is very time consuming
and is therefore not recommended for daily clinical
use. Intermittent protocols have found some utility
in the measurement of stress echocardiography
using an upright cycle or an ergometer specifi-
cally designed for stress echo. Immediately after
exercise, youths will typically have a very short
heart rate recovery period, which drastically limits
the time available to acquire images. Intermittent
protocols provide multiple bouts of exercise fol-
lowed by bouts of rest, which will provide the
sonographer with many chances to acquire the
necessary images.

The third type of testing protocols is ramping
protocols. This category includes both standard
and individualized continuous ramp protocols
as well as those protocols that employ stages
1.5 min or less in length. Although a significant
number of studies have presented the advantages
of using a ramping-style exercise protocol, its use
is not widespread. For patients undergoing serial
exercise testing over time, it is recommended
that the same protocol and mode of exercise be
used at each test session because different types
of tests can produce slightly different results.
Slightly greater peak heart rates (5%-10%) and
higher peak oxygen consumption values of 10%
to 15% are typically seen when comparing the
results of treadmill tests to those of cycle ergom-
eter tests (12, 52).
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Brief History of the Bruce Treadmill Protocol

Dr. Robert A. Bruce is often referred to as the father
of exercise cardiology (74). Before he developed the
Bruce treadmill protocol, there were no standardized
protocols that were safe, valid, and appropriate for the
evaluation of cardiopulmonary parameters in exercis-
ing patients.The enhancement of electrocardiographs
and the development of quality-motorized treadmills
in the 1940s helped Dr. Bruce to develop a standard-
ized clinical assessment tool. Dr. Bruce’'s first study in
1949 used a single-stage protocol of 10 min duration
and a constant walking speed (18). In 1950 Dr. Bruce
became the first head of cardiology at the University
of Washington, where he continued the single-stage
studies primarily to examine the predictive value of
treadmill testing in determining the success of surgery
forvalvularand congenital heart disease (74).1n 1962,
due in part to his single-stage studies, Dr. Bruce was
invited to participate in a symposium on exercise

fitness testing organized by the American Academy
of Pediatrics that addressed concerns about low
physical fitness levels in American children (74). As
a result of the symposium, Dr. Bruce and his cowork-
ers published the first report of their research using
a multistage treadmill protocol in Pediatrics in 1963
(14). This initial multistage protocol had only four
stages: stage I: 1.7 mph (2.7 km/h), 10% grade; stage
I: 3.4 mph (5.4 km/h), 14% grade; stage lll: 5.0 mph (8
km/h), 18% grade; and stage IV: 6.0 mph (9.6 km/h),
22% grade. Over time, Dr. Bruce's original protocol
evolved into the current seven-stage protocol in
use today. Beginning in 1971, Dr. Bruce and another
University of Washington cardiologist Dr. Harold T.
Dodge studied thousands of individuals participating
in the Seattle Heart Watch program (74). These studies
established the efficacy, safety, and prognostic value
of the Bruce protocol (15-17).

Treadmill Protocols

In contrast to the wide use of the Bruce protocol in
the adult population, there is no single standard-
ized testing protocol established for children. This
has often made it difficult to compare clinical or
research test data from one facility to another. How-
ever, many treadmill protocols have been validated
in the pediatric population and have been recom-
mended for specific outcomes. The following sec-
tion will describe in detail two of the most common
treadmill protocols used for young people, followed
by a general review of other multistage and ramping-
style treadmill test protocols. Although intermittent
protocols can be beneficial in some cases, that form
of exercise testing will not be covered in this sec-
tion and is not recommended for general pediatric
exercise testing.

Bruce Treadmill Protocol

The most commonly used treadmill protocol for
the evaluation of adults and children in the clinical
setting has been the Bruce protocol. Over several
decades of use, the Bruce protocol has produced
well-validated functional and prognostic norma-
tive values for many different cardiovascular and
metabolic conditions (57). The Bruce protocol
consists of seven 3 min stages (table 3.1). Despite

its widespread use, a number of potential problems
have been identified with the use of the Bruce pro-
tocol to test small children, patients with marked
obesity, and those with low functional capacity.
The large and uneven workload changes may cause
significant errors in estimating exercise capac-
ity based on total exercise time or workload (9,
63, 72). Highly fit patients may find the protocol
boring since they must exercise for 12 min before
encountering running speeds. The 3 min stages
may cause the test to become too long for young
children (recommended exercise test duration of
10 + 2 min) who may lose interest and motivation
to give a full effort. The steep grades on the Bruce
protocol may cause patients to stop due to lower
leg fatigue and may tempt patients to hold onto the
handrails, significantly affecting both the estimated
and directly measured oxygen consumption (63).

Various modifications have been made to the
original protocol over the years to overcome some
of its deficiencies. Changes in initial slope, speed,
and stage duration have been the most frequent
modifications to the Bruce protocol. Modified
Bruce protocols often use 1.5 min (half Bruce) or
2 min stage times. As shown in table 3.1, stages A
and B may be added to the standard Bruce proto-
col to provide a less strenuous initial workload in
patients who are unfit, obese, or have advanced
cardiac or lung disease.
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Should Holding Onto Handrails Be Permitted?

There is considerable disagreement about whether a
patient should be allowed to hold onto the handrail
during clinical treadmill exercise testing (personal
communications). Thereis a rather general agreement
that, except in extenuating circumstances, it would be
better if patients did not grasp the handrails. In fact,
most published exercise testing guidelines indicate
that subjects should not hold onto the handrails
during testing because this leads to a reduction in
metabolic cost, decreases submaximal heart rate and
oxygen uptake responses, and prolongs test duration.
However, while test time is prolonged, some data sug-
gest that there are no apparent differences in peak
heart rate or peak oxygen uptake in adults or children
during treadmill exercise with or without handrail use
(66, 75). Green and Foster’s study showed a relation-
ship between decreasing metabolic cost and how
tightly the handrail was grasped (34). On the other
hand, many testers allow holding onto the handrails
for subject stability and safety. A recent study of 78
children ages 4 and 5 by van der Cammen-van Zijp et

al. concluded that young children should be allowed
to hold the handrails to give them “the opportunity
to achieve maximal performance successfully” (83).

However, many laboratories allow handrail use.
Patients are told they may elect not to use the handrail
if they are comfortable in doing so. Itis usually readily
apparent during the warm-up and early stages of the
test if the patient is comfortable exercising on the
treadmill. If the patient is going to use the handrail, he
or she is instructed to grasp the handrail as lightly as
possible. Due to time constraints in many clinical set-
tings, it is not realistic to allow the patient to become
fully acclimated to the treadmill in order to exercise
hands-free. Our primary concern is patient safety and
comfort. In a research setting, the investigators should
provide enough time in their protocol to allow the
subject to become acclimated to the treadmill and
should encourage hands-free exercise. Each labora-
tory will have to weigh the concerns of patient safety
against time constraints in establishing guidelines for
handrail use.

Cumulative time (min) | Speed (mph) | Grade (%)
- 1.7 0

Table 3.1 Bruce Treadmill Protocol

[ Stage duration (min) | cumulative time (min)
Stage A (0.0) 3
Stage B (0.5) 3 -
Stage 1 3 3
Stage 2 3 6
Stage 3 3 9
Stage 4 3 12
Stage 5 3 15
Stage 6 3 18
Stage 7 3 21

1.7 5

1.7 10
25 12
34 14
4.2 16
5.0 18
55 20
55 22

Stage A and stage B are also known as Bruce stage 0.0 and 0.5 respectively. Cumulative times do not include stages

A and B.

Balke Treadmill Protocol

The Balke protocol was first published in 1959
(7). Balke protocols are performed at constant
walking speed with changes in slope every 1 to 3
min. Most commonly the stages are 2 min in dura-
tion. The protocol is useful in evaluating patients
who are obese, unfit, very young, or chronically ill

(63, 73, 83). Variations of the Balke protocol using
walking speeds of 3.0 mph to 3.5 mph (4.8 to 5.6
km/h) and slope increases of 2% or 2.5% per stage
have been used in studies of children (68, 77). The
primary disadvantage of the Balke protocol is that
it may progress too slowly for fit children, leading
to unduly long test durations (often 18-20 min or
more). This has led to the development of protocols
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with increased initial slopes of 6% to 10% and faster
treadmill speeds. Investigators have used running
speeds (5 mph [8 km/h]) in an attempt to keep
treadmill slope lower and test duration shorter (4,
71). A running Balke protocol has been shown to be
very suitable for the measurement of peak oxygen
uptake in pre- and postadolescents (3). If changes to
slope and speed are made to fit the patient’s age and
fitness level, normative data should be developed
by the laboratory staff (84). Two common Balke
protocols are shown in tables 3.2 and 3.3. Tables
3.4 and 3.5 show common multistage and ramping
treadmill protocols, respectively, which have been
used to evaluate children.

Table 3.2 Balke Treadmill Protocol

Cycle Ergometer Protocols

Two types of cycle ergometers are used in exercise
testing:

1. mechanically braked, which apply exter-
nal resistance to the flywheel through
frictional bands, and

2. electronically braked, which increase
resistance electromagnetically.

Mechanically braked ergometers require the
patient to maintain a very precise pedaling
cadence, normally 50 or 60 rpm, whereas electroni-

Stage 1 2

Stage 2 2 4
Stage 3 2 6
Stage 4 2 8
Stage 5 2 10
Stage 6 2 12
Stage 7 2 14
Stage 8 2 16
Stage 9 2 18
Stage 10 2 20
Stage 11 2 22
Stage 12 2 24
Stage 13 2 26

Table 3.3 Modified Balke Protocol

Cumulative time/(min) | Speed (mph) | Grade|(%)
2 35 2

35 4

35 6

35 8

35 10
35 12
35 14
35 16
35 18
35 20
35 22
35 24
35 26

Stage 1 2

Stage 2 2 4
Stage 3 2 6
Stage 4 2 8
Stage 5 2 10
Stage 6 2 12
Stage 7 2 14
Stage 8 2 16
Stage 9 2 18
Stage 10 2 20

Cumulative time (min) | Speed (mph) | Grade(%)
2 3.0 0

3.0 25
3.0 5
3.0 75
3.0 10
3.0 12.5
3.0 15
3.0 17.5
3.0 20
3.0 225



Table 3.4 Other Common Multistage Treadmill Protocols

Modified | Modified | Modified Naughton Mod
Protocol' | Brucel Brucell | Brucellll | Cornell (Three speed choices) Naughton

STAGE 1,3
MIN; STAGES
TIME 2 MIN 3 MIN 3 MIN 2 MIN 2-7,2 MIN 2 MIN 2 MIN 3 MIN
0.0 1.7mph, 1.7mph, 1.2mph, 1.7mph, 1.7 mph, 2.0mph, 3.0mph, 3.4 mph, 1.0mph, 2.0 mph,
0.5 10% 0% 0% 0% 10% 0% 0% 2% 0% 10%
1
1.5
2 2.5 mph, 1.7 mph, 2.0 mph, 3.0mph, 3.4 mph, 1.5mph,
25 12% 5% 3.5% 2.5% 4% 0%
3 1.7 mph,  1.2mph, 3.0 mph, 3.0 mph,
3.5 5% 3% 10% 10%
4 3.4 mph, 2.0 mph, 3.0mph, 3.4 mph, 2.0mph,
5 10% 4.0 mph,
5.5 10%
6 42 mph, 1.7mph, 1.7 mph, 2.0mph, 3.0mph, 3.4 mph, 2.0mph, 4.0 mph,
6.5 16% 10% 6% 2.1 mph, 105%  7.5% 8% 7% 10%
7 11% 5.0 mph,
7.5 10%
8 5.0 mph, 2.0 mph, 3.0mph, 3.4 mph, 2.0mph,
8.5 18% 2.5 mph, 14% 10% 10% 10.5%
9 2.5 mph, 12% 5.0 mph, 4.0 mph,
9.5 12% 15% 14%
10 5.5 mph, 2.0mph, 3.0mph, 3.4 mph, 3.0 mph,
10.5 20% 3.0 mph, 175%  125%  12% 43%
1 13% 6.0 mph,
11.5 15%
12 3.4 mph, 2.0 mph, 3.0mph, 3.4 mph, 3.0 mph, 4.0 mph,
12.5 14% 3.4 mph, 21% 15% 14% 7.5% 18%
13 14% 7.0 mph,
13.5 15%
14 3.0 mph, 3.4mph, 3.0 mph,
145 3.8 mph, 17.5% 16% 10%
15.5 22%
16 3.0 mph, 3.4 mph, 3.0mph,
16.5 4.2 mph, 20% 18% 12.5%
17 16%
17.5
18 3.0 mph, 3.4mph, 3.0 mph,
18.5 4.6 mph, 22.5% 20% 15%
19 17%
19.5
20

Protocols are presented as speed in miles per hour (mph) and percent treadmill grade per stage. Protocol names presented with length of stages in
minutes.
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Table 3.5 Common Ramp Treadmill Protocols

German Society of Paediatric RET )
Protocol | Bruceramp | Balkejramp Cardiology protocol CMH max protocol

STAGE 1, 3 MIN;

TIME 1 MIN 1 MIN 1.5 MIN 1.5 MIN STAGES 2-14, 1 MIN 30S
0.0 1.0mph,0% 33 mph,1%  2.17 mph, 1.24 mph, 0% 3.0 mph, 0% 0.5 mph, 0%
0.5 0% 1.0 mph, 0%
1 1.3 mph,5% 3.3 mph, 2% 1.5 mph, 0%
1.5 2.17 mph, 1.55 mph, 0% 2.0 mph, 0%
2 1.7mph,10% 33mph,3% 1% 2.5 mph, 0%
2.5 3.0 mph, 0%
3 2.1 mph,10% 3.3 mph,4%  2.48 mph, 1.86 mph, 3% 4.0 mph, 0% 3.0 mph, 1%
3.5 3% 3.0 mph, 2%
4 2.3 mph, 11% 3.3 mph, 5% 4.0 mph, 2.5% 3.0 mph, 3%
4.5 2.79 mph, 2.17 mph, 6% 3.0 mph, 4%
5 2.5mph, 12% 3.3 mph, 6% 5% 4.0 mph, 5% 3.0 mph, 5%
5.5 3.0 mph, 6%
6 28 mph,12% 3.3 mph,7%  3.10 mph, 2.48 mph, 9% 5.0 mph, 5% 3.0 mph, 7%
6.5 7% 3.0 mph, 8%
7 3.1 mph, 13% 3.3 mph, 8% 5.5 mph, 5% 3.0 mph, 9%
7.5 3.41 mph, 2.79 mph, 12% 3.0 mph, 10%
8 3.4mph, 14% 33mph,9% 2% 6.5 mph, 5% 3.0 mph, 11%
8.5 3.0 mph, 12%
9 3.8mph, 14% 3.3 mph, 10% 3.72 mph, 3.11 mph, 15% 7.0 mph, 5% 3.0 mph, 13%
9.5 11% 3.0 mph, 14%
10 4.1 mph, 15% 3.3 mph, 11% 7.0 mph, 7.5% 3.0 mph, 15%
10.5 4.04 mph, 3.41 mph, 18% 3.0 mph, 16%
1 42mph, 16% 3.3 mph,129% 13% 7.5 mph, 7.5% 3.0 mph, 17%
115 3.0 mph, 18%
12 4.5 mph, 16% 3.3 mph,13% 4.35 mph, 3.72 mph, 21% 8.0 mph, 7.5% 3.0 mph, 19%
12,5 15% 3.0 mph, 20%
13 4.8 mph,17% 3.3 mph, 14% 8.5 mph, 7.5% 3.0 mph, 21%
13.5 4.66 mph, 4.03 mph, 21% 3.0 mph, 22%
14 50mph, 18% 3.3 mph, 15% 1°% 8.5 mph, 10% 3.0 mph, 23%
14.5 3.0 mph, 24%
15 5.3 mph, 18% 3.3 mph, 16% 9.0 mph, 10% 3.0 mph, 25%
155
16 5.6 mph,19% 3.3 mph, 17%
16.5
17 5.8 mph,20% 3.3 mph, 18%
17.5
18 3.3 mph, 19%
18.5
19 3.3 mph, 20%
19.5
20

Protocols are presented as speed in miles per hour (mph) and percent treadmill grade per stage. Protocol names presented with length of stages in

minutes.
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cally braked ergometers allow for a much wider
range of cadences by the patient while maintaining
the correct workload. While treadmills are easily
calibrated, electronically braked cycle ergom-
eters require specialized equipment to calibrate.
Although mechanically braked cycle ergometers
are not difficult to calibrate, it is often required.
Cycle ergometry is highly dependent on patient
motivation and comfort. Early test termination
may occur because of leg fatigue in young and
poorly conditioned patients.

Cycle ergometry offers several distinct advan-
tages over treadmill testing. Cycle ergometers are
safer, less intimidating to pediatric patients, have a
lower initial cost, and require less physical space,
which is helpful in clinical laboratories with space
limitations. Cycle ergometer protocols may be
more appropriate than treadmills in the testing of
patients with neuromuscular disorders (8). Cycle
ergometer exercise is less dynamic than treadmill
exercise, which allows for less motion artifact on
the ECG tracings. Blood pressure measurement at
peak exercise may be obtained more accurately
compared to the treadmill. Electronically braked
cycle ergometers make determining physical work-
ing capacity straightforward, while differences in
walking and running economy make the assess-
ment of physical working capacity quite difficult
on the treadmill (72).

As previously stated, children younger than age
6 usually require a pediatric-sized cycle ergometer
or modifications to a standard cycle ergometer.
These modifications typically include alterations
in the pedal arm length, seat size, seat height,
and handlebar angle (84). Young children may
have problems maintaining the proper pedaling
cadence on a mechanically braked ergometer
even when the cycle ergometer is appropriately
adjusted to their size (63). Paridon et al. (63) have
suggested work rate increments during cycle
ergometry of 20 to 25 W/min for fit adolescents and
10 W/min for young and unfit patients. Commonly
aload increase of 0.25 watts per kilogram per min
is employed for ramp protocols. The following
section will describe three of the most common
cycle ergometer protocols in youth.

McMaster Cycle Ergometer Protocol

The McMaster protocol divides patients into five
categories based on gender and height (9). Each
test stage is 2 min long. The patient is given strong
verbal encouragement to exercise until reaching
volitional exhaustion. The pedaling cadence is
normally set at 50 rpm, but some laboratories
use a pedaling cadence of 60 rpm. The primary

outcome measures are peak mechanical power
and peak oxygen uptake. If the test is terminated
before the final stage is completed, peak power is
prorated based on the time completed in the final
stage (9). Children with significant heart, lung, or
muscular disease may require reductions in the ini-
tial workload and stage increments (9). Total test
time is 8 to 12 min for most patients. The specifics
of the McMaster protocol are shown in table 3.6.

James Cycle Ergometer Protocol

The James protocol divides patients into three
categories based on body surface area. Each
stage is 3 min in duration with pedaling of 60 or
70 rpm (9, 63). After completion of the first three
minutes, work is increased by 16.5, 33, or 49.5 W/
min (100, 200, 300 kpm/min) until maximal criteria
are achieved or the patient cannot maintain the
proper pedaling cadence. Normative data have
been published by James and coworkers (42)
and Washington and colleagues (85). The initial
workload and stage increments are provided in
table 3.7.

Godfrey Cycle Ergometer Protocol

The Godfrey protocol was the first 1-min protocol
to be used systematically with pediatric patients
(72). The protocol places patients into three dif-
ferent categories based on height. Workload is
increased at 1 min intervals until exhaustion is
reached. The cycling cadence is 60 rpm. Peak
workload is compared to normal values for size
and gender that have been previously published
by Godfrey (31). Due to the short stage duration
this test is not recommended for evaluation of
submaximal physiological variables (9). Table 3.8
provides details for conducting the test.

McMaster Arm Ergometry Test

To perform the McMaster arm ergometry test (9)
the patient should be seated comfortably in a
wheelchair or standard chair with the axle of the
ergometer at shoulder height. The distance from
the chair to the ergometer should be adjusted so
that the arm is fully extended when the ergometer
crank arm is farthest from the patient. The patient
should maintain an upright posture and be able
to fully extend the arms without bending forward
at the waist. For wheelchair confined patients the
back may need to be supported by a pillow (8).
Some patients may require additional support or
strapping to minimize trunk motion. The recom-
mended cranking rate is 50 rpm, but a slower
cranking rate may be required for children with
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Table 3.6

Patientheight

<119.9cm

Timei(min) | (12.5W/stage)

Sabath, White, and Teson

Patientheight
120-139.9'cm
(25'\W/stage)

McMaster Cycle Ergometer Protocol

Patient/height
140-159.9'cm
(50\W/stage)

Patientheight
=160/cm|(male)
(50/\W/stage)

Patientheight
=160 cm(female)
(25/W/stage)

0 Initial workload Initial workload Initial workload Initial workload Initial workload
1 125W 125W 25W 25W 25W
2 25W 375W 50W 75W 50w
3

4 37.5W 62.5W 75W 125W 75W
5

6 50w 875W 100 W 175W 100 W
7

8 62.5W 1125W 125W 225W 125W
9

10 75W 137.5W 150 W 275W 150 W
11

12 87.5W 162.5W 175W 325W 175W
13

14 100 W 187.5W 200W 375W 200W
15

16 1125W 2125W 225W 425 W 225W
17

18 125W 2375W 250 W 475 W 250 W
19

20 137.5W 262.5W 275W 525W 275W
21

W = watts. W/stage = wattage increase per stage. Each stage is 2 min long.

Based on Bar-Or and Rowland 2004.

muscular or neurologic disorders. Peak oxygen
consumption measured during arm ergometry is
typically 20% to 30% lower than values achieved
during treadmill testing (9, 64). For this type of
exercise, an arm-specific ergometer is recom-
mended on a sturdy table that is stable enough
not to shift during high-intensity exercise. If an
arm ergometer is not available, it is also permis-
sible to modify a bicycle ergometer by securing
it to a stout table and replacing the pedals with
appropriate handles and crank arms. Details of
the McMaster Arm Ergometry test are provided
in table 3.9.

Multistage Versus
Ramp Protocols

The use of ramping protocols for exercise testing
has been increasing in popularity since the 1990s
(57). However, despite recommendations from
leading national organizations (American College
of Sports Medicine, American Heart Association,

American College of Cardiology) and many inves-
tigators for new approaches to exercise testing,
most exercise laboratories continue to select
the mode of exercise and the protocol based on
tradition, convenience, or familiarity (13, 19, 57,
79). In the early 1980s, electronically braked cycle
ergometers began to replace the mechanically
braked ergometers in the testing laboratory. This
allowed for the development of cycle ergometer
ramped protocols that increase work in a continu-
ous, constant manner. Whipp and coworkers first
reported on the use of a ramped cycle ergometer
protocol for adults in 1981 (88). A study by Cooper
et al. (23) was the first to report on the use of a
ramp protocol in children.

Technological advances since the 1990s have
produced software that produces exercise proto-
cols seamlessly and permits the use of treadmills
as well as cycle ergometers to perform ramp tests
(57). Myers et al. (59) first reported ramp testing
on a treadmill in 1991. There are two types of
ramp protocols: standardized (e.g., Bruce ramp,
Balke ramp) and individualized (43). These types
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Table 3.7 James Cycle Ergometer Protocol

BSA
<0.99

BSA BSA
1.0-1.19 >1.2

Time!(min)

(16.5W/stage)

(33 Wistage) (49.5W/stage)

0 INITIAL WORKLOAD 33 W

1

2

3 495W 66 W 825W
4

5

6 66 W 9W 132W
7

8

9 82.5W 132W 181.5W
10

11

12 99W 165W 231W
13

14

15 1155W 198 W 280.5W
16

17

18 132W 231 W 330w
19

20

21 148.5W 264 W 379.5W
22

23

BSA = body surface area (m?). W = watts. W/stage = wattage increase per stage. Each stage is 3 min long.
Based on Bar-Or and Rowland 2004; Kaplan et al. 1980; Paridon et al. 2006; Washington et al. 1988.

of protocols are very efficient in providing exer-
cise responses in a short amount of time, thus
enabling the easy acquisition of diagnostic data
within 10 to 12 min (23, 29, 63). Ramp protocols
offer several potential advantages over tradi-
tional cycle ergometer and treadmill protocols.
They provide uniform increases in hemodynamic
and physiologic responses and eliminate the
large and unequal workload increases commonly
seen in multistage protocols. Furthermore, it
is easier to accurately determine the ventila-
tory anaerobic threshold (VAT) with a ramp
protocol (58, 59).

In an individualized ramp test, the slope of the
ramp should be based on the child’s body size and
fitness level and designed to produce a maximal
effort within 10 min (19, 63). For the test to be
adequately individualized, prior knowledge of the
patient’s exercise capacity would be required (57).
Unfortunately, this information is often unavailable
in a clinical setting. While an individualized ramp
protocol may be preferred, standardized ramp

protocols may have many of the same advantages
(20, 26).

Cabrera et al. studied 46 healthy boys and girls
using a standard Bruce protocol and a Bruce ramp
protocol (20). The authors reported no significant
difference between the two protocols in peak heart
rate or peak oxygen uptake or in metabolic, hemo-
dynamic, or ventilatory variables at peak exercise.
The test duration on the standard Bruce protocol
was 1.2 min longer than the ramped protocol. The
authors suggested that a ramped Bruce protocol
may be preferable to the standard Bruce protocol
for pediatric exercise testing because it features
smaller stage changes in speed and grade and
reduces the changes in oxygen demand between
stages (20). DiBella et al., using a protocol identical
to the protocol used in the Cabrera study, found
similar results in healthy children and adolescents
(26). The investigators concluded that similar
peak heart rates and \'/O2 values can be acquired
in normal children and adolescents using either a
standard or ramped Bruce protocol. DiBella and
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Table 3.8 Godfrey Cycle Ergometer Protocol

Patientheight

Patientheight

Patient height

<119.9. cm 120-149.9 cm =150 cm
Time (min) (10'W/stage) (15'W/stage) (20/W/stage)
1 Initial workload 10 W Initial workload 15 W Initial workload 20 W
2 20w 30W 40W
3 30W 45W 60 W
4 40W 60 W 80W
5 50W 75W 100W
6 60 W 20W 120W
7 70W 105W 140 W
8 80w 120W 160 W
9 0W 135W 180W
10 100w 150 W 200W
11 110W 165W 220W
12 120w 180W 240 W
13 130W 195W 260 W
14 140 W 210W 280 W
15 150 W 225W 300 W
16 160 W 240 W 320W
17 170 W 255w 340 W
18 180W 270 W 360 W
19 190 W 285W 380W
20 200W 300W 400 W

W = watts. W/stage = wattage increase per stage. Each stage is 1 min long.

Based on Bar-Or and Rowland 2004; Godfrey 1974; Rowland 1993.

coworkers were in agreement with Cabrera et al.
that the peak heart rate and peak oxygen uptake
data from the Bruce ramping protocol did not
support the need to develop new normative data
(20). Thus, laboratories wishing to transition to the
ramped protocol could do so rather easily. Paridon
et al. (63) have suggested that ramped work rate
increments of 20 to 25 W/min in fit adolescents
and 10 W/min for young children and unfit patients
are appropriate. With the increasing prevalence
of childhood obesity, ramping protocols specific
for this population continue to be developed. For
example, the Fitkids protocol (45) and the German
Society of Paediatric Cardiology protocol (27) are
90 s per stage treadmill test protocols developed
to measure fitness in youngsters with impaired
functional capacity. The Fitkids protocol was
designed to be performed in an outpatient physical
therapy setting on nonclinical treadmills; it pro-
vides clinicians with VOZpeak prediction equations

based on patient sex, body mass, and test time.
The protocol starts with a 0% grade, reaching a
maximal grade of 15%, avoiding premature test ter-
mination due to lower leg fatigue (45). The German
Society of Paediatric Cardiology protocol (27) was
designed as a transferable protocol, appropriate
for both children and adults, which would allow
clinicians to track functional capacity in a single
patient from childhood through adulthood.

With these advantages, ramp exercise protocols
can enhance diagnostic performance, provide a
more accurate estimate of exercise capacity and
VAT, and improve the utility of exercise tests for
predicting prognosis in a clinical setting (57, 63).
However, ramping exercise does not allow for
the determination of steady-state submaximal
data and may not be appropriate when it is most
important to determine corrected QTc intervals.
Table 3.10 summarizes possible uses of a ramp
protocol in a clinic setting.
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Table 3.9 McMaster Arm Ergometry Protocol

Patient height

Patient height Patient height Patient/height Patient height

<119.9.cm 120-139.9'cm 140-159.9'cm >160 cm|(male) >160 cm|(female)
Time (min) | (8W/stage) (16.5W/stage) (16.5'W/stage) (33\W/stage) (16.5'W/stage)
0 Initial workload Initial workload Initial workload Initial workload Initial workload
1 8w 8w 16.5W 16.5W 16.5W
2 16W 245W 33W 495W 33W
3
4 24 W 41W 495W 825W 495W
5
6 32W 57.5W 66 W 115.5W 66 W
7
8 40W 74 W 825W 1485 W 825W
9
10 48 W 90.5W 9w 181.5W 99 W
11
12 56 W 107 W 1155W 2145W 1155W
13
14 64 W 123.5W 132W 247.5W 132W
15
16 72W 140W 1485 W 280.5W 148.5W
17
18 80W 156.5W 165 W 3135W 165 W
19
20 88 W 173 W 181.5W 346.5W 181.5W
21

W = watts. W/stage = wattage increase per stage. Each stage is 2 min long.
Based on Bar-Or 1983; Bar-Or and Rowland 2004; Pescatello 2014.

Table 3.10 Use of Ramp Versus Multistage Exercise Protocols

Reason for: test Recommended exercise protocolitype

Ischemia Ramp or multistage
Ectopy or dysrhythmia Ramp

QTc evaluation Multistage

Chest pain Ramp

Asthma Ramp

Fitness Ramp or multistage

Hemodynamic analysis Ramp or multistage

to rest if needed, resuming walking as soon as
possible. Patients who require supplemental

Six-Minute Walk Test

The six-minute walk test (6-MWT) is a self-paced
test in which the patient is encouraged to cover
as much distance as possible during the allotted
time. Typically the test is performed over a 30 to
50 m course that is marked in 1-yd increments.
No running is allowed, and the patient may stop

oxygen should be allowed to perform the test on
oxygen. The 6-MWT is used to measure exercise
tolerance in children who are too physiologically
compromised to be evaluated by traditional test-
ing protocols. This test is used to follow disease
progression and to assess the efficacy of surgical
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or pharmacologic interventions. The protocol has
been used to assess pediatric heart and heart-
lung transplant patients pre- and postoperatively.
Numerous authors have provided reference data
for children and adolescents (2, 10, 30, 44, 48, 50,
65). Care must be taken when selecting reference
values for use because it has been shown that a
patient’s height, weight, and age influence the 6
min walking distance (2, 10, 30, 48, 50, 51, 65). The
validity and test-retest reliability of the 6-MWT has
been shown to be strong across a wide variety of
childhood diseases and neuromuscular disorders
as well as in healthy children (2, 6, 25, 36, 39,
49, 50, 53, 55, 56, 60, 62, 80, 82). A recent study
by Klepper and Muir (44) reported a test-retest
reliability value of 0.93 using American Thoracic
Society guidelines to test healthy, elementary-aged
children in the United States. These guidelines
also provide recommendations for test execution
and standard verbal encouragement to decrease
inter- and intra-tester variability (2).

The main advantages of the 6-MWT are that it
does not require special equipment, it mimics the
activities of daily living (including allowing the
use of supplemental oxygen during the test for
patients who require it), and it is relatively easy to
perform (67). Patient motivation and body habitus
may significantly affect performance on the test.
Often these tests have been performed without
any form of monitoring. However, it is recom-
mended that heart rate and oxygen saturation be
monitored by a portable oximeter before, during,
and after the test (63). Because of oximeters’
sensitivity to motion, however, it is important to
avoid movement-induced errors in heart rate and
oxygen saturation measurements. Some research-
ers and clinicians have questioned the prudence
of having patients with cardiac impairment exer-
cise without continuous ECG monitoring in public
hospital hallways (67).

In adult patients with significant cardiac impair-
ment, the 6-MWT has been found to correlate
relatively well with peak oxygen uptake (33, 61).
However, in patients with mild or moderate impair-
ment, the 6-MWT validity, reliability, and utility
are questionable, especially in those patients
who can walk more than 400 m during the test
(33, 61). Some studies have found the 6-MWT to
correlate reasonably well with peak oxygen uptake
in children with severe cardiopulmonary disease
and in those with moderate lung disease (35, 36,
60). Nixon and her coworkers found the 6-MWT to
be a useful alternative to traditional treadmill or
cycle ergometer testing in the assessment of oxy-

hemoglobin desaturation and exercise tolerance
in young patients dependent on supplemental
oxygen awaiting heart-lung or lung transplanta-
tion (60). The 17 patients in the study ranged
from 9 to 19 years of age. Each patient completed
a 6-MWT and a cycle ergometer test using the
Godfrey protocol (31). The test data showed a
statistically significant correlation between the
6-MWT and peak oxygen uptake and physical
work capacity. There was also a significant cor-
relation between the minimum oxyhemoglobin
values obtained from the 6-MWT and from cycle
ergometer testing. The minimum oxyhemoglobin
saturation levels measured on the walk test were
slightly lower than on the cycle ergometer test
(84% vs. 86%), leading the authors to conclude
that “Sa0, measured during progressive exercise
testing on a cycle ergometer may not reflect the
degree of oxyhemoglobin desaturation during
self-paced walking in some patients with severe
cardiopulmonary disease” (60).

Maximal Test Criteria

The ability to determine if a child has given a maxi-
mal effort during an exercise test is vital. Exercise
test data provide important information to the
physician about future medical management of the
child. Decisions about the need for surgery, addi-
tional tests to be done, or possible pharmacologic
intervention are often contingent on the outcome
of the exercise test. Thus it is imperative to use
established criteria to determine peak oxygen
uptake so that results can be compared between
laboratories and between patients (73).

The determination of a maximal effort can be
quite difficult. To date no single criterion has
proven to show a maximal effort. Multiple criteria
have been used extensively to determine maximal
exercise effort but all have limitations in varying
degrees. Investigators have used peak heart rate,
peak respiratory exchange ratio (RER), plateau
in oxygen uptake, a rating of perceived exertion
greater than 17 (RPE 6-20 scale) or greater than 9
(OMNI RPE 0-10 scale), and subjective appearance
of the patient (38, 72, 79). The use of these criteria
has sometimes been problematic in determining
maximal effort in children. Heart rate prediction
formulas using age are not accurate in children
because peak heart rate during exercise is rela-
tively constant across the pediatric age range (73).
Peak heart rate values show significant individual
variation with standard deviations of 5 to 10 bpm
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often observed (24, 37, 75). The mode of exercise
influences the peak heart rate achieved. Cumming
et al. (24) studied nine different exercise protocols
and reported peak heart rates of 197 + 7 bpm and
195 + 5 bpm during cycle ergometry and 204 + 5
bpm to 198 + 5 bpm during a running and walking
treadmill protocol respectively. Therefore using
a criterion of 200 bpm as an indicator of maxi-
mal exercise effort may lead to an inappropriate
number of tests being considered submaximal.

The use of RER as a criterion of maximal
exercise effort is not without its own set of limi-
tations. The RER is the ratio of carbon dioxide
to oxygen uptake with resting values of 0.70 to
0.85, depending on the timing or type of food
consumed or the degree of insulin resistance.
RER increases as exercise increases, but there is
significant variation between subjects. Peak RER
values also depend on the mode of exercise, with
values greater than 1.0 often observed during
cycle ergometry, while peak treadmill values are
often less than 1.0 (0.90 to 1.05).

A plateau in oxygen uptake is considered by
some to be the gold standard for a true maximal
effort during exercise testing and achievement of
VO,__. To date there is no agreement on a single
definition of oxygen uptake plateau in children and
adolescents. Multiple definitions have been used
over the years (5, 46, 47, 70, 73, 75):

1. Increase in \'/O2 <2.1ml-kg" - min’ with
an increase in workload

2. Increase in \'/O2 in the last minute of <5%
or <150 ml

3. Increase in \'/O2 less than two standard
deviations below the average change in
submaximal stages

Approximately 50% of pediatric subjects will
achieve a plateau during exercise testing. The
percentage of subjects attaining a plateau criterion
is lower in active, trained, and untrained children
and adolescents than in adults, although there is
considerable variation, with percentages of pla-
teau attainment in young subjects of 8% to 95%
being reported (4, 5, 23, 46, 47, 69, 75). Thus the
achievement of a plateau is an excellent determi-
nant of \'/OZmax when it is identified; the downside
is that it occurs less often than we would wish in
children.

A study by Rivera-Brown et al. (70) demon-
strated the limitations of using traditional criteria
in the assessment of \'/OZmaX in adolescents.. The
authors studied the frequency with which VO, _

X

criteria were met during treadmill running exercise
to volitional exhaustion. Thirteen male subjects
underwent treadmill evaluation on three different
running protocols. The criteria for achievement of
maximal oxygen uptake were RER > 1.0, heart rate
>95% of predicted maximal heart rate (220 - age),
and an increase in oxygen uptake < 2.1 ml - kg'1 .
min”. Achievement of the plateau criteria for the
three protocols occurred in 54%, 39%, and 85% of
the subjects with the highest percentage associ-
ated with an intermittent protocol. Other studies
have also shown intermittent treadmill running
protocols to produce the highest attainment of a
\'/O2 plateau (46, 47, 54, 75). Oxygen uptake (66.4-
71.4ml- kg'l . min'l) and RER (1.1-1.2) were similar
on all three tests. Essentially all subjects met the
heart rate and RER criteria for maximal effort.
The results of this study and of Myers et al. (59)
suggest that achievement of plateau criteria is
protocol dependent, but protocol variation (for
a given mode of exercise) does not affect RER or
peak heart rate.

Due to the inconsistency with which young
patients attain a \'/O2 plateau, it has been recom-
mended that this criterion not be used to define
a maximal test in children (69, 70, 73). As a result
of the limitations just described, it has been sug-
gested that subjective signs and symptoms such
as ataxia, blanching of the skin around the neck
and shoulders, and widening of the pupils be used
in conjunction with objective criteria to identify
maximal patient effort (9, 69).

Scope of Pediatric
Exercise Testing

There is considerable variability in exercise testing
even among pediatric testing centers. This is well
illustrated by a relatively recent study by Chang
and colleagues (21). They conducted a survey of
200 pediatric cardiology and pediatric pulmonol-
ogy programs at children’s hospitals or university
hospitals as well as private practice settings in the
United States, with a total of 115 programs (58%)
responding to the survey. Their survey revealed
that 99% of cardiology programs have exercise
laboratories compared to 76% of pulmonology
programs. Sixty-seven percent of respondents
reported collecting oxygen consumption as part
of their exercise test procedures. Sixty-three per-
cent of the programs used both cycle ergometer
and treadmill exercise modalities to evaluate their
patients, with 18% using the cycle ergometer more
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often and 45% using the treadmill more often.
Thirty-one percent of respondents reported using
the treadmill exclusively. Seventy-nine percent
of programs using treadmills reported using the
Bruce or modified Bruce protocols, with 14% stat-
ing that they used protocols developed within
their own institutions.

There is wide variation in minimal age require-
ments for exercise testing. Nine percent of the
respondents stated they would test patients 4
years of age or younger, 25% reported their mini-
mal age for testing to be 5 years, 31% reported age
6, 16% said age 7, and 20% said their patients had
to be at least 8 before exercise testing would be
performed (21). Other interesting findings from the
Chang study (21) revealed that 76% of programs
required a physician to be present during test-
ing. Ninety percent of programs used technicians
to perform the exercise tests, while 8% reported
using nurses. Fifty-nine percent of the participat-
ing programs had a dedicated pediatric testing
laboratory, and 49% shared laboratory facilities
with another department.

Chang and colleagues (21) also reported signifi-
cant variation in case volume among the respond-
ing programs with 26% performing less than 50
tests per year, 32% performing 50 to 99 tests per
year, 20% performing 100 to 199 tests per year, 8%
performing 200 to 299 tests, and 15% performing
more than 300 tests per year. Fifty-eight percent
of the surveyed programs performed fewer than
100 exercise tests per year. Stress echocardiog-
raphy was performed in 76% of the pediatric
cardiology programs, with most echocardiograms
performed after the patient had completed his or
her exercise test and while lying supine. Lastly,
the survey results also revealed a positive rela-
tionship between the measurement of metabolic
parameters (oxygen consumption) with the use of
cycle ergometer, as well as the laboratories’ annual
case volume (21).

Conclusion

Since the 1970s, exercise testing has played an
ever increasing role in pediatric clinical practice.
Many exercise test protocols have been developed
to aid in the cardiopulmonary assessment of clini-
cal patients. The two primary types of test ergom-
eters are the motor-driven treadmills and cycle

ergometers. Cycle ergometers are subdivided into
two categories, mechanically braked and electroni-
cally braked. The choice of ergometer depends
on the objective of the test, the parameters to be
evaluated, the age and health status of the patient,
the laboratory space available, and the experience
of the laboratory staff in the use of different test
modes and protocols.

There are advantages and disadvantages to
each mode of exercise. The treadmill provides
a familiar form of exercise for young patients.
However, treadmills are more costly, noisier,
require more laboratory space, and have a greater
potential injury risk than cycle ergometers. Tread-
mill calibration is quite easy, while mechanically
braked cycle ergometers require frequent calibra-
tion and electronically braked cycle ergometers
require special equipment. The cycle ergometer
requires less initial expense, is more portable,
provides a more stable platform for ECG and
blood pressure measurements during exercise,
and offers a safer mode of exercise, especially for
patients with neuromuscular disorders or other
gait issues.

Multistage, intermittent, or ramp protocols
may be used with all types of ergometers. Multi-
stage protocols are most commonly used, but
ramp protocols appear to be gaining favor. The
most commonly used multistage protocols are
the Bruce and Balke treadmill protocols and the
McMaster and James cycle ergometer protocols.
Ramp protocols avoid many of the limitations
created by multistage protocols that have large
and uneven increases in workload between stages.
Ramp protocols also make accurate determina-
tion of VAT easier. Intermittent protocols are
rather time consuming and thus are not often used
in routine clinical exercise testing. Ramp proto-
cols have been shown to be equal or superior to
traditional protocols in the exercise evaluation
of children.

Exercise responses vary by mode of exercise
and type of protocol. Treadmill running protocols
typically produce higher oxygen uptake values
(by approximately 10%) than cycle ergometer
exercise. Treadmill running protocols produce
higher values than treadmill walking. Balke tread-
mill walking protocols are useful in the evalua-
tion of very young or unfit patients. While cycle
ergometry is a frequently used form of exercise
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testing, it is especially helpful when evaluating
obese patients or those with gait or balance issues.
Peak oxygen consumption and peak heart rate are
independent of protocol variation within a given
mode of exercise.

Numerous studies have shown the futility of
continuing to use \'/O2 plateau as a criterion for
the determination of maximal oxygen uptake. The
achievement of a plateau in V02 during exercise

testing has been shown to be protocol specific.
The percentage of pediatric-aged subjects able
to achieve a \'/O2 plateau is approximately 50%,
but there is significant variation between studies
(approximately 309%-90%). The use of a combina-
tion of subjective and objective data should be
considered in establishing criteria for an exhaus-
tive maximal effort (and thus VO on a progres-
sive exercise test.

Zmax)
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CHAPTER

4

Normal Cardiovascular Responses
to Progressive Exercise

he sequence of physiological events that

unfolds as the cardiovascular system

responds to a bout of endurance exercise
is truly astounding—not only in the nature of its
harmonious complexity but also in the manner
that such responses are so finely tuned to the
increasing metabolic, thermal, and biochemical
demands of contracting muscle. For clinicians
performing and interpreting exercise tests, it is
critical to appreciate the normal mechanisms
of the exercise response as they examine the
functional health of this response as defined by
the quantitative and qualitative changes in its
component parts.

This chapter will review our current under-
standing of cardiovascular system responses
to a bout of progressive exercise in the upright
position on a cycle ergometer or treadmill in well-
hydrated, athletically nontrained young people
in normothermic conditions. We will examine if,
and how, such responses might differ in children
and adolescents compared to adults. It should be
noted that the cardiovascular findings described
are limited to the model just described. Adapta-
tions to sustained submaximal exercise (cardio-
vascular drift), isometric exercise, exercise at
altitude, or exercise in trained athletes will not
be considered. The acute responses of ventila-
tory function during progressive exercise will be
examined in chapter 11.

Reductionist’s Disclaimer

The array of physiological mechanisms control-
ling blood circulation that must work effectively
during a bout of progressive exercise might be
best compared to a symphony orchestra. A multi-
tude of components must function independently
yet harmoniously (and in tune) to create a well-
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functioning whole. To generate effective circula-
tory flow, the rate of sinus node impulse genera-
tion must increase, heart muscle must increase
its contraction and relaxation, systemic arterioles
must dilate in response to local metabolic need,
blood pressure must be sustained, and all these
components must “speak” to each other—feed-
back is essential for the system to function. In a
symphony hall each instrument produces music
independently of the whole, but they must all
work, quite literally, “in concert” to create a beau-
tiful and stirring piece of music. Each musician
receives feedback not only by listening to the
other musicians but also by watching a conductor
standing before them waving a baton to establish
the pace and dynamics of the system.

There are deeper analogies that are even more
expressive of the true complexity of the operation
of these two systems. Performance for each, in
fact, occurs at multiple levels beneath the obvious
one just described. Both are examples of hierarchi-
cal systems. That is, they both function at multiple
levels and the functional components within
each level must also work effectively if the entire
system—cardiovascular response to exercise or
Beethoven’s Seventh Symphony—is to succeed.

Among the musicians, there is the instrument
itself. To make beautiful music a clarinet must func-
tion within its own domain as a complex system,
not only in the motion of valves or in the nature of
its reed but also in the physics that go into making
the sound waves reverberate with appropriate
timbre. In a parallel fashion, the heart muscle must
contract by a complicated system of biochemical
and energetic changes that force actin and myosin
filaments to slide over each other.

At yet another level, the neuromuscular
system of the clarinetist must be functioning
at an extraordinary level of skill, encompassing
electrical transmissions and biological timing

1
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devices. There are other levels of performance
as well, ranging from molecular mechanisms of
auditory perception in the brain to psychologi-
cal determinants of motivation and attention. It
is fascinating to note that the function at each
of these different levels is really quite indepen-
dent of the others (e.g., the pattern of electrical
innervation of the clarinetist’s finger muscles has
nothing to do with the design and musical output
of the instrument he or she is playing). Yet all
must function effectively if the multiple layers
of this system are to produce exquisite music as
an end product. Exercise involves deeper levels
of system performance as well—in electrolyte
flux, which triggers electrical alterations at the
cell membranes of the sinus node, or expressions
of catecholamine release from autonomic nerve
endings to the heart and arteriolar walls.

It is clear, then, that a breakdown in a compo-
nent within a given level of the system (e.g., poor
myocardial function following ischemic injury) can
influence performance (e.g., depressed maximal
cardiac output, low VOZmaX, and, consequently, lim-
ited endurance exercise capacity). It follows that
malfunction at any level in the hierarchical system
will negatively affect performance. If the clarinet
player is momentarily distracted, the neuromuscu-
lar system is thrown off timing, the note is played
prematurely, and the rest just before the cadenza is
marred. During exercise, a congenital abnormality
in ion channel flux can lead to a predisposition to
serious dysrhythmias and sudden death.

Recognizing the complex systems of the cardio-
vascular response to exercise with its hierarchical
structure and feedback mechanisms, physiologists
have often cautioned against reductionist think-
ing—focusing on the function of single elements—
in interpreting such processes. One cannot assess
components of a system in isolation, they warn,
since cardiovascular function during exercise or
the musical performance of a symphony orchestra
are both expressions of emergent qualities. This
means that each is not just the sum of its parts
but rather an entirely new “performance” that
arises when all the parts work in harmony. That
is, one cannot understand the whole by character-
izing its individual parts. The part played by the
principal clarinet—or any other instrument in the
orchestra, for that matter—is not Beethoven'’s
Seventh. Likewise the diffusion of oxygen across
the capillary—alveolar membrane in the lung is not
the finish time in a 5 km road race.

In this chapter we will examine the impor-
tance of interactions during exercise between
system components—heart rate and systemic
venous return, myocardial contractility and the
production of stroke volume—and how total
system function relies on the relationships rather
than on the function of individual elements. In
understanding the function of the healthy cardio-
vascular system as well as one handicapped by
cardiac malfunction, it is necessary to remember
that the whole is beyond a simplistic focus on its
individual parts.

Historical Context

In 1914, Patterson and Starling first described
their “law of the heart,” which indicated that the
stretching of myocardial fibers when left ventricu-
lar end-diastolic volume increases triggers an aug-
mentation of myocardial contractile force. This in
turn produces arise in stroke volume and cardiac
output (20). Here, it was assumed, was a physi-
ological explanation for the rise in circulatory flow
in response to exercise: The rise in venous blood
return to the heart caused an increase in left ven-
tricular filling volume, with a subsequent expan-
sion of stroke volume as myocardial contractility
increased. The rise in stroke volume in parallel to
that of the heart rate, it was concluded, was then
responsible for the enhancement of cardiac output
and circulatory flow during exercise.

Not all were in agreement, however. Rush-
mer and Smith argued that these early research
models involved “greatly distorted conditions
[which] seriously retarded understanding cardiac
responses to exercise” (40). This contention was
not unfounded because Starling’s experimental
heart-lung model avoided the influences of venous
resistance, intrathoracic pressure, heart rate, and
neurohumoral factors.

By the 1950s it was clear from studies in both
animals and humans that the proposed scenario
of cardiovascular responses to exercise based on
the Starling law was inaccurate. Stroke volume,
in fact, was observed to change little during exer-
cise, and left ventricular end-diastolic volume
remained relatively stable with increasing exercise
intensities. It appeared that the primary factor
in the circulatory response to exercise was a fall
in peripheral vascular resistance from arteriolar
dilatation within the exercising muscle, not the
function of the heart itself.
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“The primary cause of augmented cardiac
output is believed to be the local vasodilatation
in the skeletal muscle,” wrote Guyton in 1967 (10).
“The heart has relatively little effect on the normal
regulation of cardiac output.” In their review
article published in the same year, Bevegard and
Shepherd were in agreement: “The heart serves as
aforce-feed pump designed to discharge whatever
volume it receives by increasing its rate or stroke
volume. Unless there is dilatation of resistance
vessels in some systemic vascular bed, mediated
by local, humoral, or nervous mechanisms, an
increased rate will not result in an increase in
cardiac output” (5).

Subsequent studies have borne this out. Ross
et al., for example, performed atrial pacing on
17 patients ages 6 to 41 who demonstrated no
evidence of myocardial dysfunction (24). As the
paced rate rose to 190 bpm, stroke volume fell to
one-half of the original values while cardiac output
did not change.

The identification of the fall in peripheral resis-
tance as the primary mover in the circulatory
responses to exercise is consistent with a model
based on Poiseuille’s law. Poiseuille was a French
physiologist who determined using small glass
tubes that the volume of blood flow in a system
is directly proportional to the pressure gradient
across the tube, a viscosity coefficient, and the
fourth power of the diameter of the tube. Put more
simply, this law can be expressed as Q ~ P/R, where,
during the circulatory responses to exercise, the
increase in rate of blood flow (Q) is regulated by the
decline in peripheral vascular resistance (R), while
the pumping action of the heart is responsible for
maintaining a pressure head (P).

Empirical Evidence

Recent advances have permitted the noninvasive
study of circulatory responses at high exercise
intensities by Doppler and two-dimensional
echocardiography, acetylene and carbon dioxide
rebreathing techniques, and changes in thoracic
bioimpedance. Observations from such studies
have generally supported the conclusions from
earlier reports that identified a peripheral rather
than central cardiovascular control of these
responses.

Empirical observations have indicated that the
following occur during the course of a progressive
bout of upright exhaustive endurance exercise:

1. Total peripheral vascular resistance (TPR)
declines by approximately 60%.

2. Stroke volume rises in the initial phase of
upright exercise but demonstrates little
subsequent change as exercise intensity
increases.

3. Left ventricular filling pressure, as indi-
cated by end-diastolic dimension, remains
constant or gradually decreases.

4. Inotropic (contractile) function is aug-
mented together with lusitropic function
(diastolic relaxation).

Peripheral Vascular Resistance

During the course of a progressive bout of upright
exhaustive endurance exercise, TPR declines by
approximately 60%. TPR during progressive exer-
cise has been calculated as mean arterial pres-
sure divided by cardiac output. Typically, values
demonstrate a greater rate of fall in the early work
stages followed by a more gradual decline at high
exercise intensities. In a review of eight reports
in young subjects, the average value of TPR fell
from 18.8 + 2.0 units at upright rest to 7.1 + 1.8
units at maximal exercise, a 62% reduction (25).
In direct comparisons, both values of TPR and
the magnitude of decline with exercise have been
independent of sex (18) and athletic training (16).

What mechanism is responsible for this arte-
riolar vasodilatation within exercising muscle
that triggers increased blood flow? The magni-
tude of circulatory blood flow during endurance
exercise is tightly coupled to oxygen uptake, lead-
ing Guyton to propose in 1967 that the muscles
“autoregulate” blood flow by means of arteriolar
dilatation with respect to their oxygen demands
(10). While this concept remains popular, pinpoint-
ing the specific means by which the contracting
cells communicate their metabolic requirements
to the mechanisms altering arteriolar tone has
remained elusive. A number of agents that can
cause arteriolar dilatation are produced locally in
the muscle cell in response to increased metabolic
activity—acetylcholine, potassium ions, hydro-
gen ions, inorganic phosphate, carbon dioxide,
adenosine—but blocking studies have failed to
identify any single principal determinant.

It is possible that mechanisms other than
production of local vasodilatory agents may
be important in the exercise-induced fall in
peripheral resistance. Cell-to-cell conduction of
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vasodilatation from the precapillary level upstream
to the major arterioles could occur. Others have
suggested that the red blood cell might act as an
oxygen sensor, or that flow-mediated dilatation via
nitric oxide or prostaglandins in response to wall
stress might play a role (42).

It should be recognized that the exercise-
induced decline in TPR reflects the net sum of
changes in arteriolar tone occurring among all
vascular beds throughout the body. While active
vasodilatation occurs in arterioles that supply
exercising muscle, diminished blood flow from
vasoconstriction occurs in vessels that supply
the kidney, mesentery, skin, and inactive muscle.
Endurance exercise, then, affects a redistribution
of blood flow through regional changes in arte-
riolar tone. As a result, the 20% of cardiac output
delivered to skeletal muscle at rest increases to
80% with exercise.

Stroke Volume

During the course of a progressive bout of upright
exhaustive endurance exercise, stroke volume
rises in the initial phase but demonstrates little
subsequent change as exercise intensity increases.
In the initial stages of a progressive exercise test
performed in the upright position by a healthy
subject, stroke volume rises by about 25% above
resting value, then changes little (plateaus) at
higher work intensities (figure 4.1). This pattern
has been consistently observed by numerous mea-
surement techniques, including indirect Fick (CO,
rebreathing) (3), direct Fick (41), thermodilution
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Figure 4.1 Pattern of stroke volume response to pro-
gressive cycle exercise in high- and low-fit untrained
12-year-old boys.

Reprinted, by permission, from T. Rowland et al., 1999, “Physiological
determinants of maximal aerobic power in healthy 12-year old boys,”
Pediatric Exercise Science 11: 317-326.
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(11), thoracic bioimpedance (6), dye dilution (9),
radionuclide angiography (23), and Doppler echo-
cardiography (17). It is observed similarly in males
and females, children and adults, fit and unfit youth,
and athletically trained children as well (34, 36).

Evidence indicates that the initial increase in
stroke volume reflects the mobilization of blood
that was sequestered in the legs by gravity when
the subject assumed the upright position on the
treadmill or cycle ergometer (4). In standing or sit-
ting, blood volume in the dependent lower extremi-
ties increases by approximately 500 to 1,000 ml in
the adult subject. Central blood volume, cardiac
output, and stroke volume are subsequently
reduced, the latter falling by 20% to 40%. At the
onset of upright exercise, this dependent blood
volume is mobilized by both arteriolar vasodila-
tation and the pumping action of the contracting
muscles of the lower limbs (43). As aresult, central
volume is restored, and cardiac output and stroke
volume resume levels approximating those when
the subject was supine.

This process was documented experimentally
in 10 healthy adolescent males (mean age 15.3 +
0.5 yr) using Doppler echocardiography (34). As
indicated in figure 4.2, when these subjects moved
from a supine position to a sitting position on the
cycle ergometer, stroke volume fell by 25%. At the
onset of exercise, stroke volume rose to approxi-
mate that when supine, then remained stable to
the point of subject exhaustion.

As would be expected, subjects performing
exercise in the supine position typically do not
demonstrate any initial rise in stroke volume (4).
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Figure 4.2 Stroke volume index at rest supine (S) and
values when assuming the sitting upright position (U),
followed by progressive cycle exercise in adolescent
males.

Reprinted, by permission, from T. Rowland and V. Unnithan, 2013,
“Stroke volume dynamics during progressive exercise in healthy
adolescents,” Pediatric Exercise Science 25: 173-185.
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Likewise, a “flat” stroke volume response has
usually been observed in any exercise that is not
influenced by gravity, including prone simulated
swimming (27), astronauts in zero-gravity condi-
tions (1), arm exercise (15), and upright exercise
in a swimming pool (7).

These observations imply that after an early
rise related to orthostatic changes in central
blood volume, stroke volume remains stable in
the course of an upright bout of progressive exer-
cise. In this initial stage, stroke volume rises as a
manifestation of the Starling law, with augmented
cardiac filling volume as blood is mobilized from
the legs. After this, no significant change in stroke
volume is observed, and increases in cardiac
output result solely from a rising heart rate.

Left Ventricular Filling Pressure

During the course of a progressive bout of upright
exhaustive endurance exercise, left ventricular fill-
ing pressure, as indicated by end-diastolic dimen-
sion, remains constant or gradually decreases.
Left ventricular end-diastolic dimension can be
estimated by two-dimensional directed M-mode
echocardiographic measurements during exercise.
Using this technique, four studies in children have
revealed an identical pattern: a slight increase at
the onset of upright exercise (consistent with the
initial refilling of the ventricle), followed by a slight
gradual decline to the point of maximal exercise
(16, 17, 26, 29) (figure 4.3). This pattern is identical
in young athletes and untrained youth (16) and
mimics that described in adult subjects as well
(17, 22). Typically, these changes in end-diastolic
volume are sufficiently minor as to escape statisti-
cal significance.

The stability of left ventricular diastolic size
during the course of a progressive test can be
assumed to reflect a constancy of ventricular fill-
ing pressure. Thus, the stability of stroke volume
production (after the initial refilling rise) is accom-
panied by an unchanging ventricular preload as
work intensity rises.

Inotropic and Lusitropic Function

During the course of a progressive bout of upright
exhaustive endurance exercise, inotropic (con-
tractile) function is augmented together with
lusitropic function (diastolic relaxation). While
left ventricular end-diastolic dimension and stroke
volume remain essentially stable, a progressive
rise in both myocardial systolic and diastolic per-
formance is observed as work intensity increases.
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Figure 4.3 Left ventricular systolic and diastolic di-
mensional changes during maximal upright cycle exer-
cise in 10- to 12-year old boys.

Reprinted, by permission, from T.W. Rowland and J.W. Blum, 2000,
“Cardiac dynamics during upright cycle exercise in boys,” American
Journal of Human Biology 12: 749-757.

Augmented myocardial inotropic velocity and
force are observed in the course of progressive
exercise by many markers of systolic function
(33). Aortic flow velocity and systolic ejection
rate (stroke volume/ejection time) increase typi-
cally by a factor of 1.5 at maximal exercise, and
ventricular ejection and shortening fractions rise
by 1.3. As previously noted, left ventricular end-
diastolic dimension remains stable; therefore, all
increases in ejection and shortening fractions
occur by a reduction in end-systolic dimension.
Longitudinal myocardial shortening velocity, as
estimated by tissue Doppler imaging, increases
more than twofold from rest to the point of sub-
ject exhaustion. As a result, systolic ejection time
normally declines from approximately 0.25 s at
rest to 0.18 s at peak exercise. At maximal exercise
the left ventricle of an adolescent ejects blood at
a remarkable rate of 400 ml/s.

The relative contributions of the possible
triggers of increases in inotropic function with
exercise are difficult to decipher. Many factors are
known to augment myocardial contractility, and all
are at work in the course of a progressive exercise
test. In the initial stages, contractility increases
according to the Starling law as the left ventricle
expands from blood mobilized from the depen-
dent legs. Later, increases in heart rate, a decline
in afterload from diminished peripheral vascular
resistance, sympathetic nervous stimulation, and a
rise in circulating catecholamines—all recognized
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independent determinants of myocardial inotropy—
contribute to the enhanced contractility that
results from exercise.

This intensification of contractile function
during progressive exercise must, by necessity,
be matched by augmented filling (diastolic func-
tion) of the ventricle. Filling of the left ventricle
is dictated by the pressure gradient across the
mitral valve, reflecting the balance of “upstream”
pressure (a function of left atrial size, pressure,
and compliance) and “downstream” pressure
(created by myocardial relaxation properties,
measured by tissue Doppler E' as the velocity
of myocardial relaxation, as well as a “suction
effect” of ventricular contraction). The transmitral
pressure gradient during a progressive exercise
test, as estimated by Doppler echocardiographic-
determined peak diastolic blood velocity (E
wave), increases fourfold (32). Concomitant with
this rise in ventricular filling gradient, tissue
Doppler E' typically increases by a factor of 2.5,
indicating the primary role of a change in “down-
stream” factors in augmenting ventricular filling
during exercise. On the other hand, the ratio of E
to E', considered a marker of “upstream” factors,
remains unchanged or declines gradually during
progressive exercise.

Synthesis

In summary, with increasing work intensities, heart
rate and cardiac output rise as arteriolar dilatation
in contracting muscle reduces peripheral vascular
resistance. Stroke volume (after an initial small
“refilling” phase) and left ventricular end-diastolic
dimension remain essentially stable, while systolic
and diastolic myocardial function are steadily
enhanced. Any depiction of normal cardiovascular
response to progressive exercise must be consis-
tent with each of these observations.

During the course of progressive exercise, sys-
temic venous return to the heart increases three
to four times over that at rest, yet left ventricular
filling (end-diastolic) volume per beat remains
remarkably constant. This implies that the rise
in heart rate must be precisely matched to the
volume of systemic venous return. The tachycar-
dia of exercise serves, then, to maintain a constant
end-diastolic ventricular size and little change in
atrial pressure.

The most likely mechanism for this matching
of heart rate with volume of venous return is the
Bainbridge reflex, whereby a rise in atrial pressure

triggers sympathetic stimulation to the sinus node
(2). This reflex, although historically clouded in
controversy, has been clearly documented in both
humans and animals. Alternatively, some have sug-
gested that the close association of heart rate with
systemic venous return might reflect sympathetic
reflexes originating in the contracting muscle (8).
By whatever means, this matching acts to “defend”
left ventricular end-diastolic dimension, prevent-
ing chamber enlargement which, by the law of
LaPlace, would result in an increase in wall tension
and heart work efficiency (14).

The empirical observations demonstrate an
apparent paradox. How can a progressive rise in
ventricular contractile force (with diminution of
left ventricular systolic dimension) be commensu-
rate with a stable stroke volume? The answer lies
in the matter of time. The increased myocardial
contractility during progressive exercise ejects
the same volume of blood (i.e., stroke volume) in a
shorter ejection period. Augmented inotropic (and
lusitropic) function act, then, to maintain rather
than increase stroke volume as work intensity
increases and ejection time declines (figure 4.4).
This effect of enhanced myocardial function also
serves to preserve a sufficient diastolic time
period, critical for not only ventricular filling but

Systole

Left ventricular dimension

Systolic ejection time

Figure 4.4 As systolic ejection time shortens from
low-intensity exercise (stroke volume indicated by area
of rectangle A) to higher intensity (rectangle B), the left
ventricle empties more completely (systolic dimension
decreases and shortening fraction rises in B compared
to A). However, the stroke volume does not change (the
area of rectangle A equals that of rectangle B).

Reprinted, by permission, from T. Rowland, 2005, Children’s exercise
physiology (Champaign IL: Human Kinetics), 122.
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also myocardial perfusion from coronary artery
flow, as the heart rate rises.

In terms of ventricular work, certain features—
stroke volume, ventricular diastolic size, and
preload—are no different from those in the rest-
ing state. Exercise augments ventricular work in
its demands for increased systolic and diastolic
function as well as frequency of contraction, these
factors contributing to the rise in myocardial
oxygen uptake during exercise.

This picture of the circulatory responses to
endurance exercise is that of a series of inter-
actions between functional cardiovascular ele-
ments. The data are consistent with a model of
arteriolar vasodilatation in contracting muscle,
responding to cellular metabolic needs, as the
principal controller of the rate of circulatory flow
with exercise. Heart rate must rise to (a) match
systemic venous return, resulting in a stable
ventricular diastolic size and filling volume, and
(b) increase cardiac output to sustain blood
pressure. At the same time, myocardial con-
tractility must increase to both maintain stroke
volume and accommodate sufficient diastolic
time for coronary perfusion. The circulatory
response to progressive exercise, then, can only
be understood as a complex series of critically
important interactions that define the rise in
blood flow to satisfy the metabolic needs of
contracting muscle.

All available evidence indicates that this basic
scenario of the physiological events surrounding
the normal circulatory adjustments to exercise is
identical in children and young adults. The former
exhibit certain quantitative differences, which will
be outlined in the chapters that follow, but the
underlying patterns of cardiovascular response
to progressive exercise are similar.

Physiological Basis
of Cardiovascular Fitness

Cardiovascular fitness is interpreted in various
ways by both the general public and the scientific
community. Often the term is used to refer to one’s
capacity to perform endurance exercise, either
as time per distance (1-mi run, 5-km road race)
or time duration (treadmill endurance time). We
assume that such performance is linked to the
capacity of the heart and lungs to supply enough
oxygen to satisfy the aerobic metabolic demands
typical of endurance events.

Right Ventricular Responses

In assessing the cardiac responses to exercise, atten-
tion has traditionally focused on the left ventricle
as the pump (a) responsible for systemic perfusion
and (b) most accessible to standard diagnostic tech-
niques. Function of the right ventricle, it has been
assumed, must reflect, at least over time, that of the
left. Recently, however, evidence has suggested that
the circulatory demands endurance exercise places
on the right ventricle may differ from those on the
left. Studies of adult ultra-endurance athletes have
indicated greater evidence of fatigue and myocardial
stress in the right ventricle post-event compared
to the left (19). Such effects, it has been postulated,
might result in long-term right ventricular dysfunc-
tion and could play a role in the risk of arrhythmia-
based sudden death in athletes.

The right ventricle has unique anatomic and
contractile features. Compared to the left ventricle,
therightis a thin-walled, crescent-shaped structure
composed of an inlet trabeculated portion and a
smooth-walled outlet. The right ventricle contracts
in a peristaltic motion, unlike the left, whose contrac-
tion is characterized as a helical twist, or wringing
out, of the myocardium. During exercise, the reduc-
tion in resistance is lower in pulmonary arteries than
in systemic arteries. This poses a potential problem
for the thin-walled right ventricle, which is expected
to tolerate afterload less effectively than the left.
Supporting this concern, LaGerche et al. found
greater levels of stress in the right ventricular wall
than in the left ventricular wall in adult subjects
during progressive exercise (12).

Other studies, however, have failed to reveal any
dysfunctional responses of the right ventricle during
a standard bout of progressive exercise (13). In a
study of college-aged men, Rowland et al. found that
the pattern of stroke volume change, the increase
in tricuspid diastolic inflow gradient, and the rise
in systolic and diastolic myocardial velocities in the
right ventricle mimicked those observed in the left
ventricle (39).

Similar studies have not yet been performed in
children. Future investigations will help reveal if
the relatively greater afterload faced by the right
ventricle during exercise has long-term negative
implications or clinical significance.
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In the exercise testing laboratory, cardio-
vascular fitness is usually identified in terms of
physiological measures, most specifically maximal
oxygen uptake (\702max), the highest oxygen uptake
achieved by a subject during a progressive cycle
or treadmill test, expressed relative to body mass.
Here, in accordance with the Fick equation, oxygen
uptake is interpreted as a surrogate of maximal
cardiac output. \'/OZmax obtained during a labora-
tory exercise test thus provides information about
what can be termed “true” cardiovascular fitness,
or the maximal capacity of the heart to generate
cardiac output (Q_,)-

VO, perkgis tightly linked to endurance per-
formance, but the interpretation of finish times in
endurance events as indicative of true cardiovas-
cular fitness is fraught with difficulty. Performance
on a weight-bearing endurance event, such as run-
ning, is related not only to true cardiovascular fit-
ness (Q_ ) but also to body composition because
body fat serves as a metabolically inert load that
must be transported. Also, a number of other less
well-defined factors, such as motivation, strength,
and anaerobic fitness, presumably contribute. In
one study of sixth grade students, Rowland et al.
found that VOZmaX and body fat content contributed
equally to performance on a 1-mi (1.6 km) run, but
together the two factors explained only about 60%
of the variance in run times (30).

Body composition affects the physiological
definition of cardiovascular fitness (VOZmaX per kg)
as well, since body fat is an inert component of the
denominator. Excess body fat decreases VOZmaX
per kg, while a lean child will exhibit an inflated
value; both effects are independent of the true
cardiovascular fitness in the numerator.

Given a group of children of similar size and
body composition, what physiological factors
define true cardiovascular fitness? Why is one
child “in shape,” another “out of shape”? Within
the group, such variation in fitness will be identi-
fied during exercise testing by VOZmaX (in absolute
terms, since size and body composition are
matched). VOZmaX is the product of maximal heart
rate times stroke volume times arterial venous
difference (i.e., oxygen extraction in the skeletal
muscle). Maximal heart rate and arterial venous
oxygen difference are independent of cardiovas-
cular fitness; that is, they are similar in high- and
low-fit youth. The principal factor defining true
cardiovascular fitness is the capacity for the heart
to generate stroke volume at peak exercise (31, 38).

What defines this capacity? The first clue comes
from an examination of the trajectory of stroke

volume during the course of a progressive exercise
test in youths of different levels of fitness (VOZmax).
Such data are presented in figure 4.1, which illus-
trates the patterns of stroke volume response to
progressive cycle exercise in a study of nontrained
12-year-old boys of high and low fitness (VO max
values of 54.8 + 1.2 and 38.8 + 2.5 ml - kg - min™ in
the two groups, respectively) (31). It is evident that
the pattern of stroke volume response is identical,
with the expected small initial rise and subsequent
plateau. The curves are parallel yet displaced
upward with increasing fitness, reflecting larger
values of stroke volume. A similar pattern of stroke
volume response has been described in highly
trained child cyclists (VO, _60.0 + 6.0 ml - kg -
min'l) with parallel displacement above that of the
highly fit children (35).

These data indicate that any influences that
differentiate maximal stroke volume (and thereby
defining their level of cardiovascular fitness) are
not apparent during exercise but rather in the
resting, pre-exercise state. Fitness-related differ-
ences in stroke volume at maximal exercise are
expressed similarly at rest. Therefore one must
examine factors that determine individual differ-
ences in resting stroke volume (body size being
considered) when searching for physiological
explanations for cardiovascular fitness.

Resting stroke volume is most directly related to
variations in preload (left ventricular end-diastolic
dimension) (35). Individual differences in true
cardiovascular fitness, then, are best explained
by factors that influence cardiac end-diastolic
size, such as plasma volume and resting heart rate
(21). Differences in these factors among untrained
individuals presumably reflect genetic effects for
the most part.

In the process of endurance athletic training
(and improving VOzmax), an enlarging resting stroke
volume with increased ventricular size results from
increases in plasma volume and resting bradycar-
dia that occur as cardiovascular fitness improves
to match the augmented metabolic capacity
(aerobic enzyme activity, mitochondrial density)
of exercising muscle. The traditional idea that
volume overload and augmented cardiac output
incurred during repeated training sessions triggers
ventricular enlargement by stretching myocardial
fibers appears unlikely because, as noted earlier,
left ventricular end-diastolic size does not increase
during a bout of endurance exercise.

Interestingly, myocardial systolic and diastolic
function in youngsters, both at rest and during
exercise, appear to be independent of true car-
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diovascular fitness. Echocardiographic markers of
inotropic and lusitropic function outlined earlier
in this chapter are similar during progressive exer-
cise regardless of fitness level (28, 35, 37). Contrary
to the popular conception, then, the contractile
health of the heart muscle in healthy youths is no
different whether the fitness level is high or low.

Conclusion

The normal circulatory responses to the increased
metabolic demands of endurance exercise are met
by a finely coordinated interplay of cardiac, vascu-

lar, and neuro-adrenal adaptations. The principal
factors that regulate the rate of blood flow are
peripheral—manifested as a fall in arteriolar vas-
cular resistance in response to local vasodilatory
humoral responses within the skeletal muscle. The
function of the cardiac pump is to propel forward
blood flow to maintain system pressure. Ventricu-
lar diastolic volume (preload) and stroke volume
remain constant during a progressive exercise test.
Concomitantly, both systolic and diastolic function
are augmented in parallel, preserving constancy
of stroke volume as ventricular ejection and filling
times shorten.
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CHAPTER

5

Exercise Electrocardiography

n providing for the body’s circulatory demands,

cardiac mechanical function is contingent

on the directives of an intricate, finely tuned
electrical system. In effect, the heart is an electric
pump. From the spontaneously generated action
potentials in the sinus node, the electrical depolar-
ization propagated through the heart triggers cel-
lular calcium release to the contractile apparatus,
resulting in myocardial contraction.

Not surprisingly, abnormalities in the electrical
system of the heart can interfere with normal car-
diac function. Similarly, the impact of myocardial
dysfunction on the heart’s performance can be
reflected in changes in its electrical properties
(such as abnormal heart rhythms or changes in
depolarization or repolarization patterns).

These electrical signals are generated at the
sinoatrial (SA) node, an elliptical body situated in
the epicardial junction of the superior vena cava
and right atrium. Automaticity (ability to create
an electrical impulse) and rhythmicity (at a regu-
lar tempo) of the SA node result from the balance
of sodium, potassium, and calcium ion currents
across cell membranes, which cause spontaneous
depolarization.

The generated electrical impulse spreads
through the atria, triggering atrial contraction, and
then traverses the atrioventricular (AV) node, the
sole normal pathway to the ventricles. Here the
impulse slows, permitting sequential electrical
activation and myocardial contraction of the atria
followed by the ventricles. Without this “brake” at
the AV node, cardiac function would be reduced
because the atria and ventricles would contract
simultaneously. Specialized conduction tissues (the
right and left bundle branches and the Purkinje
fibers) then transmit impulses to the ventricular
myocardium. In the atria and ventricles, the pas-
sage of electrical current generates electrophysi-
ological and biochemical changes that result in
electromechanical coupling, converting cellular
transmembrane ion flux to actin-myosin activation
and myocyte contraction.

Thomas W. Rowland, MD

The electrocardiogram (ECG) accurately
reflects the activity of the cardiac conduction
system as the course of this electrical activity in
the heart is transmitted to the surface of the body.
Standard positioning of leads provides insights
into the origin and course of these impulses in
both the frontal and transverse planes of the
thorax. The standard ECG provides informa-
tion about the anatomic position of the cardiac
chambers, average electrical vectors in both the
atria and ventricles, and the duration of atrio-
ventricular conduction (PR interval), ventricu-
lar conduction (QRS duration), and ventricular
repolarization (QT interval). The ECG tracing
indicates abnormalities of impulse generation
(arrhythmias), the location and extent of isch-
emic myocardial damage (ST changes), the size
and hypertrophy of cardiac chambers, and the
effects of serum electrolyte abnormalities and
drugs on the heart.

Historically, clinical exercise testing was intro-
duced to detect electrocardiographic evidence
of myocardial ischemia (ST-T wave changes)
in adults experiencing angina pectoris. Today
electrocardiographic monitoring during exercise
is used to assess coronary artery disease in
adult patients. In pediatric populations, in which
ischemic heart disease is rare, other clinically
important information can be obtained from the
electrocardiographic responses to a progressive
exercise test, including

¢ identifying a “maximal” exercise effort,

¢ sinus node and atrioventricular node func-
tion (heart rate response and conduction),

¢ effects of heart block,
e provocation of arrhythmias,

¢ ischemic ST-T wave changes (aortic ste-
nosis), and

e risk stratification (long QT syndrome, ven-
tricular pre-excitation).

51



52 Rowland

Life Span and Heartbeats

The remarkable robustness of the cardiac electrical
system is underscored by the observation that the
cardiac pacemaker at the SA node and the conduc-
tion pathways are called upon to generate and
transmit an electrical impulse through the heart
about once a second for 80 yr—that's a total of
2,522,880,000 discharges—without respite. This feat
might be considered banal only when compared to
the sinus node of the hummingbird, which fires 20
times a second. The average hummingbird, though,
if it survives the first year of life, usually lives for only
about 4 yr, during which time the node discharges
around 2.5 billion times, interestingly identical to
the figure for the human heart.

In fact, the resting heart rate (f) across the range
of all mammals can be expressed relative to body
mass (M) as f ~ M'O'zslsuggesting that we and our
animal brethren are all born with the same total
number of heartbeats in our life's “bank,” and that
the rate we“spend”them is related to our body mass.
All this appears to be an expression of metabolic
rate—and life span—that are both associated with
body mass by a similar mathematical relationship.
Fortunately, human beings are outliers in these data,
which predict that we would be out of heartbeats
by the age of 20 to 25 (47).

Effects of Exercise on the
Cardiac Conduction System

Electrical activity and mechanical pumping are
both intrinsic properties of the heart. That is,
removed from the thorax and placed in an appro-
priate nutritive medium, both will continue to func-
tion. In vivo, however, the cellular transmembrane
ion shifts that generate an electric current in the
heart are influenced by extrinsic factors, specifi-
cally changes in autonomic innervation.
Sympathetic preganglionic nerve fibers arise
from autonomic nuclei within the medulla oblon-
gata of the brain stem. These communicate with
postganglionic neurons at the cervical level of the
spinal cord. These in turn send nerve fibers that
exert their influence via norepinephrine on nerve
endings at the sinus and atrioventricular nodes

and on atrial and ventricular muscle fibers. Para-
sympathetic fibers, also originating in the brain
stem, innervate the sinus and atrioventricular
nodes via branches from the vagus nerve, but they
have little direct effect on the atrial or ventricular
myocardium.

The stimulatory effects of sympathetic nervous
activity increase the rate of sinus node firing and
augment atrial and ventricular contractility and
relaxation properties via beta-receptor activa-
tion in the heart. Increases in parasympathetic
innervation, on the other hand, decelerate the
sinus node and slow conduction through the
atrioventricular node.

A progressive bout of endurance exercise is
marked by a steady rise in sympathetic nervous
activity and parasympathetic withdrawal. This
change of balance in autonomic tone is respon-
sible for changes in the electrical conduction
system observed during exercise. The rate of
sinus node discharge increases (which itself
contributes to augmented myocardial contractile
function), while electrical conduction is accel-
erated throughout the electrical system. The
velocity of impulses propagated through the AV
node is enhanced, as is electrical transmission
through the ventricles. Sympathetic stimulation
also serves to increase the rates of depolariza-
tion and repolarization, or electrical recovery, in
the ventricles.

We do not know precisely which triggers
cause this enhancement of sympathetic nervous
influence on the heart, but the effect is probably
multifactorial. Increased right atrial size and pres-
sure from augmented systemic venous return
(Bainbridge reflex), reflexes from metabo- and
mechanoreceptors in exercising muscle, and
central command from cortical centers may all
play a role.

These changes in the electrical system of the
heart during exercise are revealed by changes in
the surface electrocardiogram:

e Heart rate

¢ P wave amplitude
¢ PR interval

* QRS duration

¢ QRS amplitude

¢ J-point depression
e T wave amplitude
e QT interval
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Heart Rate

At rest, the discharge rate of the sinus node is
largely under parasympathetic control, often
evidenced by sinus arrhythmia, or vagal-induced
phasic variations in RR intervals corresponding
to respirations. In a study by Marcus et al., when
children (with sinus node dysfunction) were
administered atropine, a parasympathetic blocking
agent, the heart rate at rest rose from an average
of 8 bpm to 128 bpm (31). This magnitude of rise
is similar to that observed in such blocking studies
in adults, suggesting a similar degree of vagal influ-
ence on the resting heart rate in both age groups.

Commencement of exercise initiates a pro-
gressive vagal withdrawal and augmentation of
sympathetic nervous activity. This increased sym-
pathetic drive, supplemented by similar effects of
circulating catecholamines from adrenal output,
speeds the rate of sinus node discharges (short-
ening of RR interval on the ECG) by accelerating
the rate of spontaneous depolarization. Heart
rate rises and any sinus arrhythmia seen at rest
is abolished. At peak exercise, autonomic influ-
ence on the sinus node is entirely sympathetic;
administration of atropine (in studies of adults)
causes no change in peak heart rate.

P Wave Amplitude and PR Interval

P wave voltages often increase during a bout of
progressive exercise in children (14). The progres-
sive rise in sympathetic cardiac influence during
a standard exercise test speeds electrical trans-
mission through the atria and atrioventricular
node. Consequently, the PR interval on the ECG
shortens, typically from 0.12 to 0.16 s at rest to
about 0.10 to 0.14 s at peak exercise.

QRS Duration and Amplitude

The QRS duration typically remains stable or
shortens slightly during the course of a progressive
exercise test (5). In a lead normally characterized
by a prominent R wave, such as V,, the amplitude of
this wave usually decreases during exercise in chil-
dren. Thapar et al. reported an average decrease in
R wave amplitude of 5 mm among 70 black children
aged 7 to 14 during maximal cycle testing (55). The
study by Paridon and Bricker suggested, however,
that variability in R wave amplitude responses to
exercise can be expected among young subjects
(37). They found an overall average decrease in R
wave in lead V, during maximal treadmill tests in

82 healthy children aged 4 to 18. However, 23 of 61
boys and 3 of 21 girls demonstrated increased or
unchanged amplitudes. In the boys under age 10,
72% showed no change or increased R voltage in
V. compared to 21% over age 10.

The differences in R wave amplitude response
to exercise in healthy youths appear to have
no prognostic significance. In adults, however,
the story may be different. Decreases in R wave
voltage on the ECG with exercise are expected in
healthy subjects, while either unchanged R wave
amplitude or an increase in voltage is considered
an ischemic response and a predictor of coronary
artery disease.

J-Point Depression

The J point is defined as the junction of the end
of the QRS complex with the beginning of the ST
segment. Experience in pediatric testing labora-
tories indicates that J-point depression, followed
by an upslope of voltage reaching the baseline
before 0.08 s, is a benign, common finding during
progressive exercise. J-point depression must
be differentiated from an ischemic ST segment
response, in which ST depression is flat for more
than 0.08 s, or the upslope to baseline is delayed
(see later section in this chapter).

T Wave Amplitude

The height of the T wave is often increased during
exercise (5, 41, 56). For instance, among 300 chil-
dren aged 12 to 18 undergoing maximal treadmill
testing, Thompson et al. described increased T
wave amplitude in 48 (16%) (56). Riopel et al.
reported an average rise in T wave amplitude
in V, from 4.8 + 2.5 mm at rest to 7.3 + 2.8 mm at
maximal treadmill exercise in 288 healthy children
aged 4 to 21 (41). However, the study of Thapar et
al. revealed that average T wave amplitude in lead
V. decreased from 5.2 to 3.9 mm during the initial
stages of a maximal cycle test and then returned
to resting values at peak exercise (55).

QT Interval

The increased velocity of ventricular myocardial
repolarization is reflected in a shortening of the QT
interval during a standard exercise test. Assess-
ment of a normal QT shortening during exercise
and in recovery poses several challenges. Precise
measurement of the QT interval is often made
difficult by the asymptotic return of the terminal
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portion of the T wave to baseline. Moreover, during
exercise, the T and P waves often merge at high
heart rates, obscuring the end of the T wave. For
this reason some have used the so-called tangent
method, in which the termination of the T wave
is defined by the intersection of a tangent drawn
from the downslope of the T wave to a baseline
(such as a Q-Q line) (figure 5.1).

Values of the QT interval must be adjusted
for heart rate, but the optimal means for doing
so remains controversial. Traditionally, absolute
values of QT have been adjusted for heart rate by
Bazett’s formula, where the corrected QT interval
(QTc) is calculated by dividing the absolute QT
interval by the square root of the RR interval. The
normal value of QTc at rest is generally considered
to be 0.40 + 0.06 s with some differences by sex.

Absolute QT interval decreases during a maxi-
mal exercise test and lengthens in recovery. In a
study of 18 children aged 4 to 15, mean values fell
(determined by the tangent method) from 0.39 =
0.02 pre-exercise to 0.23 = 0.01 at peak exercise
(56). Normative values for QTc response to exer-
cise have usually been established during the
course of recovery, when measurement is facili-
tated by a slower heart rate and less merging of
the T wave and subsequent P wave. It is generally
believed that in a healthy subject, QTc is not sub-
stantially affected by exercise (range 0.36-0.44 s).

Y
QT interval

Figure 5.1 A method for estimating the QT interval
at rapid heart rates when T and P waves are superim-
posed. The termination of the T wave is provided by a
projection of the tangent of the its steepest downslope
to the Q-Q baseline.

Berger et al. reported QT interval findings in
lead Iin 94 boys and girls aged 8 to 17 in the supine
position serially during recovery from a maximal
upright cycle test (7). Values were estimated using
the tangential method. At 1 and 2 min postexercise,
QTc by the Bazett formula was similar to that mea-
sured before exercise, but values subsequently
rose by about 0.02 ms to a plateau.

These issues bear significance in the diagnosis
of long QT syndrome, in which lengthening of QTc
can occur during exercise and recovery. This topic
will be addressed in a later section of this chapter.

ECG Setup and Monitoring

With the availability of modern ECG systems, moni-
toring of the full 12-lead tracing has become rou-
tine practice during clinical exercise testing. Elec-
trodes for recording the precordial leads (V-V))
are applied in the standard configuration over the
anterior and left lateral chest. However, the limb
leads are placed on the torso to reduce motion
artifact. Usually those on the upper extremities
are located bilaterally in the infraclavicular fossae,
while those on the legs are applied to each side
of the lower rib cage. Some have found, however,
that applying the limb leads to the back (over the
scapulae and flanks) provides clearer ECG tracings
at high work intensities. This may be particularly
true in obese subjects.

Modern self-adhesive electrodes and cable
systems have significantly reduced the motion-
induced artifact that was often encountered in
ECG monitoring during maximal exercise testing in
the past. Still, careful preparation of the skin with
alcohol and light abrasion at each electrode site
remains important in assuring clear, artifact-free
tracings. The lead-wire box is normally attached
at the subject’s waist or back. In treadmill testing
of very young children, it is often advisable to
attach the box to the handrails rather than to the
exercising subject. In some postpubertal subjects
it may be necessary to shave chest hair to permit
the usual electrode placement. These subjects are
usually appreciative if the testing staff is willing
to alter the normal precordial lead placement to
avoid this difficulty:.

Even with these precautions, artifact sometimes
occurs during exercise, which makes it difficult to
interpret the ECG properly. This can be caused by
such things as breast tissue, obesity, clothing, or
a malfunctioning electrode. Changing electrodes
or electrode positions may solve the problem. If
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an electrode needs to be changed or moved once
an exercise test is underway, this can be safely
done while the subject grasps the handrails or is
supported by a staff person rather than by restart-
ing the test.

It is important to carefully interpret the base-
line ECG obtained at rest before beginning the
exercise test. Unusual heart rate, arrhythmias,
conduction delays, ST segment abnormalities,
and alterations in intervals need to be identified
in order to properly assess changes that occur in
response to exercise. A shift of the QRS axis to the
right (with a negative QRS complex in lead ) is
the most common difference between the resting
ECG using the setup just described for standing or
sitting and the standard supine ECG tracing. The
QRS waveform may also be different. Thus the
normalcy of QRS axis and standard voltage criteria
for ventricular hypertrophy cannot be interpreted
from the pre-exercise ECG.

Modern ECG monitoring systems permit real-
time presentation of all 12 leads plus a rhythm
tracing, usually of lead II. Hard-copy printouts are
typically obtained at 2 or 3 min intervals during
exercise and recovery as well as on demand by
the testing staff when particular abnormal events
occur, such as observed arrhythmias or the occur-
rence of patient symptoms (dizziness, chest pain,
palpitations).

Measuring Heart Rate

ECG monitoring systems are generally very accu-
rate in measuring heart rate electronically during
exercise. Occasionally, erroneous values are
evident due to motion artifact, unusual voltages,
or frequent ectopy. In such cases, the rate can be
estimated by manually measuring RR intervals
on the ECG printout in seconds (1 mm = 0.04 s)
and calculating heart rate as 60/RR interval. The
accuracy of this approach assumes a constant
paper printing speed of 25 mm per s.

Heart rate is the cardiovascular variable most
easily measured during exercise. Consequently,
abundant experimental and observational infor-
mation is available for the expected normal
responses according to age, sex, protocol, and
influencing variables.

Pre-Exercise Value

Many factors influence pre-exercise heart rate.
When assessed in the basal condition, resting

heart rate decreases with age across the pediatric
years, from an average of approximately 85 bpm
at age 4 to 60 bpm at age 18. This decline in heart
rate directly parallels the decline of size-related
metabolic rate.

Low resting rates are observed in highly
trained child endurance athletes; low rates can
also be caused by certain drugs (particularly
beta-blocking agents), hypothyroidism, and sinus
node dysfunction. High resting heart rates occur
in hot climate conditions. Low (and high) heart
rates at rest may sometimes be explained as
expressions of normal biological variability within
the population in both autonomic influence and
intrinsic resting sinus node discharge frequency.
Immediately before an exercise test, however, the
effects of these influences are often obscured by
pretest anxiety and anticipatory tachycardia. For
this reason it is not unusual for pretest (not “rest-
ing”) rates to reach 90 to 100 bpm.

Exercise Response

Interestingly, the effects of pretest anxiety on heart
rate appear to be abolished immediately once an
exercise test is underway. This is evidenced by
the tight linear coupling of heart rate normally
witnessed with increasing metabolic demand
(\702) as workload rises, at least to moderate-to-
high intensities. At a level of approximately 75%
VOZmaX a tapering of heart rate is often seen, both
in children and adults. For example, in a study by
Rowland and Cunningham, all 11- to 13-year-old
subjects demonstrated a tapering of heart rate
above 60% \'/OZmax during a progressive treadmill
walking test (44). In a third of the children a plateau
was observed, defined as less than a three-beat
increase in the final stage.

This tapering of heart rate at high work intensi-
ties has not been adequately explained (8). Some
have felt that the “break point” of the heart rate
rise occurs concomitantly with the ventilatory
anaerobic or lactate threshold, but why a rise in
anaerobic metabolism or a fall in blood pH should
trigger a deceleration of heart rate with increas-
ing work is not clear. It has been suggested that
the heart rate tapering phenomenon may be an
artifact of the testing protocol rather than a true
physiological phenomenon (8).

The rate of rise of heart rate during a standard
progressive test is most obviously dictated by the
exercise protocol selected. In addition, the heart
rate at a given workload declines as a child ages.
Thus, frequent high load increments in a young
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subject will elicit a faster heart rate response
than smaller load changes in an older person. An
unexpected rapid heart rate rise during progres-
sive exercise can be a manifestation of low stroke
volume production, either as an expression of low
cardiovascular fitness in an otherwise healthy
person or as an indication of heart disease. An
unusually slow increase in heart rate as work
intensity rises is typically observed in trained
young endurance athletes. Other possibilities
include subjects with a high degree of vagal tone,
sinus node dysfunction, and those taking certain
drugs, such as beta antagonists, calcium channel
blockers, and migraine medications (ergot alka-
loids, serotonin receptor agonists).

Maximal Heart Rate

Maximal heart rate is useful in assessing the
degree of the subject’s exhaustive effort as well as
detecting sinus node dysfunction. An assessment
of peak heart rate at the limits of exercise is thus
especially important in evaluating those patients
with a history of syncope, seizures, or dizziness,
particularly during physical activities. Expected
values are influenced by testing modality, type
of exercise, and body position. Average maximal
heart rate achieved by children during treadmill
running is generally 195 to 205 bpm, with values
about 5 bpm less for walking. Mean maximal heart
rate during upright cycling in groups of children is
typically 185 to 195 bpm. Studies indicate an aver-
age maximal heart rate in children during supine
cycling of 172 bpm (20) and with progressive
exercise on a rowing ergometer of 190 bpm (62).
These “normative” published values for maxi-
mal heart rate in children reflect group means, and
it is important to realize that each obscures a wide
inter-individual variability. For example, in utilizing
several treadmill and cycle protocols, Cumming
and Langford reported standard deviations of
values for maximal heart rate ranging from 5 to
7 bpm (21). In the treadmill walking and running
tests described by Sheehan et al. such standard
deviations were 12 and 9 bpm, respectively (48).
In this author’s laboratory, convincingly true
exhaustive efforts have been witnessed at a heart
rate as low as 170 bpm and as high as 225 bpm.
That such inter-individual variability is not simply
a reflection of differences in subject motivation
is indicated by the similar variability observed
during testing of elite-level child athletes (46).

Most studies have indicated that maximal heart
rate during progressive testing of healthy children
is not significantly affected by level of aerobic
fitness or sex. Moreover, as indicated in both
cross-sectional and longitudinal studies, values
remain constant throughout the pediatric years.
Paridon and Bricker described a consistent mean
maximal heart rate of 197 bpm during treadmill
testing in a cross-sectional study of children aged
4 to 18 (37). Rowland and Cunningham tested 9
girls and 10 boys annually for 5 yr starting at age
9 on a treadmill walking protocol (unpublished
data). Maximal heart rate was stable, within the
range of 200 to 203 bpm. Bailey et al. performed
a similar 8-yr longitudinal study of 51 boys begin-
ning at age 8 (3). Maximal heart rate on a treadmill
running protocol averaged 196 bpm. Mean values
between the annual tests did not differ by more
than 3 bpm. Given this stability of maximal heart
rate during the growing years, formulae used in
testing of adults to predict maximal heart rate,
such as 220 - age, are inappropriate for testing
children, at least until the mid-teen years.

Limited information suggests that maximal
heart rate during exercise testing does not demon-
strate any degree of circadian rhythmicity. When
Reilly and Brooks had 15 adult males perform
cycle exercise tests spread out over six separate
days, circadian variation in heart rate was evident
at rest but was abolished during exercise (40). In
a study of 14 healthy adolescent males, no differ-
ence was observed in maximal or submaximal
heart rates between morning and afternoon test-
ing sessions (45).

Depressed Maximal Value

Considering 95th percent confidence limits from
the studies just described, the lower value of an
acceptable peak heart response to a progressive
upright exercise test might be defined as 175 bpm
for treadmill testing and 170 bpm on the cycle
ergometer.

The most common cause of failure to achieve
these rates is lack of adequate subject effort,
evident from an absence of subjective signs
of fatigue (hyperpnea, discomfort, flushing)
and a low RER value (i.e., <1.00). The effects
of previously mentioned drugs that can elicit a
bradycardic response to exercise should also be
recognized. Low peak heart rates are observed in
patients whose sympathetic response to exercise
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is typically impaired, such as those with a heart
transplant, Down syndrome, anorexia nervosa,
or congestive heart failure.

A limited peak heart rate as an expression of
sinus node dysfunction is infrequent in children
and adolescents. However, such “chronotropic
incompetence” is not uncommonly observed in
patients following cardiac surgery, particularly
those procedures involving cardiopulmonary
bypass. The exact etiology for this depression
of maximal heart rate, however, remains uncer-
tain. Damage to the sinus node itself as a result
of bypass cannulation as well as disruption of
myocardial sympathetic innervation from surgi-
cal manipulation may be contributing factors.
Typically the reduction in peak heart rate is not
profound, usually no less than approximately 85%
of predicted. The extent to which this limitation
contributes to reductions of aerobic fitness in
these patients is unclear.

Sinus node dysfunction has been described as
a consequence of myocarditis and in association
with long QT syndrome, as well as in children with
unoperated congenital heart disease. Cases of
symptomatic, idiopathic sinus node disease have
been described, some which have been congenital
and familial (6).

Heart Rate Recovery

Heart rate recovery postexercise is faster in indi-
viduals with a higher level of aerobic fitness, and
heart rate at a certain time point after exercise is
directly correlated with age or body size and peak
exercise heart rate (41, 59). For example, Wash-
ington et al. cited average heart rates at 1 min of
recovery of 133, 138, and 148 bpm in boys grouped
as body surface area <1.00 mz, 1.00to 1.19 mz, and
>1.2m’ respectively (59). Heart recovery has gen-
erally been found to be faster in boys than girls,
but this may be explained by the higher levels of
aerobic fitness in young males. Given the large
number of variables influencing recovery heart
rate, the use of norms to predict aerobic fitness
in children is problematic.

Simhaee et al. (50) and Lin et al. (30) have
reported that metabolic risk factors such as
waist circumference and serum lipid levels are
inversely correlated with heart rate recovery
rate in children and adolescents. Similar findings
have been described in adult populations (34),
in which heart recovery rate following exercise

has been linked to future mortality (18). Future
investigations may thus indicate a more precise
role and the utility of measuring recovery heart
rate dynamics in the exercise testing laboratory
as predictors of health outcomes.

Identifying Heart Block

First-degree heart block (delayed AV conduction)
and Mobitz type I second-degree heart block
(intermittent AV conduction) are usually mani-
festations of a high degree of parasympathetic
influence on the AV node. Such delays are not
uncommon in highly trained endurance athletes
and individuals who possess a high level of vagal
tone. These forms of heart block are normally
abolished during the vagal withdrawal and the
augmented sympathetic activity of progressive
exercise.

Third-degree, or complete heart block, is char-
acterized by a complete lack of transmission of
electrical impulses through the AV node. In this
case, the automaticity of an “escape” pacemaker
high in the ventricles initiates the depolarization
of the Purkinje fibers and myocardium, albeit at a
rate slower than that of the sinus node, which con-
tinues to activate the atria. The rate of response
of the ventricular pacemaker to exercise, although
under sympathetic control, is also less than that
of the sinus node.

There is considerable variability in maximal
heart rate that can be generated by the ventricular
pacemaker in patients with complete heart block.
In published reports the range has generally been
from 50 to 145 bpm, a peak rate that appears to
be independent of that at rest. This variability
presumably reflects different sensitivities of the
ventricular pacemaker to autonomic stimulation.
No relationship has been observed between the
incidence of syncope and maximal achievable
ventricular heart rate in patients with congenital
complete heart block (27).

Patients with complete heart block often exhibit
ventricular ectopy during exercise testing. Winkler
et al. reported multiple premature ventricular
contractions, ventricular couplets, or ventricular
tachycardia in half of their patients during exer-
cise (63). Both the explanation for this exercise-
induced ectopy and its clinical significance are
unclear. No clear-cut association has been estab-
lished between the appearance of ventricular
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ectopy and clinical outcome in patients with
complete heart block but no structural disease
(49). Sudden death in conjunction with ventricular
ectopy can occur in those who have associated
serious cardiac abnormalities (63).

Complete right or left bundle branch block, as
indicated on the ECG by a widened QRS complex
(20.12 s), can rarely be induced by exercise. Such
cases have been observed in children with healthy
hearts and in those with significant cardiac dis-
ease (10). Importantly, the sudden appearance
of bundle branch block during an exercise test
can be confused with the advent of ventricular
tachycardia. The former can be identified by the
persistence of a normal P-QRS relationship.

Detecting Arrhythmias

Supraventricular and ventricular arrhythmias
differ in their electrophysiological mechanisms
as well as in their response to sympathomimetic
stimulation. Consequently, these arrhythmias are
usually dissimilar in their response to exercise as
well as in their clinical implications.

Supraventricular Arrhythmias

Premature atrial beats, generated outside the
sinus node but above the atrioventricular node,
are benign. If present on the pre-exercise ECG, they
usually disappear with exercise (43); when stimu-
lated by exercise in an asymptomatic patient, they
are also of no clinical concern (13). However, a
patient with atrial premature beats during exercise
who presents with a history of syncope or unex-
plained tachycardia might require further testing
because such ectopy could reflect a potential for
episodes of supraventricular tachycardia (58).
Supraventricular tachycardia (SVT) usually
reflects a reentry circuit created by dual atrial-
ventricular conduction pathways either within
the AV node or by accessory extranodal pathways
(ventricular pre-excitation, Wolff-Parkinson-White
[WPW] syndrome). Clinical experience indicates
that SVT is seldom triggered by exercise, even in
those with a past history of this tachyarrhythmia.
In one study, SVT developed during exercise test-
ing in only 2 patients out of 56 referred for evalu-
ation of palpitations (12). Draper et al. reported
findings on exercise testing in 53 patients aged 5
to 18 who all had previous documented episodes
of SVT (22). Thirty had normal pre-exercise ECGs,
and 23 demonstrated evidence of ventricular pre-

excitation. Only three (6%) developed SVT during
their exercise test.

Strasberg et al. described not a single case
of SVT induced by treadmill exercise among 54
patients aged 12 to 64 who had pre-excitation on
the resting ECG (52). These authors concluded
that this lack of exercise-provoked SVT “probably
reflected the lack of exercise-induced premature
complexes with the critical timing for engaging
only one of the two pathways.” These findings
indicate that a progressive exercise test should
not be expected to be a highly useful means for
triggering SVT, even in those with previously
documented episodes.

In the unusual event of SVT occurring during
an exercise test, diagnosis may be challenging.
The QRS complex will remain normal in most
cases, and associated alterations (or absence) of
P waves may be difficult to identify on the ECG at
high workloads. The usual initial indications of
exercise-induced SVT are either an unexpected,
abrupt rise in heart rate or failure of the heart rate
to change as workload is increased or decreased.

Ventricular Arrhythmias

Exercise testing for assessment of ventricular
arrhythmias is most frequently conducted on
youth referred for

¢ isolated ectopy (premature ventricular
contractions, or PVC’s) identified on an
ECG performed after an irregular heart
rhythm has been noted on a routine physi-
cal examination, or

® syncope, seizures, or dizziness during
sports play or other physical activities.

In these cases concern is raised that, in contrast
to usually benign supraventricular arrhythmias,
such children might carry a risk for important,
life-threatening tachyarrhythmias such as hemo-
dynamically unstable ventricular tachycardia and/
or ventricular fibrillation.

Rhythm disturbances arising in the ventricles
are often sensitive to electrical excitation triggered
by sympathetic stimulation. Thus, ventricular
arrhythmias, as compared to those supraventricu-
lar in origin, are more readily triggered by exercise.
Consequently exercise testing is a better provoca-
tive test for assessing vulnerability to ventricular
than supraventricular tachyarrhythmias.

Isolated, unifocal PVC’s on a resting ECG occur
with a frequency of approximately 0.3 to 2.2% of
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the pediatric population. PVC’s tend to disappear
as a child grows (15, 25). In an asymptomatic child
without underlying heart disease, an unremark-
able family history, and an otherwise normal ECG,
this ventricular ectopy is almost always benign.
Still, the detection of PVC’s on a resting ECG raises
two concerns: a) is this ectopy a reflection of
unrecognized heart disease, and are these PVC’s
at rest harbingers of more serious, life threatening
ventricular rhythms, such as ventricular tachycar-
dia or fibrillation. Exercise testing provides useful
information in addressing these issues.

Benign PVC’s characteristically disappear
during an exercise test as sinus tachycardia
suppresses the ventricular ectopic focus (15, 29,
61). This effect of exercise is usually observed
regardless of frequency of the ectopy (15) or its
appearance in a bigeminal or trigeminal pattern
(65). Jacobsen et al., for example, reported that
among 17 healthy children with unifocal PVC’s,
ectopy was abolished by light exercise in all
(25). This is not universally the case, however.
Cagdas et al. described their experience in exer-
cise testing of 149 healthy children with PVC’s,
mostly unifocal and isolated (15). The frequency
of ectopy was diminished or PVC’s were abol-
ished during exercise in 62%, increased in 8%,
and remained unchanged in 31%. In follow-up,
ventricular ectopy at rest had disappeared in
half of the subjects.

Suppression of PVC’s during exercise testing
may occur at low heart rates and is sometimes
even abolished by the tachycardia of pretest
anxiety. However, in some subjects, high work
intensities associated with a heart rate of 170 to
180 bpm may be required to eliminate ventricular
ectopy (43).

The interpretation of isolated, unifocal PVC’s at
rest that are not abolished by exercise is unclear
(61). As noted above, such persistence is not
inconsistent with benign ventricular ectopy. Still,
decisions regarding the need for further evaluation
of such individuals needs to take in consideration
any history of pertinent symptomatology and pres-
ence or absence of underlying cardiac disease.

Occasional, isolated PVC’s are commonly
observed in healthy subjects during an exercise
test, and these can be considered benign. How-
ever, the appearance of increasing or complex
ectopy (couplets, triplets) in the course of an
exercise test is of concern, since exercise-induced
ventricular arrhythmias may signal a risk for ven-
tricular tachycardia or fibrillation.

Complex ventricular ectopy characterized
by multi-focality (varying QRS morphology) or
occurring in pairs (couplets), triplets, or short
bursts of ventricular tachycardia suggest greater
electrical instability of the ventricle which might
eventuate in more dangerous ventricular tachyar-
rhythmias (i.e., sustained ventricular tachycardia),
particularly during the sympathetic stimulation
of exercise. Nonetheless, the resolution of com-
plex ventricular ectopy during an exercise test
in an asymptomatic patient without underlying
heart disease remains compatible with a benign
outcome (29).

In summary, isolated, unifocal PVC’s (as well as
complex ventricular ectopy) at rest that disappear
during exercise in a healthy, asymptomatic child
are most commonly benign, but, as Walsh et al.
have pointed out, this “is not universally true” (58).
Ventricular ectopy that is not abolished or is trig-
gered by exercise may deserve further evaluation.

Ventricular tachycardia (VT), defined as three
or more consecutive beats of ventricular origin at
a rate >120 bpm, is rare in the pediatric popula-
tion. Most commonly observed in patients with
significant cardiac disease (particularly those
characterized by ventricular hypertrophy), it can
also be hereditary (catecholaminergic polymor-
phic ventricular tachycardia), related to electrical
disturbances (long QT syndrome), or idiopathic
in apparently healthy youth.

Exercise testing is often an effective means of
triggering ventricular tachycardia in predisposed
individuals, particularly those symptomatic from
their tachyarrhythmia.

Among 25 patients with recognized ventricular
tachycardia, Rocchini et al. found that 73% of those
who were symptomatic demonstrated an increase
in their tachyarrhythmia with exercise testing (42).
However 9 of the 10 asymptomatic children had
partial or complete suppression of ventricular
tachycardia with exercise.

Bricker et al. reviewed results of 2,761 exercise
tests over a 10-year period in patients referred
to the Texas Children’s Hospital (11). Ventricular
tachycardia was observed during exercise in 14
patients and during post-exercise recovery in 8
cases. Of these, 17 had a cardiac abnormality (long
QT interval, arrhythmogenic right ventricle, con-
genital heart disease), while 5 had a normal heart.

In patients both with and without heart disease
who experience syncope from ventricular tachy-
cardia during exertion, VT can be demonstrated
during exercise testing with a high frequency (17).
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However, in some such cases the exercise test will
be normal. For instance, patients with long QT
syndrome, in whom VT and syncope are frequently
related to exercise, exercise testing often fails to
demonstrate VT. As Wren has pointed out, then,
“anegative test in the presence of exercise-related
symptoms or in a high risk patient should not be
reassuring” (64).

Ventricular tachycardia during exercise test-
ing is characterized by the sudden appearance
of a regular tachycardia with widened, bizarre
QRS complex. This rhythm disturbance must
be distinguished from other causes of wide-QRS
complex rhythms that can be triggered by exer-
cise, including exercise-induced complete bundle
branch block, supraventricular tachycardia with
aberrant ventricular conduction, and pre-excited
tachycardia in WPW syndrome (58).

Detecting Ischemia

The increased cardiac metabolic requirements
(myocardial VOZ) associated with a bout of
progressive exercise provide an opportunity to
detect abnormalities in the myocardial oxygen
supply:demand resulting from an insufficiency
of coronary blood flow. In adults with athero-
sclerotic coronary artery disease this is manifest
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symptomatically by angina pectoris and electro-
cardiographically by depression of ST-T waves,
particularly over the left lateral precordial leads
(V. and V). As classically defined, such ischemic
changes are characterized by a depression of the
ST segment of 1 mm (0.1 mV) or more, lasting
for greater than 0.08 s or with an upslope that
does not reach the baseline before 0.08 s. These
ischemic changes need to be differentiated from
benign J-point depression, in which the J point
(junction of the end of the QRS complex with the
ST segment) falls but is followed by an upsloping
ST segment that reaches the baseline in less than
0.08 seconds (figure 5.2).

By these identifying characteristics, the appear-
ance of such ischemic changes during an exercise
challenge carries predictability of significant
coronary artery disease in adults with a moder-
ately high level of both specificity and sensitivity.
It is important to note that these particular ECG
criteria as markers of a diminished coronary-
supply-to-metabolic-demand ratio have not been
validated in children and adolescents. Similarly,
issues of sensitivity and specificity of such isch-
emic ECG changes in heart disease in pediatric
subjects have not been addressed. Consequently,
the applicability of the ECG criteria for ischemia
routinely used in adult subjects to children and
adolescents remains uncertain.

b

Figure 5.2 (a) Normal depression of the J point and upward sloping of the ST segment with exercise. (b) An isch-
emic pattern of depressed J point, flattening of the ST segment, and delayed return to baseline.

Reprinted, by permission, from J.T. Bricker 1993, Pediatric exercise electrocardiography. In Pediatric laboratory exercise testing, edited by T.W.

Rowland (Champaign, IL: Human Kinetics), 51.
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The number of cardiovascular diseases in
children and adolescents that carry the potential
for compromising coronary circulation is few;
moreover, these anomalies are, in general, very
uncommon in the general pediatric population.
Still, attention to ST-T wave changes during exer-
cise testing in young subjects is important, since
a) although rare, the abnormalities which can
limit coronary blood flow during physical activi-
ties in this age group characteristically pose a
risk of sudden cardiac death, and b) chest pain, a
symptom potentially reflecting (although rarely)
such anomalies, is a common cause for referral of
a child or adolescent for clinical exercise testing.

Aortic Stenosis

In one sense, patients with significant aortic
outflow obstruction have the same potential for
impaired coronary artery flow as adults with
atherosclerotic coronary disease; the point of
obstruction being simply upstream (i.e., just
before the coronary ostia). During exercise any
such impairment of coronary artery flow is
accentuated, since the obstruction is fixed, while
the demand of a hypertrophied myocardium is
increased. Thus, it might be predicted that with
a combination of sufficient outflow gradient and
exercise demand, ischemic changes would result
that would be manifest on the ECG.

Forty years ago, in fact, a series of studies
indicated that this was the case. Children with
aortic stenosis whose resting gradient exceeded
50 mmHg (by cardiac catheterization) were found
to demonstrate ischemic ECG changes during exer-
cise testing, typically with ST depression of 2 mm
(16, 23, 26). These data showed that, lacking such
changes, one could confidently predict a gradient
<50 mmHg. However, ECG changes were found to
have no predictive value following surgical or bal-
loon intervention.

Clinical decisions regarding intervention for
relief of obstruction in patients with aortic outflow
obstruction are now made largely via echocardio-
graphic criteria. However, it should be recognized
that ischemic ST changes on the ECG at rest or
during exercise in patients with aortic stenosis
obstruction has been recognized as a risk factor
for sudden death with this condition.

Congenital Coronary Artery Anomalies

Congenital abnormalities of the origins or course
of the coronary arteries may limit myocardial

False Positive Tests

A number of conditions have been recognized to
produce ST-T wave changes during an exercise
test, which simulate a true ischemic effect. “False
positives” can be caused by nonischemic heart or
pericardial disease, hyperventilation, drugs, elec-
trolyte abnormalities, anemia, pectus excavatum,
and mitral valve prolapse. ST changes in patients
with ventricular repolarization abnormalities, such
as those with Wolff-Parkinson-White syndrome
or bundle branch block cannot be interpreted as
ischemic in origin. Unexplained ST changes with
exercise mimicking an ischemic effect have also
been reported in healthy individuals.

perfusion and lead to risk of sudden death, par-
ticularly during sports play. This appears to be
particularly true when the left main coronary
artery arises from the right aortic sinus, with a
subsequent intramural course in the wall of the
aorta. Other congenital coronary arteries anoma-
lies that may pose clinical risk include coronary
hypoplasia or stenosis, vessels buried within the
heart muscle (myocardial bridging), and the right
main coronary artery arising from the left sinus of
Valsalva with an intramural course.

The frequency of such coronary abnormalities
is low in the pediatric population (0.1%-0.3%),
but anomalous origin of a coronary artery is a
recognized cause of unexpected sudden death
in young athletes. These tragedies are difficult to
prevent, since the presence of a coronary artery
anomaly is typically occult and not easy to diag-
nose. While chest pain, dizziness, or syncope can
serve as premonitory symptoms, patients are usu-
ally asymptomatic, and not infrequently the first
indication of a coronary artery anomaly is sudden
death, often during physical activities.

Following the experience of atherosclerotic
coronary disease in adults, it would be expected
that identification of a patient with an anomalous
coronary artery—and particularly one at risk for
sudden death—would be facilitated by recognizing
ischemic ST changes during a progressive exer-
cise test. Unfortunately, this may not be the case.
Basso et al. described 27 cases of sudden death
during sports play from a coronary anomaly, with
a mean age of death of 16 + 5 years (4). Of these,
previous ECGs had been obtained in 9, and 6 had
undergone an exercise stress test, all of which
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were unremarkable. Based on these findings, the
authors concluded that “neither routine 12-lead
ECG nor exercise stress tests were particularly
informative for the diagnosis of congenital coro-
nary artery anomaly.”

Supporting this conclusion, Osaki et al.
reported their experience with 31 children (mean
age 6) with an anomalous coronary artery (36).
Of the 13 who underwent exercise testing, only
1 displayed ischemic ST changes. In a review of
the literature, among 18 patients with congeni-
tal coronary anomalies <35 years old who had
exercise stress tests, ischemic ECG changes were
observed in 2 (4).

Kawasaki Disease

Kawasaki disease is an acute, idiopathic vasculitis
affecting young children, characterized by fever,
conjunctivitis, rash, lymphadenopathy, oral ery-
thema, and desquamation of the skin of fingers
and toes. While generally benign, inflammatory
involvement of the coronary arteries may even-
tuate in coronary ectasia, aneurysms, stenosis,
and risk of sudden death in a very small minority
(~0.08%).

In the older child with a past history of Kawa-
saki disease, there remains question of possible
long-term risks associated with coronary artery
involvement, even in the absence of aneurysms.
Some health caretakers have elected to refer
patients (particularly athletes) with earlier
Kawasaki disease for exercise testing for assess-
ment of possible ischemic changes, even if there
is no echocardiographic evidence of residual
alterations in coronary artery diameter. Recom-
mendations from the American Heart Association
for care of patients who do exhibit coronary
artery aneurysms include annual exercise
testing (19).

While such an approach is intuitively rational,
it is surprising that evidence of ischemic ECG
changes during exercise appears to be of limited
value in recognizing coronary artery abnormali-
ties in patients with a history of Kawasaki disease.
Even with significant coronary artery involve-
ment, no ST changes have usually been observed
(24, 38, 39). However, Allen et al. reported two
patients with large aneurysms who developed
ST changes with exercise testing (1), and 5 of the
13 patients tested by Kato et al. with aneurysms
or stenosis (by angiography) exhibited ischemic
changes (28). The predictive value of ST changes
with exercise in patients with coronary artery

abnormalities for adverse outcomes following
Kawasaki disease is uncertain.

Evaluation of Prolonged
QT Interval

Long QT syndrome encompasses a family of inher-
ited cardiac electrical disturbances characterized
by a delay in ventricular repolarization. Patients
with this syndrome are susceptible to episodes
of ventricular tachyarrhythmia (torsades de
pointes) and sudden death, often precipitated by
sympathetic stimulation (exercise, particularly
swimming, as well as emotional distress). At least
12 genetic types have been identified, each with
its own phenotypic expression, but genetic testing
is negative in about 25% of cases.

Exercise testing can be useful in discriminat-
ing patients with long QT syndrome from normal
individuals who have a borderline long QT interval
on the ECG. While the QT interval corrected for
heart rate by the Bazett formula typically changes
little with exercise in healthy subjects, the QTc
may lengthen, especially in recovery, in those with
long QT syndrome. The sensitivity of this finding,
however, is influenced by the genetic type of long
QT syndrome.

Most information regarding the effects of exer-
cise testing in patients with long QT syndrome has
been gathered in types 1 and 2, the most common
variants. In adults, QTc is prolonged with exercise
in type 1 but not type 2. Takenaka et al. found that
among patients with type 1 average QTc (in lead
V) increased from 0.51 = 0.14 s at rest to 0.60 +
0.05 s at peak exercise, while no significant change
was observed in QTc in comparison groups of
patients with type 2 and healthy control subjects
(54). It has been reported that in type 2 patients
QTc may lengthen initially during the early stages
of progressive exercise but return to pre-exercise
values at high heart rates and into the recovery
phase (35). QTc in type 4 patients may prolong
with exercise (32).

In children, prolongation of QTc during recovery
from exercise compared to pre-exercise values has
been described in patients with long QT syndrome
compared to normal youth (2, 53, 60). Aziz et al.
compared QT responses to maximal cycle exercise
in 50 youth with long QT syndrome with those of
108 healthy children (2). In the normal subjects,
mean values for QTc at peak exercise were similar
to those at rest (0.41 s) and remained stable during
recovery until five minutes post-exercise when a
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rise to 0.43 s was recorded (figure 5.3). In patients
with type 1 long QT syndrome the average QTc at
rest of 0.45 s increased to 0.49 s at peak exercise
and remained unchanged during the course of 9
min of recovery. Exercise triggered a shortening
of QTc in type 2 long QT syndrome in recovery,
with a return to pre-exercise values after 5 min.

These limited data suggest that lengthening of
QTc in early recovery from exercise compared
to pre-exercise values is valuable in identifying
patients with type 1 long QT syndrome but not
necessarily type 2. The behavior of the QT inter-
val on the ECG with exercise in children with
other types of long QT syndrome is still incom-
pletely characterized.

Risk Stratification With
Ventricular Pre-Excitation

While ventricular pre-excitation generally car-
ries a favorable prognosis, these patients carry
a very small risk for malignant tachyarrhythmias
and sudden death. This can occur when, in the
course of atrial fibrillation or flutter, impulses are
conducted at a high frequency through the acces-
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Figure 5.3 Corrected QT interval (QTc) before and
during exercise and in recovery in pediatric patients
with types 1 and 2 long QT syndrome compared to
healthy control subjects. P-value <0.001 for LQT ver-
sus controls at all points. *P-value <0.001 for LQT1 ver-
sus LQT2.

Adapted, by permission, P.F. Aziz et al., 2011, “Genotype- and muta-
tion site-specific adaptation during exercise, recovery, and postural
changes in children with long QT syndrome,” Circulation: Arrhythmia
and Electrophysiology 4: 867-873.

sory pathway and transmitted to the ventricles,
ultimately degenerating to ventricular fibrillation.
The risk of such an event is greatest in those who
possess an accessory pathway with a short ante-
grade refractory period.

Published data suggest that disappearance
of ventricular pre-excitation on the ECG during
the course of an exercise test can identify those
patients at low risk (9, 51, 52). That is, the aug-
mented sympathetic activity and vagolysis during
exercise are more likely to abolish transmission
of electrical impulses through those accessory
pathways possessing a long refractory period.

Spar et al. evaluated 76 patients <21 years
of age with ventricular pre-excitation by both
exercise testing and electrophysiological study
(51). Eleven (14%) demonstrated sudden loss of
pre-excitation with exercise, 18 (24%) showed
gradual loss, and 47 (62%) persistence. With atrial
pacing, the mean value for cycle length with 1:1
conduction in the accessory pathway were 375 +
135 ms, 325 + 96 ms, and 296 + 52 ms in the three
groups, respectively. Of those with conduction
<270 ms, none were in the sudden loss group, 5
of 18 were in the gradual loss group, and 18 of 47
were in the no loss group.

In the 17 children with Wolff-Parkinson-White
syndrome described by Bricker et al., 4 showed
total disappearance of pre-excitation with tread-
mill exercise (9). Disappearance of delta wave
with exercise was related with a long anterograde
refractory period of the accessory pathway (360-
390 ms). In the study of Strasberg et al. in 36
patients aged 12 to 64, complete normalization of
the QRS complex occurred in 50% (52). However,
Moltedo et al. described loss of pre-excitation in
only 8% of 50 youth with Wolff-Parkinson-White
syndrome with exercise testing (33).

In summary, total and sudden disappearance
of ventricular pre-excitation during an exercise
test is generally indicative of low risk but only
occurs in a minority of patients. Persistence of
pre-excitation on the ECG during exercise is simi-
larly consistent with a benign course, but risk of
a tragic event associated with rapid accessory
pathway conduction during atrial flutter and
fibrillation cannot be ascertained.

Conclusion

One hundred years after exercise testing was first
devised to examine electrocardiographic changes
in adult patients with coronary artery disease, the
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ECG remains a central element in the clinical exer-
cise laboratory. Exercise places demands on myo-
cardial metabolism, augments sympathetic influ-
ence on sinus node discharge rate, and promotes
automaticity of ectopic cardiac foci. Changes in
cardiac electrical conduction expressed on the

ECG as manifestations of these effects can provide
valuable information in patients with primary
electrical conduction disorders as well as those
with a propensity for arrhythmias and limitations
of coronary perfusion.



CHAPTER

6

Blood Pressure Response

lood pressure (BP) is routinely measured

during exercise testing on either a cycle

ergometer or a treadmill. Dynamic exer-
cise causes increases in cardiac output (CO)
and heart rate with simultaneous dilation of the
systemic vascular bed. Because BP is the product
of CO and peripheral vascular resistance, the rise
or fall of BP may help us to assess the integrity
of myocardial contractility, chronotropic com-
petence, and dilation of peripheral arterioles.
Hence, during exercise testing, blood pressure
has significant clinical importance. Well-studied
cardiac lesions include left-sided obstructive
lesions such as coarctation of the aorta and
aortic stenosis. The aims of this chapter are
the following:

¢ Review the basic physiology of exercise BP.

¢ Discuss the technical aspects of measure-
ment of BP.

¢ Review the normal BP response and BP data
from published studies of healthy children.

¢ Noteracial, gender, age, and obesity-related
differences in maximal exercise BP.

¢ Evaluate the prognostic value of exercise
BP testing.

¢ Briefly discuss BP response in special con-
ditions including congenital heart disease
(CHD). This topic will be discussed in detail
in another chapter.

¢ Discuss the importance of change in BP

(delta BP) versus absolute values in the
interpretation of results.

to Dynamic Exercise

Bruce Alpert, MD, and Ranjit Philip, MD

Basic Physiology of Exercise
Blood Pressure

Blood pressures at rest and during exercise are
lower in children than in adults (53). The circula-
tory changes that occur from a resting state to
exercise are complex. At rest, skeletal muscle
receives about 15% to 20% of the CO, although
it constitutes almost 40% of the total body mass
(13). Peripheral muscle perfusion increases to 80%
to 90% of CO during exercise, and the peripheral
oxygen extraction increases. From rest to maximal
exercise CO increases three- to fivefold. Because
BP is the product of CO and peripheral resistance,
the response of the peripheral vascular bed is also
of importance. During exercise, there is a dramatic
dilation of the peripheral vascular bed, which
results in a reduction of resistance. The increase in
CO with exercise results in an increase in systolic
(S) BP. The vasodilation causes the diastolic (D)
BP to remain largely unchanged. However, with
isometric exercise (constant muscle length against
force or tension such as weightlifting) both SBP
and DBP increase.

Increasing exercise intensity calls for increased
oxygen consumption and CO, so BP rises with
each progressive stage of an exercise protocol.
Arterial baroreflex mechanisms maintain BP at
a higher level during exercise. The withdrawal
of parasympathetic nervous activity is initially
responsible for the rapid increase in heart rate,
which enables adequate CO. The high BP attained
during moderate to severe exercise is achieved by
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a summation of metabolic reflexes and vasocon-
strictive mechanisms (55). The reduction in car-
diac output and SBP during recovery is achieved
by a withdrawal of sympathetic output and an
increase in vagal tone. These produce reductions
in both heart rate and peripheral resistance.
Resting levels are achieved within minutes (49,
56). Supine SBP returns to normal values quickly
during recovery and may actually be below base-
line levels for a few hours postexercise.

In summary, SBP should show a progressive
increase during exercise and a progressive decline
after exercise. An impaired BP response, that is,
a decrease in BP or a failure to increase SBP with
exercise, indicates abnormal function of these
regulators and may imply clinically significant left
ventricular dysfunction or a left-sided obstructive
lesion (36, 60). Although important, the drop in
SBP may not be consistently present in patients
with impaired cardiac function. Occasionally,
SBP can drop in children in the absence of severe
cardiac disease (7).

Technical Aspects of Blood
Pressure Measurement

The technical aspects of exercise BP measure-
ment are critical. It is important to have accurate
and reliable measurements in order to use the
data for clinical decision making. It is generally
recommended that BP be measured at the follow-
ing points:

¢ At rest before beginning the exercise test.

* Frequently during the exercise test to evalu-
ate BP elevation or to detect impending
hypotension. This is usually done every 3
min, with more frequent measurements if
symptoms of hypotension are present.

¢ During the recovery period to ensure that
SBP returns to approximately baseline
values.

BP Measurements by Auscultation

Mercury sphygmomanometers were formerly
used in association with auscultation to measure
exercise BP. Due to concerns about environmental
hazards, mercury devices have been replaced with
other technology (9). A calibrated aneroid device
is an acceptable alternative; calibration should be
performed at least yearly (10-12). Environmental
noise from equipment (treadmills, monitors, fans,

Does It Matter When BP Is Taken to
Document Response to Exercise? =—

Systolic BP rises with increasing dynamic work as
a result of increasing cardiac output, whereas dia-
stolic pressure usually remains about the same or is
moderately decreased because of vasodilation of the
vascular bed. The average rise in systolic BP during
a progressive exercise test is about 10 mmHg/MET.

After maximum exercise there is usually a decline
in systolic BP, which normally reaches resting levels
in children in about 6 min, then often remains lower
than pre-exercise levels for several hours. Systolic BP
at maximum exertion or at immediate cessation of
exertion is considered a clinically useful first approxi-
mation of the heart’s inotropic capacity.

However, a common experience in clinical prac-
ticeis that the so-called max BP recorded to indicate
the BP at peak exercise, due to technical reasons,
is recorded well into recovery. The initiation of BP
measurement occurs when the child indicates the
need to terminate the test (indicating peak exercise).
Unfortunately, by the time the automated cuff takes
the measurement it is usually well into recovery and
hence may be a lower value than at maximum exer-
tion. With normal chronotropic and parasympathetic
responses, the BP can fall precipitously, and thus
one should not delay measurement of BP at either
maximum exertion or immediate cessation of exer-
tion. To avoid a delay in reading, we recommend a
pre-emptive BP measurement when it is presumed
that peak or maximum exertion is nearing, based
on the subject’s heart rate and his or her perceived
exertion rating. This would most likely be the best
prediction of BP at maximum exertion.

air conditioners, etc.) as well as the subject’s res-
piration make auscultation of Korotkoff sounds
difficult. If a treadmill is used as the exercise
stimulus, arm motion may be a major variable
as well because of the normal pendulum-like
reciprocal motion. Whether using a treadmill or
a cycle ergometer, the BP cuff must be wrapped
and usually taped in place to avoid slippage. Arm
motion can be reduced in various ways. If the child
is undergoing testing on a treadmill, the arm can
be steadied by the person measuring the BP (by
lightly taping the stethoscope head over the bra-
chial artery before the study begins, the tester will
have a hand free to reduce arm motion). The use
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of a cycle ergometer makes the measurement of BP
much easier; the observer does not have to chase
the child up and down the treadmill to obtain the
BP, and the arm may be supported by a cradle or
by the tester during measurement.

Good vision, hearing, and hand-eye coordina-
tion are necessary attributes of the BP recorder;
retraining is periodically needed (51). The appro-
priate cuff size must be chosen based on the
patient’s arm size. A small-sized cuff for the arm
circumference will lead to a falsely elevated BP
measurement. We recommend that the cuff blad-
der completely encircle the limb; the cuff width
is optimal at greater than or equal to 40% of the
limb circumference measured at the midpoint (62).

Automated Blood Pressure Systems

Automated devices have become the norm for
measuring blood pressure. Oscillometry is the
method most widely used in automated devices.
This method is less susceptible to external noise
as no transducer is required over the brachial
artery. Unfortunately, oscillometric devices are
prone to artifact from movement and vibration,
especially during treadmill testing. These devices
detect the maximal pulse amplitude, which cor-
relates with mean arterial BP and the proprietary
software calculates SBP and DBP. It usually under-
estimates DBP and the level of inaccuracy in DBP
increases with increasing exercise (8).

Several automated systems have been com-
mercially available for measuring exercise blood
pressure. In one study (3), Alpert et al. compared
an automated system (Critikon 1165; no longer
manufactured) to a single observer (a second-
year fellow in pediatric cardiology). There were
excellent correlations between the automated
system and the observer for SBP and acceptable
values for the comparisons of DBP. Another study
done to evaluate the use of a motion-tolerant BP
monitor (CardioDyne NBP 2000, Luxtec, Worcester,
MA) against standard manual auscultation at rest
and during exercise revealed that SBP and DBP
measured by each technique were not significantly
different from each other and were highly corre-
lated both at rest and during exercise (42). Some
laboratories prefer to use an automated system
because it has no terminal digit preference and is
consistent from day to day. The amount of change
from one observer to another during serial testing
of the same subject may exceed the inaccuracies
of the automated system. Algorithms for measur-
ing Korotkoff sounds that involve the differential
subtraction of sounds recorded by microphones

facing the artery and an external-facing micro-
phone may be more accurate than the human ear.
Because some frequency components of the Korot-
koff sounds are at the lower end of the human ear
frequency response, the automated system may
have another inherent advantage.

Normal Blood Pressure
Response to Dynamic Exercise
in Healthy Children

The normal response of BP in progressive exer-
cise testing is that SBP increases while DBP is
maintained or slightly decreased. Systolic BP
usually reaches pre-exercise levels within 6 min of
recovery after maximal exercise. It often remains
lower than baseline for a few hours. A sudden ces-
sation of exercise can sometimes lead to a steep
drop in SBP in healthy children. This is because of
peripheral venous pooling and a hindered imme-
diate post-exercise increase in systemic vascular
resistance to counteract the decline in cardiac
output (17).

Systolic BP is dependent on age, body surface
area (BSA), sex, race, and physical fitness, which
should be taken into account during routine
exercise testing. Several studies have included
the measurement of exercise BP. It is of interest
that Godfrey, in his classic monograph from 1974
(27), did not mention BP response to exercise in
any study of healthy subjects or of patients with
either pulmonary or cardiac disease.

Age and Body Surface Area

Blood pressures at rest and during exercise are
lower in children than in adults. A child with a
BSA of 1.25 m” attains a SBP of around 140 mmHg
at maximum exercise, while a child with a BSA of
1.75 m” achieves a SBP of around 160 mmHg (60).

Riopel et al. were the first to report SBP and
DBP data from large groups of healthy children
(53). They studied 279 healthy 4- to 21-year-
olds (119 white males, 50 black males, 66 white
females, 44 black females) during treadmill
stress testing. The children were divided into
four groups by BSA. The study found that the
largest increase in SBP occurred during the first
minute of exercise, with a more gradual increase
occurring with each subsequent minute (figure
6.1, tables 6.1 and 6.2). There were progressively
higher SBP values with increasing BSA, whereas
DBP remained unchanged or decreased slightly.
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Figure 6.1 Mean (1 standard deviation) systolic and diastolic blood pressures at each minute during and after
exercise in the four groups (HV). R, through R indicate values obtained during the 10 min postexercise period.
Data from Riopel, Taylor, and Hohen 1979.

Table 6.1 Systolic Blood Pressure (mmHg * 1 Standard Deviation)

WHITE BLACK WHITE BLACK WHITE BLACK WHITE BLACK

BOYS (NO.) 28 15 41 19 44 19 6 6

Pre-ex 107 +£9 121+12 108+ 12 113+8 118+ 13 124+ 11 128 +5 119+ 10

1 min ex 121+£12 129+ 16 121+ 14 131£9 ¢137x£17 139+ 11 150+ 10 146 £ 14

Peak ex 142+ 16 145+ 15 145+ 15 154+ 17 171+£224 181 +16¢ 206+9 200 = 22

+ §

GIRLS (NO.) 19 10 21 11 25 22 1 1

Pre-ex 110+9 113113 106+ 12 112+ 11 112+£10 118+7 124 100
— % ————o

1 min ex 123+ 11 123+13 122+ 14 128 £ 15 126 £14 141 £17 150 122
—§ —1— e

Peak ex 147 £12 145+ 14 145+ 13 154+ 24 155+ 14 161 + 20 184 140

*p < 0.05.tp < 0.02. #p < 0.01. §p < 0.005. No. = number of subjects. Pre-ex = before exercise. Peak ex = peak exercise. 1 min ex = 1 minute of
exercise.

Reprinted from American Journal of Cardiology, Vol 44, D.A. Riopel, B.A. Taylor, and R.A. Hohen, “Blood pressure, heart rate, pressure-rate-product and electrocar-
diographic changes in healthy children during treadmill exercise,” pg. 701. Copyright 1979, with permission of Elsevier.
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Table 6.2 Diastolic Blood Pressure (mmHg + 1 Standard Deviation)

WHITE BLACK WHITE BLACK WHITE BLACK WHITE BLACK
BOYS (NO.) 28 15 41 19 44 19 6 6
Pre-ex 74+7 79+9 7511 7911 799 85+10¢ 85%9 80+9
—x———o :1:
1 min ex ¢ 766 82+9 77 £9 81+8 83+12 804 869 85+ 10
%
Peak ex 85+7 857 84+9 87+9 77 £12 84+ 11 95+8 8711
GIRLS (NO.) 19 10 21 1 25 22 1 1
Pre-ex 719 775 76 +7 74+£8 78+ 6 84+7 92 96
0—§—0
1 min ex 74£9 824 797 83+12 819 89x11 96 92
—%x————o o—-l-—o
Peak ex 797 834 84+6 85+ 11 79+10 84+12 110 100

*p < 0.05. tp < 0.02. ¥p < 0.01. §p < 0.005. No. = number of subjects. Pre-ex = before exercise. Peak ex = peak exercise. 1 min ex = 1 minute of

exercise.

Reprinted from American Journal of Cardiology, Vol 44, D.A. Riopel, B.A. Taylor, and R.A. Hohen, “Blood pressure, heart rate, pressure-rate-product and electrocar-
diographic changes in healthy children during treadmill exercise,” pg. 701. Copyright 1979, with permission of Elsevier.

Pulse pressure (SBP minus DBP) was greater in
large subjects at maximal exercise.

James et al. studied 149 healthy subjects (95%
white), 5 to 33 years of age. Ninety males and
59 females underwent maximal cycle ergometer
stress testing (37). The subjects were stratified by
BSA divisions (<1 m? 1-1.19 m? >1.2 m%). Maximal
SBP was positively correlated with body size and
age. Maximal DBP increased up to 14% above the
value obtained pre-exercise while sitting. These
results are in contrast to data obtained by Riopel
et al. (53). The maximal SBP for the upper 2.5% of
James’ total population ranged from 234 to 254
mmHg. No stated complications occurred in the
subjects whose SBP exceeded 230 mmHg. The
maximal SBP value was related to both power
output and resting SBP. James et al. speculated
that there might have been differences in stroke
volume, systemic vascular resistance, and dura-
tion of left ventricular ejection that interacted to
produce these high levels of exercise SBP.

Alpert et al. tested 405 healthy children (221
whites and 184 blacks) aged 6 to 15 (4). The proto-
col was performed on a mechanically braked cycle
ergometer, with 3 min stages, to maximal voluntary
effort. Statistical analyses yielded regression lines
with confidence bands for the 5th, 25th, 50th, 75th,
and 95th percentiles of SBP (figure 6.2). Alpert et

220 71 White females 7 Black females
200 . ’
180
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5 .75 112515175 2225.5.75 1 1.25 15175 2 2.25
Body surface area (m?)

Figure 6.2 Nomograms of maximal systolic blood
pressure (mmHg) against body surface area. Solid line
represents 50th percentile of systolic blood pressure.
Top line represents 95th percentile confidence band
with dashed lines below representing 75th, 25th, and
5th percentile confidence bands.

Reprinted from Journal of Pediatrics, Vol 101, B.S. Alpert et al.,
“Responses to ergometry exercise in a healthy biracial population of
children.” pg. 541. Copyright 1982, with permission of Elsevier.
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al. did not report DBP values because of technical
problems with measuring DBP during exercise on
a mechanical ergometer in a noisy environment
and because the authors lacked confidence in the
accuracy of the measurements of the fourth and
fifth Korotkoff sounds (muffling and disappear-
ance, respectively). These nomogram plots allow
the estimation of the maximal SBP value (which
occurs either during exercise or immediately
postexercise) in relation to the other exercise
variables, such as heart rate, maximal work rate,
and peak working capacity index (workload per
kilogram of body weight).

The effort that the subject or patient puts forth
is often judged by variables such as heart rate,
work rate, or oxygen consumption. If a patient
with aortic stenosis achieves a 25th percentile
SBP response with 75th percentile heart rate and
work capacity, this may imply, for example, that
the patient has a gradient severe enough to limit
exercise BP significantly. If a patient postoperative
for coarctation of the aorta has a SBP response in
excess of the 95th percentile but only a 5th percen-
tile working capacity, the clinician may consider
recatheterization and possibly balloon angioplasty
or reoperation. Previous investigators (37, 67)
expressed their data as mean and standard devia-
tion, making prediction of the expected individual
responses cumbersome.

Figure 6.2 shows that the SBP response varies
directly with body size (m” of surface area). The
nomograms demonstrate that maximal SBP values
greater than 220 mmHg are above the normal range
for subjects with BSA less than 2 m?, confirming
the treadmill data reported by Riopel et al. (53).
James et al. (37) used a cycle ergometer and
reported SBP values that were higher than those
of Alpert et al. (4). No explanation for this differ-
ence could be found; Alpert speculated that meth-
odologic differences or the use of mechanically
braked versus electronically braked ergometers
might explain this.

Washington et al. (67) reported data from cycle
ergometer exercise using the protocol of James
et al. (37) on 151 white children (70 girls and 81
boys) aged 7.5 to 12.75. They used an automated
apparatus to measure BP, a technique previously
validated by Alpert et al. (3) in a study of 121
children. They used the divisions of BSA that had
been described by James et al. (37). The data
show a trend of increasing mean maximal SBP from
smaller to larger BSA (122 to 130 to 139 mmHg in
males and 126 to 131 to 142 mmHg in females),

but no statistically significant differences were
found. Maximal SBP values did not exceed 183
mmHg in any child. The studies were performed
at intermediate altitude (1,600 m) in Denver, CO;
some of the values, such as \'/OZmax (maximal oxygen
consumption), may have been limited because of
this. The effect of altitude on exercise BP could be
tested either by having children at altitude (such as
Denver) breathe 21% oxygen at 1 atm (760 mmHg)
through a face mask or by having children at sea
level breathe 18% oxygen during exercise. The
values of maximal DBP were invariably higher than
the values obtained at rest for each child. This is
in contrast to the report by Riopel et al. (53) that
a majority of children had decreased DBP values.
Washington considered a decrease in DBP during
exercise “an abnormal response.” This finding may
relate to differences between treadmill and cycle
ergometer exercise physiology or to technical dif-
ferences in the measurement of DBP. In addition,
Riopel’s study was performed at sea level and
Washington’s at 1,600 m. The degree of hypoxia
reached in Washington’s subjects may have led to a
difference in vasodilation during maximal exercise
from what occurs at sea level. The Denver children
may have undergone a relative vasoconstriction
or a failure to vasodilate maximally, leading to the
difference observed.

Another study by Ahmad et al. (1) examined
multiple parameters including exercise endur-
ance time, heart rate, BP, and metabolic variables
between ages 5 and 18. With increasing age, the
maximum SBP and DBP increased in males and
females. After age 13, boys had significantly higher
maximum SBP and DBP than girls.

Sex

Riopel et al. showed that, within a given age
group, boys have a higher peak SBP than girls
(53), probably because of higher maximal stroke
volume. Wanne and Haapoja (66) performed maxi-
mal cycle ergometer studies on 497 healthy 9- to
18-year-old children. They reported data for SBP
at various submaximal heart rates, up to 170, and
into recovery. Boys consistently demonstrated
higher SBP values than girls, and postpubertal
boys had the highest SBP values of any group.
Diastolic BP decreased significantly in every
group tested, in sharp contrast to the findings
of James et al. (37) and Washington et al. (67).
Maximal SBP values in excess of 200 mmHg were
found in 22 subjects. Only two subjects demon-
strated elevated resting SBP. Three of the 15-year-



Blood Pressure Response to Dynamic Exercise 71

old males had maximal SBP values of 240 mmHg
at submaximal exercise; no complications were
noted in these subjects.

Race

There has been variability in the reported data
regarding racial differences in BP responses.
Riopel et al. observed few racial differences in
SBP in 288 healthy children undergoing treadmill
exercise (53). A series of studies from the Medi-
cal College of Georgia investigated differences
between blacks and whites in responses to cycle
ergometer testing. In the initial study, Alpert et
al. (2) described racial differences among the 405
children discussed previously. They found no
significant SBP differences at rest between blacks
and whites, but when the groups were compared
by BSA, blacks had significantly higher maximal
SBP values. These differences remained signifi-
cant when the data were expressed as changes
in SBP from rest to exercise, or the percentage of
this change. No published data, to our knowledge,
have determined whether exercise BP responses
of black patients with cardiac disease differ from
those of their white counterparts.

Treiber et al. (63) replicated the finding by
Alpert et al. Black children aged 4 to 6 had
higher exercise SBPs than did whites. Treiber
et al. discussed these findings with respect to
prediction of essential hypertension. Arensman
et al. (9) found that, in a population of 10-year-
old boys, whites demonstrated higher cardiac
output responses to exercise (supine) and blacks
had greater systemic vascular resistance. The
height of exercise SBP has been shown in adults
to be highly predictive as a marker for later-onset
essential hypertension. Mechanisms of exercise
response in a biracial population of children must
be considered.

It seems important that clinicians testing chil-
dren with diseases should be able to compare the
data to those of healthy children of the same race
(as well as possibly gender, stage of development,
altitude, etc.). Guo et al. (31) studied 294 healthy
Asian children aged 5 to 14 using the Bruce pro-
tocol on a treadmill. The mean SBP of boys at
maximal exercise increased by 38.6% compared
to resting level; the girls increased by 34.4%.
After maximal exercise, mean SBP reached resting
level in 6 min, but DBP varied. We are unaware of
data for large populations of Hispanics and other
groups for use in clinical pediatrics.

Exclude Athletes From Sport
Participation Based on a High
BP Response?

Systolic blood pressure rises with increasing
dynamic work as a result of increasing cardiac
output, whereas diastolic blood pressure usually
remains about the same or may be heard to zero
in some normal subjects. An exaggerated systolic
blood pressure response to exercise has been
defined as a maximal value of 2210 mmHg for men
and >190 mmHg for women. A rise in diastolic blood
pressure during exercise of >10 mmHg above the
resting value or an absolute value of 90 mmHg
also is considered abnormal and could predict an
increased likelihood of CAD. Recommended relative
indications for exercise test termination are a systolic
or diastolic blood pressure of >250and >115 mmHg,
respectively. An exaggerated systolic blood pressure
response to exercise could indicate an increased risk
for future hypertension, left ventricular hypertro-
phy, and cardiovascular events. However, there is
no evidence to suggest that a high blood pressure
response to exercise in an athlete is an indication of
an increased risk for sudden cardiac death. Systolic
blood pressure at maximum exertion or at immedi-
ate cessation of exertion is considered a clinically
useful first approximation of the heart’s inotropic
capacity. The absolute value should not be used as a
reason to exclude athletes from sport participation.

Athletes

In a review of studies of normotensive and hyper-
tensive youth, Dlin (18) summarized data on chil-
dren who had been trained by either dynamic or
static exercise. He noted that highly trained ado-
lescents had higher systolic BP response values
than untrained youth. Because training produces
lower heart rates both at rest and during exercise,
Dlin hypothesized that the higher BP occurred
because athletes can achieve higher work rates
at equivalent heart rate values than untrained
individuals and that these higher work rates lead
to higher SBP. By increasing physical fitness, SBP
max increases. Thus, the maximal delta SBP (i.e.,
the difference between SBP max and resting SBP)
reaches greater values in athletes (61).

Turmel et al. (64) evaluated the BP response to
exercise in 44 endurance athletes during intense
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training and following 3 wk without training. Other
parameters such as 24 h ambulatory BP moni-
toring, a 24 h Holter assessment, and sampling
of blood were also obtained. Of the 11 athletes
who had an exaggerated systolic BP response
to exercise during training, seven of them had a
similar response during the nontraining period.
Athletes with an exaggerated BP response during
the training period had higher SBP values on
24 h ambulatory BP monitoring. Those with an
exaggerated BP response during the nontrain-
ing period had higher levels of markers of heart
rate variability (SDNN and pNN50) and lower
apolipoprotein-Al levels. It was postulated that
these findings may indicate the first marker of
vascular abnormalities.

Thus, the rate at which the BP rises during exer-
cise is more important than an absolute high value
of maximal BP. In fact, an exaggerated maximal BP
can contradictorily be a sign of fitness in athletes.
How then can we differentiate the high maximal
BP seen in a person with lower cardiovascular
fitness? The BP rises rather slowly in physically
fit persons. This is in contrast to those with lower
levels of fitness or deconditioned persons in whom
there is an early rapid rise in BP (14).

Obese Adolescents

Among adults, blood pressure response to exer-
cise is usually higher in obese subjects than in lean
subjects (17). The same observation has also been
made in prepubertal children (12).

When to Terminate Exercise
Testing Based on Blood
Pressure Response

Data are available for healthy children and
adolescents for both SBP and DBP, as shown in
tables 6.1 and 6.2. No investigator has found an
exaggeration of peak SBP in an otherwise healthy
exercising subject to be predictive of complica-
tions. Therefore we do not recommend that an
exercise test be stopped because an arbitrary
value of SBP has been reached. There is no
definite evidence of an intrinsic danger of a SBP
value of 230, 240, or 250 mmHg. We do, however,
believe that SBP must remain within a range
that the tester can measure. If the SBP exceeds a
measurable value, or if symptoms develop, then
there is adequate justification to stop the test.
Of note, the American Heart Association states

that clinical judgment should always be used,
and test termination is usually indicated if there
is severe hypertension;i.e., SBP > 250 mmHg and
DBP > 120 mmHg (23). A drop in SBP of more than
10 mmHg from baseline BP despite an increase
in workload, when accompanied by other evi-
dence of ischemia, is an indication to suspend
the test.

The normal DBP response to exercise in chil-
dren is not widely agreed upon. The investigations
described previously found varying and conflict-
ing trends. It is highly unusual, however, for chil-
dren exercising on a treadmill to have significant
increases in DBP.

Prognostic Value
of Exercise BP Testing

There are several areas of ongoing research into
the clinical application of BP responses to exer-
cise, including the prediction of future cardiovas-
cular risk such as hypertension and heart failure.

Future Hypertension
and Cardiovascular Disease Risk

Early detection of hypertension can prevent criti-
cal damage to target organs. There is evidence
that in adolescents and young adults, an exagger-
ated exercise BP response is a predictor of future
sustained hypertension (19, 35, 71). An exercise
SBP >195 mmHg predicts a two- to threefold
increased risk of future sustained hypertension
in normotensive volunteers. Even in children, an
exaggerated BP response is a prognostic factor
for hypertension (40).

Mahoney and colleagues found that the rise in
SBP and the exercise DBP correlate better with
left ventricular hypertrophy (LVH) than does rest-
ing BP (43). This is significant because LVH is an
independent risk factor for future cardiovascular
disease (38).

As previously mentioned, during maximal exer-
cise, trained athletes often achieve greater SBP
increases than untrained persons, which does
not necessarily put them at an increased risk for
developing hypertension. These data support
the concept of evaluating the SBP and DBP with
relatively low submaximal exercise workload
to ascertain an exaggerated BP response (39).
When testing at these lower levels of exercise,
there are additional advantages of necessitating
minimum cooperation from the subjects. This is
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helpful during testing because it curbs the effect
of confounders such as level of conditioning and
the impact of exercise duration on the test results.

Several studies in adults have illustrated that
the DBP response to exercise is a similar or greater
predictor than SBP for future hypertension, in par-
ticular with DBP max values greater than 90/100
mmHg or an increase > 10 mmHg (39-41).

Risk of Heart Failure

The intolerance to exercise observed in patients
with heart failure is correlated with the progno-
sis (42). Guimaraes and colleagues studied 26
children with stable chronic heart failure with an
ejection fraction of <45% due to idiopathic dilated
cardiomyopathy (30). Due to the depressed myo-
cardial contractility and possibly medications
that can affect chronotropic response, children
with heart failure had significantly lower SBP
values than did healthy subjects. The depressed
BP response to exercise has been previously
reported in numerous adult studies with heart
failure (65, 68).

Special Conditions

Specific research has been performed for various
congenital heart disease diagnoses, particularly
left-sided obstructive lesions. In addition, we will
discuss more complex lesions, including patients
with tetralogy of Fallot, single ventricle physiology,
and transplants.

Congenital Heart Disease

Children with CHD often have impairment of their
functional capacity that may occur preopera-
tively or postoperatively, as well as in the long
term. Multiple factors contribute to their poor
functional capacity, including the disease process
itself, related to its treatment or to the secondary
detraining that occurs from being less active due
to the condition (60). Lunt et al. established that
in comparison to healthy adolescents, adoles-
cent patients with CHD were less likely to reach
minimum exercise requirements and to execute
vigorous exercises (41).

The types of CHD may be categorized as
obstructive (pressure overload such as aortic
stenosis and coarctation of the aorta), left-to-right
shunts, cyanotic heart disease (tetralogy of Fallot),
and volume overload (such as aortic regurgitation
and mitral regurgitation).

Aortic Stenosis

In aortic stenosis, the left ventricular ejection
time is prolonged at rest and also during exercise,
adjusting for changes in cardiac rate. It is widely
believed that as the aortic valve (or sub-valve or
supra-valve) stenosis becomes more severe, the
SBP response to exercise falls significantly. In some
patients at peak exercise, SBP may rise only by 10
to 20 mmHg above the resting level. In rare cases
exercise SBP may fall below the resting value,
reflecting serious impairment of left ventricular
stroke output.

Alpert et al. (4) published data from 29 patients
(19 males and 10 females) with aortic stenosis who
were 11.8 + 3.9 (SD) years old. The maximal SBP
values in these patients in response to treadmill
exercise were compared to data from 116 control
subjects of comparable age (12.2 + 3.6) and sex
distribution (68 males, 48 females). Only one
patient’s exercise test was terminated prior to
maximal voluntary effort because of ischemia. The
increase from resting to maximal exercise (delta
SBP) was 30.3 mmHg in the patients with aortic
stenosis, compared to the delta SBP in controls
of 43.1 mmHg (p < 0.001). A delta value of exercise
SBP greater than 35 mmHg was of excellent pre-
dictive value in patients with aortic stenosis. If a
patient’s SBP rose by more than 35 mmHg during
exercise, then the patient had only a 10% chance
of having a catheterization gradient that exceeded
50 mmHg (i.e., the patient had a 10% chance of
having moderate or severe aortic stenosis). Thus,
the exercise responses of the patients with aortic
stenosis were lower than those of the control
subjects; the authors speculated that “blood pres-
sure measurement during exercise may increase
the clinician’s ability to select for catheterization
only those patients with aortic stenosis who are
likely to require surgery.”

Two reports from Cincinnati, authored by
Whitmer et al. (70) and James et al. (38), also
addressed the patient with aortic stenosis, both
pre- and postoperatively. Whitmer et al. reported
results from cycle ergometer testing in 23 patients
(19 males, 4 females) within 6 mo before and 3 to
30 mo after surgical intervention for valvular or
discrete subvalvular aortic stenosis. The patients
were aged 5 to 19 (mean age 10.7). In 16 patients
with both pre- and postoperative SBP responses
to exercise, a significant increase (p < 0.025) was
noted, from a mean (+ SD) of 121 + 22 mmHg to
143 + 33 mmHg. James et al. (38) studied only pre-
operative patients with valvular aortic stenosis or
subvalvular aortic stenosis with varying severities.
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Sixty-five patients aged 4 to 24 (mean age of 12;
56 with valvular and nine with subvalvular aortic
stenosis) underwent cycle ergometer testing. For
patients with the most severe aortic or subaortic
stenosis, peak exercise SBP was lower than that
of the control subjects (p < 0.03), and it tended to
be the lowest in patients with the highest resting
left ventricular-to-aortic pressure gradients. Sys-
tolic BP decreased during exercise to levels below
resting values in 32% of patients whose resting
gradient was greater than 70 mmHg.

Severe aortic valve stenosis, defined as a mean
Doppler gradient >40 mmHg or a peak Doppler
gradient >~70 mmHg in a symptomatic patient, is
a contraindication to exercise testing (25). It is
reasonable to consider exercise testing in mod-
erate aortic stenosis (mean Doppler gradient of
25-40 mmHg or a peak Doppler gradient of 40-70
mmHg) (50). It is particularly useful in providing
advice for sport participation and prognostic
information when there is discordant clinical and
echocardiographic data. In the absence of symp-
toms and the presence of a normal exercise test,
the current sport participation guidelines for this
subset of patients is low static and low-moderate
dynamic exercise (e.g., golf, bowling, baseball,
softball, volleyball). In summary, patients with
aortic stenosis have a suboptimal or a blunted BP
response to exercise.

Coarctation of Aorta

After coarctectomy, some patients have an
elevated SBP during submaximal exercise and
develop a peak SBP difference between the upper
and lower extremities. After coarctation repair,
abnormally high SBPs commonly occur with exer-
cise, even in patients who have a normal BP at rest.
There are many postulated reasons for this. From
a mechanical perspective, occult coarctation can
lead to an elevated BP response. Alterations in
baroreceptor function (29) and hyperresponsive-
ness of the renin-angiotensin system (54) usually
persist even after repair. In addition, subjects
after coarctation repair are thought to have an
abnormal response to sympathomimetic agents
(33), and they may have structural alterations in
their central and peripheral arteries that lead to
a persistence in upper body peripheral vascular
resistance. In children with coarctation of the
aorta, the left ventricle responds to the increased
afterload initially with a hyperdynamic systolic
function, increased left ventricular mass with
time, and subnormal left ventricular wall stress.
These maladaptive changes tend to persist after

coarctation repair even in normotensive patients
with no significant resting SBP gradient (32). It is
theorized that there is increased aortic stiffness
after coarctation repair. The cumulative effect of
aortic stiffening along with possible mild aortic
narrowing after repair results in left ventricular
pressure overload. This leads to persistence of
left ventricular hyperdynamic function and hyper-
trophy (32).

Two articles of clinical importance advocated
for exercise BP measurement in the routine evalu-
ation of patients with coarctation. Connor (15) and
Connor and Baker (16) described the use of the
arm-leg SBP gradient as a measure of significant
coarctation or residual (recurrent) coarctation.
Connor noted that an arm-leg gradient immedi-
ately following exercise that exceeded 35 mmHg
suggested that recatheterization was indicated.
The exercise study, by increasing cardiac output
and reducing systemic vascular resistance, was
able to unmask a fixed obstruction at the level of
the coarctation or coarctation repair.

The concept of unmasking an obstruction is
important. Even when an angiogram, computed
tomography (CT), or magnetic resonance imag-
ing (MRI) does not suggest that a significant
coarctation is present, a patient may exhibit an
exaggerated SBP in response to maximal dynamic
exercise. The physician may also wish to consider
whether studies to define the presence or absence
of cerebral aneurysms (Berry aneurysms) are
indicated. We do not routinely perform these
studies. To date, no data on healthy individuals
exist (to the best of our knowledge) that could
help determine whether any arbitrary SBP level
is dangerous to any specific patient. In addition,
the vascular changes similar or identical to those
in essential hypertension may already be present
and may progress relentlessly despite adequate
resection of the coarctation. The landmark study
by Maron et al. (45) demonstrated without a doubt
that hypertension in coarctation can have devas-
tating consequences.

At the same time as Connor’s papers appeared,
Freed et al. (24) reported data on exercise-induced
systolic hypertension in 30 patients aged 6 to
30 after repair of coarctation. The study used a
Bruce treadmill protocol to voluntary exhaustion
as the end point. Twenty patients with mild car-
diac disease served as the control population. As
expected, the patients with coarctation had higher
postexercise SBP than did the control patients (p <
0.001). The arm-leg SBP difference in the coarcta-
tion patients increased from 10 mmHg at rest to
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69 mmHg after exercise (p < 0.001). The arm SBP
value correlated highly (r = .91) with the arm-leg
gradient; the authors suggested that the residual
obstruction at the coarctation resection site
formed a mechanical impediment to flow and thus
caused the postexercise SBP elevations in the arm.

The influence of different surgical procedures
on hypertension after repair of coarctation has
also been studied extensively. Connor and Baker
(16) compared the arm-leg SBP gradient postexer-
cise for a group of patients whose coarctations had
been repaired using a Dacron patch angioplasty
with that of patients treated with end-end anas-
tomosis (before the era of absorbable sutures).
The mean arm-leg gradient postexercise was 6.8
mmHg in the former group and 36.1 mmHg in the
latter, despite very small BP differences between
the groups at rest. Markel et al. (44) studied 28
children who had undergone repair of coarctation
by end—-end anastomosis or by patch angioplasty.
Maximal SBP after exercise was equivalent to con-
trol for patients with no arm-leg gradient either
pre- or postexercise. They concluded that patients
with no arm-leg gradient at rest and systolic
hypertension were very unlikely to have operable
recoarctation and should receive antihypertensive
therapy or be limited from strenuous physical
activity. Smith and his coworkers (59) compared
BP at rest and with exercise in 50 patients who
were post-coarctectomy (end—-end anastomosis or
synthetic patch aortoplasty). The SBP mean was
higher in the patients with end-end anastomosis
than in those with patch aortoplasty. The arm-leg
pressure difference was also greater in the former
group. These data suggest that the patch aorto-
plasty was superior to end—-end anastomosis in
that group’s experience.

The technique of subclavian flap angioplasty
was in use during this era, but too few patients
were old enough to exercise to allow comparison
of surgical data. In assessing series such as this,
the clinician should be careful to define whether
age at operation, age at exercise testing, and time
since surgery are known so he or she can interpret
the results most meaningfully.

More recently, to research the development of
hypertension in children after repair of coarctation
by either end-end anastomosis or construction
of a subclavian flap, Giordano and colleagues
(26) measured resting and exercise hemodynam-
ics as well as 24 h ambulatory BP. Both groups
were followed for a mean of 13 yr after surgery.
The subclavian flap group had a higher incidence
of late hypertension as evidenced by 24 h SBP

and DBP levels and SBP levels during exercise in
comparison to the end-end anastomosis group.
The authors opined that due to the greater resec-
tion of abnormal aortic tissue when repaired by
end—end anastomosis, the residual aortic stiffness
was lower.

From the studies presented, it appears that the
SBP level as well as the arm-leg gradient is of use
for clinicians seeking to define whether a residual
or functional recoarctation is present. The severity
of narrowing in coarctation can be assessed by
blood pressure differences between the arms and
legs. This correlates well with invasive hemody-
namic evaluations (28). Therefore, the success of
surgical repair in coarctation is assessed based on
the absence or presence of these gradients and the
level of difference in gradients. However, exercise
arm-leg gradients may not always correlate with
narrowing of the reanastomosed region measured
by imaging (39). Increased cardiac output during
exercise leads to an increase in arm BP, while
vasodilation in the working leg muscles leads to
a small decrease in leg BP (22). Thus, an arm-leg
gradient of 40 to 50 mmHg may reflect physiologi-
cal circulatory adaptations to exercise. In sum-
mary, significantly elevated exercise gradients
in patients after coarctation repair can indicate
residual narrowing but usually are a reflection of
the hypertensive response of the arms, which is
a known entity seen long-term in these patients.
The persistent hypertensive response affirms the
idea that arterial dysfunction of the precoarctation
vascular bed is not influenced by surgery (32).

Volume Overload Conditions

There are limited studies on the effect of volume
overload conditions (aortic and mitral valvular
regurgitation, left-to-right shunt, and chronic
anemia) on exercise BP. In chronic aortic regurgi-
tation, the left ventricle (LV) is subject to excess
preload and afterload. The more the regurgitation,
the more the volume overload on the LV and hence
the more excess preload. The regurgitation also
increases the LV end-diastolic volume. This in turn
increases the LV wall stress that increases after-
load. In addition, systolic hypertension created
from the increased stroke volume that is ejected
into the high-impedance aorta further increases
LV afterload. The excess preload and afterload in
moderate to severe aortic regurgitation eventu-
ally leads to worsening LV dilation and systolic
dysfunction.

Alpert et al. (6) studied exercise responses in
137 patients with either left ventricular pressure
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(aortic stenosis or coarctation) or volume over-
load (mitral or aortic regurgitation). There were 70
patients with aortic stenosis, 25 with coarctation,
20 with aortic regurgitation, and 22 with mitral
regurgitation. They compared these patients
to 405 healthy control children. The patients
with aortic regurgitation had maximal SBP that
exceeded the value predicted from the control
data. These patients’ values were very close to
those obtained in patients with coarctation; the
values exceeded those for both patients with
aortic stenosis and patients with mitral regurgita-
tion. The physiology of patients with coarctation
and aortic regurgitation differed greatly, but their
SBP responses exceeded the normal response
significantly. In the small number of subjects with
mitral regurgitation, BP responses did not differ
from those of the control subjects.

Tetralogy of Fallot

Progressive arterial desaturation occurs at low
levels of work in children with cyanotic heart
disease. After “corrective” surgery, maximal work
capacity, heart rate, and stroke volume persist
below normal (52). Cardiac output is low for the
amount of oxygen consumed. The BP response to
exercise is usually blunted.

Hirschfeld et al. (34) studied 28 patients aged
7 to 30. To test the adequacy of the repair from
a hemodynamic standpoint, a cardiac catheter-
ization was done. This was compared with their
exercise performance as evidenced by a graded
exercise test. Patients were evaluated 2 to 9 yr
after surgery. At catheterization, 23 of the 28
patients had acceptable surgical results. Maximal
working capacity, maximal heart rate, and exercise
BP were diminished when compared to normal
values despite the satisfactory hemodynamics
obtained by cardiac catheterization. In a study
of 135 patients performing 279 exercise studies,
Wessel et al. (69) reported the SBP in 40 selected
patients post-intracardiac repair. They reported
a mean value for maximal SBP of 137.5 + 18 (SD)
mmHg, with a range from 115 to 175 mmHg. These
data are not compared with control subjects from
the same laboratory but appear lower than the
normal values obtained in other cycle ergometer
studies. More recently, Sarubbi et al. confirmed
the preceding findings, as well (57).

Ebstein’s Anomaly

In Ebstein’s anomaly, due to the significant car-
diomegaly, there are respiratory limitations as
well. Due to the cardiorespiratory constraints,
there is decreased exercise tolerance. Barber

et al. (10) exercise tested 14 patients with unre-
paired Ebstein’s anomaly. These patients had a
suboptimal or blunted BP response. They were all
deconditioned, with a significantly increased heart
rate at rest. In addition, they had lower levels of
exercise time, total work, maximal oxygen uptake,
and oxygen saturation.

Dextro-Transposition of the Great Arteries

Mathews et al. (47) reported the results of tread-
mill exercise in 21 patients following repair of
d-transposition of the great vessels. The children
were aged 4 to 15, with a mean age of 9, and were
asymptomatic. All had undergone the Mustard
operation. The patients’ data were compared to
those of 61 control youngsters whose mean age
was 14, with arange from age 9 to 20. There was no
difference between patients and control subjects
for maximal SBP or DBP response. The values for
maximal SBP were, however, all in the lower range
of normal.

A more recent prospective follow-up study
looked at long-term exercise capacity after a neo-
natal arterial switch operation. Fifty-four of the
56 patients (96.4%) had normal exercise capac-
ity. There was no difference in the HR and SBP
response to exercise in comparison to controls.

Single Ventricle

Numerous studies have included exercise data
both pre- and post-Fontan operation. Driscoll and
his coworkers (20) from the Mayo Clinic reported
results from 81 patients pre-Fontan, 33 with tri-
cuspid atresia, 38 with univentricular heart, and
10 with other complex congenital heart disease.
They compared these results to 29 patients post-
Fontan. The SBP responses were reduced (p <
0.05) compared to those of the control subjects.
The SBP values were expressed as a percentage
of predicted values. Surprisingly, the pre-Fontan
group achieved 90% and the post-Fontan group
achieved 85% of predicted values. There were
similar reductions in exercise DBP both pre- and
post-Fontan. The Mayo group (72) reported pre-
and post-Fontan data for 20 patients. The SBP
and DBP were within the normal range at rest and
with exercise both pre- and postoperatively. The
DBP showed a significant increase following the
Fontan operation.

Sickle Cell Disease

Children with sickle cell disease have lower
exercise values of SBP and work rate. This was
shown by Alpert et al., who compared data from
47 children with sickle cell disease aged 5 to 18
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to data from 170 healthy, black, age-matched
controls (5). Patients who demonstrated ischemia
on the exercise electrocardiogram, and males in
general, had the lowest exercise SBP responses.
The degree of impairment was directly correlated
to the hemoglobin value.

In a more recent study, McConnell et al. reported
SBP responses from 43 patients with sickle cell
anemia (48). Systolic BP responses in sickle cell
anemia patients who showed ST segment depres-
sion to cycle ergometer exercise were higher
than those in sickle cell anemia patients who did
not. No comparisons with healthy subjects were
performed. Only patients with hemoglobin values
below 8.5 g/dl had ST segment depression. The
mechanism of the comparatively higher SBP in
the presence of myocardial ischemia is unknown.

Transplant

Blood pressure response to exercise stress testing
has been studied in heart and renal transplant recipi-
ents. Ehrman et al. studied a group of orthotopic
heart transplant (n = 28) and heart surgery (n = 19)
patients with similar resting ejection fractions and
left ventricular end-diastolic pressures (21). They
were exercised to a symptom-limited maximum
workload to assess differences in cardiovascular
and gas exchange responses. Testing was performed
at a mean of 3 and 6 mo after surgery, respectively
(p < 0.05). Transplant patients had a higher resting
SBP and DBP (p < 0.01) and a significantly higher
heart rate (p < 0.01) at rest in the supine and stand-
ing positions and during min 2 through 7 of supine
recovery. No significant differences were found for
SBP during recovery or peak heart rate. They con-
cluded that SBP response is more appropriate than
heart rate for assessing recovery of the denervated
heart after maximal exercise.

Giordano et al. (26) assessed exercise tolerance
and BP response to treadmill exercise in children
after renal transplantation. At comparable work-
loads in comparison to healthy children, the
patients had reduced exercise tolerance, increased
HR, and increased maximum SBP. Those off anti-
hypertensive medications had a higher maximum
SBP and HR.

Interpretation of Results

Several studies have addressed the SBP and DBP
levels achieved during maximal dynamic exercise.
There is debate over whether an absolute SBP

value can be too high and whether the DBP should
change. Thus, it is necessary to use normal values
for changes in SBP related to variables such as car-
diac output, stroke volume, workload, oxygen con-
sumption, heart rate, and respiratory exchange
ratio so that the magnitude of BP response may
be judged with respect to physiological changes
needed to perform work.

In general, children with a high exercise BP usu-
ally have a higher baseline BP. Thus it is important
to note the baseline BP when making interpreta-
tions of the SBP response because the exercise
BP prognostic value may be due to tracking effect.
Using delta SBP between rest and exercise may
be of more benefit, especially in hypertensive
patients with higher resting SBP but with an
absolute increase in exercise BP similar to that in
normotensive subjects.

In summary, significant increases in the SBP
and DBP during effort, low or falling levels of SBP
during effort, low amplitude of delta SBP, and slow
recovery of the SBP are considered abnormal BP
responses and appear to be of significant prognos-
tic value for future outcomes, such as hyperten-
sion, status of heart transplant and heart failure
patients, and cardiovascular events.

Conclusion

Exercise BP is an important variable in decisions
relating to many clinical conditions and can be
of prognostic significance. Several studies have
addressed the SBP and DBP levels achieved
during maximal dynamic exercise. Systolic BP
rises with increasing dynamic work as a result of
increasing CO, whereas DBP usually remains the
same or moderately declines. There is a debate
over whether a SBP value can be too high and
whether DBP should change. Blood pressure
must perfuse the exercising muscle; values that
are too high or too low may reduce the efficiency
of work physiology. Children with persistently
elevated resting BPs continue to have higher BPs
during exercise. It is not clear whether a higher
exercise BP in an otherwise normal child will lead
to a higher chance of hypertension in the future.
This opens a new vista of research in this cohort
of children. Follow-up studies in these children
with a higher-than-expected exercise BP would
be of value.
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CHAPTER

7

Maximal Oxygen Uptake

Ali M. McManus, PhD, and Neil Armstrong, PhD, DSc

aximal oxygen uptake (VO, ) is the

highest rate at which a child can

consume oxygen during exercise. It
provides a composite measure of the pulmonary,
cardiovascular, and hematological components of
oxygen delivery and the mechanisms of oxygen
utilization in the exercising muscles. It has long
been regarded as the best single measure of
aerobic fitness (21). Although \'/OZmaX provides an
elegant assessment of a person’s ability to per-
form aerobic exercise, it does not fully describe
all aspects of aerobic fitness. Rapid shifts in
skeletal muscle metabolism from rest to exercise
of varying intensities, similar to the physical
activity patterns noted in children (64), are best
described by the pulmonary oxygen uptake kinetic
response, which provides a superior measure of
the integrated response of oxygen delivery and
the metabolic requirements of rapid changes in
exercise intensity (19). Similarly, a child’s ability to
sustain submaximal aerobic exercise, also a useful
indicator of aerobic fitness, is better described
by blood lactate accumulation than \'/O2max (13).
Regardless of these limitations, interest in the
\'/OZmaX of children has not waned since the first
laboratory investigations of boys in the 1930s and
girls and boys in the 1950s (20, 86). Indeed, it “has
become the most researched variable in paediatric
exercise science” (14, p. 269).

In the clinical setting it is very common to
conduct exercise tests without measuring VOZmaX,
and the results are routinely used to evaluate
exercise tolerance and maladaptive responses
to exercise such as cardiac arrhythmias. Usually
an exercise test is terminated when the child
reaches his or her volitional maximal tolerance
(e.g., time to exhaustion) or when clinical symp-
toms or electrocardiographic findings indicate
abnormal function such as arrhythmia. The
additional assessment of \'/O2max during a clinical
exercise test provides both diagnostic and prog-
nostic advantages. VO,  provides a physiologi-

2max

cal marker of exercise tolerance and overcomes
some of the difficulties of determining whether
voluntary maximal effort reflects true aerobic fit-
ness or motivation. \'/OZmax is a primary marker for
determining the response of the cardiorespiratory
system to exercise intervention (19) and therefore
offers a robust measure for tracking the response
to pharmacological or surgical intervention.
\'/O,Zmax has been used as a predictor of mortality
and of hospital admissions (47, 72, 81) and can
also be used as a proxy for cardiac functional
reserve (78), thus improving our ability to judge
the severity of functional impairment. Exercise
testing with VOZmax assessment therefore improves
our ability to assess exercise tolerance, diagnose
a problem, determine whether exercise, pharma-
cological, or surgical intervention is needed, and
monitor the effectiveness of interventions and the
progression of disease.

Despite the proven usefulness of the \'/O,Zmax test
in assessing dysfunction (106), achieving quality
and consistency of data in children remains a prob-
lem. Various methodological considerations are
often overlooked during VO, _ testing in children
and adolescents. VO, _ varies with age, maturity,
and sex. When coupled with the influence of body
size and composition (3, 5) and additional issues
related to measurement, it is easy to see how tests
can be misinterpreted.

In this chapter we will provide an overview of
the basic principles of the physiological responses
to aerobic exercise in children and adolescents.
For the purpose of this chapter we define children
as those 12 years and under and adolescents as
13- to 18-year-olds. We will discuss the measure-
ment of VOZmaX, highlighting methodological issues
pertinent to children and adolescents, and we will
discuss the development of \'/OZmax in relation to
sex, age, maturity, body size, and body composi-
tion. Finally, we will discuss what is considered
normal. Examples of \'/OZmax data across a range of
disorders are provided for reference.

79
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Exercise Metabolism in Children
and Adolescents

Skeletal muscle metabolism during exercise can
be evaluated from the pulmonary oxygen uptake
(pVO,) kinetic response. The pVO, kinetic response
is triphasic, with phase | depicting an immediate
increasein p\'/O2 at the onset of exercise that signals
a rise in cardiac output (Q) and is independent of
muscle \'/Oz. Phase Il follows with an exponential
increase in pVO,, which provides a very close
reflection (within about 10%) of the muscle VO,
kinetics and is described by a time constant (7). The
smaller the 1, the greater the aerobic contribution to
adenosine triphosphate (ATP) resynthesis, a marker
of enhanced aerobic fitness. Within the moderate
intensity exercise domain, pVO, then attains steady
state (phase Ill); however, during heavy exercise,
a slow component manifests at phase lll, and this
reflects a loss of muscle efficiency and ensuing
fatigue (18).

Children have a faster phase Il p\'/O2 kinetic
response than adults (42), which supports the argu-
ment that during childhood there is a greater reli-
ance on aerobic metabolism (15). Boys show a faster
phase Il T and truncated slow component than girls
during exercise above the ventilatory (or anaerobic)
threshold (43). Obese children have also shown a
slower phase Il T and elongated slow component
(58). Essentially, a slower phase Il response and
extended slow component make rapid and frequent
transitions between exercises of varying intensities
energetically more challenging. The oxygen uptake
kinetic response provides insight into aspects of
exercise metabolism not available froma Vo, _ test
and may have considerable clinical relevance. Much
is to be gained from the transient kinetic response
to exercise, and those interested can find more com-
prehensive descriptions of oxygen uptake kinetic
assessment in youth elsewhere (15).

Physiological Responses
to Aerobic Exercise

When a child or adolescent undertakes an acute
bout of aerobic exercise, a series of physiological
adjustments are made to ensure that oxygen is
delivered for use at the working muscles, heat gen-

erated by the muscle is removed, and an adequate
supply of blood is maintained to the brain and
heart (69). Oxygen uptake (VOz) by the muscles
has conventionally been described using the Fick
principle, whelre.\'/OZmaX is the product of maximal
cardiac output (Q_ ) and maximal arterial-venous
oxygen difference (a-vO, diff ).

The relative contributions of the Fick compo-
nents of \'/OZmaX have yet to be clarified in young
people; however, when components of the Fick
equation are compromised as they are in disease
states, exercise capacity and \'/OZmax will diminish.
We will consider this assertion by reviewing the
response of each of these components during
exercise in the child and adolescent and provid-
ing examples of health conditions that result in
compromised function.

Cardiac output at maximum reflects the
delivery of oxygen to the working muscle and is
the product of maximum heart rate (HR ) and
maximum stroke volume (SV_ ), as illustrated in
figure 7.1. Data consistently demonstrate that, in
healthy children and adolescents, HR _ at \'/OZmax
is independent of age, sex, and aerobic fitness
(5, 24, 105). Exceptions include youngsters with
complete heart block, those using medication
such as B blockers, and those with chronotropic
incompetence where a diminished HR response
to exercise results, although this does not always
limit functional capacity (24, 82). During a progres-
sive exercise test to maximum, an almost linear
rise in HR is expected until about 75% of VOZmaX.
At that point HR levels off to a value at or before
\'/OZmaX that is dependent upon the ergometer (29)
and the testing protocol used (7). An incremental
treadmill running protocol generates a HR _ of
200 + 7 bpm, whereas with an incremental cycle
ergometer protocol a HR _ of 195 + 7 bpm would
be expected in healthy children and adolescents.

Stroke volume, therefore, is the principal factor
governing alterations in Q  during exercise. Accu-
rate measurement of stroke volume (SV) and Q
during exercise, particularly maximum exercise, is
one of the most challenging measures in exercise
physiology (112) (see chapter 8). The direct Fick
method has been the gold standard for assessing
Qin adults, but since this method requires cath-
eterization, it is a high-risk procedure and would
generally only be used in children whose treatment
protocol required catheterization (112). Noninva-
sive approaches include acetylene or carbon diox-
ide rebreathing, Doppler echocardiography, and
impedance cardiography. Reliability of the Dop-
pler echocardiographic method is good, with the
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svmax HRmax

0302 CVOZ

Beta blockers
Congenital complications
Heart block

Aortic stenosis
Pulmonary stenosis
Cardiomyopathy
Detraining
Hypohydration (severe)
TOF

Anemia

Asthma (severe)
Hemoglobinopathies
Obesity (extreme)
Right-to-left shunt
Scoliosis (severe)
CF

Detraining
Malnutrition (severe)
Muscle atrophy
Muscle dystrophy
Spina bifida

2-3 DPG deficiency

vozmax = SViax X HRpmax % (€20, — CVO,5)may

Figure 7.1
in compromised function.

Maximal oxygen uptake described by the Fick equation, with examples of health conditions that result

CF = cystic fibrosis. TOF = tetralogy of Fallot. VSD = ventricular septal defect.

Equations are reprinted from Bar-Or and Rowland 2004.

coefficient of variation ranging from 5.2% to 8.1%
for Q (75, 91, 92) and about 8.5% for SV (91). The
only study to investigate reliability coefficients for
maximal Q and SV using impedance cardiography
reported a coefficient of variation of 9.3% for both
(109). Gas rebreathing has the lowest reliability,
with the coefficient of variation for Q around 12%
(74). The Doppler technique offers the most reli-
able method for the assessment of Q and SV, but
it requires highly skilled personnel (94). Although
less reliable than Doppler, impedance cardiogra-
phy may offer an acceptable assessment of Q and
SV without the expertise that Doppler requires.
Cardiac index (CI), which is Q normalized to
body surface area, is between 8 and 121 - min’
. m'z) at maximum, with differences generally
dependent on sex and training status (table

7.1). Values for maximal stroke index (SI_ - SV
normalized to body surface area in ml - m?)
are also provided in table 7.1. SI__is normally
between 45 and 60 ml - m?, although this is
somewhat higher in boys than in girls and is also
dependent on training status. The 30% to 40%
increase in SV from rest to maximum is largely
dependent upon an increase in end-diastolic
volume or a decrease in end-systolic volume.
Myocardial contractility is unlikely to play a role
in the healthy child because myocardial contractile
capacity is not altered by aerobic fitness (100). In
contrast, a recent study of asymptomatic children
with repaired tetralogy of Fallot demonstrates
reduced right ventricular strain rate, which was
associated with a reduced \'/OZmax (44). There are
various diseases that affect myocardial function
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Table 7.1 Stroke Index, Cardiac Index, and Arterial-Venous Oxygen Difference at Maximal Exercise
on a Cycle Ergometer

HRmax c'max a-voz diﬁmax
Reference Agei(yr) (bpm) -m) | (1-min " -m?) | (ml-100/ml)

Cumming 11.8+3.1 Catheterization 174+11 46+3" 86+1.8" — — —
1977 (33)

M 12.6+3.5 Catheterization 170+17 56+13 10.1+18 — — —
Rowlandetal. M 10.9 + 1.3 Doppler 193+10 59+11 11334232  13.9+3.0 50.9+83 1.9+03
1997 (90)
Rowlandetal. F 11.7+0.5 Doppler 198+9 55+9"  109+17" 123+1.9 404+58" 1.84+0.31
2000 (93)

M 12.0+0.4 Doppler 199+11 62+9 123422 122+1.7 47.1+6.1 1.98+0.28
Rowland etal. M 14.6 + 0.8 Doppler 188+7 59+7° 11.1+152"  181+28 574+48" —
2011 (99)

M 153+0.5 Doppler 195+11 46+10  9.02+2.05 175+3.7 444+6.6 —

F  14.6+0.7 Doppler 189+12 50+5"  953+0.99"  181+27 435+34" —

F  15.0+0.6 Doppler 191+9 41+4  78+1.03 17.6 + 3.1 36.0 £ 5.1 —
Obertetal. F  10.4+0.3 Doppler 202+7 46+6' 94+12" 13.1+28" 424+56" < —
2003 (75)
(pretraining
control group) M 10.5+0.3 Doppler 202+7 49+5 9.7+0.8 156+ 1.5 51.5+6.3 —
Winsley etal. F 10.2 £ 0.3 Impedance 192+11 45+6 87+1.1 126+1.6" — 1.23+0.08"
2009 (113) cardiography

M 10.1+0.5 Impedance 195+11 47+8  89+14 148+ 2.1 — 141+0.18

cardiography

F = females. M = males. a-vO, diff _ = maximum arterial-venous oxygen difference. CI__ = maximum cardiac index. HR __ = maximum heart rate.

max X 'max

\‘/O2 = maximum oxygen uptake. SVI__ =maximum stroke index.
max max

T = significant differences noted.

and will result in a reduction in SV. These include defect (VSD) and tetralogy of Fallot (24) (see figure

disorders that create an outflow obstruction, such
as aortic stenosis, pulmonary stenosis, and tetral-
ogy of Fallot; disorders that are associated with
deficient contractility, such as cardiomyopathy
and obesity; and disorders that result in deficient
forward stroke volume, such as ventricular septal

7.1). A number of studies have explored whether
cardiac function is impaired in the obese young-
ster and whether this may relate to a suboptimal
VO, . Much of the data suggest obese and healthy
weight youngsters have similar CI__and global LV
systolic function (39, 54, 76, 89). More recent use
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of speckle-tracking echocardiography has shown
lower longitudinal left ventricular systolic strain in
obese youngsters, but the effect on aerobic fitness
remains unknown (54, 76).

Arterial-venous oxygen difference reflects the
difference between arterial oxygen content (Ca0O,)
and venous oxygen content (Cv O,) and provides
a marker of oxygen extraction by the exercising
muscle. Arterial oxygen content is primarily an
outcome of hemoglobin concentration, which
shows sex-divergent changes with advancing
age. Values for hemoglobin prior to puberty are
similar in girls and boys, at about 135 g - I" (35).
Hemoglobin concentration continues to increase
in boys until it reaches about 152 g - I by age 16
years (35). Values are lower in girls, with hemo-
globin concentration plateauing around 137 g -
I'' (35). Arterial oxygen content also relies on the
maintenance of partial pressure of oxygen (P O,),
which is dependent upon alveolar ventilation, and
pulmonary diffusion capacity. Therefore condi-
tions that limit the oxygen-carrying capacity such
as anemia, hemoglobinopathies, cyanotic heart
disease, respiratory disorders (e.g., severe asthma
and cystic fibrosis), and chest wall disorders (e.g.,
scoliosis and extreme obesity) can all result in
arterial desaturation (24) (see figure 7.1).

The venous oxygen content reflects the ability to
extract oxygen as it flows through the muscle and is
determined by the amount of blood flowing through
the muscle and capillary density. The changes in
blood flow during exercise represent the increase in
cardiac output and the redistribution of that output
to the working muscle. There are also changes at
the peripheral vascular bed with a decrease in
vascular resistance and an increase in vasodila-
tion, which further augments blood flow through
the muscle (46). We can assume that a dense and
open capillary bed increases capillary blood flow,
reduces diffusion distances, and reduces the tran-
sit time of blood flowing through the exercising
muscle, thus aiding oxygen extraction and therefore
lowering venous oxygen content during exercise.
Conversely, if muscle blood flow is disrupted, as in
disorders such as muscle atrophy and dystrophy
or in severe malnutrition, the oxygen content in
venous blood remains high, indicating poor levels
of oxygen extraction (24) (see figure 7.1).

Arterial-venous oxygen difference can be
directly assessed using cardiac catheterization
(53), but more commonly it is estimated by solv-
ing the Fick equation (a-vO, diff _ = \702max /Q..)
(113). Values at rest and during exercise differ
little by age, with a-vO, diff increasing linearly

with increases in exercise intensity and showing
a plateau near maximal exercise (56, 93). Data on
young people's a-vO, diff at VO, _are provided in
table 7.1, falling between 12.0 and 18.0 ml - 100 ml.
Since a-vO, diff___is inglependent of aerobic fitness,
it is unlikely to limit VO, _in the healthy child.

Measuring Maximal Oxygen
Uptake in Children

The assessment of \'/O2maX requires measurement of
gas exchange at the mouth, most commonly using
a commercially available automated gas analysis
system or metabolic cart. These devices are pri-
marily designed for adults, so careful consideration
of the type of system and related equipment is
important. Key output variables from metabolic
carts are the fraction of expired oxygen, the frac-
tion of expired carbon dioxide, and the volume of
inspired or expired air (figure 7.2). Metabolic carts
therefore consist of O, and CO, gas analyzers and
a turbine or pneumotachograph to measure flow
and volume. Calibration of the gas analyzers with
known concentrations of calibration gas, as well as
calibration of the volume sensor, must occur before
each test to ensure stable and accurate data.

Metabolic carts either use a mixing chamber,
which stores sampled gas for periodic sampling,
or use breath-by-breath technology where every
breath is sampled. If the primary outcome is
VOzmaX, then a mixing chamber system may be
the more appropriate choice. However, the size
of the mixing chamber is important, and using a
large mixing chamber for a child with a small tidal
volume may result in considerable measurement
error (13). Breath-by-breath systems allow con-
tinuous measurement of gas concentrations and
volume, with immediate reporting.

Gas sampling can either be set to a breath
average in a breath-by-breath system (e.g., eight-
breath average) or reported per increment of time
in breath-by-breath and mixing chamber systems
(e.g., 15 s average). Rather than assuming the
manufacturer’s default, sample intervals during a
\702max test in children should be no larger than 30
s so that the data are not overly smoothed (68).
Conversely, the sample rate must be of sufficient
magnitude to ensure that the true physiological
signal is distinguishable from the noise generated
from large inter-breath variations notable in the
child’s normal pattern of breathing (83). What-
ever the chosen sample rate, it should always be
reported to allow cross-study comparisons.
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Inspired air

F|02 = 21%
F|COz =0%

Expired air

FE02 =16-17%
FeCO, = 4-5%

Expired volume

Ve =50-100 L - min"

Figure 7.2 An illustration of the key components needed for the measurement of oxygen uptake using a metabolic

cart.

Equations and labels are reprinted from Myers 1996.

Modern gas analysis systems use a small, light-
weight turbine or a pneumotachograph, and these
are connected to the child via a mouthpiece (with
nose clip) or face mask (figure 7.3). Since most
commercial gas analysis systems come with adult-
sized mouthpieces and face masks, it is imperative
that child-sized mouthpieces and face masks be
purchased to ensure the comfort of the child and
the quality of data obtained. The combined dead
space of the turbine or pneumotachograph plus
mouthpiece or face mask should be considered,
and the experimental setup should result in a
dead space of about 60 ml for children with a body
surface area >1.0 m” or 35 ml in the smaller child
(103). While many children are comfortable with
amouthpiece and nose clip, this is impractical for
those with very small noses, and for some children
the face mask is easier to use (65). Nevertheless
it is very important to avoid leakage with masks,
and leakage is common in children with small
faces and noses.

Ergometer Choice

The \'/OZmax test can be conducted on a variety of
ergometers, most commonly the cycle ergometer
or treadmill. The highest values for \'/OZmax are
obtained during treadmill running, and since walk-
ing and running are natural forms of movement
for ambulatory children, the treadmill test is often
optimal. There is a risk of falling in the younger
child, and even though a treadmill with adjustable
or additional handrails is often recommended for
the pediatric exercise laboratory, holding onto
the handrails reduces the increase in HR and \'/O2
and prolongs the test (25, 88). If young children or
those at a greater risk of falling are being tested,
it is worth considering a treadmill with a safety
harness for support.

If a cycle ergometer is preferred, this must have
fully adjustable handlebars, seat, pedal cranks,
and a child-sized saddle should be fitted (13).
Conducting the \'/OZmaX on a cycle ergometer is
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Figure 7.3 A turbine with a mouthpiece and a pneu-
motachograph with a face mask.

recommended for children with neuromuscular
diseases that affect ambulation or for those who
have difficulty adapting to treadmill belt motion
(88). Cycle ergometers are robust and easily cali-
brated, and they allow other cardiac and vascular
measures to be made during exercise. Cycling
does, however, require considerable quadriceps
strength during a test to maximum, which can
result in substantial local muscle fatigue in the
child with smaller quadriceps muscle mass. This
can alter peripheral hemodynamics, notably
venous return, cardiac output, and HR values (29).

Supine cycle ergometry is also an important
modality for children and adolescents with
orthopedic or neurological conditions that make
upright cycling or treadmill exercise difficult.
Supine cycling is also used when VO, _ assess-
ment is coupled with other measurements such as
echocardiographic assessment of cardiac function
(115). A recent study compared maximum values
for HR, respiratory exchange ratio (RER), and \'/O2
during upright and supine cycle ergometer exer-
cise in 80 adolescents aged 13 years (62). Neither
HR nor RER were significantly different in the girls
or boys at maximum effort. Significant differences
were apparent in VOZmaX, but these differences
were small in both boys (upright 2.24 + 0.80 1 -
min” versus supine 2.19 + 0.79 1 - min'l) and girls
(upright 1.89 + 0.48 1 - min™ versus supine 1.79 +
0.471-min™). As the authors conclude, these data
show that maximal effort is possible using supine
cycle ergometry, and although a significantly
lower \'/OZmax was apparent using the supine exer-
cise test, the difference may be too small to be
clinically relevant. Rowland et al. (96) also report
a lower \'/O2 during supine cycling (1.60 + 0.091 -

min'l) compared to upright cycling (1.78 + 0.17 1
. min'l) at 100 W in a group of 10- to 15-year-old
boys. Interestingly, HR was lower during supine
cycling at higher exercise intensities (above 75 W),
but no differences were apparent in CI or stroke
index (SI) at 75 W. Similar values for left ventricular
end-diastolic and end-systolic dimensions, as well
as changes in systemic vascular resistance, were
reported for the two body positions (96). A supine
cycle ergometer may therefore be acceptable for
clinical exercise testing when cardiac function is
a priority.

Protocol Choice

Even though VOZmaX is protocol independent (46),
it is important that some basic principles are
adhered to when designing or choosing a protocol.
Safety is the paramount consideration, and the
child should be subjected to the least possible
discomfort during the test. Contraindications must
be ruled out prior to testing; see the American
Heart Association Council on Cardiovascular Dis-
ease in the Young, Committee on Atherosclerosis,
Hypertension, and Obesity in Youth statement on
clinical stress testing in the pediatric age group
(79). Staffing during a maximal test should include
at least two testers. The child and the parent or
guardian should be given clear guidelines about
presenting to the test, which includes not eating
a meal within 2 h of the test and not engaging in
vigorous exercise the day before or the day of the
test (117). Parents should also make sure that the
child wears appropriate clothing (e.g., T-shirt,
shorts, and running shoes). Children need time to
habituate to the test ergometer, and upon arrival in
the laboratory they should have the opportunity
to try out walking or running on the treadmill or
cycling on a cycle ergometer. The test must begin
with a low-intensity warm-up, and the test duration
should ideally be about 8 to 12 min. If subsidiary
measures such as blood lactate are required, the
length of each stage within a test and the work-
load increments should be carefully considered.
For instance, the steady-state lactate stage length
should be 3 min, and workload increments should
not exceed 4ml - kg" - min™ in VOZ. A discontinuous
protocol will be necessary when the subsidiary
measure is taken with the child stationary, which
will lengthen the total testing time. It is important
that the length of rest periods between stages
be standardized; 1 min is recommended. There
should be a simple signal to indicate when the test
should be terminated that both the child and the
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testers understand, and this should be followed
by an appropriate low-intensity recovery (117).
Finally, objective and subjective end points for
test termination are needed. (Please refer to the
test termination section for details.)

The most commonly used protocols in the pedi-
atric exercise laboratory are incremental and ramp
protocols. An incremental test should use stages of
equal duration, such as 2 or 3 min per stage, and
they can be continuous or discontinuous (e.g., a
1 min break between stages). Similar increments
of intensity per stage should be used, such as an
increase of 2km - h™ in speed per stage. In a healthy
population of children >8 yr, most incremental
treadmill tests begin with a walking stage at 4 or 5
km - h”, then speed is increased to jogging, which
is usually 8 km-h". Further increases in speed are
usuallyin 1 or2km - h™ increments per stage until
about 10 or 12 km - h, at which point the tread-
mill gradient is increased by about 2% per stage
until voluntary exhaustion. In a clinical setting,
treadmill speeds may be as low as 2 km - h™ with
increases of just 0.5 km - h™ per stage until 5 or 6
km - h”, then increases in gradient until termina-
tion of the test.

A ramp protocol uses continuous increases in
exercise intensity until maximum. Ramp protocols
on cycle ergometers are popular because the test
is quick and power output is easy to measure in
watts (W). A ramp cycle ergometer protocol nor-
mally begins with a light stage, such as 3 min at 10
W, followed by 10 W increments per minute, with
cadence between 70 and 80 revolutions per minute
(rpm). Again in the clinical setting this protocol
may be adjusted to begin with an unloaded stage,
followed by smaller increments per stage, such as
5W - min™.

The most commonly used treadmill protocol
in a clinical setting has been the Bruce protocol.
The Bruce protocol uses 3 min stages starting
with walking at 2.7 km - h™ at an elevation of 10%.
Speed then increases to 4.0 km - h' followed by
55km-h",6.8km-h",8.0km-h",8.8km-h",and
9.7 km - h'', each accompanied by a 2% increase
in gradient up to 22%. The advantage of the Bruce
protocol is that it can be used across age groups
and provides submaximal responses (34). It should
be noted that the practice of reporting submaxi-
mal \'/O2 at exercise intensities above the ventila-
tory (or anaerobic) threshold has been criticized
because of evidence of a p\'/O2 slow component
emerging in both prepubertal children and adoles-
cents (43). The disadvantages are that the Bruce
protocol uses large and inconsistent workload

increments. Reasons for using the Bruce protocol
are often convenience rather than a consideration
of the child or the data. Rowland notes reasons
such as “The adult laboratory is using it,” “It’s
convenient because it’s in our automated testing
equipment,” and “It provides some uniformity
across laboratories, and we’re able to compare it
with published normal values” (88, p. 2). Although
\'/O2max is generally resilient to protocol changes,
when large increments in workload are used with
children, peripheral fatigue often occurs before
central fatigue, and the Bruce protocol can limit
the achievement of a true cardiorespiratory maxi-
mum (117).

Test Termination

Children with a variety of clinical conditions can
safely exercise to maximum, and in a clinical labo-
ratory alist of clinical symptoms will always guide
test termination. It is important that test termina-
tion be based on the same criteria for all children
who can attain a maximum effort. Traditionally a
plateau in \'/O2 despite further increases in exercise
intensity has been used as the standard marker of
\'/O2maX (51).In 1952 Astrand (20) reported that only
a minority of children and adolescents terminate
a progressive exercise test to exhaustion with a
plateau in VOZ. It has since become clear that a
plateau in oxygen uptake is seldom apparent in
children (89), and the term VO, (or peak VO,)
has been adopted to denote a maximum test in the
absence of a plateau. The term “peak” can lead to
some confusion in the clinical setting because it
is often used when adult cardiac patients cannot
reach maximum. Subsequent work in children and
adolescents has shown that \'/Ozpeak is reliable, with
a coefficient of variation of about 4% (103). Supra-
maximal testing has also shown that when strict
criteria to delineate a maximum effort are applied,
VOZPeak does in fact represent a maximal value (7,
23). With ramp protocols the usual physiological
markers (such as HR___or maximal RER) are not
as robust. Barker et al. (23) found the 1.0 RER
maximal criteria, as well as the 85% age-predicted
HR _ and 195 bpm HR _ criteria, underestimate
\'/OZmaX. A supramaximal check may be indicated
to verify VO, _ findings, and a follow-up test
at 105% of the maximal power output achieved
during the ramp test has been used to provide
confirmation of whether a maximal effort has been
elicited (23). This approach to verifying \'/OZmax
with a supramaximal test about 10 min after the
initial test has been used successfully in children
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with various disorders. For example, a follow-up
supramaximal test at 110% of the maximal speed
achieved in the treadmill \'/O2maX test verified the
initial maximum VO, value in children with spina
bifida (36). Likewise, in children with an expira-
tory flow limitation, a follow-up supramaximal test
at 105% of the maximal power output achieved
during a ramp cycle ergometer test was used to
verify the initial maximum effort (84). These data
show that when appropriate exercise protocols
and termination data are used, \’/Ozpeak does in fact
reprgsent a maximal value, and the terms VOzpeak
and VO, _ can therefore be used interchangeably
in the pediatric literature.

Physiological indicators that are used to help
confirm maximal effort include HR, RER, and blood
lactate (7, 97). Typically HR _values of about 200
bpm for treadmill exercise and 195 bpm for cycle
ergometer exercise are expected in children and
adolescents. The maximal achievable heart rate
during exhaustive exercise has been used exten-
sively as a marker of exertion in normal children,
but limitations, particularly in children with con-
genital heart disease, must be recognized. The
heart rate response in children with a heart defect
varies considerably, depending on the particular
defect, largely as a result of chronotropic insuffi-
ciency. Children with simple shunt lesions such as
atrial septal defects and ventricular septal defects
have been found to generally have near-normal
cardiovascular responses (61, 114). In contrast,
most cyanotic disorders (e.g., transposition of
the great arteries, Fontan patients) show a high
incidence of chronotropic impairment with a
resultant low HR _, which reduces the value of HR
as a criterion for confirming maximum effort (40).

The increase in RER during a maximal exercise
test to values of about 1.00 reflects an increasing
anaerobic metabolic contribution and is indicative
of a near maximal effort. Maximal RER, like HR, is
ergometer dependent and is also protocol depen-
dent. RER values of 0.99 to 1.00 offer an acceptable
marker of maximum for treadmill exercise, but
these can be boosted considerably using a supra-
maximal bout of exercise (13). Higher values of at
least 1.06 would be indicative of a maximal effort
for cycle ergometer exercise (97). Blood lactate
accumulation has been commonly used in adults
as a physiological indicator of maximum, but in
children, post-maximum blood lactate accumula-
tion has shown poor reliability (87). This is most
likely because blood lactate accumulation is both
ergometer and protocol dependent, and values
are dependent on the timing of the postexercise

sample (7, 29). It is therefore not recommended as
a marker of maximal effort in youth (14).

Subjective measures are also important for
determining maximum effort, and rating of per-
ceived exertion is commonly used in the pediatric
exercise laboratory. Perceived exertion is the abil-
ity to sense your own physical effort (73) and helps
facilitate continuation or discontinuation of a test.
A variety of scales have been used in clinical and
nonclinical settings (50, 57, 85), and a perceptual
measure of fatigue provides an important addition
to the test termination decision. With experience,
subjective fatigue is quickly recognizable during
exercise tests with children. Profuse sweating, an
inability to maintain the desired exercise intensity,
dyspnea, and an unsteady gait are all indicators
that the child is approaching or has reached his or
her maximum effort. However, this marker should
be used only as an aid to other more objective
criteria and never alone.

Developmental Patterns
in Maximal Oxygen Uptake

Treadmill- and cycle ergometer-determined
VOZmaX values have been extensively documented
in children and adolescents (4, 55). We will focus
on data for youngsters over the age of 8 years
because the younger child (<8 yr) finds maximal
testing more difficult to manage, and these data

are less robust (24).

Age, Growth, and Maturation

Absolute \'/OZmax a- min’l) increases progressively
with age. Both cross-sectional and longitudinal
data show a distinct developmental pattern in
absolute \'/OZmaX in boys and girls. Using data from
studies that provide absolute VO, __ data for girls
and boys across a range of chronological ages,
figure 7.4 shows a near linear increase in VOZmX in
boys with age (figure 7.4a). An increase with age in
girls is also apparent (figure 7.4b), albeit smaller
than boys, until about age 14 when values tend to
plateau. These data mimic the pattern illustrated
by Armstrong and Welsman (4) who analyzed more
than 5,000 treadmill-determined and 5,000 cycle
ergometer—derived VO, _ values in children and
adolescents aged 8 to 16 years.

When only longitudinal data are considered,
the findings are generally consistent, with boys
exhibiting a large (>120%) increase in \'/OZmax
between the ages of 8 and 16 years, with values
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Figure 7.4 Absolute \'/O2maX data for (a) boys and (b) girls aged 8 to 17 years.

continuing to rise during adolescence, resulting
in a doubling of \'/OZmax between 11 and 17 or 18
years of age (10, 52, 66, 101, 116). Girls also show
a progressive increase in \'/OZmaX between the ages
of 8and 13 years, with VO, _leveling off at around
14 years of age. Change during adolescence is less
consistent in girls, with some studies showing an
increase, some reporting a leveling off, and others
showing a decline in \'/OZmax between ages 14 and
16 years (10, 52, 101).

Direct comparison of absolute \'/OZmax values
between healthy children and those with a chronic
disease is not possible. Clinical studies generally
report values for mixed ages and sex, often includ-
ing young adults within study cohorts. This is
because many of these disorders are not common-
place, because of (un)willingness to be tested and
because of contraindications to testing. Examples
of absolute \'/OZmax across arange of cardiac, pulmo-
nary, and musculoskeletal disorders are provided
in table 7.2 for reference.

As the child ages, he or she also grows. Body
size is highly correlated with VOZmax (r ~ 0.70),
and VO,  is usually scaled to body mass to
account for the changes in size. Conventionally

scaling VOZmaX to body mass is achieved simply
by dividing absolute VO, (ml-min™) by body
mass (kg) to produce a ratio-standard value in
ml - kg" - min”. Figure 7.5 provides examples
of mass-related \'/OZmax in healthy 8- to 17-year-
olds. A different pattern of development in
VO,,...is apparent compared to absolute VO, .
Whereas absolute VO,  increases with age in
boys, mass-related VO, . remains unchanged
in most studies of boys aged 8 to 17 years, with
values of about 48 to 55 ml - kg” - min™ (figure
7.5a). One exception is a cycle ergometer study
with German boys, where a gradual decline in
mass-related \'/OZmaX was apparent in boys with
increasing age (101). In girls, a progressive
decline from about age 11 years in mass-related
\'/OZmaf was evident, from about 50 to 35 ml - kg'1
- min~ (figure 7.5b).

Mass-related \'/OZmax is more commonly reported
in clinical studies than absolute VO, . Data in
table 7.2 illustrate that those with respiratory
conditions normally show larger values of \'/O,Zmax
(32-44 ml - kg' - min'l) than those with cardiac
conditions (20-34 ml - kg’1 . min'l). This is in accord
with current thinking that it is most likely reduc-

<"
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Table 7.2 Maximal Oxygen Uptake in Children With a Variety of Cardiac, Pulmonary, and

Musculoskeletal Disorders

Age TMor | VO
Reference (7) Disorder CE

DISORDERS THAT MAY AFFECT CARDIAC OUTPUT

2max:

(1< mini")

VoZmax
(ml-kg" - min’)

Opocher et al. 2005 (77) F/M 87 Fontan ™ 0.90+0.33 27.0+5.0
Singh et al. 2007 (102) F/M 96 Fontan CE - 26.3+9.6
Blank et al. 2012 (27) F/M 115 Isolated congenital complete atrio- = CE 1.31+0.5 344+9.5
ventricular block (paced)
Buys et al. 2012 (32) F/M 164 Transposition of the great arteries ™ - 33.6+6.7
(Senning procedure)
Friedbergetal.2013(44) F/M 119  Tetralogy of Fallot - - 30.6+6.6
Guimardes et al. 2008 (47) F/M 8.6 Heart failure (dilated cardiomyopa- = TM - 19.6 £5.8
thy)
Giardini et al. 2011 (45) F/M 135 Heart failure (dilated cardiomyopa- = CE - 28.6 +10.0
thy)
DISORDERS THAT MAY AFFECT A-VO, DIFF
de Groot et al. 2009 (36) F/M 103 Spina bifida ™ 1.23+0.6 34.1+8.0
Pérez et al. 2013 (80) F 10 Cystic fibrosis ™ - 31.9+6.9
M 10 Cystic fibrosis ™ - 38.7+6.7
Pianosi et al. 2005 (81) F 13 Cystic fibrosis CE - 37.2
M 10 Cystic fibrosis CE - 41.2
Werkman et al. 2001 (110) F 13.8  Cystic fibrosis CE 1.6+0.6 36.5+6.3
M 13.7  Cystic fibrosis CE 1.9+05 44.2+838
Werkman etal. 2011 (111) F/M 146  Cystic fibrosis CE 19+0.6 389+74
Stevens et al. 2009 (104) F/M 127 Pulmonary disorders: cystic fibrosis, CE - 35.0+8.0
noncystic fibrosis bronchiectasis,
ciliary dyskinesia
Madsen et al. 2013 (60) F/M 148  Primary ciliary dyskinesia CE - 379
DISORDERS THAT MAY AFFECT PERIPHERAL MUSCLE FUNCTION
Brehm et al. 2013 (31) F/M 105 Cerebral palsy GMFCS I and Il CE - 39.3+8.2
Balemansetal.2013(22) F/M 9.9 Cerebral palsy GMFCS | CE - 355+1.2
Balemansetal.2013(22) F/M 103  Cerebral palsy GMFCS || CE - 339+1.6
Balemansetal.2013(22) F/M  10.0  Cerebral palsy GMFCS llI CE - 293+25

CE = cycle ergometer test. F = females. GMFCS = Gross Motor Function Classification System, which grades severity (I = mild, Il = moderate, IlI
=severe).M = males.\'/OmX = maximal oxygen uptake. TM = treadmill test.

tions in SV that have the most pronounced effect
on VOZmaX.

As children grow they also mature, but individ-
ual biological clocks run at different rates, and this
affects both physiological function and VOZmaX. Few
studies have investigated VO, _inrelation to matu-
ration, perhaps because the assessment of matura-
tion is challenging. The use of an anthropometric-

derived marker of age to peak height velocity,
which only requires the measurement of standing
and seated height, weight, and date of birth, pro-
vides an easy-to-use indicator of physical maturity
and is encouraged where possible (67).

When analyzed using ratio scaling it has been
reported that maturation does not exert an addi-
tional effect on \'/O2maX over and above that due
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Figure 7.5 Mass-related \'/OZmaX for (a) boys and (b) girls from ages 8 to 17 years.

to body mass, but the true relationship between
\'/OZmaX and maturation has been obscured by inap-
propriate scaling (108). Ratio scaling “overscales,”
benefiting lean children and penalizing obese
children, and several studies have illustrated how
ratio scaling leads to a different interpretation of
the change in \'/OZmaX with growth and maturation
when compared to alternative methods of control-
ling for body size such as allometry (log-linear
analysis of covariance with mass as the covariate).

When examining the development of \'/OZmaX
by age and growth, allometric scaling presents
the same developmental pattern with growth as
absolute \’/OZmaX with age. That is, with body mass
appropriately controlled for, VO, _ increases in
boys from childhood through adolescence and
into young adulthood, whereas in girls it increases
until about age 14 years, when a leveling off is
observed (108).

In addition to age and growth, maturation
independently influences VOZmaX. Research by
Armstrong and colleagues (9) demonstrated in
a sample of 200 12-year-old children that while
no changes in \'/OZmax are apparent with stage of
maturation when using a ratio-scaled VO, in ml
. kg'1 -min”, allometrically scaled \'/OzmaX increases
with increasing maturation, resulting in 12% and
14% differences between prepubertal and late
pubertal girls and boys, respectively. These find-
ings were replicated in a longitudinal study by
the same group (12), and the same incremental
effects of maturation were apparent on VO

2max

independent of chronological age and body mass
when multilevel regression modeling was applied.
Intriguingly, when adiposity (skinfold thickness)
was included in the analyses, maturation remained
a significant covariate, but the magnitude of the
effect was reduced, indicating a strong relationship
between maturation and lean body mass.

The approach chosen to normalize \'/OZmax for
body size exerts considerable influence on the
degree of difference in VOZmaX between obese and
lean children and adolescents. When expressed as
an absolute value, \702maX is greater in the obese
child or adolescent. The total body mass ratio
standard most likely creates too big a difference
in favor of the lighter child by overscaling for
total mass and without consideration of the large
difference in fat mass. The most appropriate, and
body fat independent, method of scaling \'/OZmax
in obese youngsters is probably by scaling to
lean body mass (38). When scaled to lean body
mass, \'/Om‘x is much less impaired in the obese
child (~10% lower) compared to healthy weight
children of the same sex and comparable in age
and maturation (48, 59).

These data illustrate just how influential body
size and composition are upon our interpretation
of \702max with ensuing age, growth, and maturation.
Lean body mass appears to be the predominant
influence on \'/O2max through adolescence, but
both chronological age and stage of maturation
are additional explanatory variables, indepen-
dent of body size and fatness. Lean body mass
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has not conventionally been used because of the
complexity of assessment, but with the advent
of easier-to-use methods, such as bioelectrical
impedance, air-displacement plethysmography,
and DXA, scaling \'/O2rnaX to lean body mass should
become more commonplace.

It is clear that differing methods for accounting
for size alter our interpretation of \'/OZmax during
growth and maturation in both boys and girls.
The real challenge for the clinician is to decide
how best to express and therefore interpret \’/OZmax
in the clinical context. Rowland (100) argues that
when \'/OZmaX is related to endurance performance,
the ratio standard (ml - kg" - min™) is an acceptable
scaling technique. This argument is supported
by data that show running speed (a performance
measure) relates to VOZmaX when \'/OZmax is scaled to
body mass of near unity, that is, the ratio standard
(71). Ultimately the goal of much clinical exercise
testing is to understand whether the child with a
health problem can perform the same amount of
endurance exercise as a healthy child. Therefore,
although it clouds physiological understanding
of true aerobic fitness until alternative scaling
techniques become commonplace, it is probably
prudent for the clinician to use the ratio standard.

Sex

VO, __ is consistently higher in boys than in girls,
even prior to puberty, and by late adolescence
this difference can be as much as 40%. Prepu-
bertal girls and boys have similar muscle mass
and hemoglobin concentration, yet \'/OZmax is still
higher in boys than in girls. This difference has
been as pronounced as 12% and widens through
adolescence (14). Nearly all clinical studies pool
data on boys and girls. There are two exceptions in
those presented in table 7.2, which are two studies
of children and adolescents with cystic fibrosis.
Both report higher \'/OZmaX values for boys than for
girls, with a difference of about 17%, but the wide
age range is worth noting. Sex differences in \'/OZmax
have generally been attributed to differences in
habitual physical activity, body composition, and
blood hemoglobin concentration.

Habitual physical activity in the child char-
acteristically comprises substantial periods of
sedentary time (>70% of a waking day) interjected
with short bouts of movement (3-17 s) (26, 60).
These bouts of activity are neither long enough
nor intense enough to enhance \'/OZmalX and there
is, at best, a weak relationship between physi-
cal activity and \'/OZmaX (19). Therefore habitual

physical activity is unlikely to contribute to sex
differences in VO,__ .

There is a small but detectable difference in
muscle mass throughout childhood, with lean
mass about 10% greater in boys than in girls even
prior to puberty (107). In contrast there is a dra-
matic disparity in muscle and fat mass between
the sexes during puberty, with large increases
in muscle mass in boys and large increases in
fat mass in girls through adolescence. By mid-
adolescence nearly 55% of total mass in boys
is muscle, with only about 12% to 14% fat (17).
Muscle accounts for about 40% to 45% of total
mass in girls, but body fat increases to about 25%
(63). The dramatic pubertal changes in muscle
and fat mass contribute to the widening of the sex
difference in \'/OZmax with age. Boys' greater muscle
mass not only facilitates oxygen utilization during
exercise but also enhances venous return to the
heart via an augmented peripheral muscle pump,
therefore boosting SV (33). This may explain why
\'/OZmax remains higher in boys than in girls even
when adiposity, body mass, stature, and age are
all accounted for.

There is a marked increase in hemoglobin con-
centration in boys during adolescence compared
to girls, whose values plateau (35). The potentially
greater oxygen-carrying capacity in boys might
be expected to account for the sex difference in
VOZmax, but when hemoglobin concentration was
added to a multilevel regression model of VO, __,
anonsignificant parameter estimate was obtained
with 11- to 17-year-olds (12).

Normal Values

Consideration of whether a \'/OZmaX value in a
patient is normal requires a normal comparison
group. The ideal comparison group would be a
representative sample from the same population
as the patient group, with data on girls and boys
across a range of age groups, ideally with an
assessment of maturation. These values should be
obtained using the same equipment and protocols
used in the clinical population. Unfortunately, data
regarding normative values for VOZmaX by these cri-
teria do not exist. For this reason, creating normal
values from one's own laboratory experience is
preferred rather than relying on those published
in the literature.

Table 7.3 provides a guide for average mass-
related \'/OZmaX for both treadmill and cycle ergom-
eter exercise in healthy children from mean values
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Is Maximal Oxygen Uptake Related
to Habitual Physical Activity? ———

The relationship between \'/OZmax and habitual physi-
cal activity (HPA) in young people has been explored
for over 40 years. Early studies estimated HPA from
heart rate (HR) monitoring, and large cross-sectional
studies of children and adolescents consistently
reported no significant relationships between \'/O2rnax
and either moderate or vigorous physical activity
(2, 6). A 3 yr longitudinal study of over 200 11- to
13-year-olds used multilevel modeling to control for
age, maturation, and sex and reported that not only
was \'/OZmax not a significant explanatory variable for
either moderate or vigorous physical activity, but
over the 3 yr period the percentage of time in both
moderate and vigorous physical activity decreased,
whereas VO, _ in both absolute terms and with
body mass controlled increased (10).

The advent of smaller and more sophisticated
motion sensors stimulated a resurgence of interest
in the level and various dimensions of physical activ-
ity and its relationship with VO, _.In some studies
with large sample sizes, statistically significant rela-
tionships were reported between physical activity
estimated using accelerometers and VOZmaX, but
the correlations were generally weak and, at best,
accounted for a very small percentage (~9%) of the
variance in VO___ (37, 41). Increases of 2% to 5% in

2max

\'/OZmax and 30% in HPA over a 15 year period (ages
13-27) were observed in the longitudinal Amster-
dam Growth and Health Study, and it was concluded
that, “no clear relationship can be proved between
physical activity and VO, __ " (53).

The lack of relationship between \'/OZmax and HPAis
almost certainly because of the genetic component of
\'/02max (~50%) and because under normal conditions
children seldom experience the duration or intensity
of exercise required to enhance \'/OZmax. The magni-
tude of changein \'/OZmax in children is modest (~10%),
even after the most rigorous of training interventions
(intensity >85% __) (16). In contrast, recent innova-
tions in motion sensing techniques have revealed
that the child’s day characteristically comprises sub-
stantial periods of sedentary time (>70% of a waking
day) interjected with short bouts of movement (3-17
s) mostly of low intensity, with some moderate but
seldom vigorous activity (1, 64). Physical activity has a
substantial therapeutic benefit for children who suffer
from chronic disease, but a meaningful relationship
with \'/O2rnax remains to be proven.

published over the past 30 years. It should be
noted these are intended as a guide only and are
not intended to be used as normative values. Mean
\'/OZmaX values for children with cardiac, pulmonary,
and musculoskeletal disorders are rarely over 40
ml - kg’ - min” (table 7.3). In both cystic fibrosis
and heart failure the prognostic value of \'/OZmaX
has been demonstrated. In a study of 109 cystic
fibrosis patients (72), survival was predicted
by VO,,... with 83% survival rates in the fittest
patients (those with 282 % predicted VO, ) and
only 22% survival in those with the lowest VO,
(<58% predicted VOZmaX). More recently, these find-
ings were replicated, with VO, values below 32
ml - kg - min” predicting mortality in a group of
cystic fibrosis patients (81). \'/O2maX has also pre-
dicted length of hospitalization in cystic fibrosis
patients (80).

In adults with heart failure, \'/OZmaX is a key
predictor of mortality and is used to identify
heart transplant candidates. One-year mortality
is predicted by a VOZmax of 14 ml . kg'1 -min”, and
therefore only patients with a VO, __above 14 ml
. kg'1 - min" are suitable candidates for a heart
transplant (70). The prognostic value of VOZmaX
in children with heart failure is not as distinct.
Guimaraes et al. (47) did not find that VO, ___dif-
ferentiated survivors from nonsurvivors in a group
of children with dilated cardiomyopathy, all of
whom were waiting for a heart transplant. Exercise
time, however, was predictive of survival, with an
exercise tolerance of 19 min in survivors and only
13 min in nonsurvivors. In contrast, rate of death
and clinical deterioration were predicted by \'/OZmaX
in a group of 82 youngsters with heart failure (45).
A \’/OZmaX < 62% of the predicted value was predic-
tive of nonsurvival. Giardini et al. (45) argue that
the discrepancy between their findings and those
of Guimaraes et al. (47) most likely relates to the
way in which \'/OZmax was expressed. Guimaraes
and colleagues (47) used absolute VO, _ to predict
survival, and they did not take into account the
variation in body size and age among the patients,
whereas Giardini et al. (45) accounted for size and
age by expressing the data as a percentage of the
age- and sex-predicted value.

Dissimilarity in testing approaches in the
clinical setting, heterogeneous groups of differ-
ing ages and sexes, and varying data-processing
techniques make it hard to compare VO, __ values
across studies. A lack of good normative data is
also a challenge for comparing clinical groups
with healthy children. It would be prudent for
clinical exercise facilities to build up solid data
banks of clinical and healthy VOZmaX values. This
will require voluntary exercise testing in healthy
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Table 7.3  Average Maximum Oxygen Uptake Values Reported for Healthy Boys and Girls

by Ergometer

_ Age (yr) Treadmilll(ml - kg"'- minf") Cycle ergometer. (ml - kg’ - min})

Boys 8-18 45-55
Girls <13 40-50
Girls >13 35-45

children, which is considered a limitation because
it is believed that only those who are interested
in exercise and therefore have higher levels of
aerobic fitness volunteer. Conversely, as Booth
and Lees (30) argue, it is indeed the physically
active who should be the control group given the
considerable evidence that inactivity and seden-
tariness are leading causes of disease.

Conclusion

Measuring VO, in the clinical setting greatly
improves both diagnostic and prognostic informa-
tion available from an exercise test. To maximize
the usefulness of the measurement, clinicians
should choose equipment and design protocols
with the child in mind and develop their own
normative values. Care should be taken when
interpreting \'/O,L,max values because of the changes

40-50
35-45
30-40

that occur with age, maturation, and growth.
VOZmaX also shows sex-divergent development,
with absolute VO, increasing throughout child-
hood in boys and girls but values continuing to
increase into young adulthood in boys while they
level off by mid-adolescence in girls. When \'/O2rnax
is expressed as a ratio with body mass, values in
boys remain stable between 8 and 18 years of age,
while in girls a gradual decline in VOZmaX is seen.
With these marked differences in development, it
is imperative that data are not pooled for boys and
girls. Improving technology is making noninvasive
assessment of the components of VOZmaX possible
during exercise. Future exercise testingin children
may see an integrative approach that considers
noninvasive assessment of VOZ, oxygen delivery,
extraction, and utilization in synchrony, extending
our understanding of the processes that regulate

VOZmaX in health and disease.
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CHAPTER

3

Other Measures of Aerobic Fitness

n assessment of aerobic fitness by mea-

surement of maximal oxygen uptake

(VOZmaX) is important in quantifying
exercise potentials or limitations of exercise
capacity in children and adolescents. As outlined
in chapter 7 and elsewhere in this book, knowledge
of a youngster’s VOZmaX is useful in interpreting
reported symptoms of chest pain, shortness of
breath, or unexplained fatigue. \'/OZmax provides
insights into whether children with chronic ill-
ness can safely participate in the activities of their
choice (54). In those with heart disease, level of
aerobic fitness is critical to well-being (36) and
identification of \'/OZmaX allows health caregivers to
make decisions about the patient’s participation
both in everyday activities such as stair climbing
and in physical education and sports. \‘/OZmaX can be
a critical element, too, in clinical decision making,
such as timing for surgery and heart transplanta-
tion (18, 22, 30, 64).

While \'/OZmaX by treadmill or cycle testing is
considered the gold-standard measure of physi-
ological aerobic fitness, in some cases it is not
feasible to ask a subject to provide a maximal
exercise effort on a cycle or treadmill. Usually this
involves patients with significant exercise limita-
tions due to either cardiac or noncardiac disease,
but “maximal” exercise is often very difficult for
patients who are obese, have particularly low fit-
ness levels, or are incapable of comprehending
testing instructions. The lack of a metabolic cart
to measure gas exchange variables also precludes
the assessment of VOZmax, even when a true exhaus-
tive effort can be provided.

In such situations, a number of surrogate
measurements are available that can provide an
estimate of VO, . Some of these methods use
submaximal heart rate response as an indicator of
aerobic fitness level. Others seek to define aerobic
fitness by submaximal gas exchange measures
(ventilatory anaerobic threshold, oxygen uptake
efficiency slope). The highest measured workload
on a cycle ergometer or endurance time on a

Robert P. Garofano, EdD

treadmill protocol can also provide insight into the
level of aerobic potential (72, 75). This chapter will
review these alternative testing approaches, focus-
ing on their feasibility and accuracy. It is important
to recognize that all of these testing protocols and
measures are different and not necessarily inter-
changeable. The protocol chosen depends on the
clinical question being addressed, the resources
available in the laboratory to answer this question,
and the limitations of the testing protocol chosen.

Peak Workload

\‘/O2 is a measure of the amount of aerobically
derived energy needed to perform work (94). Not
surprisingly, then, a strong relationship exists
between peak work achieved on an exercise test
and \'/OZmax 4.

Work in watts on a cycle ergometer has a linear
relationship with both heart rate and \'/O2 (4, 6).
Because of less influence of body weight on the
external workload, testing with a cycle ergometer
has been considered more useful than the tread-
mill when comparing work in children of different
ages and sizes. Several studies have demonstrated
very good correlation between measured and
estimated \'/O2 in normal subjects using a cycle
ergometer (4, 35, 56, 82) in adults and in younger
subjects (32, 35, 57). The results have been
impressive. \'/O2 can be predicted with very good
accuracy from equations derived from peak work
on a cycle ergometer in subjects as young as age
8 (table 8.1). Regression equations have produced
statistical relationships as high as r= .90 and r =
.95 with a standard error of 1.62 ml - kg'1 -min” of
VO,, respectively (33, 49). When applying scaling
methods, body weight in kg, or body weight to
the two-thirds power, good correlation still exists,
r = .86-.89 (3).The same study demonstrated a
3ml- kg'1 -min” (8%) difference between measured
and calculated peak \'/O2 from cycle ergometry in
247 children. It should be noted that peak VO, is

95
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Table 8.1 \’/02 Reference Equations

Agely) lsex  JEquaton |

Denckeretal. 8-11 Female VOZpeak (ml/min) =240 + (9.99)(max work in W)
2007 (34) Male VO, (l/min) = 115 + [(10.225)(max work in W)] + [(4.95)(body weight in kg)]
Hansenetal.  9-11 Female and \'/OZmax (ml/min) = (12)(max work in W) + (5)(body weight in kg)
1989 (50) male
Jung et al. 13-18 Female \'/OZmax (ml/min) = (9.39)(max work in W) + (7.7)(body weight in kg) - (5.88)(age) +
2001 (56) 136.7

Male \'/OZrnax (ml/min) = (10.51)(max work in W) + (6.35)(body weight in kg) — (10.49)

(age) +519.3

an expression of aerobic capacity, while peak work
involves both aerobic and anaerobic systems.

Total exercise time on the treadmill using the
Bruce protocol has been evaluated for children.
Early work of Cumming et al. (27) developed per-
centiles for total treadmill time using the Bruce
protocol in children aged 4 to 18. He grouped the
children by age and gender. The more time on the
treadmill, the higher the percentile, and therefore
the higher level of fitness. He also reported heart
rate and blood pressure response, but they did not
factor into the percentile rating. The authors did
correlate treadmill time to peak \'/O2 in a separate
set of subjects, which demonstrated good correla-
tion (r = .85) but not as high as in studies using the
cycle ergometer. Percentile aerobic fitness rating
for the Bruce protocol has been used in many
exercise laboratories for many years and is still
popular today.

More recent studies have demonstrated similar
treadmill times (89, 100) using the Bruce protocol.
These studies report similar time values and also
have added a 5th percentile and a 95th percentile
not described in the original paper of Cumming et
al. \'/O2 was not measured in these studies.

Formulas exist to estimate the oxygen cost of
treadmill exercise in adults. Testing manuals have
been published by the American College of Sports
Medicine (ACSM) to calculate the \'/O2 in ml - kg'1
- min” for a specific speed and grade for many
years (4). With these equations, the oxygen cost
for the highest workload achieved for a particu-
lar subject can be calculated. If no gas exchange
measurements are available, this method could be
useful, particularly in a mature adolescent subject.
The calculated oxygen cost can be compared to
predicted values or to a chart of various activities

to evaluate whether the child has an appropriate
functional capacity to participate in that activity
(1, 5, 78). As an important caveat, however, such
equations are not expected to be accurate for
smaller children. In these subjects the calculated
oxygen consumption for walking or running may
not truly reflect the cost of locomotion, since
these children have smaller stride lengths and
greater stride frequency when performing the
same work as mature subjects. The lower level of
exercise economy in young children will increase
the oxygen cost of a given workload compared to
adults (4). Therefore, the calculated oxygen cost
of a certain stage of the Bruce or other protocol
may underestimate the measured \'/O2 for younger
children (4, 99). Some prediction equations have
been created with the subject holding the hand-
rails during exercise, while others have not, and
this will change the oxygen cost of the exercise.
The \'/O2 formulas in the ACSM manual assume
hands off handrails.

The relationship between the amount of work
performed and the estimated \'/O2 has been
explored for use in children with various diseases
(congenital heart disease, cystic fibrosis, juvenile
rheumatoid arthritis). Using the cycle ergometer,
\'/O2 could be accurately predicted in adolescents
with cystic fibrosis (97). In a group of 60 subjects
with cystic fibrosis with mild to severe lung dis-
ease (37% to 147% of predicted for forced expira-
tory volume in 1 s [FEV ]), the \'/O2 was predicted
from work in watts with an 7* = .91. That correla-
tion is consistent with the values found in normal
subjects. For patients with idiopathic juvenile
arthritis that prediction of \'/O2 from peak work
in watts was equally as impressive as the other
studies, with an #* = .94 (32).
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The predicted values for oxygen consumption
from workload estimates during exercise have
not generally been accurate in children or adults
with congenital heart disease (36, 86). Mean
reported values for percent predicted peak \'/O2
have ranged from 42% to 89% depending on the
specific lesion. The poor correlation observed in
children with congenital heart disease is probably
due to the complex nature of blood flow and abnor-
mal cardiac anatomy. In addition, many subjects
with congenital heart disease have chronotropic
incompetence due to their disease, surgeries, or
medications (17, 24). Heart rate will not reach
predicted values, and may have a steeper slope,
as a function of VOZ.

When investigators are seeking to quantify the
fitness level of large populations (such as classes
or schools), predicting \702 from the highest
workload achieved on a cycle ergometer may be
the best option. Adding another measure, such as
heart rate, could enhance the evaluation of effort.
Testing then requires a cycle ergometer, a heart
rate monitoring device, and experienced person-
nel to conduct the exercise test. Treadmill endur-
ance time would be another option, but treadmills
are more difficult to transport and require a source
of electricity.

Ventilatory Anaerobic
Threshold

The ventilatory anaerobic threshold (VAT) is an
important noninvasive indicator of effort and
measurement of the level of fitness or exercise
capacity. Determination of VAT is not dependent
on a maximal work test, but it provides insights
into level of aerobic fitness as a predictor of VOZmax.

The VAT is the measured VO, at the point
during a progressive test where exercise cannot
be continued from solely aerobic metabolism
(95). Normal-functioning chemoreceptors are very
sensitive to increases in CO, as the body tries to
maintain homeostasis with the rise in PCO, with
exercise. Increased CO, production resulting from
an increase in the production of lactic acid and a
fall in bicarbonate concentrations increases ven-
tilatory drive. Early research has demonstrated
that the higher the amount of lactic acid at the
time of fatigue, the higher the exercise capacity
(93, 96). Others have agreed with this finding in

studies of the rise in blood lactate in response to
heavy bouts of exercise in trained and untrained
individuals (93, 94). Wasserman et al. (96), using
arterial blood samples, described this point of
sudden rise in lactate concentration during pro-
gressive exercise as the anaerobic threshold and
related it to a specific and reproducible oxygen
consumption. To avoid the necessity of invasive
measurements of arterial or venous blood, the
ventilatory anaerobic threshold was introduced,
based on measures of gas exchange in expired
air at the mouth. The history and refinement of
the techniques to determine the VAT have been
described in detail in previous published papers
(14, 44, 63, 83, 94).

There are two major noninvasive methods for
measuring the VAT. One is the ventilatory equiva-
lent method, which defines the VAT as the point
where ventilation increases disproportionately to
the oxygen consumption, increasing the YENOZ, in
the absence of a similar rise in the V /VCO, (43,
93) (figure 8.1).

The second option is the V-slope method, or
more currently, the modified V-slope method
(43). Here the VAT is the point where the slope
of the increase in \’/CO2 is steeper than the slope of
the increase in VO, as work increases (figure 8.2).
The modification referred to here is simply the
addition of averaging the breath-by-breath data,
most commonly at 10, 15, or 20 s intervals. Both
of these methods have been accepted for use for
the measurement of the VAT in adults and children.

The V-slope method has been used more often
with children than the ventilatory equivalent
model. Children will have a more erratic breathing
pattern during progressive exercise than adults
(46, 76,99), and it is believed that the more irregu-
lar the breathing pattern, the less accurate the ven-
tilator equivalent method becomes (40, 46). One
study of 22 healthy children reported detection of
the VAT by the V-slope method in all subjects (40).
In that same group there was between 16% and 18%
failure rate of detecting VAT from the ventilatory
equivalent method. Other authors have reported
undetectable VAT points in 2.5% to 20% of normal
subjects (51, 94) (table 8.2).

The cycle ergometer has advantages over
the treadmill for detection of the VAT, since this
point is observed best with equal and consistent
increases in work over the entire exercise study
(63). Ramp protocols on the cycle ergometer are
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cal line in the center indicates the anaerobic threshold.

Table 8.2 Six-Minute Walk Responses in Various Populations

Distanceiin Heartrate preto | Blood pressure
Reference Age (yr) meters|(F/M) Borg SpO2 post pretopost

Li et al. 2005 13-15 Normal F 637 +39 Yes: 88-148

(59) subjects M 691 + 66 + 19 bpm

Geiger et al. 2007 3-18 Normal F 656-661 No No No No

(45) subjects M 667-728

Lammers et al. 2008  4-11 Normal M 470 + 59 No Yes: 97%-99%  Yes: 102+ 19-136 No

(58) subjects + 12 bpm

D'Silva et al. 2011 7-12 Normal F 548 + 45 Yes:  Yes:96%-97%  Yes:83 +2-104 Yes: 109 + 2-122
(29) subjects M 671+ 86 NR + 3 bpm +2 mmHg
Barboza de Andrade  6-16 Asthma F 425 +93 No No NR No
etal.2013(11) M 435+ 137

Ulrich et al. 2013 5-17 Normal F 608 + 55 No Yes:no change  Yes:reported by  Yes: MAP report-
(88) subjects M 626+ 65 age group ed by age group
Cahalin et al. 1996 41-57 Heart failure M 310+ 100 No No No No

(21) NYHC 3

Lucas et al. 1999 Adults Heart failure  All393+104 No No No No

(61)

Ross et al. 2010 41-67 Mix HF, F 347 + 45 No No No No

(79) COPD, PH M361+136

Casanovaetal.2011  40-80 Normal F555+81M  Yes: Yes:97-95 No No

(23) subjects 585+ 96 NR

bpm = beats per minute. COPD = chronic obstructive pulmonary disease. F = females. HF = heart failure. M = males. MAP = mean arterial pressure.
NYHC 3 = New York Heart Class 3. NR = not recorded. PH = pulmonary hypertension.

98
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Six-Minute Walk Test

The six-minute walk test measures the greatest
distance one can walk in 6 minutes. The subject
is instructed to walk as fast and as long as he or
she can, but running is not permitted. According
to American Thoracic Society (ATS) standards (7),
subjects can either receive encouragement from
testing staff or not. The latter approach removes
some intra-administrator variability because test
examiners can vary in their level of enthusiasm.
Besides distance, the six-minute walk test also
usually includes a scoring system for shortness of
breath or other symptoms of fatigue (such as the
10- or 20-point Borg or 10-point Caler scale [12, 18,
39, 42]). The addition of other measurements such
as oxygen saturation, heart rate, and blood pressure
has been explored to enhance the quality of the test.

Table 8.2 provides data from several studies pro-
viding normal responses in children. The regression
models in all of these studies indicated that age,
height, and gender explained approximately 50%
of the differences in walking distance. As the child
matures, walking distances will more than likely
increase, maybe not linearly each year but at certain
times. Most influential is probably the time of peak
height velocity, the maximum rate of growth, or
the point where a child grows the quickest over a
period of time. We cannot accurately predict walking
distances in children based on the existing research.
Changesin age and height can dramatically change
the subject’s walking distance. Instead of using
regression equations, using normal ranges by age in
years might be a better way to group normal walking
distance results.

There are some studies that conclude that the
6-min walk distance correlates well with peak
oxygen consumption, and some predict peak \'/O2
from the six-minute walk results (37). It is logical
to assume that the farther one can walk in 6 min,
the greater peak VO,. The studies predicting VO,
from the accumulated distance from the six-minute
walk test are not abundant, are mostly performed in
adults, and offer different conclusions (60). At this
time the use of the six-minute walk test to predict
peak oxygen consumption in children is not advised.
However, changes in walk time on repeated testing
(with recognition of the expected positive effect of
increasing age) may prove useful in demonstrating
changes in clinical condition in patients with heart
or lung disease (67) (see chapters 3, 11, and 19).

best for this; the computer can increase the work
rate very consistently. The treadmill will have
larger changes in work rate because it is body
weight dependent and because changes in speed
and grade will affect children differently. One
may walk at a specific mph or incline level while
another needs to run; this changes the oxygen cost
of the work. Also, with weight-dependent exercise,
starting at too high a workload (e.g., 2.0 mph and
10% incline) for an obese child could cause early
fatigue, and the work intensity of VAT will not be
achieved. Changes in various treadmill protocols
are not consistent between stages.

The \'/O2 at VAT is a highly reproducible measure
that provides insight into aerobic exercise capac-
ity in children. Strong associations exist between
\'/O2 at VAT and peak VOZ, providing estimates of
aerobic fitness from submaximal data. Even if the
percent of peak \'/O2 may vary among children
of different ages, it is a clear representation of
aerobic fitness.

Different ranges are observed when reviewing
published reports of \'/O2 at VAT as a percent of the
peak VO, in children (table 8.3). Published studies
have reported values from 45% of the peak VO, to
75% of the peak VO, (93). This discrepancy may be
due in part to the fact that the percent of the YOZ
where the VAT occurs falls with age (26). The VO,
at VAT has been reported in prepubertal children
to be between 71% and 75% of peak \702, and 45%
to 61% of peak VO, at ages that assume the comple-
tion of puberty (74, 77, 94). This age difference
occurs because the ability to produce lactic acid
during exercise depends on sexual maturity as the
metabolic machinery evolves during puberty (83).
Younger children may rely more on oxidative fat
metabolism during exercise than adults or chil-
dren who are past puberty. Therefore the age of
the subject can make it more difficult to use VAT to
determine \702, certainly in the younger subjects.

Ventilation becomes more efficient as children
become older. There is a reduction in the V,/VCO,
ratio as well as anatomical dead space to tidal
volume ratio (V,/V,) as children age (20). Lung
volume increases as height increases regardless
of age. The increase in total lung volume, and
specifically peak exercise tidal volume, are much
greater than the increase in the size of the mouth,
bronchus, and trachea. Larger lungs have more
alveoli and more gas exchange surface area to
eliminate more CO, per breath. Giardini et al. (46)
have demonstrated the decrease in V,/VCO, as
children progressed to young adulthood at the
VAT and also at the peak workload.
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Table 8.3 Values for Ventilatory Anaerobic Threshold

akHR Peak\.IO2

Failureito

VO, at VAT, VAT % of | measure

Age Pe
Reference (079) Protocol (bpm)

NORMAL VALUES FOR VENTILATORY ANAEROBIC THRESHOLD

Cooper et al. 6-17  Cycle V/VO,  NR
1984 (26)

Reybrouck et al. 5-18  Treadmill V/VO,  NR
1985 (77)

Washingtonetal.  7-12  Cycle V.NO, 191-196
1988 (94)

Ohuchi et al. 8-21  Treadmill V-slope NR
1996 (74)

Fawkner et al. 11-12  Cycle V-slope  NR
2002 (40)

Groen et al. 10-15  Cycle VO, 193
2010 (48)

Ten Harkel et al. 8-18  Cycle V-slope F 186
2011 (85) M 184
Mucci et al. 9-11 Cycle V-slope 186
2013 (69)

Mdiller et al. 11-14  Cycle V-slope 187
2013 (70)

VALUES FOR SUBJECTS WITH CHD

Ohuchi et al. 8-21  Treadmill V-slope NR
1996 (74)

Groen et al. 11-17  Cycle VO, 164
2010 (48)

Mdiller et al. 11-14  Cycle V-slope 175
2013 (70)

VALUES FOR SUBJECTS WITH LUNG DISEASE

Groen et al. 14-16  Cycle V/NO, 188
2010 (48)

(ml-kgi" -mini) | (ml-kg" - mini') peak\'IO2 VAT

YF 38 YF 23 YF 61 5%
YM 42 YM 26 YM 64

OF 34 OF 19 OF 58

OM 50 OMm 27 OM 55

F41.9 F26.8 F 64 2.5%
M51.3 M 30.9 M 60

41-47 30-35 71-75 18%
46.4 20.7 44.6 9%
1.65 L/min 0.87-0.9 L/min 55 0
49.3 314 64 NR
F42 F 26 F62 NR
M 47 M 28 M 61

394 22.1 56 0
42.4 215 51 0
29.1 18.7 67.5 12.5%
33.7 27.5 81.7 NR
355 20.7 59 0
425 254 59.7 NR

bpm = heart rate in beats per minute. CHD = congestive heart disease. F = females. M = males. NR = not recorded. OF = older females. OM = older

males. YF = young females. YM = young males.

The VAT is sensitive enough to detect improve-
ments in fitness (43, 69). Some studies have
reported an increase in the \'/O2 at VAT with train-
ing in prepubertal children (69). When peak VO,
is not achieved, either by effort or by design, it is
possible to detect changes in fitness by perform-
ing submaximal studies and measuring the VO,
at the VAT before and after training (69) or other
intervention, such as bed rest from surgery.

The VAT is also useful in children with special
conditions. It has provided a good indicator of fit-
ness in children with cystic fibrosis and those born
premature, but the results are not as consistent for
children with congenital heart disease. Children
with cystic fibrosis demonstrated a VO, at VAT
similar to that of healthy children (97). Children
who were born premature also demonstrated
similar normal findings (55).
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In children with heart disease, the reported
findings have varied, from more normal values
such as 59% (70) and 67.5% (74) to values of 81.7%
of peak \'/O2 (48). Such values did not appear to
be dependent on level of peak VO,. Patients with
some of the less complex congenital cardiac
lesions have peak V02 values closer to values in
normal children. More complex heart disease will
affect oxygen delivery—for example, the inability
of the heart rate to increase with exercise—or
problems with stroke volume—for example, when
the right ventricle is the systemic ventricle. This
will greatly affect peak \'/O2 in these individuals.
The study that reported the highest VO, at VAT in
heart disease patients also reported VOzvalues at
VAT that were very similar to the normal values
(seetable 8.3). These patients also had lower peak
heart rates, which could be related to effort or
chronotropic incompetence.

Submaximal Testing Protocols

A number of different testing approaches have
been developed whereby \'/OZmax can be estimated
by values of heart rate or VO, obtained during
submaximal exercise. While these can be applied
to subjects who fail to provide a true exhaustive
effort (i.e., consistent with criteria for a maximal
test), a certain sacrifice of accuracy in assessing
aerobic fitness must be accepted. Such submaxi-
mal tests may be applicable when evaluating large
groups of subjects in epidemiologic studies or
when equipment to determine gas exchange vari-
ables is not available.

Physical Work Capacity

The goal of submaximal testing is to produce a sig-
nificant level of exercise—although not peak—to
gather physiological data by which one can draw
educated conclusions about physiological reserve
or fitness. The Astrand-Rhyming nomogram was
one of the first developed to predict \'/O2 from
a submaximal work test on a cycle ergometer
(4). The Astrand-Rhyming nomogram predicts
maximum oxygen consumption from the linear
relationship of heart rate response to several
increasing workloads (4, 25). Work is increased
on a cycle ergometer until the subject achieves a
predetermined heart rate. Most commonly this is
170 bpm in healthy adults. The higher the amount
of work needed to achieve that heart rate, physi-

cal work capacity at a heart rate of 170 bpm, or
PWC 170, the higher the VO, for that subject.
Original work by Astrand et al. used six-minute
stages, achieving steady state in each, defined
by a plateau in heart rate before changing to the
next workload (6).

In children a shorter stage length has been
used, 2 and 3 min long, lowering total test time and
enhancing compliance (66). Rowland (80) reported
that children can reach a heart rate plateau in 2
min. To better understand stage length and to
predict peak \'/O2 from PWC 170, investigators
compared three different stage lengths in 11- to
16-year-old children (15). They found that each
protocol produced different predicted peak \'/O2
values. It was observed that PWC 170 was weakly
to moderately correlated to measured peak VOZ,
and these authors concluded that it was not con-
sidered a strong surrogate for peak VOZ. Interest-
ingly, the 2 min stage protocol correlated best to
peak \‘/O2 (r = .51). For children between the ages
of 11 and 16, the shorter protocol is acceptable,
providing a shorter testing session so that more
subjects can be tested.

Heyman et al. studied the utility of submaximal
exercise testing on a cycle ergometer in healthy
9-to 14-year-old boys (52).They used 3 min stages
at each workload to get to a near steady-state
metabolism and to avoid leg muscle fatigue that
could limit how much work was performed. This
was followed up by a second experiment with
a different group of subjects, using the testing
protocol formulated from the results of the first
experiment. They produced a prediction equation
for peak watts using height. This increased the
workloads by a slightly larger amount in taller
subjects for the second group. The second group
also performed a second test without \'/O2 mea-
surements. With this approach, improvement was
observed in the correlation between measured
and calculated \702, from r = .67 (boys) to .93
(girls) to r = .84 (boys) to .96 (girls). The correla-
tion when the measured peak \'/O2 was predicted
from the calculated peak VO, for all subjects was
r = .97 for L/min and r = .98 when corrected for
body weight in kilograms. Also in this study, work
in watts predicted peak \'/O2 better than heart rate,
r=.99 versus r = .94, respectively.

In a study of 14 boys with type 1 diabetes, good
correlation was found between PWC 170 and peak
\702, r = .81, using a 2 min cycle ergometer proto-
col (56). PWC 170 has also been used to evaluate



102 Garofano

differences in calculated peak \'/O2 between normal
subjects and patients with idiopathic scoliosis
(32). Other special populations of children may not
be able to achieve a peak heart rate of 170 bpm,
limiting the usefulness of the submaximal test (54,
57, 81). It seems clear that the best predictor of
peak V02 is from peak work on the cycle ergometer.
Smaller children may not fit the available stan-
dard cycle ergometers, and modifications are
needed for the seat height and crank arm length.
Some labs will have two cycle ergometers to
accommodate all sizes of children.

Submaximal \’/O2

Two studies measured \'/O2 in a group of obese
children and reported a very good correlation, P
=.996 and 7 = .75, respectively, between measured
peak VO, and predicted peak VO, calculated from
submaximal heart rate and VO, during treadmill
walking (18, 71). The protocol selected for the
HALO (18) project was not a standard treadmill
protocol; instead, the protocol was derived from
studies of obese subjects in which the subjects
selected their own walking speed. The self-paced
walking speed was maintained or increased
slightly early in the protocol for comfort, and
incline was increased every 4 min until 85% of
age-predicted maximum heart rate. These authors
extrapolated the submaximal heart rate and VO,
responses to the age-predicted maximal heart
rates. The regression value they reported is very
high for predicted \'/O2 for treadmill exercise.
The second study proposed using heart rate
and speed from a 4 min submaximal walking pro-
tocol (70). After two minutes of rest following a 4
min walk protocol, the subjects performed a more
traditional progressive treadmill test to volitional
fatigue. The experimenters validated their predic-
tion equation in a second group of subjects and
demonstrated good results in predicting \'/OZmaX (r=
.89). For the HALO project (18), two issues need to
be pointed out. First, each subject achieved 85% of
predicted heart rate, and the measured \'/O2 during
the submaximal exercise study was 93% of peak.
Thus, this is very close to a peak exercise study,
accounting for the very high correlation with
VOZmaX. Second, the authors used the formula 220
- age to calculate the maximum predicted heart
rates for their subjects. Other researchers (62,
81, 92) disagree with this age-predicted maximum
calculation in children, certainly younger children.
Not every subject can achieve 100% of the age-
predicted maximum heart rate at peak exercise,

and therefore a single target number should not be
used (62). Peak heart rate has been shown to be
lower on a cycle ergometer (4), and therefore peak
heart rate ranges should be adjusted to account
for the testing protocol used.

Oxygen Uptake Efficiency Slope

The oxygen uptake efficiency slope (OUES) was
originally developed as a submaximal, effort-
independent measurement of the efficiency of
the body in extracting oxygen from ambient air
and using this oxygen to perform work (8). With
parameters of minute ventilation on the x-axis and
oxygen consumption on the y-axis, a plot between
the two provides the oxygen consumption at
certain ventilation parameters during exercise.
OUES is the slope of this relationship with values
of ventilation and oxygen uptake, made linear by
expressing values by log transformation (10).
It has been reported that the OUES is protocol
independent because similar values have been
obtained on two different treadmill protocols
(9, 90). The differences between ergometers,
cycle or treadmill, has not been explored for the
same population.

The OUES has been described as the \'/O2 per
tenfold increase in ventilation (2), referring to
the base 10 log. The steeper the slope, the more
efficient the subject is at using the oxygen for the
amount of air taken in during exercise. There is,
in fact, a well-established relationship between
V, and \'/O2 during progressive exercise (4, 85):
The slope qf V. is known to increase at a higher
rate than VO, at and after the VAT (94). OUES
is influenced by lactate accumulation at higher
workloads and dead space ventilation. Both of
these responses can alter ventilation or effective
pulmonary ventilation.

Other factors can influence the OUES. Increased
\'/CO2 production with an early VAT (as often
seen in patients with heart disease) will increase
ventilation. Increased dead space ventilation, as
with lung disease, will reduce the amount of air
available to provide oxygen to the lung, result-
ing in alveolar hypoventilation. The consequent
derangement in ventilation:perfusion balance
can be detected in resting and exercise oxygen
saturation (17).

In children OUES is affected by changes due
to growth and maturation (2). Increases in body
height and mass, as well as muscle mass, specifi-
cally in boys, increase both V, and VO2. Normal
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changes with puberty will affect OUES, and as
many studies point out, caution should be used
when interpreting these results and when com-
paring normal subjects to children with various
conditions (2, 38, 65).

Adult studies with healthy subjects and sub-
jects with heart disease have shown good corre-
lations of OUES to VOzpeak. Since it was originally
developed for a submaximal purpose, investiga-
tors have divided the results of OUES into percent-
ages of the total exercise time or peak VOZ. Most
of the studies have performed one peak work test
and then shortened the data points to some por-
tion of the peak VOZ—OUES 50% or OUES 75%, for
example. The objective of such investigations has
been to compare the OUES slopes to determine if
the submaximal portion of the study would have
provided the same results as the whole data set.
Several studies, in fact, have reported that the
submaximal data set will produce an OUES slope
that was not statistically different from the OUES
slope from all the data points. More often the data
sets that are a higher percentage of the total have
performed better (86, 87). These studies have
reported very good correlations between differ-
ent OUES l‘evels of 75%, 80%, and 90% of peak \'/O2
and peak VO, (r = .81-.94). The lowest data sets of
OUES 25% and OUES 50% have been shown to be
the least reliable. The correlation of OUES 25% was
reported as r = .35 (31).

Some disagreement exists over authors’ differ-
ent use of techniques and ergometers in creating
submaximal data sets to establish OUES. The
grouping of data up to the VAT has been used,
as have higher intensities where the respira-
tory exchange ratio (RER) is 1.0 or 1.1. There
is also uncertainty whether to include resting
data or to start with unloaded cycling or with
the onset of work (2, 3). The breathing pattern
may be erratic at rest and at very low workload
conditions, becoming even more so as workload
increases (31, 76). Others have reported that the
last workloads increase ventilation significantly
more than \'/O2 and lower the OUES slope (3, 38).
Both of these factors could change the OUES
100% slope. The majority of the studies (15 of
17) included resting data (2, 17).

The VAT is often used as a reference point
because of its strong relationship with peak VOZ.
Overall, a good correlation has been reported
between \'/O2 at VAT and the OUES slope. Different
methods of detecting the VAT can also influence
results, while there is only one method to calculate
the OUES (98).

There have been studies examining OUES in
healthy children as well as in those with congenital
heart disease, cystic fibrosis, and obesity. In gen-
eral these have demonstrated a good correlation
with peak VO, (r = .76-.94). OUES 100% has corre-
lated with peak VO, and VAT in healthy children.
There has also been good agreement between
OUES at 75%, 80%, and 100% in normal subjects.
However, the results in children with special con-
ditions have not been as consistent as those for
healthy subjects. OUES can be greatly influenced
by conditions that affect oxygen delivery, changing
\'/O2 as well as possibly increasing V. In certain
heart disease patients where oxygen delivery is
not affected greatly by their lesion, OUES is as reli-
able as with healthy children (17). Others (9) have
reported good agreement between OUES 100%
and OUES 90% but not OUES 75% in children with
congenital heart disease. In that study, the mix of
patients was extensive (seven different lesions)
but did not include cyanotic heart disease.

Giardini et al. reported equally high correlations
with OUES 100% and peak \702, and OUES 50% and
OUES 50% to 100% in patients with noncyanotic
congenital heart disease (47). This was one of
the few investigations that separated the data
points between the first and second halves of the
exercise study. This approach was based on the
authors’ belief that ventilation responses differ
significantly in the latter half of an exercise test
and OUES would therefore be affected. However,
they demonstrated that in this group of patients
the two OUES slopes did not differ significantly.

The most complex heart diseases studied in
children are those with single ventricle or Fontan
physiology. These patients have low peak V02 and,
in a parallel fashion, the lowest OUES slopes for
100%, 75%, and at the VAT (17). Similar to condi-
tions of heart failure, poor oxygen delivery will
drive ventilation, so these patients have very low
OUES slopes by the increased ventilation and the
low VOZ. In a subset of patients who had received
the Fontan surgical repair, those patients where
OUES 75% or at VAT did not correlate with OUES
100% were those who demonstrated arterial
oxygen desaturation at rest (17). Once again, a
factor that will limit oxygen delivery will affect
both of the variables in the OUES slope.

In children with lung diseases characterized
by mild to moderate airflow obstruction (FEV,
46%-107% of predicted), OUES and BSA values at
50% and 75% were significantly lower than those
at OUES 100% of the peak \'/O2 (16). Body surface
area was used to correct the data for differences in
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growth and maturation. In a comparison of healthy
children to those with cystic fibrosis, only OUES
and BSA 50% differed between the two groups.
For the other comparisons of OUES and BSA 75%
and 100%, OUES could not distinguish the cystic
fibrosis group from the control group.

In a group of adult patients with cystic fibrosis,
the authors investigated the reliability of OUES
and other parameters (49). All cardiopulmonary
exercise testing variables demonstrated very good
reliability from test to retest (ICC values 0.86-0.94).
They also found the OUES 70% and 80% did not
differ from OUES 100%, and they correlated with
peak VOZ. The highest correlation existed between
OUES 80% and both peak VO, and OUES 100%. This
group felt most comfortable using the OUES 80%
to predict peak \’/O2 in patients with cystic fibrosis
who had moderate lung disease. Since increased
lung disease will decrease ventilation, this asso-
ciation may not be as useful in those with severe
lung involvement.

OUES has been proposed as a submaximal
measure of fitness in obese and overweight ado-
lescents (53). Drinkard et al. performed exercise
testing in overweight adolescents and controls
(38). They calculated OUES at the VAT, 150% of
the \'/O2 at VAT, and peak exgrcise. Although OUES
correlated well with peak VO,, they found a mag-
nitude bias, where OUES over-predicted peak \'/O2
from low-intensity data sets and under-predicted
peak \'/O2 for higher intensity data sets in over-
weight subjects. The same results were found for
the normal control group at OUES VAT and OUES
150%. In a similar study (65) involving only obese
subjects aged 7 to 18, OUES 100% and OUES VAT
both correlated well with peak \'/O2 (r2 =.44-91).
When these authors compared their findings to
other published data of a normal set of subjects,
OUES was higher than normal with uncorrected
data and lower than normal when OUES was
corrected for body weight, BSA, or fat-free mass
(63). This demonstrates that OUES is influenced
by body size and level of sexual maturation of the
subjects. Therefore OUES may be useful in normal
children who cannot perform a peak effort but not
ideal for predicting VOZ. As with other submaxi-
mal exercise protocols to predict VO,, nothing is
ideal or completely independent of the size of the
child or how much work he or she performs. No
current data are available on changes in OUES
during puberty.

There are limited data suggesting the OUES
can detect improvements in aerobic fitness

from chronic training. Gademan et al. trained 34
heart failure patients and demonstrated a 14%
improvement in peak \'/O2 (41, 91). They also
found improvement of similar magnitude for the
OUES slopes for 75%, 90%, and 100% of peak VOZ.
Others (19, 33, 68) have shown improvements
in peak \’/O2 and OUES with 3 mo of supervised
training. Although OUES at 90% and at a RER of
1.0 increased, other parameters showed improve-
ments as well. The \'/O2 at VAT increased and the
slope of V/VCO, decreased. OUES did not seem to
be superior to the other indicators in demonstrat-
ing improvements in fitness from training.

The consensus of the research data indicates
that OUES is a useful submaximal measure of aero-
bic fitness that is effort independent. It has been
shown to be reproducible and does not suffer the
intra-observer or inter-observer discrepancies
often encountered with VAT (90). The OUES is easy
to calculate and is determined by many more data
points than VAT, peak work, or peak heart rate.
The consensus of the research data indicates that
it is most useful at the higher percentages of the
peak \702 (that is, OUES 80% or OUES 90%). OUES
below 45% to 50% of peak VO, is less reliable and
does not correlate as well with peak VO, (73).
There is conflicting evidence regarding whether
OUES is equally useful in predicting peak \'/O2 in
healthy subjects and in those with chronic heart
or lung disease (13).

Conclusion

In summary, our quest is to determine children’s
functional capacity so they can engage in physical
activity for all of the benefits exercise provides.
We want to be safe and prudent in our recom-
mendation for increasing activity, certainly when
a child has a condition that may limit the level of
exercise. Exercise testing is essential to achieve
this goal. Simple measurement of workload on
a cycle ergometer will provide information on
how close we are to “normal.” Peak workload
on a cycle ergometer is a measure of very vigor-
ous exercise. The calibration of the cycle is often
very good, and the workloads are very consistent
over fast and slow pedaling. It is therefore a very
useful measure of functional capacity for many
subjects of different sizes and levels of physical
conditioning. Within-subject reliability is also very
good, so we can compare the child’s responses
over time accurately. Work in watts measured on
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the cycle ergometer can be used in a calculation
to predict the oxygen consumption, again giving
us a measure of functional capacity.

Current research indicates that one can pre-
dict the peak VO, from the VO, at VAT with good
accuracy in healthy children as well as in those
with lung disease. Caution should be used when
predicting peak VO, from the VO, at VAT in chil-
dren with congenital heart disease. Metabolic
measurements need to be available to calculate
the VAT, which adds to the cost and resources
needed to predict the \’/O2 from this method. The
measurement of VAT becomes more useful when
a submaximal effort has limited the exercise test.
Age, comprehension, size, motivation, and pro-
tocol all factor into a submaximal response. The
caveat of the method is when we assume that the
\'/O2 at VAT is about 60% of the peak VOZ. Physical
conditioning and specifically a lack of physical fit-
ness influence this method greatly, and this may
lead to over- or underestimation of peak \702. We
know that physical deconditioning, either from
being sedentary or as the result of a disease pro-
cess, lowers the VO, at the VAT.

OUES is a useful submaximal measure of
aerobic fitness that is effort independent. This
method also relies on the availability of metabolic
measurements. It has been shown to be repro-
ducible and does not suffer the intra-observer or
inter-observer discrepancies often encountered
with VAT. The OUES is easy to calculate and is
determined by many more data points than VAT,
peak work, or peak heart rate. The consensus of
the research data indicates that it is most useful
at the higher percentages of the peak \'/O2 (that
is, cut points of OUES 80% and OUES 90%). OUES
below 45% to 50% of peak \'/O2 is less reliable and
does not correlate as well with peak VO,. There

is conflicting evidence regarding whether OUES
is equally useful in predicting peak VO, in healthy
subjects and in those with chronic heart or lung
disease. If a subject can achieve 80% or 90% of
predicted peak VOZ, many of us would consider
that an adequate level of exertion. If the subject
achieves 80% or 90% of peak \702, we do not know
if the OUES slope can be abnormal. My guess is
probably not. The slope of the line that represents
the V, and \'/O2 relationship is strongly influenced
by the onset of anaerobic metabolism. The V-slope
method of VAT detection is based on the change in
that slope. Therefore the choice of the cut points
will influence the OUES slope. Another factor that
will influence the OUES is the choice of ergometer.
We know that the peak \'/O2 on the cycle ergometer
is about 10% to 15% less than what is achieved
on a treadmill. Therefore percent cut points will
actually represent different amounts of \702. This
could be problematic if we did not have equations
for both the treadmill and cycle ergometer.

The six-minute walk is a simple test that is easy
to administer and has good reproducibility. There
are two versions, encouraged and unencouraged.
The unencouraged version may reduce variability
among test administrators. Distance and dyspnea
score are recorded. The words and phrases of the
Borg scale may not be completely understood by
young children. Other scales with pictures have
been used to assess the child’s perceived exertion.
The six-minute walk test may be more useful in
underserved areas where metabolic equipment is
not available. Also, large groups of children can be
tested at very little cost, and over time increases
in distance walked and a lower rate of perceived
exertion may relate to improved fitness. This topic
has been covered in greater detail in chapter 3.
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CHAPTER

9

Cardiac Output

Measurement Techniques

Darren E.R. Warburton, PhD, and Shannon S.D. Bredin, PhD

ardiovascular (or cardiopulmonary)

fitness is an important determinant of

exercise performance and the capacity
to carry out activities of daily living (3, 31, 32,
84). Cardiovascular fitness (traditionally defined)
relates to the ability to transport and utilize
oxygen during exercise and work, reflecting the
collective efficiency of the lungs, heart, vascular
system, and exercising muscles (84). As outlined
throughout this text, leading exercise and clinical
physiology laboratories will assess cardiovascular
(aerobic) fitness during exercise tests that allow
for the determination of peak or maximal aerobic
power (VO, . the maximal rate of oxygen con-
sumption) (89). According to the Fick equation,
\'/OZmaX is the product of cardiac output (Q) and
arteriovenous oxygen difference (a-vO, diff) (80).
Cardiac output (L/min) is the product of heart rate
(bpm) and stroke volume (ml/beat) (87). The a-vO,
diff refers to the difference in the oxygen content of
arterial and venous blood and reflects the oxygen
extraction at the tissue level (mg/dl) (80).

As discussed elsewhere in this text, the mea-
surement of \702mX in young people is generally
more difficult to interpret (3, 89) than in adults
owing to the variability of the physiological
responses to maximal exercise seen during growth
and maturation. Furthermore, the interpretation
of aerobic fitness is confounded by the need to
appropriately account for differences in body size
(89, 90). However, the direct (or indirect) assess-
ment of \'/OZmaX in youth has important implica-
tions for optimal health- and performance-related
physical fitness (84). Owing to the importance of
Q for oxygen transport and optimal human per-
formance, this chapter will briefly outline some
of the traditional and novel means of assessing Q
during exercise in young people. This includes a
critical analysis of the strengths and weaknesses

of each technology with particular reference to the
usability of each technology with children during
exercise. Normal values expected for maximal Q
in youth are presented in chapter 6.

Cardiac output is widely held to be a key (often
primary) determinant of exercise performance
in healthy people (84) and in those living with
chronic medical conditions (81, 85). Cardiac
output is related directly to oxygen transport,
aerobic fitness, and optimal exercise perfor-
mance (87). Thus, the accurate assessment of Q
is important for the evaluation of the cardiovas-
cular responses to exercise, physical training,
and growth and maturation (87). As reviewed
elsewhere, the measurement of Q under exercise
conditions (especially maximal exercise condi-
tions) is perhaps one of the most important yet
difficult measures in exercise and clinical physiol-
ogy (82, 83). A series of methodologies have been
proposed and used to measure Qunder resting and
exercise conditions (82, 83).

Invasive Versus
Noninvasive Techniques

Invasive and noninvasive measures of Qhave been
largely taken in adult populations; however, there
is mounting evidence demonstrating the utility
of many of these technologies in children and
adolescents, particularly in clinical settings. This
chapter will briefly review the major techniques
used today and evaluate the evidence for their
suitability in pediatric populations.

The criterion (often referred to as “gold stan-
dard”) methods of measuring Q during resting
and submaximal exercise are invasive proce-
dures (such as the direct Fick and dye-dilution
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methods) that require venous or arterial cannu-
lation (82, 87). Recently, experts in clinical and
exercise physiology have argued that we must
be cautious about considering the direct Fick
and dye-dilution methods to be gold standard
comparisons (87). Theoretically, the direct Fick
is the optimal means of determining Q at rest and
during exercise, and it has been the standard to
which most other technologies were compared. In
fact, both the direct Fick and dye-dilution methods
have been shown to be reliable during steady-state
conditions such as at rest and during submaximal
exercise (82, 83). However, the validity of both
measures during strenuous exercise has been chal-
lenged owing to the difficulty of achieving reliable
measurements under non-steady-state conditions
(a prerequisite for accurate measurement in the
direct Fick) (82, 83). Moreover, the invasiveness
and inherent risks associated with both technolo-
gies limit their use during strenuous to maximal
exercise and in healthy individuals (82, 87). Most
studies conducted with children using these
methods have involved those who were already
undergoing catheterization as part of their medical
assessment (87). These techniques are very diffi-
cult to perform in traditional laboratory settings;
they require sophisticated medical management
and supervision (87). Thus, it is very difficult to
mimic real-world settings (e.g., races or endurance
events) with these technologies. Similar concerns
have been raised about more invasive techniques
such as thermodilution and lithium dilution, which
evaluate the temporal changes in temperature and
lithium chloride, respectively. Justifiable concern
is also raised about the invasiveness of these tech-
nologies for use with healthy children. Rosenthal
and Bush (65) stated that, “Catheterization is
nowadays unacceptable in healthy children and
the data collected under such a stress bear little
resemblance to normal life.”

A variety of noninvasive measures have been
developed and validated for use at rest and during
exercise in healthy populations owing to the inher-
ent risks associated with invasive measures of Q
(87). Commonly employed technologies include

¢ foreign gas rebreathing,
* Doppler echocardiography,
¢ impedance cardiography, and
e arterial pulse contour.
This chapter will outline the relative strengths

and weaknesses of these approaches for the evalu-
ation of Q in children. In particular, we provide

insight into the reliability and validity of these
measures for assessing Q during incremental to
maximal exercise.

Direct Fick Method

The direct Fick method calculates Qvia oxygen or
carbon dioxide content from arterial and mixed
venous blood in combination with \'/O2 or CO,
elimination (VCO,) during steady-state conditions
(87). This invasive methodology requires arterial
blood sampling from a systemic arterial catheter
(often the brachial artery) and a mixed venous
blood sample from a pulmonary artery catheter
(18, 82). Blood sampling in conjunction with
expired air analysis of \'/O2 or \'/CO2 (82) allows for
the calculation of Q via the direct Fick equation
O=— YO0

Ca0, - CvO0,
where Q = cardiac output (L/min), VO, = oxygen
consumption (L/min), CaO, = arterial content
of oxygen, and CVO, = mixed venous content of
oxygen.

The direct Fick method has consistently been
shown to be reliable at rest and during submaximal
steady-state exercise, often with coefficients of
variation of 5% or less (34, 82). However, steady-
state conditions are reqqired for the attainment
of accurate measures of Q (18, 82). This is seldom
possible during vigorous or maximal exercise,
thereby limiting greatly the use of the direct Fick
assessment of Qat these exercise intensities (82).
Furthermore, the direct Fick method requires
specialized medical personnel and equipment
(87). Without meticulous care, the reliability and
validity of this procedure may be worse than other
techniques (82). There are also several potentially
fatal complications associated with ventricular
catheterization (such as ventricular arrhythmias
and fibrillation, and perforation of the pulmonary
artery or right ventricle) (82, 87). However, this
risk should not be overstated because these
procedures are always conducted with trained
health professionals, and the incidence of these
complications is relatively low (87).

The direct Fick continues to be used with
healthy individuals (largely adults) in clinical and
limited research applications. However, owing to
the aforementioned limitations, this technique
is less often used with strenuous to maximal
exercise conditions (especially with children and



How Should Cardiac Output Measures Be Adjusted for Body Differences? =

Pediatric cardiologists and clinical exercise physiolo-
gists have increasingly recognized the importance
of correcting measures of cardiovascular structure
and function for differences in body size (13, 22,
78). It is well recognized that a larger body size will
have a greater oxygen demand and therefore higher
blood flow (13). Appropriate controls are needed
(particularly in maturing children) to account for the
influence of differences in body size on measures of
cardiac structure and function. There is considerable
debate about the optimal scaling method. The most
frequently used scaling method involves the simple
division of a cardiac measure (such as Q) by a measure
of body size (i.e., ratio [ratiometric] scaling) (13, 22).
However, this technique does not account for the
complex and often nonlinear relationship between
cardiac function and body size (13). Also, as reviewed
by Chantler and colleagues, traditional linear regres-
sion models may either over- or under-correct for
the effects of body size, leading to potentially flawed
conclusions (13). Moreover, a basic assumption of
linear regression is constant variance (homoscedastic-
ity) such that each response variable (e.g., Q) has the
same variance in error (standard deviation) regard-
less of the predictor (e.g., body mass). However, the
literature indicates that Q can vary widely over the
range of body mass (13, 22). Furthermore, several
cardiovascular variables that have been scaled by
ratiometric approaches remain related to body size
after scaling, which indicates that appropriate nor-
malization did not occur (i.e., the scaling procedures
did not produce a body-size-independent cardio-
vascular measure) (22). Therefore, alternative scaling
procedures have been widely advocated, particularly
for use with children.

Allometric scaling involves the division of a cardio-
vascular measure (such as Q or stroke volume) by a
body size measure raised to a scalar exponent (22).
Simply stated, the allometric body size correction
is described as y = a(x), where y is the physiologic
variable (i.e., cardiac output), x is body mass, a is the
proportionality coefficient (scaling factor), and b is
the allometric scaling exponent, derived from the
linear equation log y = log a + b(log x) among par-
ticipants in a particular group (54). The physiologic

variable can then be "normalized" for body size in the
individual subjectsin this group asy/xb.This approach
has several advantages over traditional ratiometric
scaling, one of which is that it removes the effects of
body size on cardiovascular structure and function
(22). For instance, Turley and colleagues, using data
from the HERITAGE study, revealed that traditional
ratio scaling, regardless of the body size variable
(body surface area, weight, fat-free mass), did not
appropriately normalize Q or stroke volume in indi-
viduals between the ages of 17 and 65 (77). Moreover,
Rowland and colleagues revealed that allometric
scaling of \'/OZmax, Qmax, and maximal stroke volume
eliminated the effects of body size in premenarcheal
girls, but ratiometric scaling approaches did not (66).
Allometric scaling appears to be particularly effective
at minimizing the effects of body size on cardiovas-
cular measures in obese persons (22).

Several factors have been used as scaling vari-
ables to correct measures of cardiovascular structure
and function. Body mass index, body surface area,
and lean body mass have been commonly used as
scaling variables (13). Cardiac measures (particularly
cardiac dimensions, Q and stroke volume) are often
scaled by the simple division of body surface area
(22). This is a routine practice in adult cardiology
and exercise physiology studies. However, it is a less
common practice in pediatric settings. The scaling
of cardiac measures via body surface area and body
mass has been criticized widely (13, 22). As reviewed
by Dewey et al. (22), anthropometric variables (such
as body mass and body surface area) include tissues
with a high metabolic potential (e.g., muscle) and
tissues with a low metabolic potential (e.g., adipose
tissue and extravascular fluid volumes). The influ-
ence of low-metabolic-potential tissues on body
mass and body surface area measures is especially
significant in obese patients and in those with high
extracellular fluid volumes (e.g., patients with heart
failure) (22). Therefore, scaling according to body
surface area or body mass is not generally recom-
mended. Instead, body size indices that reflect a
tissue mass with high metabolic potential (such as
fat-free mass or lean body mass) should be used to
scale cardiac measures (22).
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adolescents). Pediatric research using the direct
Fick method is generally restricted to resting
evaluations with children who are undergoing
medical treatment that requires invasive catheter-
ization. As previously mentioned, the risks associ-
ated with this technology are often deemed to be
too high for use with healthy youth in exercise
physiology settings. Moreover, the invasiveness of
the procedure makes it very difficult to duplicate
real-world exercise conditions, limiting greatly the
ecological validity of the procedure (87). With the
accuracy and reliability of noninvasive Q assess-
ment technologies, the use of direct Fick to assess
Q in healthy people is not advocated, particularly
in young people (87).

Dye-Dilution Method

Dye dilution (also called indicator dilution) is
another invasive Qassessment technique that has
been compared extensively against the direct Fick
method (62, 82). This technique has demonstrated
relative accuracies similar to the direct Fick (62).
In dye dilution, a bolus of dye (typically 1 ml
indocyanine green) is injected into the venous
circulation (at the pulmonary artery or close to
the right atrium) and arterial blood is sampled
continuously downstream (87). A dye concentra-
tion curve (over time) is created, allowing for the
calculation of Q by dividing the volume of dye
injected by the area under the curve (8, 20, 26).
A larger Q will produce a dye-dilution curve that
rises and falls more rapidly (82, 87).

Coefficients of variation range between 5%
and 10% for the dye-dilution technology at rest
and during submaximal exercise (82). Limited
research has also demonstrated similar reliability
during maximal exercise (26). Dye dilution has
been used largely in adult populations (82) with
pediatric usage being largely limited to critically
ill children. Owing to methodological concerns
(similar to those surrounding the direct Fick
technique), the use of the invasive dye-dilution
method is generally not recommended for deter-
mining Q in children (87).

Pulse dye densitometry is a modification of
dye dilution that has been proposed to be more
suitable for use in healthy persons (87). This less
invasive procedure involves the injection of indica-
tor dye (e.g., indocyanine green) via a central or
peripheral venous line. Changes in the concentra-
tion of the dye are evaluated via pulse oximetry
(i.e., spectrophotometry) (5, 43) on the finger or

nose. The oximetry probe detects changes in the
light of specific wavelengths (2), providing infor-
mation about the arterial concentration ratios of
dye and hemoglobin (43, 87).

There continues to be debate about the validity
and reliability of pulse dye densitometry, espe-
cially at low Q (5, 9, 36). Some studies (in adult
patients) have demonstrated reasonable agree-
ment with other invasive procedures such as ther-
modilution (35-37). However, several authors have
cautioned about the use of this technology, even
during resting conditions. For instance, Reekers
and colleagues (63) compared indocyanine green
dilution measured by pulse dye densitometry to
simultaneous arterial blood indocyanine green
concentration (dye dilution) and found wide limits
of agreement for Qand central blood volume. The
authors concluded that the reliability and clinical
utility of pulse dye densitometry appears to be
limited. Other studies have also noted that there
is a high incidence of low or absent pulse dye
densitometry signals (5).

Although limited in comparison to the adult lit-
erature, pulse dye densitometry has been increas-
ingly used with youth in clinical settings (52) and
with animal models (74). Similar to the adult litera-
ture, there have been reports of difficulty obtaining
reliable pulse waveforms at rest in children (74).
Moreover, there have been reports that obtaining
valid and reliable measures of blood volume are
problematic using this technology (1); however,
others have demonstrated favorable compari-
sons with results using invasive blood volume
measurements (52). Taguchi and colleagues (74)
have proposed that a three-wavelength system
may be more appropriate and reliable for use with
human children.

Despite the potential of pulse dye densitometry,
to our knowledge, no study has examined Qusing
this technology during incremental to maximal
exercise (in adults or children) (87). One study
compared pulse dye densitometry to another
noninvasive technique (the Modelflow technique)
during light stepping exercise (50). It remains
unclear whether movement artifact during whole-
body vigorous exercise will be a significant barrier
to using this procedure (87). It should be noted
that variations of this technology (making use of
near infrared spectroscopy) have been used to
measure relative changes in muscle perfusion from
rest to maximal cycling exercise (33).

Owing to the lack of reliability often observed
for absolute Q at rest and during exercise condi-
tions, the invasiveness of the procedure, and its
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limited use with children, the use of.this technol-
ogy is not advocated for assessing Q with young,
healthy children. Future advancements in the
technology may enhance its reliability, validity,
and usability in exercise settings. However, the
invasiveness of the procedure will remain a sig-
nificant barrier for use with children.

Thermodilution Method

The thermodilution technique is based on prin-
ciples similar to those of the dye-dilution method
with the exception that a bolus of cold fluid is
injected (into the right atrium) instead of dye (82).
Cardiac output is calculated by measuring the
cooling of the blood using a temperature probe
(thermistor) in the tip of the pulmonary artery
catheter (87).

As reviewed by Warburton et al. (82) there are
several limitations to the thermodilution tech-
nique that may markedly affect its reliability and
validity. Key issues include unknown heat loss
during the handling of the coolant before it enters
the circulation, unknown coolant loss through the
vessel wall, and physiological variations in the
temperature of pulmonary blood (82, 87). Owing
to issues like these, clinicians should be cautious
when using this technique, particularly when
attempting to validate other measures (82). For
instance, several studies have reported a system-
atic overestimation of Q in comparison to other
methods (82). However, studies in children have
shown good agreement between the direct Fick
and thermodilution methods (r = .92) with no
systematic bias (95). Major limitations for use in
children remain the invasiveness of the procedure
and the need for sophisticated medical equipment
and monitoring. Also, repeat Q measurements via
thermodilution may lead to fluid overload in small
subjects (95).

The transpulmonary thermodilution (or arterial
thermodilution) method is a variation of tradi-
tional pulmonary artery thermodilution involv-
ing the injection of cold saline through a central
venous catheter (often the superior vena cava and
femoral vein) and the measurement of thermal
dilution (via a thermistor-tipped catheter) in a
central artery (such as the aorta or femoral artery)
as opposed to the pulmonary artery (87). Using
this technique, it is possible to gain information
about preload (e.g., intrathoracic blood volume
and global end-diastolic volume) and extravascu-
lar lung water (10, 11).

This technique reduces the risks associated
with pulmonary catheters, but it remains inva-
sive, requiring central venous and central artery
catheterization (87). The cold saline injected into
the right atrium is mixed with right ventricular
blood, allowing for changes in temperature to
provide an estimate of Q (49). Therefore, Q is
calculated according to the temperature change
across the cardiopulmonary system similar to
traditional thermodilution (49). This procedure
is attractive for critical care patients who already
have central venous and arterial catheters (49).
It also allows for the calculation of extravascular
lung water and may be useful in the monitoring
of intracardiac shunts (30). The transpulmonary
indicator dilution method compared favorably to
traditional thermodilution (i.e., the pulmonary
artery catheter method) (51) and the direct Fick
method (58, 76) in pediatric patients. Two recent
studies from the same laboratory (10, 11) have
demonstrated that the transpulmonary thermo-
dilution technique was valid and reliable during
exercise in adults. The feasibility, reliability, and
validity of this technique in children during exer-
cise remains to be determined.

Owing to the invasiveness of the procedures,
questions surrounding the reliability and valid-
ity of the measure, limited exercise data, and
the need for sophisticated testing personnel and
equipment, the use of transpulmonary thermo-
dilution cannot be advocated for the determina-
tion of Q in healthy young people during rest or
exercise conditions (87). This procedure may be
more suitable for children undergoing medical
procedures that already involve central venous
and arterial catheters.

Lithium Dilution Method

The lithium dilution technique was first described
by Linton and colleagues (47) and involves the
intravenous (via a peripheral or central vein)
injection of isotonic lithium chloride solution
(150 mM) into a peripheral (or central) vein (49,
87). An arterial lithium concentration-time curve
is constructed by drawing arterial blood through
a lithium sensor (40, 49, 87). The Q is calculated
based on the lithium dosage and the area under
the concentration-time curve (prior to recircula-
tion) according to the formula

Lithium dose - 60
Area-(1-PCV)
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where Q = cardiac output (L/min), area = the
integral of the lithium dilution curve, and PCV =
packed cell volume (calculated as hemoglobin
concentration (g/dl)/34) to correct for the fact
that lithium is only distributed in the plasma of
blood (49).

The lithium dilution technique has been evalu-
ated in children in a clinical setting, revealing a
strong relationship with transpulmonary ther-
modilution (48). Moreover, this technique has
been shown to provide findings similar to other
techniques during resting conditions (42). There
has been a slow but progressive increase in the
use of the lithium dilution technique in exercise
settings, including studies with healthy individuals
(27), heart failure patients (41), and horses (25).
These studies have demonstrated the possibility
of measuring Q during light to maximal exercise
conditions. A commercially available system that
makes use of the lithium dilution technique is pro-
vided by LiDCO Ltd (www.lidco.com). This method
(as discussed later) has been used in the intermit-
tent calibration of Qassessed via continuous blood
pressure. A particular strength of this approach
is the potential to measure continuous (real-time,
beat-to-beat) stroke volume and Qduring exercise
conditions (41).

Although the lithium dilution technique is often
considered minimally invasive (i.e., there is no
need for a central venous or pulmonary artery
catheter), it remains too invasive for routine use
at rest and during exercise in healthy children.

Foreign Gas
Rebreathing Techniques

Foreign gas rebreathing techniques have been
used extensively in clinical and exercise physiol-
ogy settings with adults and children (82, 83, 86).
Inert soluble gases can enter or leave the blood
through the lungs, allowing for the calculation
pulmonary blood flow (which is equivalent to
Q during equilibrium). The Q is estimated by
measuring the rate at which an inert, soluble gas
enters and leaves the bloodstream via the lungs
(24, 82, 87). The rate of disappearance of the inert,
soluble gas is directly proportional to the flow of
blood past the lungs, providing a valid and reli-
able measure of Q during resting and maximal
exercise conditions (82). There are several foreign
gas methods to assess Q, including closed-circuit
rebreathing (86), open-circuit rebreathing, and

single-breath constant exhalation methods (12).
See previous reviews on these procedures for more
details about their reliability and validity (82, 83).

N,O Rebreathing Method

The nitrous oxide (N,O) rebreathing method (as
its names implies) involves the rebreathing and
evaluation of the gas uptake of soluble N,O. This
technique can be used to examine Qin non-steady-
state conditions, but it is affected by ventilatory
abnormalities (82). The technique is generally
more accurate and reliable during submaximal and
maximal exercise than at rest owing to the slight
hyperventilation that often occurs at rest (82, 87).
Several investigations have examined the N,O
rebreathing method at rest and during exercise
in adults (82). Increasing evidence (although still
limited) has evaluated this procedure in children,
including exercise conditions (93, 94, 96). In par-
ticular, a relatively new noninvasive device that
uses N,O rebreathing and a photo-acoustic gas
analyzer (Innocor, Innovision, Odense, Denmark)
has been used with children. This is a low-cost
and portable alternative to traditional foreign gas
rebreathing setups that require a mass spectrom-
eter. As was predicted in 2008 (87), this device
has increasingly been used with children under
exercise conditions. The N,O rebreathing proce-
dure holds considerable promise for the evalu-
ation of Q in young people (particularly during
submaximal and maximal exercise) (87). The gas
mixture is relatively easy to rebreathe and can be
examined via fast-response analyzers (82, 87). The
N,O rebreathing technique is also quite reliable
under strenuous and non-steady-state conditions,
making it particularly attractive for use under
maximal exercise conditions (82).

Acetylene Rebreathing Method

Several international exercise physiology and sport
cardiology laboratories currently make use of the
acetylene rebreathing method to assess cardiac
output during exercise (87). As stated previously
(82), “Many investigators consider it the most
viable means of estimating Q during submaximal
and/or maximal exercise” (p. 33). The acetylene
rebreathing technique has been used in various
research and commercial platforms, including
open circuit, closed-circuit rebreathing, and single-
breath constant exhalation procedures (82).

The closed-circuit acetylene procedure involves
rebreathing a gas mixture containing 35% to 45%
oxygen, 0.5% to 1.0% acetylene, 5% to 10% helium,
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and a balance of nitrogen (82). Many laboratories
employ standard rebreathing frequencies and
durations at rest (approximately 1 breath/1.5 s for
18 s) and during maximal exercise (approximately
1 breath/s for 10 s) (82). Expired concentrations of
gas mixture are measured continuously, generally
by a mass spectrometer interfaced with special-
ized software that calculates Q (82). A constant
level of helium provides an objective indicator of
the adequate mixing of the lung-bag rebreathing
system (82). After the point of equilibration of
acetylene, the rate of disappearance of acetylene
is directly proportional to pulmonary blood flow,
allowing for the estimation of Q (82). The math-
ematical formulae behind the technique has been
described in detail elsewhere (82).

Acetylene rebreathing has well established
reliability (5%-10%) under exercise conditions,
and reliability improves with increasing exercise
intensity (82). The technique has also been vali-
dated at rest and in exercise conditions against
criterion methods, including the invasive direct
Fick and dye-dilution methods (82).

The open-circuit acetylene technique involves
the normal breathing of a mixture of two inert
gases (soluble acetylene and insoluble argon)
(29). In this technique, a wash-in period of 6 to 10
breaths of the inert gases is used with an attempt
to maintain a normal breathing pattern (39, 83).
Gledhill’s laboratory was the first to use the open-
circuit technique during incremental to maximal
exercise in healthy adults (12). In the first study,
Card and colleagues (12) demonstrated a strong
relationship (r = .974) between the open- and
closed-circuit acetylene systems during incremen-
tal to maximal exercise in healthy adult males. The
authors acknowledged several advantages of this
system, including ease of operation for the evalu-
ator and participant, greater tolerance by partici-
pants, and the ability to breathe almost normally
during the procedure (i.e., spontaneous breathing
with no disturbance in the normal breathing pat-
tern). This technique has been used increasingly in
the literature, but its acceptance has been slower
than anticipated by the original authors (12). The
use of this technique has been hampered greatly
by its current reliance on mass spectrometry and
customized software. Nonetheless, the procedure
has been shown to be reliable (7, 23) and valid
(particularly for submaximal exercise conditions).
The technique has compared favorably to a wide
range of techniques, including the acetylene
rebreathing closed-circuit technique, direct Fick,
and thermodilution (4, 7, 29, 39). Several investiga-

tions have used this technique in healthy young
and older adults during exercise (4, 7, 23, 39). This
technique may be better for use with children
owing to the use of spontaneous rather than forced
breathing (53, 87).

Acetylene-based techniques have several
advantages for assessing cardiac function during
exercise (including maximal exercise) (87). In par-
ticular, the ability to accurately and reliably deter-
mine Q during strenuous and non-steady-state
conditions is attractive for use in young people,
adults, and clinical populations (82). Fast-response
acetylene gas analyzers have been created, greatly
reducing the costs of this methodology by remov-
ing the need for mass spectrometry (82, 87). It can
be anticipated that laboratories will increasingly
use this method to assess the Q of young people
during exercise. Both the open- and closed-circuit
acetylene systems appear to be appropriate for
the determination of Qin young people.

Acetylene Single-Breath Constant
Exhalation Procedure

The addition of rapid response infrared acetylene
analyzers to commercially available metabolic
carts (such as the Ergocard from Medisoft) rep-
resented a significant shift in what traditional
exercise physiology laboratories could evaluate
during exercise. Pulmonary blood flow and Q can
be assessed using this system through the use of
a single, prolonged, constant expiration of acety-
lene (87). Participants are required to breathe
a gas mixture that contains 0.3% methane, 0.3%
acetylene, 21% oxygen, 0.3% carbon monoxide,
and the balance nitrogen (83). Exercising subjects
are asked to inhale the gas mixture to total lung
volume and hold their breath for approximately
2 s (allowing for acetylene absorption into tis-
sues and gas distribution equilibration) (83, 97).
Participants then exhale at a constant rate of 200
to 500 ml/s, and rapid response infrared sensors
detect the changes in the respective gas con-
centrations, allowing for the determination of Q
(83). Further details regarding the mathematical
relationship between gas absorption and Q can
be found elsewhere (83, 97).

Several investigations demonstrated the reli-
ability and validity of the single-breath constant
exhalation procedure (75). This technique has
been shown to be reliable during incremental to
maximal exercise conditions (23, 75). However,
several investigators have noted the difficulty
some participants have exhaling at a constant
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flow rate during strenuous (particularly maxi-
mal) exercise (23). In our experience, it has been
difficult to conduct this procedure in children
during strenuous exercise. Further research is
warranted to examine the reliability, validity,
and feasibility of this procedure for assessing Q
in young people (87).

CO, Rebreathing Method

The CO, rebreathing (indirect Fick) method has
been used extensively in clinical and exercise
physiology settings (82). This technique involves
the assessment of the CO, content of the blood
using either the Collier (17) or Defares (21) meth-
ods. The Qis estimated from pulmonary capillary
blood flow assessed using CO, as the indicator gas
in the Fick equation (49, 87). There are several
advantages to measuring CO,; it is easy to mea-
sure, and arterial CO, content can be estimated
from expired gas (49).

As reviewed previously (82), the Collier method
requires that the participant rebreathe a gas mix-
ture containing 10% to 20% CO, until an equilib-
rium is observed. At the equilibrium plateau, there
is no further exchange of CO, between the alveolar-
capillary membrane and the rebreathing bag. It is
assumed that the CO, at this equilibration point
represents the partial pressure of mixed venous
CO, (P CO,). The partial pressure of mixed arterial
CO, (P,CO,) can either be assessed from the blood
(including an arterial blood sample, a capillary
blood sample from the fingertip or ear lobe, or an
arterialized venous blood sample) or estimated
noninvasively from end-tidal CO, (P_CO,) immedi-
ately prior to the start of rebreathing. Correction
factors are sometimes applied to P CO, to correct
for alveolar-arterial differences and to P CO, to
correct for gas-blood differences (82).

In the Defares method, participants rebreathe
from a bag containing a low concentration of CO,
(i.e., 0%-5%). During the rebreathe procedure, the
CO, increases in an exponential manner toward
the P CO, (82). The exponential slope is used to
determine the point of equilibrium using the end-
tidal CO, values allowing for the determination of
P CO, (82). Unlike the Collier method, no correc-
tion is applied in the Defares method for gas-to-
blood pCO, differences owing to the fact that this
procedure does not require the attainment of an
equilibrium pCO, (87).

In both methods, P CO,or P CO, are used with
an appropriate CO, dissociation curve to estimate
CO, content. The strengths and limitations of

these two methods have been outlined in detail
elsewhere (82). Briefly, the CO, rebreathe method
provides accurate and reliable estimations of Q
during submaximal exercise. A distinct advantage
of this procedure is the simple need for fast-
response CO, analyzers; sophisticated and costly
quadrupole mass spectrometers are not required.
The key limitations of the procedure include the
fact that individual changes in pH, venous oxygen
saturation, and temperature cannot be controlled
for when using a standard dissociation curve for
CO, (eliminating the need for blood sampling).
Most researchers using this technology argue
that these changes have a negligible effect on the
determination of Q; however, this assumption may
not be correct during exercise (82). Also, the accu-
racy and reliability of the procedure are somewhat
limited at rest. A major limitation of the technol-
ogy is the need for steady-state conditions for
the valid measurement of Q (82). Therefore, most
researchers who use the CO, rebreathe method
only examine Q at exercise intensities below 85%
of maximum. However, some have successfully
used the Defares method during maximal exercise
in adults (28). The Collier is extremely difficult to
use during high-intensity exercise owing to the
high concentration of CO, (82).

The CO, rebreathe technology has been used
extensively in adults and children (87). Research
conducted in young people (similar to adult litera-
ture) has revealed several strengths and limita-
tions of the CO, rebreathing procedure, including
greater accuracy during exercise than at rest (6,
96), Q varying depending on the method used to
estimate P,CO, and dead space (56, 57, 70), higher
day-to-day variability in children than in adults
(57), differences related to body surface area
(e.g., less accuracy in children with small body
surface area and small tidal volumes) (45), and
inaccuracy with certain patient populations, such
as those with poor hemodynamic stability, severe
pulmonary disease, or intrapulmonary shunt (49,
59). Research has indicated that studies measuring
Qin children using the equilibrium method should
apply a downstream correction factor to improve
the validity of the procedure (38).

Collectively, the CO, rebreathe method has
been accepted for use during submaximal exer-
cise in adults and young people. It is currently
not advocated for use during maximal exercise
conditions. Also, special measures appear to
be required for valid and reliable measures in
children. If these precautions are not taken, the



Cardiac Output Measurement Techniques 115

reliability and validity of the procedure appears
to be lower in young people than in adults (87).
With the rebreathing technique, the assumption
is made that pulmonary blood flow is equal to
systemic blood flow. In certain patients this is not
true. For instance, in patients with atrial septal
defects, ventricular septal defects, patent arte-
rial ducts, and with other left to right shunts, this
technique will overestimate the cardiac output
because pulmonary blood flow in these patients
is greater than systemic blood flow. Conversely,
in patients with right to left shunts, such as
those with fenestrated Fontans, gas rebreathing
techniques will underestimate systemic blood
flow because systemic blood flow is greater than
pulmonary blood flow.

Doppler Echocardiography

Doppler echocardiography has been used widely
with young people, particularly at rest and during
submaximal exercise. This technology measures
stroke volume by measuring the velocity of blood
in the aorta, pulmonary artery, or mitral valve and
the diameter of the blood vessel through which
blood is flowing (87). In the Doppler method, an
ultrasound wave is transmitted through blood
flowing through a vessel (often the aorta) (83). The
suprasternal notch is the most common location
for the Doppler probe during exercise; this allows
the ultrasound wave to pass through the blood
flowing through the ascending aorta (83).

The movement of red blood cells causes a shift
in the frequency of the reflected ultrasound waves
(i.e., a Doppler frequency shift), which yields a
measure of blood velocity according to the formula

_ Afxc
"~ 2f x cosb

where Af is the shift (change) in frequency (Hz),
f is the frequency of the original ultrasound wave
(Hz), c is the velocity of sound in tissue (1540 m/s)
and 0 is the angle between the blood flow and the
ultrasound signal (83).

The stroke volume (ml/beat) is calculated as
the product of the velocity time integral and the
cross-sectional area of the blood vessel (67, 83).
The Qis calculated as a product of stroke volume
and heart rate.

A key advantage of Doppler echocardiography
is its ability to provide noninvasive, beat-to-beat
measurements of cardiac function at rest, during

submaximal exercise, and during maximal exercise
(with appropriate care). However, the equipment is
quite expensive and requires a high level of training
to use (clinical and national certification in sonog-
raphy), and movement artifact has a significant
effect on the reliability and validity of the method-
ology (particularly during strenuous exercise) (83).
The strengths and weaknesses of this technology
have been reviewed extensively (67, 83).

The validity of Doppler echocardiography in
resting and exercise conditions has been well
established (when conducted by highly trained
sonographers and using appropriate controls)
(83). Several investigations have also reported
good reliability of Q derived via Doppler echo-
cardiography during exercise in children (55,
68, 69, 79). Most laboratories that use Doppler
echocardiography do so during light- to moderate-
intensity exercise, and they apply stringent con-
trols to minimize the effects of movement arti-
fact. This includes using highly trained clinical
sonographers with specialized training in exercise
echocardiography and cycle or supine ergometry.
For laboratories using two-dimensional (with Dop-
pler) echocardiography, these controls in addition
to the evaluation of cardiac function in the left
lateral decubitus position are often employed (83).

In a systematic evaluation of the literature
(83) we revealed that Doppler echocardiography
provides reasonable estimates of resting Qwhen
compared to established invasive and noninva-
sive techniques. Doppler echocardiography also
was able to provide reasonable estimates (on a
beat-by-beat basis) of temporal changes in Qfrom
rest to submaximal exercise. Moreover, there was
good reliability for the measure at rest and during
submaximal exercise (with coefficients of variation
of 10%-15%). However, there was strong evidence
that Doppler echocardiography underestimates
absolute values of Q (by approximately 15%-20%)
during exercise in comparison to other noninva-
sive and invasive measures. It is certainly more
difficult to obtain maximal measures of Q using
Doppler echocardiography (16, 71), although the
procedure appears to be more valid than two-
dimensional echocardiography (16). Various limi-
tations of Doppler echocardiography are identified
in the literature along with potential explanations
for the errors seen at higher intensities of exercise.
These include the effects of elevated breathing
frequencies, movement artifact, and the difficulty
of keeping the transducer in the same location
(in addition to several other technical issues that
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are discussed later in this section). However, we
emphasized the important information that can
be derived from Doppler echocardiography, and
we also highlighted how most other techniques
(including the criterion methods) are limited
during near-maximal exercise conditions.

Chew and colleagues (15) conducted a 20 yr
review of the literature related to Doppler assess-
ments of Q in critically ill children. The authors
reported that the precision of Doppler measure-
ments of Q approximate 30% in comparison to the
direct Fick, dye-dilution, or thermodilution meth-
ods. The inter- and intra-observer repeatability
was similar to other techniques (range 2%-22%),
and the bias was generally less than 10% (despite
considerable variation in studies). The authors
concluded that Doppler echocardiography was
acceptable for tracking changes from baseline in
children but less accurate and reliable than other
methods for reporting absolute values.

A more recent comprehensive review by
Rowland and Obert (67) evaluated the reliability
of Doppler echocardiography during exercise,
highlighting the strengths and weaknesses of the
procedure. The evidence indicated good construct
and concurrent validity and similar reliability to
other measures of Q during exercise. The authors
(established experts in Doppler echocardiog-
raphy) also highlighted how this technology is
particularly suited for use for young children.
The authors emphasized that the technology
provides limited risk and minimal discomfort to
the participant and can be used during incremen-
tal exercise. The authors also acknowledged a
series of limitations of the procedure, including
the reliance on some form of stabilization of the
participant during exercise, leading most research-
ers to use cycle ergometry when using Doppler
echocardiography. Other factors that affect the
reliability and validity of the procedure include
the potential for aortic cross-sectional area change
during exercise, transducer angulation, turbulence
and alteration of a flat velocity profile in the aorta
with increasing Q, and uncertainty about the loca-
tion of the appropriate measurement site for the
aortic outflow area (67).

In summary, Doppler echocardiography has
considerable advantages for assessing Qin young
people. It can provide a noninvasive determina-
tion of beat-by-beat changes in Q during exercise
(including non-steady-state conditions) with a
reliability and validity that are similar to many

other invasive and noninvasive devices. Ques-
tions remain about its absolute accuracy during
maximal exercise and its applicability to exercise
modalities other than cycle ergometry.

Impedance Cardiography

Impedance cardiography (transthoracic electric
bioimpedance) evaluates Q by passing a small (4
mA), high-frequency (100 kHz) alternating current
through the chest (83). Recording electrodes are
placed at specific locations on the upper body to
allow for the monitoring of changes in electrical
impedance. There are many configurations and
recommendations for the optimal measurement
of changes in thoracic impedance. However, the
traditional setup often uses four pairs of elec-
trodes in addition to standard electrocardiography
recordings (49). Many laboratories will use eight
disposable electrodes (four pairs of dual sensors
consisting of transmitting and sensing electrodes)
placed on the base of the neck and lower chest (at
the level of the sternal-xiphoid process junction) to
transmit the electrical current and record imped-
ance changes in the thoracic cavity (49). Band
electrodes are also commonly used in impedance
cardiography.

Impedance cardiography measures changes
in electrical resistance (impedance) that occur
in the thoracic cavity as blood volume increases
and decreases during systole and diastole, respec-
tively (49, 87). Changes in thoracic impedance
during systole are thought to reflect changes in
stroke volume. The continuous assessment of
impedance allows for the evaluation of beat-by-
beat changes in cardiac function. Several formulas
have been used to calculate stroke volume from
changes in thoracic impedance, and these are
described in more detail elsewhere (83).

Considerable debate exists regarding the accu-
racy and reliability of impedance cardiography,
particularly under exercise conditions (83). The
theoretical constructs behind the technology
have also been widely criticized (83). Early work
revealed low to moderate correlations between
impedance cardiography and other technolo-
gies. However, more recent studies revealed good
reliability and accuracy in comparison to other
techniques (83).

Impedance cardiography was often seen to
face great challenges under exercise conditions
(particularly strenuous and maximal exercise). To
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overcome these challenges, many early investiga-
tors would use exercise pauses or breath-holding
procedures, which greatly limited the ecological
validity of the technology (particularly during
exercise) (83).

In recent years, the technology has benefited
from many advancements, particularly related to
its utility during exercise in healthy and clinical
populations. A growing body of research has dem-
onstrated the ability of impedance cardiography
to assess the temporal exercise-related changes
in Q (44, 60). Owing to its ease of administration
and noninvasiveness, impedance cardiography
has been used extensively with children, provid-
ing important insight into cardiovascular dynam-
ics on a beat-by-beat basis and in an operator-
independent manner. Of importance, impedance
cardiography provides minimal intrusion to young
participants (i.e., simply requires the placement
of electrodes on the neck and chest).

There are several commercially available
systems that use impedance cardiography with
advanced filtering techniques. The PhysioFlow
has been used in laboratory (14, 64) and ambula-
tory settings, including prolonged exercise trials,
with success. According to the manufacturer, this
methodology does not rely on the assessment of
baseline impedance (which is affected by hydra-
tion status, blood resistivity, and distance between
electrodes). This device is also well tolerated and
reliable when used with children, including during
maximal exercise (88).

In summary, despite widespread criticism of its
theoretical construct, recent research has shown
that impedance cardiography can track temporal
changes in Qduring exercise conditions. The tech-
nique has many advantages for use with children,
including being noninvasive, portable, versatile,
cost-effective, suitable for measuring beat-by-beat
changes in cardiac and hemodynamic function,
and usable in settings where there is less technical
training and experience (83).

Arterial Pulse Contour Method

The arterial pulse contour method permits a
continuous, beat-to-beat evaluation of Q from
arterial pressure waveform tracings. Available
systems generally provide an estimate of the
aortic pressure waveform from a peripheral
artery such as the brachial artery (invasively
via catheter or noninvasively via tonometry)

or noninvasively from the fingertip (49). The
stroke volume can be assessed using various
models of the systemic circulation as described
elsewhere (49). Stroke volume (and therefore Q)
can be estimated from the diastolic or systolic
portions of the arterial pressure waveform (49).
The pulse contour method provides measures of
relative changes in Q, and a calibration against
another valid measure of Q is often advocated
for the estimation of absolute values (72). The
methodology (and its various modifications) are
described in detail elsewhere (46, 61, 92). Despite
criticism, arterial pulse contour methodologies
have been shown to provide adequate agreement
with other techniques in adults (19, 61) and clini-
cal populations (92).

The Modelflow software developed by Wessel-
ing and coworkers (91) has been incorporated into
the Finapres blood pressure monitoring system.
Therefore, several exercise physiology laborato-
ries from around the world could measure cardiac
function noninvasively via arterial blood pressure
waveforms derived from finger plethysmography
in combination with the Modelflow software. The
Modelflow system has been used increasingly in
the literature and tested against other techniques
(73, 91). However, questions remain about its
ability to accurately measure absolute values of
stroke volume and Q, particularly during exercise.
Calibration against other techniques has been
advocated for the accurate assessment of absolute
stroke volume and Q, limiting the potential utility
of the Modelflow system for children.

Pulse contour analysis techniques have gener-
ally been conducted in adults and clinical popula-
tions. The ease of use and noninvasive nature of
the procedure may make it attractive for use in
young people. However, it is important to highlight
that it is extremely difficult to obtain a reliable
pulse contour during movement and exercise.
Movement artifact is a serious problem when
attempting to utilize this technology.

In summary, the arterial pulse contour analy-
sis method shows promise for noninvasive and
continuous measurement of Q under resting
conditions; however, its ability to track Q during
exercise is currently limited. Moreover, calibration
using other techniques is advocated if accurate
measures of Q are required. It is currently not
advisable to use this technology for exercise con-
ditions in children owing to its limited reliability
and accuracy during exercise and the availability
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of other noninvasive procedures that can assess
cardiac function on a beat-by-beat basis.

Conclusion

There are many invasive and noninvasive tech-
niques for assessing Qin young people. Most of
these techniques were developed for adults in
clinical situations, and therefore they are often

not optimal for use with young people. Recently,
a series of techniques have been developed that
allow for the assessment of QQ at rest and during
exercise. Many of these techniques are noninva-
sive and suitable for use with young people. Each
technique has its relative strengths and weak-
nesses. It is ultimately up to individual clinicians
or researchers to determine the optimal means of
assessing Q for their clients.
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10

Assessing Myocardial Function

mpairment of contractile or relaxation proper-
ties of the ventricular myocardium is a common
end point in the pathogenesis of cardiac dis-
ease. Whether as the result of chronic volume
overload, pressure work, ischemia, or metabolic
disorders, deterioration of myocardial functional
capacity is often a final common result of cardiac
disorders. The health status of the heart muscle
serves, then, as one of the strongest predictors of
morbidity and mortality in patients with cardiac
disease. Therefore, insights into the systolic and
diastolic functional status of the myocardium both
at rest and during exercise are important to clini-
cians seeking to establish a prognosis or determine
the timing of surgical and medical interventions.
Increases in inotropic (systolic) and lusitropic
(diastolic) ventricular function are critical to
augmenting cardiac output during progressive
exercise. As described in chapter 4, a failure to
enhance contractility (and, in a parallel fashion,
myocardial relaxation) as workload increases
will diminish stroke volume response, limiting
maximal cardiac output, VOZmaX, and endurance.
Given these considerations, we should expect
the assessment of systolic and diastolic myocar-
dial responses to exercise to serve as a useful
tool for establishing the severity and prognosis
of cardiac abnormalities. Adult cardiologists have
a long history of measuring heart function by
clinical exercise testing, particularly with radio-
nuclide angiography, given the frequent issues of
congestive heart failure in older patients. Early
on, concerns about myocardial functional status
were limited for pediatric patients with congenital
heart disease, whose pathophysiology typically
involved hypoxemia, pulmonary hypertension,
and critical obstructions. More recently, however,
dramatic advances in pediatric cardiac surgery
have permitted survival and extension of life in
many complex cases of congenital heart disease,

Thomas W. Rowland, MD

creating new clinical problems that include pro-
gressive deterioration in myocardial function.
This trend has created an increasing need to more
completely assess myocardial function both at rest
and during exercise in pediatric patients.

The ideal technique for assessing myocardial
functional responses to exercise would be

¢ noninvasive and feasible, being easy to
perform and measure,

e accurate and reliable,

¢ capable of estimating myocardial perfor-
mance during exercise,

¢ free of radiation risk,

e capable of providing clinically predictive
information, and

¢ not requiring a “maximal” exercise effort.

Unfortunately, at present, despite considerable
progress in measurement technologies, no such
technique has been clearly identified. This chapter
will provide a state-of-the art review of current
methodological approaches to estimating myo-
cardial function with exercise. We will give special
attention to newer echocardiographic techniques
whose clinical utility is still in the early stages of
development but which bear promise for applica-
bility in the future.

In this chapter, inotropic functional capacity,
or myocardial contractility reserve, is defined as
the increase observed in the velocity and force
of heart muscle contraction in the course of a
progressive exercise test. This differs from the
standard physiological definition, which indicates
the extent and speed of myocardial contraction
when loading conditions (preload, afterload) are
kept stable. As indicated in chapter 4, increases in
the force and velocity of myocardial contraction
can be influenced by an increase in precontraction
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fiber length, a rise in heart rate, a reduction in
afterload, sympathetic stimulation, and action of
circulating catecholamines. As all of these influ-
ences are operant in a standard, progressive exer-
cise test performed in the upright position, it is not
possible to easily identify the effects of individual
factors on myocardial functional responses (29).
Consequently, the definition used in this chapter
is empirically derived and encompasses the com-
bined effects of these factors.

Systolic Time Intervals

Measurement of the duration of the components of
the systolic portion of the cardiac cycle (systolic
time intervals, or STIs) was one of the first meth-
ods for noninvasively estimating myocardial con-
tractility. At rest, the left ventricular ejection time
(LVET) increases with contractile responses to
augmented preload, while the pre-ejection period
(PEP, between myocardial activation and blood
ejection) shortens. Thus, a close inverse relation-
ship can be demonstrated between the ratio of
PEP to LVET and the ventricular ejection fraction.
Using STIs determined by simultaneous mea-
surement of electrocardiogram, carotid pulse trace,
and phonocardiogram, estimates of inotropic
function were used clinically to assess the sever-
ity of various forms of congenital and acquired
heart disease in youth. Difficulties arose when
applying STI measures during exercise because
of artifact created by body motion. Nonetheless,
normal values for STIs during submaximal cycling
were reported by Vavra et al., who found similar
shortening of PEP and LVET in boys and men (35).
The STItechnique was cumbersome to perform
and required high-fidelity equipment and close
attention to detail (16). Moreover, the pathophysi-
ological underpinnings of STI findings were compli-
cated, and results varied according to type of heart
disease. Consequently, this approach to assessing
myocardial function was supplanted by other tech-
niques, particularly radionuclide angiography and
echocardiography. As will be noted later in this
chapter, however, measurement of systolic ejec-
tion time (in relation to stroke volume) by Doppler
echocardiographic methods continues to be useful
in estimating cardiac contractility with exercise.

Radionuclide Exercise Testing

Measurement of radiation counts over the heart
by first-pass or gated blood-pool methods after
injection of radioactive tracers provides infor-

mation about ventricular systolic and diastolic
volumes during supine or upright exercise. This
time-honored technique has been commonly used
to estimate exercise-related changes in ventricular
ejection fraction as a marker of global myocardial
functional reserve in adult patients, particularly
those with coronary artery disease. Findings have
correlated nicely with indices of myocardial con-
tractility recorded during cardiac catheterization.

Myocardial radionuclide imaging has not been
as enthusiastically embraced in the assessment of
pediatric patients. The radiation dose in a single
study is less than that normally received by a
patient undergoing standard cardiac catheteriza-
tion, but this concern limits both the number
of subjects examined and the number of serial
examinations performed (10). The method is also
constrained by expense, the need for technical
expertise, and, in children, the absence of data
obtained from healthy control subjects.

DeSouza et al. reported a rise in average ejec-
tion fraction from 63% at rest to 81% at peak
supine exercise using gated equilibrium nuclear
angiograms in 25 subjects aged 8 to 18 with familial
hypercholesterolemia but no clinical evidence of
heart disease (9). Parrish et al. found an average
rise in left ventricular ejection fraction of 14% in
32 children aged 5 to 19 without significant heart
disease (22). The magnitude of increase in ejection
fraction with exhaustive exercise in these reports
of “normal” children is similar to that described
in healthy adult populations (2), in whom a rise of
less than 10% has been identified as abnormal (10).

Nuclear stress tests have been used to evaluate
ventricular function in pediatric patients. These
studies have usually been conducted in the setting
of long-term follow-up after surgery for complex
congenital heart disease, such as atrial switch
for transposition of the great arteries (21), cya-
notic abnormalities with external conduits (33),
and tricuspid valve atresia (1). In these studies,
abnormal ejection fraction responses to exercise
have typically been observed in about half of the
cases, with many patients demonstrating a decline
in ejection fraction.

Pattern of Stroke
Volume Response

As described in chapter 4, during progressive
exercise in the upright position, stroke volume
initially rises by approximately 25% at low intensi-
ties and then remains relatively stable to the point
of exhaustion. This pattern is similar in otherwise
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healthy persons with high and low levels of aero-
bic fitness, the curve being shifted superiorly in
the former. During the course of such an exercise
test, inotropic and lusitropic functions rise as a
means of maintaining the same stroke volume as
the ejection period shortens.

In patients with myocardial dysfunction, the
ability to augment contractile force is insufficient
to maintain stroke volume as workload increases,
and stroke volume can be expected to decline with
increasing exercise intensity (8, 28) (figure 10.1).
Therefore, the assessment of the pattern of change
in stroke volume during exercise by any of the meth-
ods outlined in the previous chapter can be useful
in identifying patients with myocardial dysfunction.

By itself, a low stroke volume value at peak exer-
cise does not necessarily demonstrate depressed
myocardial function, since a reduced peak stroke
volume at exhaustion is characteristic of both
a reduction in aerobic fitness (low VOZmaX) in a
healthy child and impaired myocardial function
with heart disease. However, the latter is more
likely in the person with either a marked depres-
sion of maximal stroke volume or a progressive
reduction in maximal stroke volume on serial
testing over time. Expected normal values for
maximal stroke index (related to body surface
area) are 50 to 60 ml/m” in boys and 45 to 55 ml/
m?in girls with the Doppler ultrasound or carbon
dioxide rebreathing techniques (27). Peak values
are reported to be approximately 10% lower when
using the thoracic bioimpedance method.
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Figure 10.1 Pattern of stroke volume response to
progressive upright exercise in healthy adolescent
subjects (controls) and young patients with myocar-
dial dysfunction (cases).

Reprinted from American Heart Journal, Vol 137, “Cardiovascular
responses to exercise in children and adolescents with myocardial
dysfunction,” pg. 128. Copyright T. Rowland et al., 1999, with permis-
sion of Elsevier.

The relationship between oxygen uptake and
work rate also provides an indirect measure of
stroke volume response. During a progressive
cycle exercise test, \'/O2 should rise linearly with
increasing work (watts); the normal slope of
\'/O2 versus work is 9.0 to 11.0 ml/(min - W). A
depressed slope or a decline in trajectory of this
relationship as work intensity rises is compat-
ible with a depression in myocardial functional
reserve (37).

Oxygen Pulse

Since the equipment capable of estimating stroke
volume or cardiac output is not available in all
exercise testing laboratories, clinicians have
often relied on the oxygen pulse (absolute oxygen
uptake divided by heart rate) as an indirect means
of assessing stroke volume responses to exercise
and, by extension, myocardial contractile health.
According to the Fick equation,

VO, = stroke volume X heartrate (C_,-C )

where the last two terms indicate arterial and
mixed venous oxygen content, respectively. By
rearrangement of this equation, oxygen pulse
reflects the product of stroke volume and arte-
rial venous oxygen content difference. Values are
therefore influenced by individual differences not
only in stroke volume but also in the augmentation
of oxygen extraction at the muscle level as exercise
work intensifies.

The measurement of oxygen pulse during an
exercise test can provide insights into the change
in stroke volume during progressive exercise—and
thus myocardial function—by the assessment of

e the pattern of oxygen pulse as exercise
progresses, and

¢ the values of oxygen pulse at peak exercise.

As indicated previously, stroke volume normally
rises early in a progressive test and then levels off
at low work rates. Concomitantly, arterial venous
oxygen difference, dictated by the rate of oxygen
extraction at the level of the skeletal muscle,
increases steadily, usually in a curvilinear fashion.
In a normal person, oxygen pulse is expected to
rise progressively as the product of the two.

In subjects with normal myocardial functional
responses to exercise, oxygen pulse should pro-
gressively rise as exercise intensity increases. This
can be graphed by the software that accompanies
many commercial metabolic assessment systems.
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While this graph is usually curvilinear, a flatten-
ing or decline in oxygen pulse plotted against
workload during progressive exercise suggests
a dampened stroke volume response, reflecting
limitations in myocardial contractile reserve (19).

A linear rise is normally observed in the
relationship of heart rate to \'/O2 per kg body
mass during a progressive exercise test, with an
expected slope of 2.5 to 4.0 beats per ml/(kg - min)
(6). When plotted against VOZ, arise in heart rate
trajectory (i.e., increased slope) with exercise is
consistent with a diminished stroke volume and
inotropic response (7).

Published reports indicate that oxygen pulse at
maximal exercise provides a reasonable—but not
precise—estimate of peak stroke volume. Among
44 trained soccer players and active nonathletic
adolescents, Unnithan and Rowland (34) found a
correlation coefficient of r = .73 (p < .05) at peak
exercise between oxygen pulse and stroke volume
(estimated by Doppler echocardiography) (figure
10.2). This mimics values described in adults during
moderate-intensity exercise by Norris et al. (20).

Washington et al. (36) provided normal data
for oxygen pulse at maximal exercise related to
body surface area during cycle testing in healthy
children and adolescents (table 10.1). It should
be reemphasized that since oxygen pulse is the
product of the difference between stroke volume
and arterial venous oxygen, factors influencing the
latter (particularly anemia) will affect the validity
of oxygen pulse as a predictor of stroke volume.
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Figure 10.2 Relationship between stroke volume and
oxygen pulse (VO,/heart rate) at peak exercise in ado-
lescent soccer players and nonathletic subjects (r =
73).

Reprinted, by permission, from V. Unnithan and T. Rowland, 2015,
“Use of oxygen pulse in predicting Doppler-derived maximal stroke
volume in adolescents,” Pediatric Exercise Science 27: 12-418.

Likewise, an impaired chronotropic response
to exercise may also affect the reliability of the
oxygen pulse to estimate stroke volume.

Doppler Echocardiographic
Techniques During Exercise

In the course of the historical evolution of clinical
echocardiography, a number of techniques have
developed to effectively assess not only cardiac
anatomy, dimensions, and blood flow but myocar-
dial systolic and diastolic function as well. Some,
particularly those involving measurements of
changes in ventricular size (such as ejection frac-
tion and shortening fraction), are often challeng-
ing to obtain during exercise. Others, particularly
Doppler measures of transmitral filling velocity
and myocardial longitudinal function (tissue
Doppler imaging), have been found to be both
feasible and reliable in maximal exercise studies
in healthy youngsters (3, 30). These approaches
require exercise on a cycle ergometer (for patient
stability) and a step (typically 3 min) rather than
a ramp protocol (for submaximal measurements
during steady state). Recent reports indicate the
applicability of such approaches in the clinical
setting; however, their utility and predictive value
remain to be addressed.

Systolic Function

A number of markers of systolic function can be
obtained by Doppler echocardiographic tech-
niques during a progressive cycle exercise test.
These include left ventricular systolic ejection
rate and longitudinal myocardial velocity during
ventricular contraction.

Systolic Ejection Rates

Obtaining curves of velocity over time in aortic
outflow by Doppler echocardiography from the
suprasternal notch during exercise permits a cal-
culation of both stroke volume and systolic ejec-
tion time. Calculation of the volume ejected over
time provides an indirect measure of ventricular
pressure and serves as an index of changes in
myocardial force and velocity (4). The left ven-
tricular ejection time normally shortens from
approximately 0.25 s to 0.18 s in the course of a
progressive test.

Calculated values of systolic ejection rate need
to be adjusted for left ventricular size when making
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Table 10.1

Average Values for Oxygen Pulse at Maximal Cycle Exercise

Related to Body Surface Area in 70 Girls and 81 Boys Aged 7 to 13

Body/surface area|(m°) Oxygen pulse (ml/beat)

0.90
1.00
1.10
1.20
1.30
1.40
1.50
1.60
1.70

Data from Washington et al. 1988.

group or inter-individual comparisons or when
making measurements serially in the same patient
over time. It is most convenient to assess the
normalcy of responses in ejection rate by simply
calculating a maximum-to-resting ratio. Among
healthy youths this value has been reported to
be 1.5 to 2.0 (29).

DeSouza et al. compared systolic ejection rates
during maximal semisupine exercise testing of 27
patients (aged 14.4 + 3.2 yr) treated with high-dose
anthracyclines (>260 mg/mz) for childhood cancer
to normal control subjects (8). Among the patients,
ejection rate (adjusted for body surface area) rose
from 131 ml/(m™ - s™) at rest to 194 ml/(m™ - s™) at
peak exercise (+48%), while in the healthy children
values increased from 165 ml/(m” - s™) to 272 ml/
(m? - s (+65%).

Tissue Doppler Imaging

Estimation of longitudinal myocardial velocity
during ventricular contraction can be achieved
by tissue Doppler imaging (TDI-S), which differen-
tiates high-amplitude, low-frequency ultrasound
signals of myocardial velocities from those of
blood flow. In an apical four-chamber view, TDI-S
waves are recorded at the lateral or septal aspect
of the mitral valve annulus, indicating the integral
of systolic velocity from base to apex. TDI-S can be
obtained either as peak values by pulse wave acqui-
sition or as mean values by color flow mapping.
TDI-S as a measure of contractile function cor-
relates closely with ventricular ejection fraction
(26) but can be affected by transducer beam angu-

54
6.2
6.9
7.9
8.8
9.8
11.0
11.9
12.7

lation, translational motion of the heart, and teth-
ering effects (where motion of one segment may
influence that of adjacent myocardium). Studies in
healthy subjects have demonstrated the feasibility
of obtaining TDI-S at maximal exercise intensities
and have shown acceptable levels of test-retest
reliability, with coefficients of variation of 5.1%
(3) to 7.4% (30). Investigations in healthy youths
indicate that lateral TDI-S typically increases by
a factor of 2.2 to 2.6 during a maximal exercise
test (29).

Diastolic Function

Echocardiographic techniques have also provided
information about diastolic functional responses
to exercise. Not surprisingly, these lusitropic char-
acteristics parallel those of systolic adaptations
to an acute exercise challenge. Echocardiographic
assessment during an exercise test may then
provide useful information about impairment of
diastolic function associated with cardiac abnor-
malities. Diastolic function measures include lon-
gitudinal myocardial relaxation during ventricular
diastole and mitral inflow velocity.

Tissue Doppler Imaging

In a manner similar to assessing myocardial lon-
gitudinal velocity during systole, tissue Doppler
imaging provides the rate of relaxation of longitu-
dinal myocardial fibers during ventricular diastole.
This velocity, termed TDI-E', normally increases
approximately twofold from rest to maximal exer-
cise. It reflects not only the relaxation properties
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of the myocardium but also the effect of suction
created by ventricular systolic contraction.

Transmitral Pulse Wave Doppler

The Doppler E wave marking the velocity of
transmitral valve ventricular filling in early dias-
tole reflects the pressure gradient between the
“upstream” factors (left atrial volume, distensi-
bility) and those “downstream” (left ventricular
relaxation properties, ventricular suction). During
a progressive exercise test, as measured by pulse
wave Doppler at the tips of the mitral valve leaflets
in an apical four-chamber view, the peak E veloc-
ity in a healthy subject approximately doubles,
which translates into a 4.5-fold increase in left
atrial-ventricular pressure gradient. This rise in
transmitral gradient permits a stable volume of left
ventricular filling (equal to the stroke volume) and
constant left ventricular preload as the diastolic
filling period falls. The late diastolic A wave reflect-
ing atrial contraction has not been considered in
Doppler exercise studies because E and A waves
fuse at low exercise intensities.

That this increase in gradient during exercise in
a healthy subject is a manifestation of enhanced
ventricular diastolic function (i.e., a decline in
downstream pressure) rather than increased left
atrial pressure is indicated by the stability or slight
decline in the ratio E/E' observed as the exercise
test progresses. Although controversial, E/E' is
generally considered a marker of left ventricular
filling pressure. In patients with limitations of dia-
stolic function, it can be expected that responses
of both mitral E and TDI-E' velocities with exercise
will be dampened, while E/E' will rise.

Clinical Experience

Doppler echocardiographic techniques in clinical
populations have been described in both adult and
pediatric patients. The feasibility of this approach
has generally been documented during supine
or semisupine cycle exercise at low-to-moderate
workloads. While clinical information has been
derived from such studies, the utility of Doppler
measures of responses to exercise in predict-
ing disease outcomes, particularly compared to
echocardiographic findings at rest, remains to be
clarified.

Adult Studies

Moon et al. demonstrated that responses of TDI-E'
and TDI-S to low-grade exercise were approxi-
mately double in hypertrophic cardiomyopathy

patients with low levels of fibrosis compared to
those with greater evidence of myocardial scar-
ring (detected by late gadolinium enhancement)
(18). In other studies of patients with hypertrophic
cardiomyopathy, change in TDI-E' was found to be
depressed during exercise compared to controls
and also to correlate with peak \'/O2 (11, 32). In
older patients with heart failure, E/E' at peak exer-
cise has been reported to predict all-cause mortal-
ity (31), and TDI-S can predict \'/OZmax (17).Kang et
al. demonstrated that changes in TDI-S velocities
with exercise correlated with the degree of mitral
valve regurgitation in patients with nonischemic
cardiomyopathies (14).

Pediatric Studies

Poerner et al. reported that patients after atrial
switch (Senning or Mustard procedure) for
transposition of the great arteries had lower
TDI-E' values at rest and during exercise than
healthy subjects (24). The study by Harada et al.
indicated that following surgery for tetralogy of
Fallot, patients had depressed TDI-S and TDI-E'
responses of the right ventricle when exercising
to a heart rate of 135 bpm (12). Chen et al. found
lower TDI-S and TDI-E' values at rest in young
patients following arterial switch for transposi-
tion of the great arteries, but the magnitude of
response to exercise was similar (5).

Stress Echocardiography

Stress echocardiography generally means cardiac
ultrasound studies performed immediately after
an exercise challenge. Because this technique is
used after exercise, the cardiac ultrasound mea-
surements are not affected by artifact created by
body motion. The exercise may be performed on
a treadmill or cycle ergometer. On the other hand,
since hemodynamic variables change rapidly after
cessation of maximal exercise, recovery echocar-
diogram studies are hampered by the lack of a
convenient means of standardizing measurements
in inter-individual or group comparisons or in a
single patient on repeated studies. In reported
usage of this technique in the literature, recordings
are typically made within 30 to 60 s postexercise
with a heart rate >80% of that at peak exercise
(23). A number of different exercise protocols
have been used, including findings after exercise
to a particular percentage of VO, , symptom-
limited exercise, and exercise at fixed submaximal
workloads (25).
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Technologies on the Horizon

Newer technologies have recently been developed
that detect changes in myocardial function at rest,
and these have been applied as well during exercise.
While such approaches are conceptually sound,
certain methodologic challenges (motion artifact,
tachycardia, frame rates) must be overcome before
they can become feasible in the clinical exercise
testing laboratory setting.

Ventricular strain and strain rate. These ultrasound
techniques provide information about the rate of
myocardial displacement. They are independent
of insonation angle and tethering effect, and they
can provide insights into myocardial function in
longitudinal and radial dimensions.

Ventricular twist. During ventricular systole, the
contraction of spiral fibers arranged helically in the
ventricular wall causes a wringing-out action to
occur clockwise at the cardiac base (viewed from
below). Measurement of the extent and rate of this
twist (and untwist in diastole) by echocardiographic
methodologies may provide perhaps the most
realistic assessment of myocardial function. Normal
values have been described at rest and at low levels
of exercise in healthy populations.

Three-dimensional echocardiography. Three-
dimensional ultrasound images of the heart offer the
potential for a more accurate measurement of cham-
ber volumes, shape, and contractility. Acquisition
of three-dimensional images is hampered during
exercise by tachycardia and poor signal quality.

Magnetic resonance imaging. Techniques are
being developed to use magnetic resonance imag-
ing to assess ventricular volumes during exercise.
These techniques avoid the influence of respiratory
variation and increases in heart rate.

Stress echocardiography was initially devel-
oped to assess abnormalities in ventricular seg-
mental wall motion as a means of identifying and
quantifying coronary artery disease in adults.
Many clinicians have favored using a pharmaco-
logic challenge to stimulate myocardial perfusion
demands (such as the dobutamine stress test)
instead of exercise, which may be poorly tolerated
by some patients.

Both of these techniques have been used in
pediatric patients to address clinical questions

about the adequacy of myocardial perfusion.
Stress echocardiography appears to be particu-
larly useful in the identification of patients with
significant coronary artery involvement following
Kawasaki disease. Studies such as that by Hijazi
et al. have indicated that stress echocardiog-
raphy can indicate significant coronary artery
involvement in patients with Kawasaki disease by
identifying segmental wall function abnormalities
in the face of negative ECG findings on standard
exercise stress tests (13). Similar issues regard-
ing ischemia-related myocardial dysfunction
can be addressed by stress echocardiography in
young patients with congenital coronary artery
anomalies and post-transplant graft atheroscle-
rosis (23).

The use of postexercise echocardiography has
been extended to assess ventricular function in
patients with myocardial and valvular disease
in both adult and pediatric populations (25)
and by the use of myocardial perfusion imaging
techniques to replace echocardiographic assess-
ment (15). Among patients with congenital heart
disease, most of these reports indicate deviations
from normal in myocardial function. However, as
noted by Robbers-Visser et al., “outcomes of these
studies cannot be easily compared [because] there
is a wide variety in the age and diagnosis of the
patients, the type of measurements with echocar-
diography, and the type of stressor. In general, the
clinical relevance of these abnormal findings with
stress-testing is unknown” (25, p. 555).

Conclusion

The contractile and relaxation properties of the
myocardium serve as key predictors of morbid-
ity and mortality from heart disease at all ages.
It is intuitively attractive to think that challeng-
ing myocardial functional capacity with exercise
should give us insights into myocardial dysfunc-
tion that is not evident in the resting state. To
this end, many diagnostic methods to assess
inotropic and lusitropic ventricular function have
been applied during exercise. However, no opti-
mal means has yet been identified to accurately,
noninvasively, and safely assess myocardial func-
tion during exercise with clear predictive value
for children who have heart disease. However,
early experience with new ultrasound techniques
has provided evidence that clinically valuable
markers of myocardial function with exercise
may be developed.
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he pulmonary system plays an integral

role at rest and during exercise for trans-

porting gases to and from the alveoli and
for the exchange of gases between the alveoli
and pulmonary capillaries, ultimately preserving
blood acid-base balance. In healthy children, the
pulmonary system is generally not considered
a limiting factor for exercise capacity; however,
in children with cardiopulmonary or other dis-
orders, the pulmonary system may not function
sufficiently to meet the demands of exercise, thus
contributing to impaired exercise tolerance and
limited exercise capacity.

There are a number of objectives for assessing
pulmonary function as part of the exercise evalua-
tion of the child, including those with and without
disease. Measurement of expired gas volumes
and concentrations is essential for determining
aerobic fitness as reflected in peak oxygen uptake
(VOzpeak). Exercise stress testing may provoke or
accentuate cardiopulmonary abnormalities that
may not be evident at rest and may help to explain
exercise intolerance or limitations to exercise.
Repeated testing is valuable for assessing changes
in these responses that may occur with disease
progression or intervention (e.g., pharmacologic,
surgical, exercise). Exercise testing can also be
used to diagnose and evaluate exercise-induced
problems such as bronchoconstriction, arterial
oxyhemoglobin desaturation, and chest pain of
noncardiac origin. Test results will also provide
the basis for prescribing exercise that is safe
for the child with the goal of improving exercise
tolerance and aerobic fitness, as well as boosting
the confidence of the child and concerned parent.

Protocols

The objective of the exercise test will determine
the most appropriate testing mode as well as the
protocol for obtaining the desired information,
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as shown in table 11.1. The most commonly used
protocols involve progressive increases in work
with the end points of either volitional exhaustion,
the appearance of signs or symptoms, or a prede-
termined submaximal end point (e.g., 85% of age-
predicted peak heart rate). The increase in work
rate can be incremental, with the rate increasing
at the beginning of each stage (e.g., each minute
if 1 min stages), or ramp-like with the work rate
increasing linearly. It is generally recommended
that the work increase at a rate that makes the
test last about 8 to 12 min (14). This time frame is
sufficient for examining responses to exercise but
short enough to avoid undue fatigue, or perhaps
boredom, in the child.

Choice of the appropriate testing protocol and
interpretation of the test results require some
understanding of the physiology of the pulmonary
system and the measurement of pulmonary func-
tion at rest and during exercise. The pulmonary
system provides

1. the mechanical pump and conduits for gas
flow to and from the alveoli, and

2. the respiratory membrane, including the
alveolar and capillary walls, across which
diffusion of oxygen and carbon dioxide
occurs.

Both work together to help maintain acid-base
balance of the blood.

Pulmonary Function at Rest
and During Exercise

The mechanical aspect of ventilation (VE—
expressed as volume expired per minute) is deter-
mined by the tidal volume (V. the volume of air
expired each breath), the frequency of inspiration/
expiration per minute (f,), and the patency of air-
ways and their resistance to airflow. Lung volumes
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Table 11.1
Exercise Testing

Testing Mode, Protocol, and Measurements According to Objectives of Pulmonary

Aerobic fitness Treadmill or cycle

Progressive incremental or ramp = VO

; VAT; OUES

2peak’

ergometer to exhaustion
Exercise tolerance Treadmill; Progressive incremental or 2 - VE/VCOZ, P.CO, S O
cycle ergometer;  ramp; 6-min walk test ExerC|se tidal F-V loops W|th resting
walking maximal F-V loop
Symptoms (e.g., dyspnea, fatigue, chest
pain) and signs (e.g., oxyhemoglobin
desaturation, cyanosis, coughing)
Exercise-induced Treadmill 6-8 min at intensity = 80%-90%  Heart rate; FVC; PEF; FEV ; FEF,, ;S O,;

bronchoconstriction (preferred) or

cycle ergometer

of peak heart rate or 40%-60%
of MVV with spirometry pre- and

symptoms and signs

1,3,5,10, 15, 20 min postexer-

cise
Exercise-induced Treadmill;
hypoxemia cycle ergometer;
walking 6-min walk test

FEV, =forced expiratory volume in 1s. FEF,_

Progressive incremental or
ramp; submaximal steady state;

SpO2 in lieu of arterial measurements of
S,0,andP O,

= forced expiratory flow between 25% and 75% of FVC. FVC = forced vital capacity. MVV =

maximal voluntary ventilation. OUES = oxygen uptake efficiency slope. P O, = arterial oxygen pressure. PEF = peak expiratory flow rate.
P_CO, = end-tidal carbon dioxide pressure. S O, = % oxyhemoglobin saturatlon in arterial blood. S O, = % oxyhemoglobin saturation from

pulse ommetry VAT = ventilatory anaerobic threshold V,/VCO, = ratio of minute ventilation to volume of carbon dioxide produced. VO

peak oxygen uptake.

and capacities associated with breathing are
depicted in figure 11.1a. The tracing produced by
spirometry can only assess dynamic lung volumes,
that is, those directly manipulated by inspiration
and expiration. The determination of functional
residual capacity (FRC) and the calculations of
residual volume (RV) and total lung capacity (TLC)
require additional measurement via plethysmog-
raphy or nitrogen washout or helium-dilution
methods (108).

Parts a and b of figure 11.1 differ by the variables
depicted on the x- and y-axes. In figure 11.1a, the
tracing shows lung volumes and capacities (y-axis)
associated with breathing with time on the x-axis.
Figure 11.1b depicts the more commonly measured
maximal flow-volume (F-V) loop of a healthy child
obtained via standard spirometric techniques (66,
82). The F-V loop provides information on dynamic
lung volumes (x-axis) and expiratory flow rates
(y-axis), the latter reflecting airway patency, or
conversely, airway obstruction. Both tracings are
obtained by having the child breathe normally to
provide resting tidal volumes followed by a forced
maximal inspiration, and then a forced maximal
expiration. These are the measures commonly
examined from the F-V loop.

Zpeak

1. The forced vital capacity (FVC), the
maximal volume expired forcefully after
a maximal inspiration.

2. The peak expiratory flow rate (PEF), which
occurs early in the forced expiration and
is somewhat effort dependent.

3. The forced expiratory flow rates at 25%,
50%, and 75% of the FVC with the forced
expiratory flow rate between 25% and
75% of FVC (FEF,, ,,) considered to be a
measure of smaller airway function.

4. The forced expiratory volume in the first
second (FEV ), which provides a measure
of larger airway patency.

5. Theratio of FEV, to FVC (FEV /FVC), which
is examined to determine if reduced flow
reflects actual obstruction or is merely
a consequence of overall reduced lung
volumes.

As previously mentioned, several measures
noted in the figures cannot be determined from
spirometry and require additional testing. These
include RV, which is the residual volume that
remains in the lungs after a maximal expiration,
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Figure 11.1 (@) Lung volumes and capacities. The tracing begins with resting tidal breathing, followed by a maxi-
mal inspiration and then maximal expiration, and returning to resting breathing. RV, TLC, and EELV are depicted but
require other methods to measure. V. = tidal volume. IRV = inspiratory reserve volume. ERV = expiratory reserve
volume. EELV = end-expiratory lung volume. VC = vital capacity. RV = residual volume. TLC = total lung capacity.
(b) Resting maximal flow-volume (F-V) loop obtained via standard spirometry using the same breathing maneuver.
In addition to the volumes and capacities noted in a, flow rates are noted. FVC = forced vital capacity. PEF = peak
expiratory flow. FEV, = forced expiratory volume in 1 s. The numbers 25, 50, and 75 correspond to forced expiratory
flow rates at 25%, 50%, and 75% of FVC.
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and the end-expiratory lung volume (EELV), which
is the volume that remains in the lungs at the end
of expiration and would equal RV if the expira-
tion were maximal. The RV along with the FVC
comprise the TLC.

The changes that occur in response to exercise
are presented in figure 11.2. To meet the increasing
ventilatory demands, the V_.increases by tapping
into the inspiratory and expiratory reserves,
reaching approximately 45% to 60% of VC (5, 36)
but staying well within the F-V loop obtained from
the maximal inspiratory/expiratory maneuver at
rest as noted in figure 11.2b (53). In figure 11.2b, it
can also be seen that the EELV is lower with exer-
cise than it is at rest. This reduction optimizes the
inspiratory muscle length and reduces the elastic
load and thus the work of breathing, during exer-
cise (53). At higher exercise intensities, increases
in VE are met primarily by increases in breathing
frequency () (not depicted in the figures).

The V, at peak exercise increases with age and
is generally higher in boys than in girls of the
same age and in aerobically trained compared
to untrained children (5, 7, 75). The higher VE in
older children can be partially attributed to the
higher V. associated with a larger body size (78,
97). Conversely, the f, declines with increasing
age. In response to progressive exercise, adults
meet the increasing ventilatory demands at lower
intensities with greater reliance on increasing V.
up to about 60% of VC and plateauing around 60%
of VOZmaX. At higher exercise intensities, higher VE
requirements are met by increasing /.. A study of
younger prepubescent children reports a simi-
lar pattern of response to progressive exercise,
although the V. at peak exercise only reached
about 40% of VC (5). The shallower, faster breath-
ing of younger children may reflect compensation
for their smaller, less compliant lungs. In contrast,
some evidence suggests that younger children
exhibit an alternate pattern by increasing V.. over
f, to meet higher ventilatory demands (13).

One additional variable that is commonly mea-
sured with resting pulmonary function testing to
compare with minute ventilation during exercise
is maximal voluntary ventilation (MVV). For this
maneuver (performed at rest), the child is asked to
breathe deeply but as quickly as possible to try to
ventilate as much air as possible duringa 12 to 15
s period. The results are then extrapolated to 1 min
and considered a measure of mechanical ventila-

Rest Exercise
IRV
Tidal volume
A J \/
: ' A
: . ERV :
______________ NN Yy
RV EELV
a
8 PEF
N~
6 Exercise
tidal loop
4 Resting
tidal loop
S 2-
g
= 3
© s TLC
< o ~
g S
L B
| i
-6 T T T T 1
0 4 3 2 1 0
b Volume (L)

Figure 11.2 Changes in lung volumes during exercise
(a) in an exercise tidal F-V loop of a healthy 14-year-
old female. Tidal loops obtained near maximal exercise
are superimposed on her resting maximal F-V loop. In
both a and b, the V.. increases by encroaching on the
IRV and ERV. (b) Note that the exercise tidal loop does
not touch on the expiratory portion of the resting F-V
loop. Also note the decrease in EELV toward residual
volume that reduces the elastic load and consequently,
the work of breathing.
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tory capacity (L/min). The measure is compared
with the maximal V, achieved during exercise
expressed as aratio (V,/MVV). In healthy children
and adults, the ratio generally lies between 60%
and 70%, suggesting that 30% to 40% of breathing
reserve remains, and ventilatory capacity is not
a limiting factor to exercise (36, 111).

A maximal VE that approaches MVV is thought
to suggest possible ventilatory limitation to
exercise. A VE/MVV less than 60% may suggest
a submaximal effort, but it can also reflect other
sources of exercise limitation. In general, the
ratio has some limitations and should be inter-
preted with caution. First, the VE during exercise
is an involuntary response, whereas the MVV is
a voluntary maneuver, and the difference is evi-
dent when VE at peak exercise exceeds the MVV
obtained at rest (i.e., V,/MVV > 100%). When the
MVV maneuver is examined in the context of the
F-V loop, tidal breathing occurs at very high lung
volumes (high EELV) approaching TLC, greatly
increasing the elastic load and work of breathing
(53). In contrast, during maximal exercise, tidal
breathing occurs on a more optimal portion of
the F-V loop with reduced EELY, elastic load, and
work of breathing. Exercise also induces broncho-
dilation in healthy individuals, which would likely
increase the MVV. Consequently, an MVV obtained
postexercise might provide a better comparison
with VE obtained at peak exercise. Furthermore,
reliable efforts to achieve MVV may be difficult
to obtain in children, and for this reason some
investigators suggest that MVV can be estimated
by multiplying the FEV| by 35 (32, 35). However, a
recent study of children with cystic fibrosis (CF)
found that MVV was more accurately predicted by
the formula MVV = 27.7FEV, + 8.8 (PredFEV ), and
the researchers concluded that actual measure-
ment of MVV was preferable (102).

Possible mechanical ventilatory limitations
during exercise may be better reflected in the
examination of the exercise tidal flow-volume loop
plotted within the resting F-V loop obtained with
a maximal inspiration/expiration maneuver (51).
As noted in figure 11.25, during maximal exercise,
the tidal volume increases but does not encroach
on the resting maximal F-V loop, and the end-
expiratory lung volume (EELV) is lower, reducing
with elastic load and work of breathing.

Examination of the exercise tidal F-V loops can
be useful for identifying ventilatory limitations to

exercise in various pediatric diseases. As shown
in figure 11.3, in the child with an expiratory flow
limitation (as indicated by the reduced expiratory
flow and concave appearance of the expiratory
portion of the resting F-V loop), the exercise tidal
loop encroaches on the resting maximal F-V loop.
In some cases, the exercise tidal loop exceeds the
resting F-V loop, most likely reflecting broncho-
dilation with exercise that is not present on the
pre-exercise voluntary resting F-V loop (indicat-
ing that comparison with a postexercise F-V loop
should be examined as well). It can also be noted
in the figure that the tidal F-V loop is shifted to
the left, resulting in a higher EELV. This shift will
improve flow at higher lung volumes, but it will
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Figure 11.3 Exercise tidal F-V loop of a 14-year-old
male obtained near maximal exercise are superim-
posed on his resting maximal F-V loop. Note the con-
cavity of the expiratory portion on the resting F-V loop,
which is consistent with airway obstruction. During
exercise, the tidal loop encroaches on the expiratory
portion of the resting F-V loop, suggesting expiratory
flow limitation. Also note the shift in tidal breathing to-
ward TLC and the increase in EELV consistent with dy-
namic hyperinflation, which improves airflow at higher
lung volumes but increases the elastic load and thus
the work of breathing.
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also increase the elastic load and work of breath-
ing and reduce the inspiratory flow reserve (53).
In contrast, patients with restrictive changes in
pulmonary function (including those with con-
gestive heart failure or congenital heart disease)
have been shown to breathe at extremely low
lung volumes during exercise (despite normal
VE/MVV values), which may contribute to dyspnea
and exercise intolerance (53, 84). Because most
commercial exercise testing carts include the mea-
surement of resting and exercise tidal F-V loops,
these measures should provide better assessment
of possible mechanical ventilatory limitations to
exercise than the traditionally measured VE/MVV.

Coupling of V_and VCO,

The increase in ventilation during exercise occurs
mainly in response to central and peripheral
chemoreceptor stimulation by increased levels
of CO, in the blood. This is produced metaboli-
cally by exercising muscle cells as well as by the
buffering of lactic acid by bicarbonate and the
eventual fall in blood pH at higher exercise intensi-
ties. Ventilation (V ) during exercise is influenced
by the volume of CO, produced (VCO,), the partial
pressure of CO, in the arterial blood (P,CO,), and
the ratio of dead space volume to tidal volume
(V,/V,), and it can be determined by the following
equation (94):

0.863 x VCO,(STPD)

V,
PaCO, x (1--2
2 X( V)

T

V. (BTPS)=

As shown in figure 11.4, there is a positive linear
slope between VE and the volume of CO, expired
(\'/COZ) throughout exercise, except near maximal
exercise where the slope steepens slightly, reflect-
ing the respiratory compensation (RC) point at
which VE was further stimulated by the fall in
pH. The increase in ventilation helps to regulate
the P CO, in the blood and maintain acid-base
homeostasis by expelling CO,. The V, will also be
affected by the portion of each breath that does
not participate in gas exchange, that is, the dead
space volume (V). The V, consists of the inhaled
air that doesn’t reach the alveoli, as well as the air
that reaches the alveoli but does not participate
in gas exchange with the pulmonary capillaries. In
healthy children and adults, about 30% of inspired
V., is comprised of dead space (V) (69). During
exercise, the V /V, (measured from both finger
capillary blood and end-tidal gas composition) has
been shown to decrease to approximately 0.20 to

Ve (L-min™)

Nixon

0.25 in both children and adults, promoting better
alveolar ventilation (V ) and gas exchange with
perfused capillaries (Q) (99). A more recent study
reported estimates of V /V . (based on expired
gases) as low as 0.11 and 0.13 at peak exercise in
6- to 17-year-old girls and boys, respectively, and
no correlation with age (69). Children with airway
obstruction (e.g., cystic fibrosis) may exhibit
greater dead space breathing during exercise due
to mismatching between ventilated alveoli and
perfused capillaries (V /Q). Consequently, VE will
have to increase to dispose of CO, to maintain
acid-base balance and to provide adequate O, to
the working muscles.

Children tend to have higher VE. for their body
size and VCO, produced (and thus VO, consumed)
for a given level of work compared to adults (20,
88,97). Because V, /V. does not appear to be higher
in children than in adults during exercise (69), the
higher V, likely reflects a lower P CO, set point
(77) for stimulating ventilation. Measurement of
P CO, from arterial blood gas can be painful and
is generally not warranted in children. Examina-
tion of the measurement of CO, tension in expired
air at the end of expiration (P,,CO,) may provide
some information about P CO,, bearing in mind
the physiological assumptions (18) and under-
standing that the difference between P _CO, and
P,.CO, will vary with V_, £, and CO, output (54).
With progressive exercise, the P,,CO, typically
increases above resting levels, corresponding to
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Figure 11.4 Plot of VE versus \'/CO2 obtained during
progressive exercise test to exhaustion in a 14-year-
old male. Note the linear increase in VE relative to
increasing VCO, until the respiratory compensation
(RC) point, where V, increases further in response to
decreasing pH.
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increased \'/CO2 production and its delivery to the
lungs. With more intense levels of exercise, the
buffering of lactic acid increases the f and alveo-
lar ventilation to maintain acid-base balance, and
the P,,CO, subsequently falls. Failure to decrease
or even continued increase in P, CO, suggests
hypoventilation (increased P _CO,), which may
be seen in children with cystic fibrosis and has
been associated with worse prognosis (49, 74). It
should be noted that children may exhibit a low
P,.CO, prior to or at the start of testing, reflect-
ing anxiety-induced hyperventilation. As the test
proceeds, metabolic factors will generally over-
ride the psychogenic influences and dictate the
ventilatory response.

Ventilatory Efficiency Slope

The higher V relative to VCO produced results
in a steeper slope for the change in V versus the
change in VCO This is called the ventllator effi-
ciency slope, orV /VCO slope. The slope has been
shown to decline with age (figure 11.5) from values
of 33.0 + 4.5 and 33.3 £ 5.2 for 8- to 10-year-old girls
and boys, respectively, to 27.8 + 3.6 and 26.8 + 3.9
in 16- to 18-year-old girls and boys, respectively
(21), with values stabilizing in adult women (27.8 =
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Figure 11.5 Bar graph depicting the decline in the
slope of V, versus VCO, by age in both females and
males. Data for children and adolescent age groups are
taken from those reported by Cooper et al. (21) for 169
8-to 18-year-olds (60.4% Caucasian, 17.8% Asian, 19.5%
Hispanic, 1.8% African American). The data for 20- to
39-year-olds was taken from results reported by Neder
et al. (70) on 20 females and 20 males (race or ethnicity
not reported). Testing mode was cycle ergometry for
both studies.
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2.6) but declining further in adult men (24.3 = 2.2)
(70). The inverse association with age is further
supported by a study of 175 healthy Dutch chil-
dren aged 8 to 18 by Ten Harkel et al. (104), who
determined the regression equation for predicting
V,/VCO, slope of (0.64 x age) + 38 for both girls
and boys. For these studies the slope was deter-
mined using data from the entire test (including
the nonlinear increase between the RC point and
peak exercise), making the value somewhat effort
dependent. Restricting calculation of the V,/VCO,
slope to data from the linear portion up to the RC
point does not require, nor is it dependent on, a
maximal effort, but it yields lower values. In a study
of 243 10-to 17-year-olds (128 males) comparing the
two slopes, Giardini et al. (33) found a substantially
lower mean \'/E/\'/CO2 slope of 24.5 + 3.0 based on
data up to the RC point versus 28.3 + 4.0 when data
above the RC point were included. When using the
submaximal data, a slope < 28 has been reported to
be normal for children based on the linear portion
up to the RC point (93).

The higher slope in children compared to adults
is consistent with a lower set point for regulating
P CO,, as well as lower CO, stores or reduced lactic
acid production associated with the less devel-
oped anaerobic capacity in younger children (20).
The V,/VCO, slope has been shown to be steeper in
children with expiratory flow limitations—in com-
pensation for elevated dead space—and in those
with pulmonary blood flow maldistribution (e.g.,
congenital heart defects and pulmonary hyperten-
sion) (12, 83). The slope has also been shown to
correlate with markers of disease severity (e.g.,
pulmonary artery pressure and pulmonary vas-
cular resistance) as well as with worse prognoses
in children with pulmonary hypertension (89) and
adults with congestive heart failure (34, 59).

Pulmonary Gas Exchange

In order for gas exchange to take place, there
must be adequate alveolar ventilation to perfusion
Y /Q matching; that is, ventilated alveoli must
be matched with pulmonary capillaries perfused
with blood. Hypoventilation results when perfused
capillaries are aligned with underventilated alveoli
(resulting in an increase in P,CO,) as may occur
with airway obstruction. Conversely, mismatching
of ventilated alveoli with underperfused capillaries
will result in hypoxemia (a drop in P O,), which
may occur with reduced cardiac output and pul-
monary arterial pressure or elevated pulmonary
vascular resistance.
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The efficiency of pulmonary gas exchange
can be estimated from the difference between
the alveolar and arterial PO, (AP, O,). In healthy
people, improvements in V ' /Qmatching with exer-
cise will increase the AP, O, to values as high as 20
to 30 mmHg. As the P O, should not change with
exercise, a AP, O, > 30 or 35 mmHg is considered
potentially abnormal and values > 50 or 55 mmHg
indicate impaired gas exchange (3, 26). Substan-
tial decreases in P O, may occur in persons with
pulmonary vascular disease and in those with
more severe obstructive lung disease. Although
studies reporting AP, O,with exercise in children
are less common (perhaps due to the need to
obtain arterial blood gas measurements, which
can be painful), one study (46) reported greater
increases in P, O, in a group of children with more
severe (22.5 mmHg) compared to less severe (15
mmHg) exercise-induced asthma during submaxi-
mal exercise, although the differences were not
significant. In contrast, the P O, values during exer-
cise were significantly lower in the children with
more severe versus less severe exercise-induced
asthma (84 vs. 92 mmHg, respectively). Because
P O, provides the driving pressure for saturation
of hemoglobin with oxygen (S 0,) at the lung, some
information about S O, and potential hypoxemia
can be obtained noninvasively by pulse oximetry
with the measurement commonly referred to as
SpOz. The SPO2 is measured by a sensor attached to
the finger, ear, or forehead. The sensor transmits
and receives light wavelengths that are absorbed
differently by oxygenated and deoxygenated
hemoglobin. Depending on the measurement site,
accuracy is affected by poor circulation, increased
levels of carboxy- and met-hemoglobin, dark skin
pigment, ambient light, movement, fingernail
polish, and pierced ear holes (64, 73). Studies
report both over- and underestimation of true
arterial 5 O, values during exercise, with greater
discrepancies when actual S O, values are less
than 90% (64, 79).

In healthy people, the SpO2 should be near 100%
at rest, and it should remain at this level during
exercise. A fall in S O, 24% or values <88% during
exercise suggest hypoxemia and are deemed clini-
cally significant (3). Although the cutoff of S O,
<88% is sometimes used as a criterion for termina-
tion of the exercise test, substantially lower values
have been observed with no reports of untoward
effects. In general, hypoxemia and increasing meta-
bolic acidosis will limit the child’s ability to con-
tinue exercise. In children with congenital heart
disease, reduced SpO2 levels are not uncommon

at rest and decrease significantly during exercise
(38). Children with more severe airway obstruc-
tion (e.g., CF, asthma) may also exhibit decreases
in S 0, with exercise but to a lesser degree (47,
74). In both children and adults, evidence suggests
that greater levels of oxyhemoglobin desatura-
tion may be observed with submaximal exercise
(such as a six-minute walk test) than with maxi-
mal exercise, perhaps due to greater reliance on
aerobic metabolism submaximally than on greater
anaerobiosis and higher minute ventilation with
maximal exercise (15, 71).

Assuming adequate VA/Q matching, the diffu-
sion of gases between alveoli and capillaries is
dependent on the gas partial pressure gradient
between the two as well as the red blood cell
transit time, the solubility of the gas in the liquid
and tissues, the amount and quality of hemoglo-
bin, and the permeability and thickness of the
alveolar-capillary membrane (50). The diffusion
capacity of the lungs is commonly assessed at
rest by measuring the diffusion of carbon monox-
ide (DL, using the single-breath technique (60).
In children, the resting DL, is generally lower in
females and is directly associated with age, height,
and total lung capacity (55). It has been shown
to be predictive of oxyhemoglobin desaturation
during exercise in persons with obstructive lung
disease (58). Because the measurement of DL
generally requires controlled breathing maneuvers
and breath holding, its measurement during exer-
cise is limited particularly in children, with some
studies opting to compare measurements obtained
pre- and postexercise. Anderson and Godfrey
found DL, to be linearly related to \'/O2 obtained
with different exercise intensities, with peak values
being approximately three times greater than rest-
ing values (4), generally attributed to increases
in pulmonary capillary perfusion (48). In a study
comparing pre- and postexercise measurement
in children, postexercise DL, although initially
higher, was shown to fall below pre-exercise levels,
commensurate with decreases in pulmonary
blood flow (40). The same study reported greater
decreases in children with CF than in healthy
controls, despite similar pre-exercise values,
supporting the usefulness of measuring it with
exercise stress (31).

V,, VO,, VAT, OUES

Although CO, is the primary stimulus for V
examination of the relationship between V and
VO provides information about the ventllatory



Pulmonary Function 135

anaerobic threshold (VAT) as well as the efficiency
of ventilation relative to \'/O2 as reflected in the
oxygen uptake efficiency slope (OUES). During
progressive. exercise, VE increases linearly with
increasing VO, up to a point or threshold where
a disproportionate increase in V, is observed
relative to VO,. The VAT is believed to reflect that
point where aerobic metabolism requires supple-
mentation with anaerobic metabolism to meet the
increasing metabolic demands of exercise (110).
The disproportionate increase in VE occurs in
response to increased CO, being produced meta-
bolically (via glycolysis) as well as from the buffer-
ing of lactic acid via bicarbonate. Consequently, it
provides an estimate of lactic acid threshold using
noninvasive methods, and it reflects the child’s
ability to meet exercise demands aerobically. Thus
it correlates with \'/O2peak (7, 45) and can be used
to reflect aerobic fitness when a maximal effort is
not obtained or is deemed unsafe. It has also been
shown to have good test-retest reliability and is
sensitive to changes in fitness associated with
aerobic exercise training (45, 61).

In addition to the plot of V,.versus VO,, the VAT
can be determined by plotting other variables,
such as VCOZ.an.d \'/O2 (V-slope method) (103) or
V,/VCO, and V,/VO, versus time (8) as described
in chapter 8. The VAT of healthy children ranges
between 58% and 83% of VO, . and generally
decreases with age, is higher in boys than in girls,
and is lower in children with chronic disease (91,
92, 109). It is best determined from a progressive
exercise test during which work rate increases
in a ramp-like fashion, enabling easier detection
of changes in linear associations between the
variables plotted in the graph. Computerized
metabolic carts will calculate the VAT, but visual
verification of the threshold is often warranted. In
addition, the VAT may be difficult to detect in chil-
dren who have very low fitness levels associated
with disease and in those who exhibit hypoventila-
tion at higher work rates.

In contrast to VAT, the determination of the
OUES is based on the linear relation of \'/O2 versus
the log of VE throughout exercise. It does not
require a maximal effort and is reported to be a
submaximal index of cardiorespiratory functional
reserve that reflects both pulmonary dead space
and metabolic acidosis (7). It has been shown to
correlate significantly with VOZmaX (r=.94), VOzpeak
(r=.88-92),and VAT (2, 7, 63). It is generally higher
in boys than in girls, increases with age, and is cor-
related with height and body surface area (r=.835
and .861, respectively); and it has been shown to

be significantly lower in children with congenital
heart disease (11, 63). Consequently, OUES values
are sometimes reported relative to body surface
area or lean body mass or weight to reduce vari-
ability and enable comparisons of children of dif-
ferent sizes. The methods for determining OUES
vary considerably; some studies calculate the
slope using all data points up to VOzpeak, whereas
others include data up through 50%, 75% or 90%
of exercise duration, making it difficult to compare
studies and identify what is considered normal.

Assessment of Exercise-Induced
Bronchoconstriction

An exercise challenge test is useful for identifying
exercise-induced bronchoconstriction (EIB) in the
child who reports breathlessness or exhibits a
wheeze or cough during or following exercise. The
stimulus for EIB is thought to be the high levels
of ventilation and subsequent airway cooling and
drying that stimulate the release of inflammatory
mediators such as histamine and cysteinyl leukot-
rienes, leading to constriction of the airways (39).

The goal of testing is to increase minute ventila-
tion rapidly, which can be achieved by increasing
the work rate to a level of 80% to 90% of maximal
predicted heart rate (220 - age) or 40% to 60% of
MVV within the first 2 to 3 min of exercise and then
sustaining exercise at this high intensity for an
additional 4 to 6 min (22). Testing should be con-
ducted on a motor-driven treadmill (preferable)
or a cycle ergometer with nose clips in a cool, dry
environment (inspired air temperature <25 °C and
<50% relative humidity) to promote airway cooling
and drying (22). The degree of bronchoconstric-
tion and the sensitivity of the test are greater in
much colder air (-20 °C) (16). Ideally, heart rate
should be determined by an electrocardiogram,
which can also rule out any arrhythmia or isch-
emic changes. Arterial oxyhemoglobin saturation
(5,0,) should be monitored noninvasively using a
pulse oximeter. Spirometry should be performed
pre-exercise and as soon as possible after exercise
terminates, preferably 1 but no later than 3 min
postexercise, with repeated measurements at 5,
10, 15, and 20 min postexercise. Exercise-induced
bronchoconstriction is determined from the per-
cent change in FEV, (L) from pre-exercise baseline
values. A 10% decrease in FEV is considered to be
abnormal, and a 15% decrease is commonly used
as a diagnostic criterion for EIB (22). The math-
ematical calculations for percent change should be
supported by observable changes (e.g., concavity)
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in the expiratory flow-volume loop. The time to
reach the lowest FEV, value (the nadir) postexer-
cise has been shown to correlate with age, with
children under age 10 reaching the nadir as quickly
as 3 min postexercise (107). Consequently, the
early postexercise measurements are important
in the pediatric population.

Assessment of Exercise-Induced
Arterial Hypoxemia

Exercise-induced arterial hypoxemia (EIAH) has
also been reported in healthy prepubescent
children as estimated by pulse oximetry. Nourry
et al. (76) found that 7 of 24 children exhibited
exercise-induced arterial hypoxemia, defined as a
4% or greater decrease in S O, from rest to maximal
exercise. Four children were considered to exhibit
mild hypoxemia (S O, between 93% and 95%) and
three exhibited moderate hypoxemia (S 0O, of
88%-93%). In contrast, Laursen et al. (57) defined
EIAH as a SpOZ <91% and reported no EIAH in 19
healthy prepubescent girls. However, several girls
exhibited 2% to 4% decreases from resting values.
Studies of young adults (highly trained males and
females of various fitness levels) provide evidence
of EIAH as supported by decreases inP O,and S O,
determined from arterial blood gas measurements,
which may be associated with inadequate alveolar
ventilation, increased VA/Q inequality, diffusion
limitation associated with high pulmonary blood
flow and short red blood cell transit times (24, 76),
or perhaps compromised morphology of the lung’s
alveolar capillary interface (42). Although similar
explanations for EIAH are plausible in children,
verification of its occurrence via direct arterial
measurements are needed in view of the potential
errors associated with the noninvasive estimates
from pulse oximetry.

Asthma

Asthma is the most common chronic disease
in children, affecting nearly 7 million (9.3% of)
U.S. children (17). It is characterized by chronic
inflammation of the airways, which contributes
to airway hyperreactivity, and by episodic or in
more severe cases, persistent airway obstruction
and respiratory symptoms (27). It is believed that
the majority of children with asthma exhibit EIB,
which may affect exercise tolerance as well as par-
ticipation in physical activity (112). As reviewed
by Welsh et al. (114), studies examining aerobic fit-
ness in children provide mixed results, with some

reporting comparable fitness and others reporting
reduced fitness in asthmatic children compared
to their nonasthmatic peers. The inconsistencies
may reflect differences in measurement of fitness
(e.g., laboratory vs. field tests), differences in
levels of severity of the children’s asthma, the
relatively small sample, selection bias in choice
of nonasthmatic children for comparison, use
of bronchodilator therapy prior to testing, and
perhaps inappropriate statistical analyses (114).
Some studies suggest that fitness is comparable
as long as levels of physical activity are similar
(30, 98). Pharmacologic advances such as inhaled
corticosteroid therapy have reduced the number
of hospitalizations and emergency department
visits, suggesting that the severity of disease has
lessened (1). Consequently, the results of studies
conducted prior to these advances may not accu-
rately reflect the current impact of the disease on
exercise tolerance.

In the past two decades, surprisingly few stud-
ies of children report ventilatory parameters
assessed during exercise testing. Santuz et al. (98)
reported lower VE at peak exercise in sedentary
and regularly active children when compared to
healthy controls (matched on age, height, weight,
and habitual level of physical activity), but no dif-
ference in VE was observed in asthmatic children
who participated in organized or competitive
sports compared to their peers. During submaxi-
mal exercise, the asthmatic and nonasthmatic
children had a similar VE, but it was achieved by
a lower £ and a higher V, in the asthmatic chil-
dren, which would lessen dead space breathing
and improve alveolar ventilation. In contrast,
Moraes et al. (67) reported no differences among
newly diagnosed adolescents with mild intermit-
tent asthma (n = 20), mild persistent asthma (n =
1.3),. and their healthy peers (n = 36) for VOZ, VE,
V,/VO,, or ventilatory reserve at maximal exercise.
Berntsen et al. (9) likewise found no difference
in VO, or V, at peak exercise in a group of 86
13-year-old adolescents with asthma compared
to 76 same-aged peers without asthma. Resting
lung function was slightly lower in the asthmatic
children but generally within normal limits. In a
multiple regression model that included skinfold
thickness, resting pulmonary function, and physi-
cal activity, analysis indicated that skinfold thick-
ness and vigorous physical activity participation
(in asthmatics only) were the primary independent
predictors of \'/Ozpeak in the study.

Expiratory flow limitations after exercise are
well documented in children with asthma, and a
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recent study reported postexercise inspiratory
flow limitation as well (25). However, no study
has reported measurement of exercise tidal loops
to assess ventilatory mechanics in children with
asthma during exercise. Consequently, the results
of one study of adults are presented (52). Exercise
tolerance and pulmonary mechanics during exer-
cise were compared between eight adults with
asthma and six adults without asthma (52). Asth-
matic adults had similar larger airway function
but reduced smaller airway function at rest, and
VOzpeak was slightly lower (but not significantly)
in asthmatic compared to control subjects (104%
vs. 130% of predicted). At maximal exercise, the
groups attained similar VE, but the asthmatic
subjects had higher mean values for V,/VCO, and
lower P, CO, than the control subjects. Superim-
posing the exercise tidal loop on the resting maxi-
mal F-V loops produced similarities to figure 11.3,
revealing increases in EELV with the expiratory
flow of the tidal loop encroaching on the resting
F-V loop during exercise, indicative of expiratory
flow limitation. Interestingly, the authors noted
variability in EELV and in the degree of exercise
flow limitation during interval exercise (intensity
switching from 60% to 40% of VOzpeak), and they
suggested that the variability reflected changes in
bronchomotor tone (i.e., bronchodilation vs. bron-
choconstriction ) at different exercise intensities.

Recent studies reporting measurements of
arterial blood gases are rare in children with
asthma. One recent study (62) collected expired
gases and earlobe capillary blood samples in eight
adolescents with mild intermittent asthma (MIA),
eight with mild persistent asthma (MPA), and 12
nonasthmatic control subjects to examine gas
exchange during exercise and to estimate P O,
before and after maximal exercise stress. Before
exercise, the children with MPA had significantly
lower P O, (75.1 + 6.6 mmHg) than those with MIA
(81.7 + 6.7 mmHg) and control (83.3 + 4.9 mmHg)
subjects, suggesting hypoxemia. Postexercise
P O, did not differ among groups, but this was
attributed to a decrease in the control subjects
because the P O, of the children with MPA did not
change significantly. Older studies (28, 37) report
gas exchange abnormalities (elevated P, O, differ-
ence) at rest that improved during exercise, which
the authors attributed to better V /Qmatching. A
more recent study (43) of habitually active 18- to
45-year-old men and women with mild-to-moderate
asthma examined arterial blood gases during
exercise. Eight of 21 subjects exhibited oxyhemo-
globin desaturation (S O, <94%) during prolonged

exercise and were classified as the Lo-S O, group,
and those whose S O, remained above 94% were
classified as the Hi-S O, group. Despite similar fit-
ness levels, the P CO, of the Hi-S O, group fell from
rest to 34.0 + 2.7 mmHg at exhaustion, whereas that
of the Lo-S O, group fell during the first minute of
exercise but then rose progressively, reaching 39.8
+ 4 mmHg at exhaustion, suggesting hypoventila-
tion and impaired gas exchange.

Given the prevalence of asthma in children,
as well as reports of reduced fitness, more stud-
ies examining ventilatory mechanics and gas
exchange parameters during exercise are war-
ranted in children with asthma to determine their
potential contributions to reduced fitness and
exercise intolerance.

Cystic Fibrosis

Cystic fibrosis is an inherited life-shortening
disease associated with defective epithelial ion
transport that results in thick mucus that blocks
the airways and pancreatic ducts and ultimately
leads to impaired pulmonary function and under-
nutrition (96). Both of these factors contribute
to exercise intolerance that occurs with disease
progression. The measurement of FEV, obtained
from spirometry at rest has been shown to corre-
late with VO, (r = .5) (74), and those with more
severe airway obstruction (FEV, <50% predicted)
have significantly lower VO, peak than those with
milder (FEV, >65% predicted) or moderate (FEV, =
50%-64% predicted) (80). Even those with mild-to-
moderate airflow obstruction have been shown to
have significantly reduced fitness when compared
to healthy children (\'/OZPeak of 49.9 + 7.9 vs. 40.9
+ 7.8 ml - kg'1 - min’, respectively) (11). Despite
this lower fitness level, the VE at peak exercise in
children with CF is similar to that of healthy per-
sons (11, 80), most likely reflecting the need for
children with CF to increase VE to compensate for
elevated dead space as indicated by an elevated
V, to V. ratio (11), and dead space ventilation may
be worsened by utilizing a greater £, (105). Ventila-
tory inefficiency may also be evident in an elevated
V,/VCO, slope (68). Changes in ventilatory mechan-
ics during exercise have also been reported (90,
105). The exercise tidal volume loop imposed on
the resting maximal F-V loop is similar to that
shown in figure 11.3 for those with mild airway
obstruction. However, with increasing disease
severity, tidal expiratory flow commonly exceeds
the maximal expiratory F-V loop obtained at rest,
and the tidal breathing shifts toward total lung
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Standardized Guidelines and
Normal Reference Values

For the measurement of resting pulmonary function,
the American Thoracic Society and the European
Respiratory Society have combined forces to recom-
mend standardized testing guidelines and interpre-
tive strategies (10, 65, 66, 82, 95, 108). In previous
years, pediatric reference values for pulmonary func-
tion were mostly limited to Caucasian populations
(86, 100), but in more recent years, data gathering
has been more inclusive of minority populations
(41, 87, 101). Guidelines for exercise testing have
also been published by these societies (3, 6, 22, 26,
29) as well as by the American Heart Association
(81), but standardization of methods has not been
instituted like it has with pulmonary function test-
ing.”Normal”values for various exercise parameters
may be found in several publications (2, 5, 21, 33,
63, 69, 77, 78, 104), but these values are specific to
the samples studied and the testing methods used.
Representative, population-based reference values
are urgently needed and should be established
through standardization of testing methods and
development of a national registry. In the meantime,
each exercise laboratory needs to establish its own
“normal” values by testing a representative sample
of healthy boys and girls of varying ages, races, and
ethnicities.

capacity, increasing EELV and limiting inspiratory
reserve (90, 105).

Changes in gas exchange also become evi-
dent with worsening pulmonary obstruction.
Oxyhemoglobin desaturation may occur during
exercise but is generally limited to those with an
FEV, <50% of predicted (47). Patients with an FEV,
<60% of predicted have been found more likely to
retain CO, (as reflected in the failure of P,,CO, to
decrease significantly with metabolic acidosis),
indicating hypoventilation and VA/Q abnormali-
ties, or perhaps, altered sensitivity to the CO,
stimulus (19, 23). Carbon dioxide retention during
exercise (independent of resting FEV ) has been
associated with greater decline in FEV, over 3 yr
(49). In a study of 108 children and adults with CF

Nixon

(72), a P_,CO, >41 (vs. <36) mmHg or an S O, at
peak exercise <93% (vs. >93%) mmHg was each
associated with more than double the risk of
mortality 8 yr later. However when adjusted for
other variables, including FEV , Vszeak, and the
presence of Burkholderia cepacia, VOZPeak proved
to be the only significant independent predictor of
mortality; those with lower aerobic fitness (V! O2peak
<58% of predicted) had 3.2 times the risk of dying
in the subsequent 8 yr compared to those with
higher aerobic fitness (VO,, ., >82% of predicted).

Exercise intolerance may also be associated
with less skeletal muscle mass associated with
undernutrition. However, Moser et al. (68) showed
that \'/O2peak remained lower in CF subjects than in
healthy controls even when expressed relative
to muscle cross-sectional area (CSA). Muscle
CSA was only slightly smaller in the CF subjects,
suggesting qualitative differences in skeletal
muscle affecting exercise tolerance. Pinet et al.
(85) reported lower quadriceps CSA and strength
in CF subjects compared to healthy controls,
but they also reported similar diaphragm mass
and abdominal muscle thickness, suggesting
that peripheral muscle wasting may occur at the
expense of maintaining respiratory muscle mass
and function. Other studies suggest that changes
in muscle metabolism and O, uptake kinetics may
affect fitness and exercise tolerance in persons
with CF (44, 56, 106, 113).

Collectively, these studies emphasize the
value of exercise testing for identifying abnormal
responses that may contribute to exercise intoler-
ance as well as determining prognoses for children
with disease.

Conclusion

Exercise stress testing provides information
about aerobic fitness and exercise tolerance in
the healthy child as well as in those with chronic
disease. It is useful for identifying maladaptive
responses of the pulmonary system to exercise
stress that are not apparent at rest, and it helps
to elucidate their contribution to exercise intoler-
ance. It can be used to examine changes that occur
with disease progression or treatment or growth,
and ultimately, it may have prognostic value in
some pediatric populations with chronic disease.



EXERTION-BASED APPLICATIONS

requires insight into how information gained by exercise testing can best

serve the clinician in establishing cardiopulmonary diagnosis, prognosis, and
response to treatment. Part Ill deals with those clinical situations that commonly
benefit from the insights gained during exercise testing.

I ndications for exercise testing in youth vary widely. Each clinical question
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Congenital and Acquired Heart Disease

Michael G. McBride, PhD, and Stephen M. Paridon, MD

ecades of improved diagnostic and sur-

gical techniques and perioperative care

have dramatically improved short- and
long-term outcomes in children with congenital
heart disease. Even with complex congenital heart
disease, most children are now surviving into
adulthood. As a consequence of these improved
results, much of the care for this population has
become focused on long-term cardiac function and
quality of life. This includes the physical activities
associated with daily living, as well as recreational
activity and competitive sports. Fortunately, most
cardiac defects are minor and have little or no
impact on cardiovascular performance at rest or
during exercise (69). There are, however, subsets
of anatomically and physiologically complex con-
genital heart defects that result in significantly
abnormal hemodynamics.

Formal exercise testing is an integral part of
the evaluation of children with confirmed or sus-
pected congenital cardiovascular disease. Most
of the diagnostic testing available to the pediatric
cardiologist is performed in the resting state and
at times in the sedated state. However, children
and adolescents are seldom sitting or lying quietly
during their waking hours. Therefore, exercise
testing provides a diagnostic tool for the pedi-
atric cardiologist that more closely mimics the
activity of children and adolescents outside the
clinical environment. Exercise testing provides a
unique opportunity to evaluate the cardiovascular
system under stress and to assess its integrated
function with the body’s other organ systems.
Testing may be used to assess acute changes in
the patient’s condition, and serial testing can be
used to observe longitudinal changes. For cardiac
patients, evaluation in the exercise physiology
laboratory can be used for multiple purposes,
including the assessment of overall function,
determining the causes of exercise limitations or
elicited symptoms, safety stratification for sports
or recreational activities, rehabilitation planning,
and evaluating surgical and medical therapies,

including subclinical findings such as myocardial
ischemia. Furthermore, cardiopulmonary exer-
cise testing also allows the clinician to assess
the interaction of the cardiovascular system with
the musculoskeletal and pulmonary systems in a
state that is more likely to resemble normal daily
activity. This type of testing is particularly useful
in assessing the relative contributions of various
organ systems to exercise performance in patients
with congenital heart defects.

Basic cardiopulmonary function during exercise
is discussed in the first section of this book. We
will not repeat this except to describe the unique
response to exercise that may be associated with
individual classes of cardiac defects. This chapter
focuses on six different categories of congenital
and acquired heart disease:

. Simple two-ventricle defects

. Obstructive lesions

. Complex two-ventricle defects

. Single-ventricle physiology

. Primary arrhythmias and channelopathies

S U1 s W N

. Acquired heart disease and cardiomy-
opathies

Within each category we describe the anatomical
features of each defect, various factors that affect
exercise performance, and appropriate testing
approaches.

Factors Affecting Exercise
Performance

It may seem obvious that more severe cardiac
defects are associated with greater compromise to
exercise performance. As a guideline, the fewer the
cardiac chambers and great arteries, the worse the
exercise performance will be. Table 12.1 illustrates
the ranges of aerobic capacity for some of the
more common types of congenital cardiac defects.
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Table 12.1

Exercise Capacity in Congenital Heart Disease

Simple shunt lesions
« Small ASD or VSD, unrepaired
« ASD or VSD, repaired
« Large ASD or VSD, repaired
« Large ASD, unrepaired
Simple ventricular outflow tract obstruction
TOF, repaired
TGA, arterial switch
TGA, atrial switch

Functional single ventricle, Fontan completion

Normal

Normal

Normal or mildly reduced
Normal or mildly reduced
Mildly reduced

Normal, except for severe cases
Mildly to moderately reduced
Normal or mildly reduced
Moderately reduced

Moderately to severely reduced

ASD = atrial septal defect. TOF = tetralogy of Fallot. TGA = transposition of the great arteries. VSD = ventricular septal defect.

The more complex lesions generally produce lower
maximal aerobic capacity. While this decrease in
aerobic performance is often a result of impaired
cardiac output (as a consequence of decreased
stroke volume, chronotropic response, or both),
this is not always the case. Noncardiac abnormali-
ties of the pulmonary or musculoskeletal system
may limit exercise performance even in those
patients with significant cardiac defects. Formal
cardiopulmonary exercise testing may often be
the only way to sort out those factors that limit
exercise performance in any individual patient.
Table 12.1 illustrates that the presence of four
normal cardiac chambers and normal great arter-
ies often results in normal or near-normal exercise
performance. Usually this is the case for isolated
septal defects and mild-to-moderate ventricular
outflow tract obstruction. However, the presence
of severe residual lesions such as valvular stenosis
or regurgitation may result in significantly abnor-
mal exercise performance even with an otherwise
morphologically normal heart and great arteries.
This is due to the abnormal stress placed on the
myocardium from long-standing abnormal hemo-
dynamics caused by the residual valvular defects.
In addition to the number of ventricles, the mor-
phology of the systemic ventricle is important in
determining the cardiovascular response to exer-
cise. Cardiac defects that result in a morphological
right ventricle serving as the systemic ventricle
(the ventricle responsible for pumping blood to
the body as opposed to the lungs) invariably have
decreased aerobic capacity when compared to
those defects with a systemic morphological left
ventricle. In lesions that are so complex that a two-

ventricle repair is not feasible, the palliative surgi-
cal approach is to perform a Fontan-type surgery,
essentially creating a functional single ventricle.
The impact of residual abnormal hemodynamics
as it pertains to simple and complex two-ventricle
systems and single-ventricle physiology are dis-
cussed more extensively in subsequent sections.

Exercise Testing

The types of protocols commonly used in the
exercise physiology laboratory are discussed
elsewhere in this text. The choice of treadmill
testing or cycle ergometry depends on the type
of information desired. The cycle ergometer has
practical advantages over treadmill testing: It is
less expensive to purchase and maintain, it is safer,
and it is less intimidating to exercising subjects.
One of the most important advantages of cycle
ergometry is decreased artifact when measuring
ECG and systemic blood pressure, physiologic
measures that are crucial in the congenital heart
disease population. Physical working capacity can
easily be quantified with modern electronically
braked cycle ergometers, but it is very difficult
to assess by treadmill because of the differences
in walking or running economy in children of dif-
ferent sizes and gait patterns (87). If the desired
information from the exercise test is peak oxygen
consumption, however, treadmill testing is rec-
ommended because in running both upper and
lower peripheral muscles consume oxygen; during
cycling, it is primarily the lower limbs that are
involved. Table 12.2 provides some examples of
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Table 12.2.

Exercise Protocols to Match the Desired Information

Patients with established
or suspected heart disease

Aerobic fitness

Simple shunt lesions Repaired ASD, VSD

Obstructive lesions Coarctation of the aorta Cycle
Complex two-ventricle Repaired TOF Cycle
defects

Repaired TGA Cycle

Single-ventricle
physiology

Fontan repair

Primary arrhythmias and

channelopathies long QT

Acquired heart disease

and cardiomyopathies nary arterial anomaly

Treadmill

Treadmill or cycle

Treadmill or cycle

Arrhythmia assessment or ~ Cycle

Pre- or post-repair coro- Cycle

Subjects will attain a higher
VO, value with treadmill

as compared to the cycle
protocol

Arrhythmia assessment

BP assessment more accurate
in the cycle protocol

Arrhythmia assessment is
critical measure, easier in
cycle protocol

Ischemia and arrhythmia ECG

assessment are easier in cycle
protocol

Dependent upon query

There is less motion artifact
on the cycle protocol ECG

Ischemia ECG assessment is
easier in cycle protocol

ASD = atrial septal defect. BP = blood pressure. ECG = electrocardiography. VO, = oxygen consumption. TOF = tetralogy of Fallot. TGA = trans-

position of the great arteries. VSD = ventricular septal defect.

Adapted from Stephens, McBride, and Paridon 2010.

selected congenital heart defects and the assess-
ment modality that would likely provide the most
useful information to the referring physician.

Simple Two-Ventricle Defects

Isolated shunt lesions include such common
congenital defects as atrial septal defects (ASD),
ventricular septal defects (VSD), and patent
ductus arteriosus (PDA). Although these defects
can occur as part of complex defects, they also
occur often as isolated anomalies. These defects
share in common an increased pulmonary blood
flow as a consequence of the shunting of blood
from the high-resistance systemic circuit to the
low-resistance pulmonary circuit across the com-
municating lesion. When exercise capacity is mea-

sured by formal exercise testing in patients with
either small, hemodynamically insignificant, or
repaired shunt lesions, many have normal exercise
performance, but a considerable number have a
low aerobic capacity (79, 80). While residual car-
diac disease or, more rarely, a persistent degree of
elevated pulmonary vascular resistance with exer-
cise may be the cause of exercise limitation in a few
cases (80), the cause in most patients with these
shunt lesions is a sedentary lifestyle with physical
inactivity. Regular exercise, exercise training, and
in many cases competitive sport participation can
be beneficial for most of these patients.

Atrial Septal Defect

In patients with ASD, blood flows left to right across
the atrial defect during diastole as a consequence



Etiology of Impaired Chronotropy in Congenital Heart Disease

The chronotropic capacity of the heart (ability to
augment heart rate) affects both cardiac and exercise
performance. In the normal heart, stroke volume
increases approximately 30% to 40% over the resting
value during upright progressive exercise. Any further
increase in cardiac output in excess of this amount is
accomplished by augmenting the heart rate. There-
fore, in order to achieve a normal maximal oxygen
consumption, an adequate chronotropic response
to exercise is necessary. In patients with congenital
heart disease, the ability to increase stroke volume in
a normal fashion is often limited or absent. Thus, any
impairment in the chronotropic response even more
significantly decreases cardiac output during exercise.
The causes of chronotropicimpairment vary, and more
than one cause may be at work in any given patient.

Sinus node dysfunction is the most common expla-
nation for chronotropic impairment with exercise.
Abnormal function of the sinus node can have several
causes, including surgical (extensive intracardiac repair
or denervation) or pharmacological etiologies (adren-
ergic blockade treatment). During surgical procedures,
the sinus node is vulnerable to direct damage. Surgical
procedures that require extensive atrial manipulation
or creation of extensive atrial suture lines result in the
highest risk for postoperative sinus node dysfunction.
Such defects include D-transposition of the great
arteries requiring atrial baffling (Mustard or Senning)
or Fontan operations using an atrial lateral tunnel
approach. The cause of chronotropic impairment
in the Fontan repair for single-ventricle physiology
using an extracardiac conduit is unclear and subject
to ongoing debate. In earlier surgical eras, tetralogy
of Fallot was associated with significant incidence
of chronotropic impairment. This was most likely a
combination of direct damage to the sinus node from
atrial cannulation during cardiopulmonary bypass and
significant residual right-sided hemodynamic abnor-
malities. In the current era significant chronotropic
impairment is much less common.

Chronotropy can also be impaired as a result of
surgical disruption of the autonomic innervation of

the heart during an operation. The most extreme
example of this process would be the complete
denervation that occurs with heart transplanta-
tion. Less severe, but still significant, disruption
of autonomic innervation is seen in those defects
that require transsection of the aortic root or sig-
nificant manipulation of the great arteries, such as
the arterial switch operation for transposition of
the great arteries or the Ross procedure for aortic
valve stenosis.

Chronotropy with exercise can also be impaired by
both congenital and surgically acquired heart block.
In the current era, surgically acquired heart block
is, fortunately, uncommon. However, when it does
occur, the atrioventricular node assumes the role of
the ventricular pacemaker. This results in a loss of syn-
chronous contraction of the atria and the ventricles,
causing a decrease in stroke volume and significantly
impaired chronotropy. Resynchrony through the use
of pacemaker technology has been shown to improve
cardiac output and exercise performance in adults;
however, there are significant limitations when applied
to small patients with complex cardiac lesions. Often
the upper rate limit of these pacemakers is too low to
allow normal chronotropic response, even if the sinus
node is undamaged.

Exercise testing of patients with congenital heart
disease provides the clinician with several potential
end points by which clinical decisions can be made
that are otherwise unrecognized in the resting state.
An understanding of the potential mechanisms of
impaired exercise performance, including mecha-
nisms of chronotropic impairment, is but a small
portion of the clinical acumen needed for those
responsible for assessing exercise capacity in children,
adolescents, and young adults with congenital heart
disease. However, recognizing the mechanisms of
potentially impaired chronotropy, including congeni-
tal, surgical, and pharmacological etiologies, provides
a basis for understanding potential limitations to
exercise performance and creating the rationale for
planning further medical interventions.
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of the greater right ventricular compliance. The
total amount of blood across the shunt is negli-
gible for small defects, and these patients gener-
ally have a normal exercise capacity. However,
with larger defects the greater shunt size leads
to right ventricular volume overload that could
cause pulmonary hypertension during exercise
(80). In addition, this shunt flow may limit pre-
load to the left ventricle at higher heart rates. If
this occurs, this may lead to a mildly reduced
exercise capacity. With aging, left ventricular
compliance may decrease. This may also help
to limit left ventricular preload and thus cardiac
output during exercise.

In young patients after ASD closure, nearly all
have normal or near-normal exercise capacity.
Nowadays repair is almost always done in early
childhood. Residual pulmonary hypertension or
atrial arrhythmias are very rare during childhood
or at any age following early childhood repair.
Exercise data for children with ASD prior to
repair is scant, mainly because this lesion is often
identified early in childhood. From the available
information, aerobic capacity is mildly impaired
prior to surgical repair (54). As stated previously,
cardiac output with exercise may be limited due
to a decrease in left ventricular preload. This is
a consequence of left-to-right atrial shunting of
blood flow preferentially to the more compliant
right ventricle. Following surgical repair, exercise
performance improves significantly even in older
patients with long-standing right ventricular dys-
function (54, 78). However, exercise performance
may not normalize if right ventricular dysfunction
persists. In addition, long-standing atrial septal
defects may result in atrial arrhythmias and chro-
notropic insufficiency, which may limit cardiac
performance during exercise. In those patients
with atrial septal defects repaired during infancy,
exercise performance is usually excellent and
indistinguishable from their healthy peers.

Routine exercise testing in this population
repaired in early childhood is not generally
needed. However, it can be useful in some circum-
stances. It may help identify the rare patient with
significant chronotropic limitation or arrhythmias.
It may also help in distinguishing noncardiac from
cardiac-exercise-related symptoms. Exercise intol-
erance and persistent symptoms are much more
likely to be found in patients whose defects were
repaired in adolescence or adulthood. Exercise

testing in this population is often useful to assess
cardiopulmonary performance following repair.

Ventricular Septal Defect

A simple ventricular septal defect results in left-
to-right shunting of blood flow. The amount of this
shunting is usually measured with noninvasive
procedures such as echocardiography or cardiac
magnetic imaging using pulmonary-to-systemic
flow ratio (QP/QS). In patients with restrictive
VSDs and a QP/QS of <1.5/1, the shunt from the
left ventricle to the right ventricle is relatively
small and the impact on exercise performance is
negligible. This is because the drop in systemic
vascular resistance results in a majority of stroke
volume being delivered to the aorta and the sys-
temic vascular system rather than across the VSD.
In patients with larger VSDs (Q D/QS 1.5-2), there
is usually low pulmonary artery pressure and
resistance and only mild left ventricular volume
overload. Under these circumstances, dynamic
exercise is also usually well tolerated. However,
isometric exercise, which increases systemic
afterload much more than pulmonary afterload,
results in an increase in both pulmonary flow and
Qp/Qs’ making isometric exercise somewhat less
well tolerated. Those patients with large unre-
paired VSDs (Q ,/Qs >2), despite normal pulmonary
pressures and resistances, often display exercise
hemodynamics similar to the moderate-sized
defects. However, when the VSD is large enough
to allow significant transmission of the systemic
pressure to the pulmonary vascular bed, pulmo-
nary hypertension usually results, and neither
dynamic nor isometric exercise is well tolerated.
These patients are often symptomatic at rest or
with minimal activity. This is due to pulmonary
edema that results from the high pressures in the
pulmonary arterial bed. However, current pro-
tocol dictates that these patients almost always
undergo surgical repair in infancy. Therefore, the
assessment of exercise performance is usually not
contraindicated in this population.

Results evaluating maximal exercise perfor-
mance in patients with a repaired or a residual
VSD have been conflicting. Most, however, do
show a mild decrease in aerobic capacity (78, 79,
105). Reasons for impaired aerobic capacity vary
among patients, but all are related to impaired
hemodynamics, including myocardial dysfunction,



146 McBride and Paridon

chronotropic impairment, and elevated pulmonary
vascular resistance. However, patients in many
of the studies evaluating exercise performance
following VSD repair were repaired at older ages
according to earlier practice, when the strategies
of myocardial preservation were not as sophisti-
cated as they are today.

Exercise testing in the current era for VSDs is
usually performed for reasons similar to those
described for ASDs and other simple shunt lesions.
Performance during cardiopulmonary exercise
testing should be essentially normal in a patient
who underwent repair without complications in
infancy or early childhood. Electrocardiographic
conduction abnormalities are often reasons for
exercise testing in this group. Bundle branch
blocks (usually right) are common, especially in
those patients repaired in earlier eras. Atrioven-
tricular node conduction abnormalities are less
common but can significantly impair chronotropic
response when present. For this reason, exercise
testing is often useful for routine screening in
patients prior to their participation in competitive
and recreational activities.

Obstructive Lesions

Lesions that result in either right or left ventricular
outflow tract obstruction may occur as isolated
defects or as part of a more complex cardiac
abnormality. The most common site of outflow
tract obstruction for either ventricle is at the
semilunar valve, although obstruction both above
and below the valves occurs on either the right or
left ventricles.

As a consequence of outflow tract obstruction,
resistance is increased, which increases the work
required to maintain sufficient cardiac output. This
results in myocardial hypertrophy of the ventricle
to generate greater force during systole. In mild-
to-moderate obstructive disease, cardiac output
is generally well preserved both at rest and during
exercise. In fact, congenital pressure overload
appears to cause supranormal cardiac contractil-
ity. Not surprisingly, exercise performance under
these circumstances is often normal. Therefore,
aerobic capacity and physical working capacity
are usually within the normal range for mild-to-
moderate aortic and pulmonary valve stenosis. In
the case of severe outflow tract obstruction, exer-
cise capacity is often impaired due to the inability
of the ventricle to maintain stroke volume despite
compensatory ventricular hypertrophy. As a

result, cardiac output decreases during increased
work. This implies that during exercise, cardiac
output is below the expected value for any given
level of oxygen consumption (VO,).

Aortic Stenosis

Aortic stenosis can be categorized under three
major subtypes: subvalvar, valvar, and supraval-
var. Subvalvar disease is a result of a subaortic
muscular ridge, a fibromuscular ridge or tunnel,
or a discrete subaortic membrane. Subaortic
obstruction causes a high-velocity outflow jet
and turbulence, resulting in chronic aortic valve
leaflet damage and resultant aortic regurgitation.
Congenitally stenotic aortic valves can be iso-
lated (unicommissural or bicommissural lesions),
or they can be found in association with other
lesions, such as VSD, mitral valve abnormalities,
hypoplasia of the aortic arch, or coarctation of
the aorta. Supravalvar aortic stenosis at the sino-
tubular junction is typically seen in patients with
Williams syndrome, in familial supraaortic steno-
sis (1), or as spontaneous mutations in otherwise
normal individuals. Except in severe cases or in
the presence of other significant defects, exercise
performance is usually normal or near normal.

In severe left ventricular outflow obstruction,
ventricular hypertrophy places the myocardium
at risk for exercise-induced myocardial ischemia.
This is due to insufficient capillary development
to meet myocardial demand, as well as decreased
cardiac output, which limits coronary flow reserve
during exercise (68). Myocardial ischemia may be
seen as electrocardiographic changes (ST segment
depression) during exercise (46). Interestingly, in
many cases these changes do not correspond to
any exertion symptoms. Chest pain and syncope
are relatively rare events in children, even with
severe aortic stenosis. Therefore, limitations in
exercise performance with severe obstruction are
often due to the inability to deliver adequate blood
flow and oxygen to the peripheral skeletal muscle
rather than myocardial ischemia.

Guidelines that grade the degree of stenosis
have been used to make recommendations about
sport participation in competitive athletes. How-
ever, these guidelines are admittedly conservative,
based upon scant literature, and do not account
for the heterogeneity across the various subtypes
of stenotic lesions (36). A recent long-term follow-
up of sudden cardiac death (SCD) after aortic
valvuloplasty calls these recommendations into
question. In a large single-center report, there was
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only one case of SCD. This occurred during sleep.
No deaths occurred with activity, and there was
no difference in survival based on whether or not
the patient had been activity restricted (9). While
most of the previously reported patients with
aortic stenosis who died suddenly had a high inci-
dence of ECG abnormalities, and left ventricular
hypertrophy or strain should be assessed when
making recommendations for sport participation,
the usefulness of these findings is limited. Resting
ECGs are often abnormal in patients with aortic
stenosis even in nonsevere cases. Varying degrees
of left ventricular strain are often present and may
persist or worsen with exercise. The ability to
assess the presence of subendocardial ischemia in
the presence of these preexisting ECG abnormali-
ties is limited. While graded exercise testing may
be helpful in unmasking important findings, such
as blunted blood pressure response, ventricular
ectopy, and in certain cases, myocardial ischemia
in asymptomatic patients, care should be taken
in interpreting the results. A positive finding on
an exercise test is often a useful supportive test
in patients who are close to meeting criteria for
intervention by other testing modalities. A positive
exercise test alone should be viewed with caution
for patients who by all other criteria would not be
candidates for intervention.

Bicuspid Aortic Valve

Bicuspid aortic valves are the most common type
of congenital heart malformation, estimated to
occur in 0.5% of the population, with males being
affected three times more often than females (3,
63). When a female is found to have a bicuspid
aortic valve in association with aortic coarctation,
Turner syndrome or Turner mosaicism should be
strongly suspected. The typical bicuspid aortic
valve has two recognizable lines of cusp apposi-
tion. Fusion of the right and left, or right and non-
coronary, cusps results in valves that are prone
to either regurgitation or stenosis or both. Abnor-
malities of the aortic root, sinotubular junction,
and ascending aorta occur as part of this lesion
(87, 90, 97). Even in patients who do not have
stenosis or regurgitation, dilation of the root and
ascending aorta is common. Although extremely
rare in the pediatric population, spontaneous rup-
ture may occur in these patients but with much
less frequency than in Marfan syndrome patients.
There is a tendency for aortic root dilation to
occur in patients with fusion of the right and left
coronary cusps, while dilation of the ascending

aorta appears to be more common in patients with
fusion of the right and noncoronary cusps (25, 89).

Exercise performance in children and adoles-
cents with bicuspid aortic valve mirrors that of
their normal peers, and regular physical activity
or competitive sports are not restricted in those
patients without significant aortic root dilation.
Although there is information to suggest that
regular athletic training may increase aortic
dimensions, the actual risk associated with this
progression is unknown (25). There is evidence
that endurance training may improve the elastic
properties of the aorta (10, 47, 48, 95, 96). Close
follow-up is warranted, and annual echocardiogra-
phy may be helpful, but it should be individualized
to the patient. Intense, repetitive isometric activi-
ties may enhance aortic stiffness and dilation;
however, in the absence of aortic root dilation,
isometric activities are currently acceptable (2,
5, 6). Controversy around this issue is likely to
persist in the foreseeable future. Exercise testing
is seldom needed for simple bicuspid aortic valve.

Coarctation of the Aorta

Coarctation of the aorta describes the narrowing
of the aortic isthmus, the segment of the aorta
between the origin of the left subclavian artery and
the ductal ampulla or ligament in a left aortic arch
(99). It is commonly associated with abnormalities
of the aortic valve and mitral valves, the presence
of a VSD, hypoplasia of the aortic arch, and even
hypoplastic left heart syndrome. Histological
abnormalities involving the elastic media at the
site of the coarctation are integral to this lesion.
Both unoperated and operated older patients are
also at risk for the development of and rupture of
intracranial aneurysms. Although rare after early
successful palliation, increased risk for coronary
artery disease, stroke, heart failure, aortic and
cerebral aneurysmal rupture, and SCD persist
(100). Exercise capacity is often reduced in these
patients despite the adequacy of the repair (18,
37). Chronically elevated systolic blood pressure
may play a role in cardiovascular morbidity and
mortality. Endothelial dysfunction, reduced vessel
elasticity, and enhanced baroreceptors may all
play a role in the development of chronic systolic
hypertension and the commonly found systolic
hypertensive rise to graded dynamic or isometric
exercise (4, 15, 38).

Medical and surgical history, including the pres-
ence or repair of associated lesions, four extremity
blood pressures, and a resting ECG are essential in
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the initial evaluation of patients with coarctation of
the aorta. Previous sites of cardiac catheterization
are also important, particularly in patients who
have had balloon dilation of native coarctation or
dilation of recurrent or residual coarctation. The
presence of an upper-to-lower-extremity blood
pressure gradient should alert the physician to
the presence of a possible residual coarctation.

Laboratory studies include the baseline resting
ECG to assess for the presence of left ventricular
hypertrophy. Echocardiography is very useful in
the detection of residual gradients, associated
lesions, and the site of the residual obstruction,
if present, as well as left ventricular hypertrophy.
Magnetic resonance imaging (MRI) with three-
dimensional reconstruction offers exquisite detail
of aortic anatomy and may be useful in deter-
mining the site of residual obstruction. Maximal
exercise testing can be useful to assess the blood
pressure response to exercise in these patients.
This response may be abnormal even in the
absence of a residual coarctation, and any abnor-
mal findings may be related to residual abnormal
vascular reactivity in these patients. Interest-
ingly, even patients with excellent repairs and no
residual gradient at rest may develop quite large
upper-to-lower-extremity blood pressure gradients
with exercise. These gradients may occur even in
the presence of a normotensive upper extremity
response to exercise. The etiology of this blood
pressure response is uncertain but may well be
related to the abnormal elasticity of the aorta at
the site of the coarctation repair.

Pulmonary Stenosis

The most common type of right ventricular out-
flow obstruction is pulmonary stenosis (PS), which
is caused by fused leaflets in most patients. The
degree of obstruction is variable but is typically
mild. More advanced obstruction results in right
ventricular hypertrophy or strain. If left untreated,
it can result in exercise intolerance (63) or atrial
arrhythmias secondary to right atrial dilation.
Most patients with advanced obstruction benefit
from intervention, typically balloon valvuloplasty.
Mild PS (peak gradient <30 mmHg) does not appear
to significantly affect exercise performance. How-
ever, moderate (30-50 mmHg peak gradient) or
severe (>50 mmHg) stenosis impairs performance,
but this typically improves after intervention.
Chances are good that reintervention will be
unnecessary and exercise capacity will increase;
however, the long-term impact of chronic pulmo-

nary regurgitation as a result of the intervention
remains to be seen (11, 84). Long-term pulmonary
insufficiency is increasingly being associated with
impaired exercise performance. This has led to
more efforts to quantify right ventricular volume,
regurgitant fraction, and ejection fraction in hopes
of better defining the optimal timing of pulmonary
valve replacement. Limited data suggest that
serial exercise testing may be useful as part of
the evaluation of the timing for intervention. A
decrease in either aerobic performance or pulmo-
nary efficiency as measured by the \'/CO2 slope, for
example, may be a useful indicator of increasing
right ventricular compromise. More research in
this area is needed, especially as the develop-
ment of nonsurgical implantable valves makes this
therapy a more attractive clinical option.

Complex Two-Ventricle Defects

The most common complex two-ventricle defects
are tetralogy of Fallot and transposition of the
great arteries (TGA). Other, less common, defects
are Ebstein’s anomaly and truncus arteriosus.

Tetralogy of Fallot

Tetralogy of Fallot (TOF) is a common, complex
cardiac defect consisting of four major malforma-
tions in cardiac anatomy:

1. Alarge anterior malalignment ventricular
septal defect

2. Overriding of the intraventricular septum
by the aortic valve

3. Varying degrees of pulmonary valvular
stenosis

4. Right ventricular hypertrophy, usually
with significant subvalvular pulmonary
obstruction

Repair of this defect is accomplished by surgical
closure of the large VSD, simultaneously shifting
the aorta into a left ventricular outflow position
and relieving pulmonary outflow obstruction.

As a relatively common cardiac lesion with a
long history of surgical repair, TOF has probably
the most extensive number of studies of exercise
performance of any complex two-ventricle defect.
Prior to the last decade, most studies of exercise
performance in TOF had found mild-to-moderate
reduction of aerobic capacity compared to normal
subjects (43, 50, 58, 59, 79, 86, 99, 102, 103). In
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the current era, however, one study found these
patients to have nearly normal aerobic and physi-
cal working capacities (53).

Reasons for decreased indices of exercise
performance in these patients are multifactorial.
Residual right-sided lesions have been the focus
of most attention. Free pulmonary insufficiency,
residual pulmonary stenosis, and right ventricular
dilation seem to be key factors in limiting aerobic
capacity in this population. Residual stenosis,
regurgitation, and branch pulmonary artery ste-
nosis have all been independently associated with
diminished exercise performance and inefficient
ventilation during exercise. The latter is mani-
fested as high ventilatory equivalents for carbon
dioxide (minute ventilation is high when compared
to carbon dioxide excretion) as well as a steep rise
in the slope of minute ventilation relative to carbon
dioxide production (24, 30, 31, 97).

Due to the residual cardiac lesions, patients
surgically repaired for TOF have aerobic capacities
that are generally around 80% to 85% of healthy
matched peers (50, 78, 79, 86, 99, 103). However,
exercise capacity varies widely in this population.
It may range from severely depressed to, in some
cases, well above normal. This heterogeneity in
exercise performance reflects both the heteroge-
neity of the defect itself and the broad spectrum
of residual disease seen following operative repair.
Those patients with significant pulmonary regur-
gitation accompanied by biventricular systolic
dysfunction appear to have the lowest exercise
capacity (30). These are often young adults with
long-standing residual right-sided abnormalities.
Patients with restrictive right ventricular mechan-
ics may not develop significant right ventricular
dilation despite severe pulmonary regurgitation,
and they often appear to have more preserved
exercise capacity at long-term follow-up (26, 27).
Prolongation of the electrocardiographic QRS
is associated with dilated right ventricles, and
the absolute measurement (>180 ms) as well as
the rate of change of the QRS duration may be
important predictors for the risk of sudden cardiac
death during exercise. Other factors associated
with ventricular arrhythmias and possibly with
SCD include older age at repair, residual right ven-
tricular outflow tract obstruction with increased
right ventricular systolic pressure, RV dilation and
dysfunction, and left ventricular systolic dysfunc-
tion (28, 29, 93). Premature atrial and ventricular
ectopy are commonly observed on exercise test-
ing and can be seen in as many as 50% of patients.
However, fast atrial or ventricular couplets or runs

of arrhythmias are not common during exercise
testing and are likely a cause for concern.

Abnormalities of pulmonary function are also
quite common following repair of TOF (70, 86, 102).
Most commonly, patients present with restrictive
airway patterns associated with single or mul-
tiple sternotomies. However, obstructive airway
patterns have also been observed. Pulmonary
mechanics of these patients tend to result in
lower breathing reserves and higher ventilatory
equivalents for oxygen and carbon dioxide. How-
ever, they are seldom enough to limit exercise
performance (58, 86, 102). It is unclear whether the
etiology of abnormal pulmonary function in these
patients is an intrinsic pulmonary abnormality or
secondary to abnormal pulmonary vasculature,
especially pulmonary regurgitation.

It would appear that just as TOF is a heteroge-
neous cardiac defect, there are multiple causes
of exercise impairment in this population. These
patients often require more individual assess-
ments than other cardiac patients, not only to
determine their degree of exercise impairment
but also the specific cause of their impairment.
Regular exercise testing, including measurements
of oxygen consumption and pulmonary function,
in this population is necessary to assess causes of
any exercise limitation. Exercise testing combined
with imaging studies, such as an MRI, may be
helpful in identifying patients who could benefit
from pulmonary valve replacement; this may be
especially useful in the late adolescent and young
adult age group. This strategy has taken on more
importance over the last decade because there
has been an increased focus on earlier pulmonary
valve replacement in the second and third decades
of life in an attempt to preserve and rehabilitate
right ventricular function. This trend is likely to
accelerate in the near future as nonsurgically
implanted pulmonary valves become routinely
available. Changes in aerobic capacity and venti-
latory efficiency may be useful markers of early
right ventricular dysfunction, and they may be
used to help determine the optimal timing for valve
placement. The frequency of exercise testing in
this population should be greater than in the pre-
adolescent population, but the value for pediatric
TOF patients remains a point of ongoing research.

D-Transposition of the Great Arteries

In dextro-transposition of the great arteries (D-TGA),
the aorta arises from the right ventricle and the pul-
monary artery from the left ventricle. This results
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in systemic venous return bypassing the lungs and
being transported back to the systemic arterial
circulation. Pulmonary venous return is pumped by
the left ventricle back through the lungs. Without
early surgical intervention, this type of circulation
is usually not compatible with survival.

Until about 25 yr ago, D-TGA was repaired using
the atrial switch operation, either the Mustard
or Senning, by which baffles were constructed
in the atria that channel systemic venous blood
to the left ventricle and pulmonary venous
blood to the right ventricle. These types of repairs
result in extensive suture lines and a right ventricle
that must function as a systemic pump.

Exercise performance in this population is
usually moderately compromised, with maximal
\'/O2 in the range of 60% to 70% of predicted. Many
patients may be limited even in performing activi-
ties of daily living to varying degrees. The reasons
for poor exercise performance are multiple and
may include poor systemic right ventricular func-
tion, chronotropic impairment, tricuspid valve
regurgitation, and ridged atrial baffles that limit
augmentation of ventricular preload (17, 57, 65,
71, 85).

Today, patients with the atrial switch operation
will be almost exclusively adults, and most will
have some degree of significant cardiac dysfunc-
tion. A thorough evaluation is warranted, such as
that previously described for TOF patients with
significant residual defects. Routine exercise test-
ing is used to assess for the presence of arrhyth-
mias and chronotropic response. This testing
is also useful for judging exercise capacity and
potential limitations. The information gathered
can be used in counseling patients about jobs,
daily living activities, recreational sports, and the
need for physical rehabilitation, when necessary.

Because of the long-term problems with the
atrial switch operations, the current approach
has been to perform an arterial switch opera-
tion whenever possible. In this procedure, the
aorta and pulmonary arteries are transected and
moved to their correct ventricles. This requires
moving and reimplanting the coronary arteries.
This has raised concern that torsion and kinking
of the coronary arteries during surgery might limit
coronary blood flow reserve and place children at
risk for stress-induced left ventricular myocardial
ischemia (69).

After the arterial switch operation, most
patients, especially preadolescents, have normal
or near-normal exercise performance (on aver-

age, 87% of predicted maximal VOZ) (16, 23, 32,
44, 52, 74, 81). However, as this population ages
there is evidence to suggest that their exercise
performance declines somewhat (16, 23, 74). The
reasons for this decline are unclear, but they may
be related at least in part to a lack of physical activ-
ity and rising rates of obesity (75, 76). Complete or
partial occlusion of coronary vessels, myocardial
perfusion imaging defects, wall-motion abnormali-
ties on stress echocardiography, and diminished
coronary reserve have been noted in approxi-
mately 10% to 12% of patients following the arterial
switch operation (32, 40, 44, 52, 67, 74). Although
rarely causing symptoms, these conditions raise
concerns about the risk of highly competitive
sports in these patients as well as the potential
risks of acquired atherosclerotic coronary disease
and subsequent activity-related myocardial isch-
emia as this population ages. In addition, dilation
of the aortic root is seen with increasing frequency
as this population ages. Despite these concerns,
sudden death after this operation is uncommon.
To date, the need for additional intervention has
been quite low, and indications for reintervention
are not clear. The risk for aortic rupture or dissec-
tion during activity in this population is not known,
but given the presence of scar tissue surrounding
the aortic root and the presence of a suture line, it
is probably much less than with aortic root dila-
tion from connective tissue diseases. The effects
of aortic root dilation on the coronary arteries are
also unknown (7, 13, 60).

Exercise testing may help to unveil hidden
residual hemodynamic abnormalities or arrhyth-
mias and to evaluate for the presence of electro-
cardiographic changes suggestive of myocardial
ischemia. Myocardial perfusion imaging during
exercise stress testing, stress echocardiography,
and MRI may also be considered if abnormalities
are suspected, especially in cases where rest-
ing conduction abnormalities on the ECG limit
the interpretation of ST segment changes. Some
authorities believe that ECG, echocardiography,
and stress testing should be repeated every 2
yr; however, there are no reliable data that this
approach to screening frequency is superior to
individual clinician judgment.

Ebstein’s Anomaly

Ebstein’s anomaly is characterized by apical dis-
placement of the septal and posterior leaflets of
the tricuspid valve, often accompanied by a secun-
dum atrial septal defect, and it varies in its degree
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of severity. In patients with mild leaflet displace-
ment and little or no insufficiency, symptoms may
be absent and may not require any intervention. In
more severe cases, cyanosis is often observed as
elevated right atrial pressure results in right-to-left
shunting of blood flow at the atrial level.

Few studies have been performed to examine
exercise risk or performance in patients with
Ebstein’s anomaly. Heterogeneity in this patient
population is great and will vary with the sever-
ity of the valvular dysfunction, in addition to the
presence and degree of atrial shunting. Oxygen
consumption is often reduced compared to normal
individuals; however, patients have improved exer-
cise performance after the tricuspid valve is palli-
ated and the ASD is repaired (51). Patients repaired
at a young age who have lower cardiothoracic
ratios on chest X-ray at the time of intervention
appear to have better outcomes than mid-term
repairs (101). Preoperative patients are often cya-
notic, which worsens with exercise. After surgical
intervention most patients still have fairly limited
exercise capacity, with an average maximal \'/O2
of 50% of predicted (101). Significant intracardiac
repair often results in chronotropic insufficiency.
Reduced right ventricular and left ventricular
stroke volumes may limit cardiac output and
therefore exercise performance, even in adult
patients who are fully saturated (101). Similar to
patients with other forms of complex two-ventricle
physiology, such as tetralogy of Fallot, ventilatory
inefficiency during exercise can be significant as a
result of pulmonary abnormalities as well as right-
to-left intraarterial shunting if an ASD is present.

Truncus Arteriosus

Truncus arteriosus is characterized by a single
arterial vessel that arises from the base of the
heart and gives origin to the coronary, pulmonary,
and systemic arteries. Similar to other conotruncal
defects, there is a great degree of variability in the
severity of this disease. Early signs and symptoms
may range from mild cyanosis to heart failure due
to excessive blood flow through the pulmonary
vascular bed. Therefore, early surgical interven-
tion has been the treatment of choice.

Surgical repair involves separating the pulmo-
nary arteries from the common trunk and connect-
ing them to the right ventricle with a conduit. In
patients who undergo surgical correction during
the early years of life, eventually the smaller
conduit will be outgrown. As with other rare two-
ventricle defects, data are scant on exercise per-

formance with isolated truncus arteriosus. Regular
evaluation of exercise performance to assess the
degree of exercise impairment may be beneficial
to determine the need for reintervention, such as
valve replacement during adolescence or adult-
hood similar to patients with tetralogy of Fallot.

Single-Ventricle Physiology

The Fontan procedure is the most common pal-
liation for single-ventricle physiology (72). Here,
the pulmonary and systemic circulation are sepa-
rated, with venous return directed passively to the
pulmonary vascular bed through a series of three
surgical procedures, often before age 2. In this
way, the functional single ventricle receives only
pulmonary venous return, which is then pumped
to the systemic circulation via the aorta.

Exercise performance is significantly impaired
in patients with single-ventricle physiology after
surgical palliation. Patients with unoperated
single-ventricle physiology also have reduced
exercise performance, primarily due to right-to-left
intracardiac shunting that sends mixed arterial-
venous blood flow to the common ventricle, result-
ing in systemic hypoxemia. During progressive
exercise, hypoxemia occurs secondary to a fall in
systemic vascular resistance, and resistance to
blood flow through the pulmonary vascular bed
remains relatively high in these patients (69). The
decrease in systemic vascular resistance results
in limited pulmonary blood flow compared to that
in normal persons. As the system tries to meet
the demands of exercising muscles and eliminate
carbon dioxide, a larger portion of cardiac output
is shunted away from the pulmonary vascular
bed, limiting oxygen diffusion. To eliminate the
greater fraction of carbon dioxide present in the
blood and to maintain pH homeostasis, unoper-
ated single-ventricle patients hyperventilate more
than healthy peers and those with acyanotic con-
genital heart lesions. This pattern of breathing is
associated with the marked limitations on exercise
performance experienced by unoperated single-
ventricle patients (20). Poor ventricular func-
tion and chronotropic incompetence have also
been implicated as causes of impaired exercise
response (21). Fortunately, in the current surgical
era it is rare to find patients who have unrepaired
single-ventricle physiology.

Exercise performance following Fontan pallia-
tion for single-ventricle physiology has been the
focus of many research studies. Improvement
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following surgical repair is attributed to a signifi-
cant reduction or complete elimination of intracar-
diac shunting. However, aerobic exercise perfor-
mance in these patients is persistently impaired,
ranging from 60% to 75% of normal values for age
and gender (21, 22, 33, 39, 62, 72). Several factors
have been implicated in the abnormal response
during follow-up after the Fontan palliation. The
primary determinant is the inability to maintain
stroke volume during exercise in a normal fash-
ion in these patients, which is multifactorial. In
a few patients, impaired exercise performance
has been attributed to poor systolic function.
These patients are often very symptomatic. More
commonly, systolic function is preserved, and
exercise stroke volume appears to be restricted
by an inability to maintain ventricular preload and
adequate stroke volume. This is a result of the
limited ability to maintain pulmonary blood flow
in the absence of a subpulmonary ventricle and
in some cases ventricular diastolic dysfunction.

Before Fontan surgery, patients hyperventilate
more than their peers at rest and during exercise
as a consequence of persistent systemic cyanosis.
This results in elevated ventilatory equivalents
for oxygen and carbon dioxide and overall poor
ventilatory efficiency. Following surgical repair,
the ventilatory equivalents for oxygen and carbon
dioxide often improve, but they remain abnormal
during exercise secondary to intracardiac or intra-
pulmonary shunting. The direct cause of abnormal
ventilatory function during exercise after surgical
repair is not clear, but it may be due to several
factors, such as

¢ a small vital capacity following repeated
palliative surgeries, resulting in uneven
lung inflation secondary to adhesions after
surgery,

¢ accelerated ventilation due to arterial
oxygen desaturation and increased dead-
space-to-tidal-volume ratio, and

¢ an inability to increase effective pulmonary
blood flow in response to the increasing
demands of the exercising muscle (21, 66,
69).

Exercise impairment in children with Fontan
circulation is often related to both central (oxygen
delivery) and peripheral (oxygen extraction) fac-
tors or both. While chronotropic impairment and
intracardiac shunting affect Fontan exercise capac-
ity as central cardiovascular factors, the impor-

tance of peripheral musculoskeletal factors should
not be overlooked. Lean muscle mass and focused
exercise training are important modulators of
exercise capacity in both congenital and adult-
onset heart disease, and they may be important
to daily activities and overall exercise capacity
in the Fontan population. In a recent multicenter
study, central cardiovascular factors accounted
for less than 40% of the variance in maximal VO,
in the Fontan population (72).

From a central cardiovascular standpoint, the
absence of a subpulmonary pump (venous ven-
tricle) results in passive pulmonary blood flow
dependent on the pressure difference between the
central venous pressure (CVP) and the systemic
ventricular end-diastolic pressure (EDP), as well
as relatively low pulmonary vascular resistance
(PVR) (35). Given the limited ability to increase
this CVP driving pressure due to the lack of a
prepulmonary pump, any change in PVR or EDP
can have a profound impact on limiting ventricular
preload and overall stroke volume (35). Even with
normal PVR and EDP, the inability to increase the
driving force of blood flow through the pulmonary
vascular bed results in decreased preload and,
therefore, decreased stroke volume (35). These
limitations, while often seen in the resting state,
are more pronounced during exercise, limiting car-
diac output to at most a two- to threefold increase
rather than the three- to fivefold seen in normal
two-ventricle physiology (35).

In a study by the Pediatric Heart Network (PHN),
\‘/O2 at the ventilatory anaerobic threshold was
significantly better than at maximal exercise (78%
vs. 65% of predicted, respectively) (72). Therefore,
ability to maintain a higher submaximal VO,, as
measured by the ventilatory anaerobic threshold,
relative to the maximal V02 with Fontan physiology
does suggest some positive benefits in that sus-
tained physical activities that are shorter in dura-
tion and usually performed below the anaerobic
threshold will be better tolerated. These include
almost all the activities of daily living, recreation,
and short-burst competitive sports. Patients with
Fontan physiology may in fact be more functional
during submaximal levels of activity than would
be expected on the basis of the maximal values
obtained in the exercise physiology laboratory.

Pediatric Heart Network studies and others
suggest that central cardiovascular factors are
not the only limitation to exercise performance in
the Fontan population. Peripheral factors can also
play a critical role in the limitations on exercise
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performance in these patients. Factors such as lean
muscle mass and exercise conditioning appear to
be at least as important in determining exercise
performance in this population as central factors.
Children and adolescents with Fontan physiology
have deficits in lean mass and skeletal muscle
that may affect their ability to extract oxygen in
a normal fashion. As a result, even when oxygen
delivery is adequate from a central standpoint, the
ability of the peripheral musculoskeletal system
to meet metabolic demand may be compromised.

Primary Arrhythmias and
Channelopathies

Approximately one-third of all sudden cardiac
deaths that occur during athletic activities in
the pediatric and young adult age range are not
associated with any evidence of structural heart
disease or cardiomyopathy (55). These deaths
are most likely due to arrhythmias. Defects in the
cardiac sodium and potassium channels are the
types most often associated with SCD in athlet-
ics. These include prolonged QT syndrome and
Brugada syndrome. In normal persons, the QT
interval shortens with exercise, but the corrected
QT interval (QTc) changes very little. In patients
with prolonged QT syndrome the QTc may pro-
long during intense work, potentially leading to
a life-threatening dysrhythmia. A formal exercise
test may therefore be useful in helping to exclude
prolonged QT syndrome in selected patients (see
chapter 5). The authors have found that an exer-
cise test, although not always diagnostic, can be
useful in providing additional information when
attempting to stratify risks for certain patients and
assessing the adequacy of treatment strategies
such as beta-blocker therapy.

Acquired Heart Disease and
Cardiomyopathies

Diseases of the heart muscle can be acquired
after birth or inherited. This section will discuss
Kawasaki disease, anomalous coronary artery
disease, and cardiomyopathies. Kawasaki disease
affects the blood vessels and can lead to coronary
artery disease after treatment of the immediate
symptoms. Anomalies of the coronary arteries
can be a primary disease or a structural form of
congenital heart disease. Cardiomyopathies can

also be acquired or inherited, the five types being
dilated, hypertrophic, restrictive arrhythmogenic,
right ventricular, and unclassified (mixed) physi-
ology. The most common is hypertrophic cardio-
myopathy, which is usually inherited and affects
heart muscle proteins.

Kawasaki Disease

Kawasaki disease is the most common cause of
acquired heart disease in children (61). Ischemic
heart disease that can lead to myocardial infarc-
tion and SCD can occur due to coronary aneu-
rysms, together with progressive coronary artery
stenosis (49). The risk of SCD due to coronary
artery disease appears to change over time. For
the first 20 yr after the onset of Kawasaki disease,
patients without evidence of coronary aneurysm
or with initial transient dilation on echocardiogra-
phy appear to have no greater risk for ventricular
tachyarrhythmias and SCD than the general popu-
lation (49). Those with aneurysms that regress
to normal lumen diameter may have persisting
structural and functional coronary abnormalities
(49). Suda and colleagues recently reported the
long-term prognosis (median 19 yr follow-up) of
patients with giant coronary aneurysms that did
not regress and, instead, remodeled over time,
leading to intimal thickening and risk of ischemic
heart disease. Of the 76 patients initially followed,
7 died and 1 underwent heart transplantation. In
addition, there were many catheter and surgical
coronary interventions with cumulative coronary
intervention rates of 28%, 43%, and 59% at 5, 15,
and 25 yr after disease onset, respectively (94).
Certainly, in patients with Kawasaki disease, risk
associated with physical activity and exercise
depends on the degree of coronary involvement.
Paridon et al. reported on 46 children and ado-
lescents with a history of Kawasaki disease and
showed that maximal oxygen consumption was
within normal limits without a difference based
on coronary artery status (i.e., none, regressed, or
current aneurysms) (73). Another study focusing
on children with persistent coronary aneurysms
also showed normal peak oxygen consumption,
workload, and anaerobic threshold when com-
pared to control subjects (82).

Children with Kawasaki disease should have,
in addition to a physical examination and ECG, a
resting echocardiogram to evaluate heart function
and determine the presence and size of coronary
aneurysms. A maximal graded exercise test in con-
junction with nuclear myocardial imaging or stress
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echocardiography can be helpful in assessing for
evidence of ischemia, wall-motion abnormalities,
and the presence of exercise-induced arrhythmias.

Anomalous Coronary Artery Disease

Coronary artery anomalies often result in an
increased risk of myocardial ischemia and sudden
cardiac death. Those in which the vessel begins
from the inappropriate sinus of Valsalva and
courses intraarterially and intramurally between
the aorta and pulmonary artery, with the anoma-
lous left coronary artery emerging from the right
sinus, carry the greatest risk of a SCD. These
anomalies are the second leading structural
cause of SCD in young athletes in the United
States (55). Discovery of coronary anomalies is
difficult because many people may not experience
exertional symptoms prior to a cardiac event. A
resting screening ECG is almost always normal in
these patients. Although chest pain both at rest
and with exertion may often be associated with
these coronary abnormalities, it does not confirm
their presence. Chest pain, which is typical for true
cardiogenic anomalies, is ubiquitous in the pediat-
ric population and is very rarely cardiac in origin.
Syncope during or immediately after strenuous
athletic activity is a much more ominous sign that
cardiac pathology may be involved. Transthoracic
echocardiography with color Doppler should be
performed to demonstrate coronary anatomy.
However, when an anomalous coronary artery
is suspected, advanced imaging such as cardiac
MRI, ultrafast CT, and coronary angiography can
be performed to provide confirmatory evidence.
In patients where the left main coronary artery
arises aberrantly, surgery is often recommended.
There are no defined guidelines for the manage-
ment of asymptomatic patients with anomalous
right coronary artery, with some opting for surgery
and others opting for conservative management,
with or without exercise restriction. The relative
risks and benefits of surgical versus nonsurgical
management of these defects are far from clear
and are evolving as more data about the risks of
these anomalies and the short- and long-term risks
of interventions become available.

Children suspected to have a congenital coro-
nary anomaly should have a baseline physical
examination and ECG, with a resting echocardio-
gram to delineate coronary anatomy, evaluate
heart function, and assess for atrioventricular and
aortic valve regurgitation as well as wall-motion
abnormalities. A maximal graded exercise stress

test, usually with nuclear myocardial perfusion or
stress echocardiography, should be performed.
Besides measuring aerobic and physical working
capacities, the stress test will help assess for evi-
dence of ischemia, exercise-induced symptoms,
and exercise-induced arrhythmias. Routine follow-
up with exercise testing should be performed
at regular intervals both to assess operative
results in patients in whom these procedures are
performed and to follow nonsurgically managed
patients for any changes that might indicate an
increased risk for exercise-induced ischemia.

Hypertrophic Cardiomyopathy

Hypertrophic cardiomyopathy (HCM) is character-
ized by a thickened, nondilated left ventricle in the
absence of other cardiac diseases such as aortic
stenosis or systemic hypertension (56). Hypertro-
phy of the myocardium may be diffuse and may
involve the left ventricle and ventricular septum.
Obstruction of the left ventricular outflow tract by
the thickened ventricular septum and the mitral
valve causes increased impedance to left ventricu-
lar cardiac output, producing markedly increased
ventricular pressures. This in turn may impair left
ventricular function by increasing myocardial wall
stress and oxygen demand. As a result, regional
myocardial ischemia may occur during exercise in
HCM. However, quantification of the extent of isch-
emia is often problematic. Exercise testing with
the use of stress echocardiography can provide
valuable insight into cardiac physiology during
activity with the potential for detecting subclini-
cal or occult pathology. The presence of left ven-
tricular outflow tract obstruction at rest or with
provocation can guide the choice of medication
and can make a patient a potential candidate for
septal reduction therapy if symptoms and gradient
persist after maximal medical therapy. Some data
suggest that a blunted blood pressure response to
exercise in the pediatric population may indicate
an increased risk for sudden death and that rou-
tine screening for this is therefore indicated. Some
recent data call into question whether detecting
dynamic outflow obstruction during exercise has
value in distinguishing relatively mild HCM from
the healthy population. More research is needed
on this subject (104).

Other Cardiomyopathies

Less common cardiomyopathies include dilated,
restrictive, or mixed physiology. These cardiomy-
opathies arise from a variety of etiologies such
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Heart Transplantation

Exercise capacity, as measured by both maximal
oxygen consumption and measures of musculo-
skeletal strength, such as manual muscle testing,
decreases significantly in the pediatric population
following heart transplantation. The causes of these
limitations are multifactorial and include pretrans-
plant deconditioning and malnutrition losses in
muscle mass as well as post-transplant bed rest.
The limited reports on exercise testing in pediatric
heart transplant patients have reported aerobic
capacities, as measured by maximal \'/Oz, of 50% to
60% of healthy age- and sex-matched peers (14,
19, 77), similar to values reported in the adult heart
transplant population. The causes appear to include
both central and peripheral factors that combine to
impair cardiovascular and musculoskeletal exercise
capacity. Especially in early post-transplant periods,
stroke volume is limited. This may be due to systolic
impairment but more importantly to diastolic dys-
function with high cardiac filling pressures. Abnor-
malities of autonomic innervation and function also
affect stroke volume, ultimately limiting cardiac
output during exercise in the presence of impaired
chronotropy. At the start there is a loss of autonomic
innervation to the heart. This significantly decreases
chronotropic reserve and blunts the time course of
the chronotropic response. There is some evidence
for reinnervation and improved chronotropy late
after transplant in some patients or as a response to
cardiac training. In addition to the cardiac effects,
autonomic tone is abnormal in the peripheral vas-

culature. Brachial reactivity is impaired, and systemic
vascular resistance is increased (8, 41, 83, 92).

Serial studies of exercise performance following
pediatric heart transplantation are scant in their find-
ings. The most robust studies from Davis et al. and
Dipchand et al. are conflicting (14, 19). Both show
early improvement in aerobic capacity and working
capacity in the early recovery period. However, Davis
saw a decline after about 3 yr of improvement, while
Dipchand’s population remained steady, with some
patients showing a decrease associated with the
onset of graft vasculopathy. The explanation for these
results is unclear but is likely the combined improve-
ment of systolic and especially diastolic function in
the immediate post-transplant period as well as the
longer-term improvement in musculoskeletal condi-
tioning, even in the absence of formal rehabilitation.
Improved chronotropy suggests that at least some
patients benefit from autonomic reinnervation of the
donor heart. The etiology of reinnervation is unclear.

Exercise testing in this population is useful for
identifying causes of decreased performance as a
way to target post-transplant rehabilitation. Long-
term testing is often used to screen for the presence
of ischemia due to progressive immune-mediated
coronary vascular disease. Classical exertional angina
may not occur in a denervated heart. Exercise testing
that assesses electrocardiographic changes combined
with nuclear or echocardiographic imaging may be
useful. However, there are little data that objectively
evaluate their utility.

as genetic, chemical or toxic, and postinfectious.
Exercise performance in this population may vary
from severely limited to normal, depending on
the degree of ventricular dysfunction. Because
of this wide variation, it is not possible to make
general recommendations about physical activi-
ties and sport participation or the routine use of
exercise testing.

Limited data on exercise performance are
available in some of these groups. Patients who
have received anthracycline therapy as part
of a chemotherapeutic treatment may develop
a slowly progressive, dose-dependent, dilated
cardiomyopathy as children or young adults.

Exercise performance may be normal in patients
who are only mildly affected, and this may remain
stable for many years (42, 90). However, symp-
toms will often occur in patients with significant,
progressive decline in cardiac function. The
presence of a restrictive physiological compo-
nent, especially in the presence of pulmonary
hypertension, may greatly increase the risk of
both regular activities and exercise testing in the
post-anthracycline population.

Left ventricular noncompaction cardiomyopa-
thy is a rather recently recognized entity (12, 45).
The incidence of this type of cardiomyopathy is
unknown. Patients may present with severe heart
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failure but are often completely asymptomatic and
are identified by an echocardiogram performed for
an unrelated cause. For this reason, the risks of
exercise and the utility of exercise testing in this
population are largely unknown, but research is cur-
rently focused on algorithms for risk stratification.

Conclusion

The importance of exercise testing in the pediat-
ric congenital heart disease population cannot
be overemphasized. Given that most diagnostic
tests of cardiac structure and function offered
to the pediatric cardiologist require the patient
to be in the resting state, exercise testing can

provide greater insight into the physiological
and hemodynamic changes that may help in clini-
cal decision making, and it more closely reflects
habitual physical activity and recreational and
competitive sport.

Early diagnosis and early repair, combined with
improved surgical techniques, have resulted in
normal or near-normal exercise performance in
most patients with simple cardiac defects. The
challenge for the future is to determine the causes
of impaired performance in those patients with
complex defects and hemodynamics. This under-
standing will hopefully lead to modification of our
current practices, resulting in improved exercise
performance and better guidance for safe partici-
pation in physical activity and sport.
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Exercise-Induced Dyspnea

Steven R. Boas, MD

Case Presentation

Quinta is a 14-year-old female competitive cross country runner who presents with a 3 mo history of dyspnea
with exertion. She states that prior to the onset of symptoms, she had never had any difficulty with running. The
first episode occurred during a varsity high school cross country meet, and she has since had symptoms with
each meet. Quinta notes an abrupt onset of biphasic dyspnea, although the inspiratory phase appears more
problematic. No associated wheeze or cough is appreciated, but a harsh, high-pitched inspiratory noise is heard
on an inconsistent basis. She experiences upper chest and throat tightness. She usually tries to “run through”her
symptoms without success. Recently, she started to note paresthesia in both arms with some numbness present.
She also describes a presyncopal sensation during these episodes but has never lost consciousness. Her past
medical history is otherwise unremarkable. Quinta is self-described as competitive and gets anxious around the
time of her athletic performance. She is a straight A student in the ninth grade, taking all honor classes.

yspnea is defined as the subjective feel-

ing of breathlessness. It is a term used

to describe the perception of uncomfort-
able respiratory sensations (27). Dyspnea with
exertion may signify the early stages of pulmonary
or cardiac disease that is not yet apparent at rest,
or it may represent a mild condition that only
presents with the increased work of breathing
associated with exercise.

Differential Diagnosis

The following list outlines the principal pulmo-
nary conditions associated with exercise-induced
dyspnea in the pediatric population. The reader
is referred to other chapters in this book for dis-
cussion on dyspnea and abnormalities associated
with nonpulmonary conditions.

Respiratory Causes of Exercise-Induced
Dyspnea
e Airways
¢ Exercise-induced bronchospasm
¢ Exercise-induced laryngeal obstruction

¢ Exercise-induced tracheobronchomala-
cia, excessive dynamic airway collapse

¢ Breathing mechanics and control of breath-
ing
¢ Exercise-induced hyperventilation
* Anxiety
e Physical limitation
* Deconditioning
¢ Restrictive limitations

¢ Obesity, chest wall abnormalities, mus-
cular dystrophy, myopathies

¢ Interstitial lung disease

Exercise-Induced Bronchospasm

Exercise-induced bronchospasm (EIB) results
from a narrowing of the airways during or after
exercise. The National Heart, Lung, and Blood
Institute (NHLBI) expert panel notes that “exercise
may be the only trigger of asthma for some indi-
viduals, and its presence is considered a marker
of inadequate asthma control” (31). EIB occurs in
up to 90% of children with asthma (9). EIB involves
both bronchospasm and the release of inflamma-
tory mediators. Although many mechanisms have
been proposed for EIB, cooling and drying of the
exercising airway resulting from increased ventila-
tion has been the most widely accepted theory. EIB
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presents with bronchoconstriction, most notably
5to 10 min following peak exercise, although some
people experience symptoms during exercise.
Symptoms typically resolve 15 to 30 min later. A
refractory period lasting between 45 min and 3 h
has been noted in 50% of children with EIB (29).
The NHLBI expert panel states that a history of
cough, dyspnea, chest pain or tightness, wheezing,
or endurance problems during exercise suggests
EIB (31). Children are often poor perceivers of EIB,
with about 50% reporting no symptoms despite
positive challenge tests (29).

Physical examination is often normal unless EIB
is part of the more typical presentation of asthma.
Signs and symptoms of allergies, hyperinflation on
lung examination, and wheezing upon auscultation
are some of the more common physical exam find-
ings of asthma.

If EIB represents one aspect of more persistent
asthma, then resting pulmonary function testing
may indicate airway obstruction on spirometry,
increased residual volumes on body plethys-
mography, and increased resistance, reactance,
and impedance measurements on impulse oscil-
lometry assessment. The exercise provocation is
considered the hallmark for diagnosing EIB. For
children and adolescents, the treadmill is com-
monly used. Running is performed at about 80% of
maximal capacity with the subject exercising for
5 to 8 min. Exercising in a cool, dry environment
will typically elicit the best response. Spirometry is
performed before exercise as well as immediately
after exercise and again at 5, 10, and 15 min post-
exercise. What constitutes a significant decline in
the forced expiratory volume in 1 s (FEV ) follow-
ing exercise has varied among different authors.
However, declines of 12% to 15% are typically
used for the EIB diagnosis (34). Other challenge
protocols have been used to diagnose EIB, includ-
ing eucapnic voluntary hyperpnea, mannitol,
methacholine challenge, and cold air challenges.

Exercise-Induced Laryngeal
Obstruction

Since the sentinel work by Christopher and col-
leagues in 1983 describing vocal cord dysfunction
(VCD), many published studies have followed
using over 40 different names for this condition
(8, 30). A recent international consensus confer-
ence has proposed that the condition be called
“inducible laryngeal obstruction (ILO) causing
breathing problems” (7). Multiple nonexercise
causes of ILO exist; see the excellent review
articles for further information (30). Exercise as

a cause of laryngeal obstruction can be divided
into two types. There is a primary type where
the act of increased ventilation during exercise
induces laryngeal obstruction at the supraglot-
tic level or at the glottic level with partial or
complete adduction of the vocal folds. A second-
ary type of exertional ILO occurs when specific
factors place the glottis and supraglottic struc-
tures at higher risk of exertional closure. These
associated factors include gastroesophageal
reflux and chronic aspiration, laryngeal irritants
such as smoke, chemicals, dust, and chlorine,
anxiety, sinusitis, rhinitis, vocal cord paralysis or
paresis, and anatomical obstruction (e.g., large
polyps, nodules).

The history obtained in children with exercise-
induced laryngeal obstruction typically includes
an early adolescent onset with symptoms that
are intensity related. Personality features may
include a high academically performing person
who demonstrates symptoms predominantly with
exercise (25). While a female preponderance has
been cited in the literature, the condition often
exists in adolescent males as well. Dyspnea is the
most common presenting symptom (73%-95%)
followed by a wheeze, stridor, or cough (30). Physi-
cal examination is often normal at rest, with signs
only presenting during highly intense activity. The
use of accessory breathing muscles with mild,
prompted deep inhalations is commonly seen.
Stridor or wheeze does not usually occur at rest
but may present during exercise. The sounds may
be audible or only appreciated by auscultation.
The quality of the stridor is usually high-pitched
and best heard during inhalation over the tra-
chea. Wheezing may also be heard as a primary
sign of ILO or as a manifestation of concomitant
exertional asthma. The presence of wheezing and
stridor are consistent with ILO but are not required
for the diagnosis.

Pulmonary function testing may reveal a trun-
cated or flattened inspiratory limb of the maximum
flow volume curve. This finding is often intermit-
tent and is only suggestive of, but not diagnostic
of, symptomatic ILO (40). Although ILO is thought
of as predominantly an inspiratory disorder,
expiratory involvement may occur as well (10).
A change in the expiratory portion of the flow-
volume curve is not inconsistent with ILO and may
erroneously lead to a false diagnosis of asthma.
Lack of reversibility in the abnormal expiratory
flows upon administration of a bronchodilator
should be noted. The use of impulse oscillometry
can assist in the diagnosis of ILO by demonstrating
higher inspiratory amplitude (19).
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Exercise testing using a sufficiently high
intensity is an essential part of the evaluation. A
treadmill test is used to reproduce the patient’s
symptoms either at a preset intensity level or in
an individualized symptom-limited fashion. When
the symptoms of dyspnea and wheeze appear,
inspiratory limitation of the maximal flow-volume
curves can be seen, with some patients showing
expiratory flow limitation as well. Observing the
pattern of breathing during symptoms with exces-
sive accessory muscle use, listening for audible
inspiratory stridor or wheeze, and auscultating
the trachea and upper chest can aid in the diag-
nosis of laryngeal obstruction. Breath-by-breath
gas analysis can be performed during exercise
testing to demonstrate changes in tidal volume
during laryngeal obstruction and to identify other
conditions with associated ventilatory abnormali-
ties. Tidal loop abnormalities obtained during and
immediately after exercise may also support the
diagnosis of ILO (5). Postexercise spirometry can
evaluate for exercise-induced asthma as a separate
or concomitant condition.

Visualization of the laryngeal structures will
help determine which type of ILO is present.
Inspection of the anatomy of the glottic and
supraglottic structures, evaluation of the laryngeal
mucosa, and assessment of laryngeal movements
during various breathing maneuvers (i.e., panting,
phonation, and deep breathing) are recommended.
The classic finding seen for ILO at the glottis may
include adduction of the anterior two-thirds with
an associated posterior diamond-shaped chink (8).
Supraglottic closure on a partial or complete basis
can also be observed with these breathing maneu-
vers (21). Laryngoscopy has been employed pre-
and postexercise, during exercise, and following
a positive exercise provocation (30).

Treatment for ILO varies based on the type
of inducer identified. Medical management for
reflux, sinusitis, or allergies, if present, should be
initiated. Self-hypnosis, relaxed throat breathing
techniques, biofeedback, and psychological coun-
seling have all been effectively used and should
be chosen on an individual basis (4, 41, 44, 48).

Exercise-Induced
Tracheobronchomalacia
or Excessive Dynamic Airway Collapse

Airway limitation during exercise may result
from dynamic collapse of central airways. Data
for exercise-induced tracheobronchomalacia in
children are limited to anecdotal pediatric reports.
Recently, exercise-associated excessive dynamic

airway collapse (EDAC) of the trachea has been
described in adults with associated symptoms of
tachypnea, respiratory distress, and abnormal
respiratory sounds (3, 46). Dyspnea has been
reported in 59% of children with primary airway
tracheobronchomalacia and reduced exercise tol-
erance in 35% (6), with more symptoms likely to
occur as the severity of airway collapse increases
(11). During resting breathing, the tracheobron-
chomalacia segment is quiet and produces mini-
mal or no symptoms. With increased respiratory
effort or exertion, the pressure surrounding the
tracheobronchial segment becomes positive. In
combination with the Bernoulli effect, these forces
cause the membranous portion of the tracheo-
bronchial tree to collapse, obscuring the lumen
of the airway. On physical examination during
exertion, a harsh, monophonic expiratory wheeze
or stridor may be heard. The sound is usually
prominent in the central airways. Some patients
may also experience cough as the airway collapses
and prevents the clearance of distal secretions.
As airway collapse progresses, the individual
may feel presyncopal. Bronchoscopic evaluation
with high-intensity exercise (cycle ergometry or
treadmill) remains the definitive diagnostic proce-
dure. Assessment of lung function during exercise
may demonstrate a flattening of the flow-volume
loops at high lung volumes with preservation of
lung function at low lung volumes (11). Careful
consideration of whether a bronchodilator should
be used prior to exercise testing as the use of a
beta agonist may cause further floppiness of the
airways. Whether the mechanisms explaining
exertional tracheobronchomalacia in an otherwise
healthy athlete are similar to that seen in the infant
and childhood form of malacia is unknown.

Exercise-Induced Hyperventilation
and Anxiety

The normal ventilatory response to the demands
of exercise includes increasing both breathing
frequency and tidal volume to varying degrees,
resulting in increasing minute ventilation. This
increased ventilation matches the physiological
needs of the exercising muscle, ensuring adequate
oxygen uptake and carbon dioxide elimination
(28). This “heavy” or “rapid” breathing occurring
during exercise is a normal response.

When ventilation exceeds physiologic demand
during exercise, then exertional hyperventilation
(EIH) occurs with an associated decline in P CO,,.
The true incidence of this entity in children is
unknown, although it was reported as 34% in one
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clinical series (2, 16). Exercise-induced hyper-
ventilation may occur in isolation (primary) or
in response to a trigger such as laryngospasm,
laryngeal obstruction, or an asthma attack (sec-
ondary). A person with EIH experiences mainly
rapid breathing with intermittent deep breath-
ing and an associated sensation of shortness of
breath. Musculoskeletal tension from the exercis-
ing muscle may be perceived as chest tightness. As
arterial carbon dioxide becomes further reduced,
dizziness or syncope may ensue. The exact P CO,
that results in paresthesia and dizziness is vari-
able, but it has been reported in healthy subjects
to occur near 20 mmHg (12, 36). Numbness or
tingling of the extremities, sweating of the hands,
and spasm of the muscles in the hands and feet
(tetany) resulting from alkalosis are also common
complaints (15, 43). Physical examination at rest
is usually normal. The presence of deep inhalation
and exhalation with resultant associated dizziness
during auscultation of the lungs may occur in
healthy people and does not necessarily suggest
a predisposition to exertional hyperventilation.
During an acute episode, the increased exertional
ventilation is usually readily observed, although
it is not diagnostic for EIH. The use of accessory
respiratory muscles, pallor, diaphoresis, and cold
skin may be observed as the process progresses.
Tetany of the extremities may be experienced.
While demonstrating a decline in P CO, by direct
measurement of arterial blood is the gold stan-
dard for diagnosing hyperventilation, noninvasive
measurements of CO, production such as end-
tidal CO, collection during exercise testing with
breath-by-breath gas analysis is widely used and
provides a good estimation of arterial CO, in the
absence of underlying lung disease (12). The exer-
cise protocol can be individualized based on the
circumstances around which the hyperventilation
is suspected. Ventilatory equivalents, \'/E/\'/CO2 and
V,/VO,, are elevated during hyperventilation and
significantly correlate with the decline in P, CO, (r
=-.71) (18). Oxygen saturations by pulse oximetry
are unchanged. If arterial or arterialized blood
is obtained during EIH, an elevated pH and low
P CO, consistent with an acute uncompensated
respiratory alkalosis will be measured. While the
cause of EIH is poorly understood, it has been
speculated that neurologic dysfunction of central
or peripheral oxygen receptors during exercise
may occur with associated abnormal ventilatory
homeostasis (16).

A panic reaction or anxiety reaction may
cause exercise-induced dyspnea associated with

hyperventilation (45). The onset of symptoms is
abrupt. Increased breathing frequency and asso-
ciated decline in end-tidal PCO, can ensue with
associated clinical manifestations of hyperventila-
tion. For some individuals, anxiety or panic may
occur during rest in anticipation of exercise. Low
end-tidal CO,, high breathing frequencies, high
respiratory quotients, and high oxygen levels are
associated with anxiety at rest or at low exercise
levels. Once the demands of exercise increase,
these ventilatory and physiological values return
to near baseline values and undergo the normal
physiological response with exercise. Anxiety
can also present during exercise as evidenced by
an irregular breathing pattern or breath holding.
These breathing patterns can be observed during
exercise testing (treadmill or cycle ergometry of
varying intensities) as well as during breath-by-
breath gas analysis with blood gas measurement.
With breath holding, a respiratory acidosis can
rapidly occur in addition to the metabolic acidosis
seen at intense exercise. Hypoxemia can also be
seen during exertional breath holding (26).

Physical Limitation

It is a normal physiological response to increase
minute ventilation as exercise demands increase.
For athletes who may push themselves in order
to reach or surpass their physical limits, the per-
ceived dyspnea may in fact represent the normal
respiratory discomfort in breathing fast or deep.
This physiological limit reflects the high levels of
ventilation needed to meet the self-imposed meta-
bolic demands. This ventilation is exaggerated as
one passes the ventilatory threshold with lactate
accumulation accompanying increased ventilation
and hypocapnia (low P,CO,).

Defining this physiological limit is difficult and
somewhat a diagnosis of exclusion. In one study,
this physical limitation was determined by the
level of baseline conditioning associated with
parameters obtained on a breath-by-breath gas
analysis during exhaustive exercise (1). For the
low-conditioned person as defined by a VO,
<80% of predicted, symptoms during testing
would need to occur in association with one other
indicator of poor condition such as low anaerobic
threshold, decreased oxygen pulse, increased
ventilator equivalents for oxygen, or greater-
than-expected heart rate versus work rate slope.
A normally conditioned person was defined as a
\'/OZmax between 80% and 120% of predicted without
any of the preceding indicators. Above-normal
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condition was defined as a VOZmaX >120% of pre-
dicted without any abnormal indicators. Using this
model, the authors suggest that 52% of children
referred for evaluation of EIB had actually reached
their normal physiological limit, with two-thirds
having above-normal or normal conditioning (1).

In contrast, Mahut and colleagues defined a
normal physiological response with breathless-
ness related to intense exertion as a normal
performance with normal ventilatory response
and demand or a low-performance individual
(<83% VO, predicted) with a ventilatory response
related to poor effort without evidence of poor
conditioning (22). In their study, 67% of patients
with exertional dyspnea demonstrated a normal
physiological response to exercise testing. The
tested subjects were children and adolescents
with exertional dyspnea of at least 4 wk dura-
tion, without a response to asthma therapy, and
were considered nonathletes. In the study by
Abu-Hasan and colleagues, only a third of those
with physiological limitations were considered
highly conditioned (1).

Because the mechanism of excessive dyspnea
as one tries to surpass physiological limits is not
precisely defined, the true prevalence of exertional
dyspnea due to this “supraphysiologic” state
remains unknown. Clinically, these individuals
feel short of breath with more intense exertion. In
contrast to laryngeal obstruction, symptoms will
occur when one has reached ventilatory thresh-
old, while in ILO, symptoms often start abruptly
long before ventilatory threshold has occurred.
No symptoms of hyperventilation, restriction, or
obstruction should be present. Physical exami-
nation findings are limited to signs of increased
work of breathing (i.e., accessory muscle use) in
order to maintain ventilation at this high level. No
wheeze, stridor, or adventitial sounds are present.
On breath-by-breath gas analysis during high-
intensity exercise, normal ventilatory parameters
should be present without signs of airway obstruc-
tion by either tidal loop analysis or flow volume
loops. Treatment includes aerobic conditioning
and training to reduce the ventilatory demands
imposed by high-intensity exercise.

Deconditioning

Poor conditioning or deconditioning can be
defined as reduced exercise capacity due to disuse
in the absence of any underlying primary disease
(42). The lowered exercise capacity is associated
with decreased peripheral oxygen extraction.

Criteria for this diagnosis include a decreased
peak oxygen pulse <80% of predicted, a decreased
ventilatory threshold 544% of peak \'/O2 predicted,
and a decreased peak VO, predicted <83%. In these
individuals, lactate accumulation and increased V,
occur with lower levels of exercise (22). In Abu-
Hasan'’s study, 17% of subjects were considered to
have decreased conditioning (1), and in the report
by Seear et al., 23% of those previously diagnosed
with EIB were considered “unfit” (38).

Individuals who are deconditioned or recently
have become deconditioned may perceive the
increased ventilation at lower exercise intensity as
abnormal or as dyspnea. Physical exam findings
are essentially normal, with signs of increased
work of breathing without hyperventilation,
restriction, or obstruction. A maximal graded
exercise tolerance test on a cycle ergometer
with breath-by-breath gas analysis and heart rate
monitoring can help delineate this diagnosis.
Physiological data were described previously with
an increase in heart rate in response to exercise
workload. Recovery data may also be beneficial
in establishing a diagnosis of deconditioning, with
a slow return to baseline heart rate noted. Treat-
ment includes aerobic exercise training.

Obesity

Exercise-induced dyspnea commonly occurs in
obese persons; it has been reported to affect as
much as 80% of this population in association with
various physical activities (13, 23). Respiratory
mechanics are altered in the obese person (33).
Chest wall and respiratory system compliance are
lower, and airway resistance is higher. Total lung
capacity, functional residual capacity, expiratory
reserve volume, and maximal voluntary ventilation
are reduced, due in part to mechanical forces dis-
placing the diaphragm higher into the chest cavity.
An exercise tolerance test with a maximal graded
protocol with breath-by-breath gas analysis will
assist in this diagnosis. Obese persons commonly
exercise at lower lung volumes than those seen
in nonobese persons. Measures of mechanical
efficiency such as \'/E/\'/CO2 are decreased in obese
children. Total oxygen consumption at peak or
anaerobic threshold in obese children has been
reported as similar in some studies and decreased
in others when compared to nonobese children
(32, 37, 49). It appears that absolute \'/O2 in L/min
is similar between obese and nonobese individu-
als but when normalized by weight, the values in
obese children are reduced. Corrections of VO,
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by a fat-free mass factor may be more beneficial
in this population, although normative values are
not readily available. Following exercise training,
exertional dyspnea decreases; fitness (peak \'/O2
and at anaerobic threshold) improves; breathing
frequency at peak exercise decreases and effi-
ciency improves (17, 35).

Chest Wall Abnormalities

Abnormalities in the chest wall configuration can
result in exercise-induced dyspnea. The deformi-
ties include scoliosis, pectus excavatum, pectus
carinatum, and other rib anomalies. Depending
on the severity of the deformity, a restrictive
process can ensue. A comprehensive evaluation
of the impact of pectus deformities on exercise is
reviewed in chapter 17.

Scoliosis may reduce total lung capacity and
vital capacity. The angle of scoliosis deformity (the
Cobb angle) has been correlated with the degree
of lung impairment for individuals with a thoracic
curve. Exercise-induced dyspnea and reduced
exercise tolerance are common. With thoracic
involvement, nonhomogeneous ventilation may
occur with associated VA/Q’ mismatch (20). Due
to the limited vital capacity, the ability to increase
tidal volume with exercise is compromised, with
tidal volumes approaching the vital capacity. \'/O2
at peak is lower due to these ventilatory limita-
tions. A high heart rate reserve and low breathing
reserve are observed during exercise (24, 39, 45).

Interstitial Lung Disease

While chest wall deformities and obesity are rela-
tively common, other pediatric restrictive lung
disease is relatively rare; this includes pediatric
interstitial lung disease. While exercise-induced
dyspnea is widely recognized for adult restric-
tive conditions such as idiopathic pulmonary
fibrosis, limited data exist in the pediatric popu-
lation. In adult interstitial lung disease, there is a
combination of ventilatory impairment from loss
of functioning alveoli and a functionally reduced
pulmonary capillary bed, leading to a low \'/O2
peak. The ventilatory abnormalities lead to a
high tidal volume-to-inspiratory capacity ratio
with associated increased breathing frequencies.
Breathing reserves are usually decreased as well.
The ensuing ventilation perfusion mismatch leads
to increased dead space ventilation. As a result
of the reduced capillary bed and the failure to
increase pulmonary circulation with exercise,
hypoxemia develops with exercise. P O, decreases

with increasing exercise workload. Arterial and
end-tidal CO, are no longer similar, with higher
arterial levels of CO, accumulating, and a gradi-
ent develops. Higher ventilatory equivalents are
seen at ventilatory threshold. Exercise tolerance
testing serves a useful role in both diagnosing
interstitial lung disease and monitoring the extent
of progression (45). Muscular dystrophy and other
myopathies can also be associated with restrictive
lung disease due to respiratory muscle weakness.

Evaluation

While there is a wide spectrum of conditions that
can result in exercise-induced dyspnea, an orga-
nized diagnostic approach can help determine the
cause for a given person. Weiss and Rundell have
proposed a flow diagram algorithm to address the
evaluation process and differential diagnosis for
exercise-induced dyspnea (47).

The initial part of any evaluation for exercise-
induced dyspnea begins with obtaining a detailed
exercise history (see History Taking for Exercise-
Induced Dyspnea). The elements of an exercise
history include duration of symptoms, context
of when the symptoms occur, specific sports or
activities that are associated with the dyspnea, the
intensity required to elicit the symptoms, timing
of symptoms, and modifying factors. Combining
these elements with other standard aspects of his-
tory taking such as a past medical history, current
medication usage and allergies, family history, and
psychosocial history can assist in focusing on the
possible etiology of the dyspnea.

The physical examination in a person with
exercise-induced dyspnea is often normal (see
Physical Examination for Exercise-Induced Dys-
pnea). However, certain abnormal findings may
suggest an underlying chronic condition such
as allergies, chronic lung disease, chest wall dis-
orders, or cardiac disease. The relevance of any
examination abnormalities in the context of the
exercise-induced dyspnea should be considered
and appropriate evaluation undertaken.

Performing a resting pulmonary function test
(PFT) in all pediatric patients who present with
exercise-induced dyspnea is an important part
of the evaluation. PFTs include the assessment
of lung volumes to determine whether any lung
restriction is present, diffusion capacity and oxy-
hemoglobin saturation by pulse oximetry to assess
oxygen delivery, and spirometry and impulse
oscillometry to assess for airway obstruction.



History Taking for Exercise-Induced Dyspnea

Duration

How long have the symptoms been present?

Context

What were the circumstances around the time when symptoms first occurred?

What has happened over time? Better? Worse?

Sport or Activities

What sports or activities cause the symptoms to occur? Competitive or recreational?

Practices versus competition

Early in the activity or later on

How often do the symptoms occur with the activity?

Intensity

What intensity level is required to elicit the symptoms?

Symptoms

What symptoms are present? What is the most common one?

Location and description of symptomes.

Short of breath, pain, tightness

Noises - stridor, wheeze, cough

Phase of breathing - inspiratory, expiratory, biphasic

Alteration in voice

Dizziness, syncope

Heartburn, dysgeusia

Headaches, muscle cramps

Tingling in arms, hands, feet, or legs

Tetany

Timing

Gradual or abrupt onset

During or after exercise

At peak, submaximal, warm-up, recovery

Duration of symptoms

Morning or night

(continued)
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Boas

History Taking for Exercise-Induced Dyspnea (continued)

Timing (continued)

Relationship to eating or drinking

Presence or absence of a refractory period

Modifying Factors

Impact of temperature (cold vs. hot)

Impact of humidity (low vs. high)

Impact of rest, fluids, medications, altered breathing

History Reports Conducted
[0 Prior evaluation
0 Medical history
[0 Current medications and allergies
[0 Family history
[ Psychosocial history

Environment exposures

Presence of anxiety, life stressors

Academic performance

From T.W. Rowland, American College of Sports Medicine, and North American Society for Pediatric Exercise Medi-
cine, 2018, Cardiopulmonary exercise testing in children and adolescents (Champaign, IL: Human Kinetics).

Both inspiratory and expiratory portions of the
spirometric flow-volume loops should be obtained
with the tracings inspected for signs of blunting,
truncation, and concavity. Use of a bronchodilator
post-testing may help to determine the presence
of any reversibility of airway obstruction. Nonex-
ercise diagnostic studies may then be selected
based on the initial resting PFT data. Eucapnic
hyperventilation, cold air challenges, and metha-
choline provocation are some of the common
techniques used to determine the presence or
absence of airway hyperreactivity.

Exercise Testing

The choice of the appropriate exercise test to per-
form to determine the cause of exercise-induced
dyspnea is not well standardized. Different pulmo-
nary physiology laboratories use different testing
protocols. Despite this lack of standardization,
three basic protocols with varying components
emerge as the most common ones used in the
pediatric population.

An EIB challenge is typically performed on
a treadmill with speed and grade adjusted to



Physical Examination for Exercise-Induced Dyspnea

General
Mood and affect: [ anxious O flat [ depressed
Body weight: [ thin [ athletic [l overweight [l obese

Body type: [1 Marfanoid

Head, Eyes, Ears, Nose, and Throat

General: [0 allergic shiners [0 allergic creases
Nasal mucosa: [1 pale O inflamed
Orophranyx: [1 cobblestoning [0 tonsillar enlargement

Respiratory

Inspection: [0 chest wall anomalies [0 accessory muscle use
[0 abdominal breathing [ rib expansion [1 rate of breathing
Palpation: [ rib pain [ costochondritis
Percussion: [1 hyperinflation [0 diaphragm movement
Auscultation: [ wheezes O stridor 0 cough
[J crackles [ inspiratory [1 expiratory
Cardiac
Heartrate: [ fast O slow

[0 Presence of murmurs

Abdomen
0 Organomegaly 0 Obesity [0 Epigastric tenderness
Extremities

[0 Digital clubbing U Perfusion

Musculoskeletal
[0 Scoliosis [0 Pectus excavatum 0 Pectus carinatum

[0  Flexibility

From T.W. Rowland, American College of Sports Medicine, and North American Society for Pediatric Exercise Medi-
cine, 2018, Cardiopulmonary exercise testing in children and adolescents (Champaign, IL: Human Kinetics).
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achieve an asthmagenic state as previously
described (14). Spirometry is performed before
and after exercise at varying time points. While
considered less asthmagenic, a cycle ergometry
protocol can be used as an alternative if the
treadmill protocol is not practical. Given the
degree of hyperpnea generated by this protocol,
ATS standards for exhalation may not be reached.
It is important to view the tracings of the tidal
loops and flow-volume loops from the spirometry,
especially during and after exercise, in conjunc-
tion with the numeric results.

In contrast to the EIB challenge, where the inten-
sity of the provocation reaches about 70% to 80%
of maximal capability, many of the conditions dis-
cussed require a higher-intensity provocation to
elicit symptoms. The intensity of these protocols
can be predetermined (e.g., maximal predicted
heart rate) or symptom-limited with the subject
having input into the appropriate intensity. The
use of a treadmill is more provocative in eliciting
symptoms than cycle ergometry, although the
choice of modality is often determined based
on the clinical situation. Breath-by-breath gas
analysis is often used as an adjunct during this
high-intensity protocol so that ventilatory, cardiac,
and gas exchange parameters can be assessed.
These additional parameters are often needed to
differentiate the various conditions associated
with exercise-induced dyspnea.

A third protocol employs the use of a cycle
ergometer with breath-by-breath gas analysis and
is performed as a maximal incremental protocol to
exhaustion. This is often called an exercise toler-
ance study. The strength of this exercise protocol
compared to the others described is in its ability to
directly determine work capacity and analyze the
progression of physiological parameters with data
generated in a smooth, continuous manner. This
type of protocol is generally not symptom limited.

While not comprehensive, normative values exist
for most of the parameters generated during an
exercise tolerance test.

The use of a flexible laryngoscope can provide
information in addition to the data obtained in the
preceding protocols. Direct views of the laryngeal
structures at rest, during provocative maneu-
vers, and immediately after exercise can indicate
whether obstruction is present or absent. The use
of a flexible bronchoscope during an appropriate
exercise provocation may be necessary to help
diagnose tracheobronchial abnormalities.

Conclusion

Quinta’s history supported an upper airway
source of her dyspnea. Physical examination was
essentially normal at rest, with increased acces-
sory muscle use upon prompted deep breathing.
Subsequent PFTs showed a prominent blunting
over the inspiratory portion of the flow-volume
curve. Dynamic treadmill exercise testing with
breath-by-breath gas analysis successfully pro-
voked her symptoms and demonstrated extratho-
racic airflow limitation. A flexible laryngoscopy
was performed and confirmed inducible laryngeal
obstruction at the supraglottic location induced
by high-intensity exercise. Multiple therapeutic
modalities, including biofeedback, relaxed throat
breathing, and counseling were initiated.

In summary, multiple causes of exercise-
induced dyspnea exist in the pediatric population.
While exercise-induced bronchospasm has tradi-
tionally been considered the most common cause
of dyspnea with exercise, many other conditions
exist that mimic EIB. A careful exercise history
and physical examination along with appropriate
diagnostic studies can help differentiate these
other conditions.
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Chest Pain With Exercise

Julie Brothers, MD

Case Presentation

Nathan is a 10-year-old male who plays on the traveling soccer team. He presents with complaints of several
episodes of chest discomfort during both practice and games over the past 2 mo. The pain is described as sharp,
is located over his sternum, and increases with inspiration. There have been no nausea, dizziness, wheezing, or
palpitations. When he has the pain he stops his exercise, the discomfort lasts approximately 30 s, and then he
resumes play. He has been seen in the emergency department of the local hospital twice for these episodes,
where electrocardiogram, chest X-ray, and blood studies were all normal. His school is requiring that he be seen

by a physician for clearance for gym class or sports.

hest pain at rest or with exertion in
children and adolescents is a common
presenting complaint to the pediatrician

and emergency department and often results in
referral to a pediatric cardiologist (6, 11, 35, 37).
In fact, there are nearly three-quarters of a million
such visits per year for the evaluation of pediatric
chest pain (4, 35). Chest discomfort in the young
is nearly always noncardiac in origin (33), in con-
trast to adults, where chest pain is commonly a
manifestation of heart disease. Because of this
association with cardiac disease in adults, chest
pain in a child or adolescent, especially when it
occurs during exercise, often causes anxiety and
distress in the patient and the parents, and this
can lead to unnecessary restriction of physical
activities (24). The complaint should therefore
be taken seriously, especially when chest pain is
associated solely with exertion, in which case it
is likely to reflect pulmonary, gastrointestinal, or,
rarely, cardiac disease. Exercise testing can be a
valuable part of the evaluation of these patients.
A complaint of recurrent episodes of brief chest
discomfort occurring at rest is common in children
and adolescents and rarely reflects underlying
disease. Typically, this idiopathic pain is pleuritic

and is not accompanied by any associated symp-
toms such as dizziness, palpitations, dyspnea,
or nausea. While the origin of this type of pain,
often called a precordial catch, is obscure, some
have suggested that transient nerve entrapment
in the intercostal region could be responsible
(30). In some cases, recurrent pain of this nature
is believed to have a psychogenic basis (28). In
the otherwise healthy patient without associated
symptoms, further evaluation for this type of tran-
sient chest pain limited to rest is often not neces-
sary. Exercise testing is not commonly indicated
for brief chest discomfort that occurs at rest.

Differential Diagnosis

It is more common that an underlying cause can
be discovered for chest pain that is triggered by
exertion. In the pediatric age group, such episodes
can be due to a variety of conditions, which are
listed next (31, 34). Findings on exercise testing
can be valuable in sorting out this differential
diagnosis, particularly with the goal of ruling out
the rare but serious cardiac abnormalities that can
present with this symptom.
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Causes of Chest Pain With Exercise in
Children and Adolescents

¢ Musculoskeletal Abnormalities
e Costochondritis
e Idiopathic (“stitch”)
e Chest wall strain or overuse injury
¢ Direct trauma or contusion/rib fracture
¢ Pulmonary Diseases
e Asthma
* Vocal cord dysfunction
¢ Gastrointestinal Abnormalities
e Gastroesophageal reflux
e Esophagitis or gastritis
* Esophageal spasm
¢ Cardiac Anomalies
e Coronary artery anomalies: congenital
or acquired
e Hypertrophic cardiomyopathy
¢ Pulmonary hypertension
e Dilated cardiomyopathy
e Mitral valve prolapse
* Severe pulmonary stenosis
e Left ventricular outflow obstruction
e Tachyarrhythmias
e Pericarditis
e Myocarditis
e Other
e Certain drugs
* Anxiety

Musculoskeletal Abnormalities

Musculoskeletal disease is considered the most
common cause of exertional chest pain in chil-
dren and adolescents (28, 35). Costochondritis
is characterized by pain in the upper two or
more costochondral joints; the discomfort is
exacerbated by the deep breathing that occurs
with exercise. The pain is short-lived. Chest wall
tenderness can often be reproduced by palpating
the painful area, but inflammation is absent. This
pain resolves spontaneously but may recur inter-
mittently throughout adolescence. A stitch is a
cramping pain that occurs with exercise, typically
located laterally and inferiorly beneath the left rib
cage. The discomfort increases with deep breath-
ing and often becomes severe enough to make

exercise impossible. Manual palpation increases
pain, but there are no signs of inflammation. Its
cause is unknown. Originally considered to be a
manifestation of trapped gastrointestinal gas or
splenic engorgement, most now believe this pain
is related to spasm or strain of musculoskeletal
structures surrounding the diaphragm. Chest wall
strain or overuse injury mainly occurs in children
who participate in gymnastics and weightlifting.
This may limit them during exercise and cause
localized pain and swelling or erythema where
the injury occurred. Xiphodynia is an uncommon
cause of musculoskeletal chest pain. The diagnosis
is suggested by reproducible pain to light pressure
over the xiphoid process (16).

Pulmonary Diseases

Airway issues are a common explanation for
chest pain with exercise in youth (6, 26). Exercise-
induced asthma is the most frequent among these,
even in those without evidence of wheezing or
rales. Indeed, in a study by Wiens and colleagues
(39), the researchers found that 73% of children
who had chest pain with exertion had evidence of
exercise-induced asthma, which is a much greater
percentage than previously believed. In most cases
the chest pain is described as a “tightness” and is
associated with cough, wheezing, and excessive
breathlessness with exercise. Vocal cord dysfunc-
tion arises from abnormal adduction of the vocal
cords during exercise and is often misdiagnosed
as exercise-induced asthma because children
complain of exertional chest pain and shortness of
breath. This diagnosis should be suspected if the
patient has trouble breathing in (asthma creates
difficulty with expiration), exhibits stridor with
exercise, or gets no symptom relief from asthma
medication. Airway problems with exercise are
described in detail in chapters 11 and 13.

Gastrointestinal Abnormalities

Gastrointestinal causes of chest pain occur in
about 8% of patients (9). Most commonly, gas-
troesophageal reflux may induce chest pain with
vigorous physical activity, particularly running.
The diagnosis should be considered in a patient
complaining of midsternal pain with exercise,
sometimes accompanied by nausea, cough, vom-
iting, or an acid taste in the back of the throat.
While reflux discomfort has often been described
as “burning,” this pain can also be sharp. Some
patients with this problem will describe a history
of “heartburn” following heavy meals.
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Cardiac Anomalies

Cardiac causes of exertional chest pain in children
are rare (13, 35). Still, for several reasons, ruling
out the existence of a cardiovascular abnormality
is a central focus in the evaluation of an ostensibly
healthy young person with a complaint of chest
pain associated with exercise:

1. Whether or not expressed, patients and
their families normally have concerns
about a cardiac cause because this symp-
tom is an expression of serious heart
disease in adults.

2. Cardiac abnormalities that cause chest
pain with exercise are important and often
life-threatening.

3. Angina symptoms may be the only expres-
sion of these rare cardiac abnormalities.

Exertional chest pain in patients with known car-
diac disease should be taken seriously, and further
evaluation is warranted to investigate the cause.

Coronary Artery Anomalies

Children with congenital coronary artery abnor-
malities or acquired disease are at risk for myocar-
dial ischemia that can lead to infarction, notably
during or just after exercise. The physical examina-
tion in these patients is almost always deceptively
normal. In those with anomalous left coronary
artery from the pulmonary artery (ALCAPA), chil-
dren will usually have had surgical repair during
infancy. However, there are cases where older
children or adolescents are not diagnosed during
infancy and may present with ischemic chest pain
with exertion. Postoperatively, too, these patients
remain at risk for exertional chest pain from isch-
emia due to impaired coronary flow reserve, even
in patent grafts, resulting in myocardial ischemia
during times of increased oxygen demand (36).
Anomalous origin of the left coronary artery
(AAOLCA) or the right coronary artery (AAORCA)
from the wrong sinus of Valsalva can lead to true
anginal chest pain, generally with exertion. These
congenital coronary anomalies are the second
leading structural cardiac cause of sudden death
behind hypertrophic cardiomyopathy. Sudden
death with exercise may be the first symptom
(10). Such tragedies are hypothesized to occur
because of decreased coronary blood flow through
the anomalous vessel, resulting in myocardial
ischemia or ventricular tachyarrhythmias (21).
This diminished blood flow likely results from an

anatomical malformation of the anomalous vessel,
which may include one or more of the following:
acute angle takeoff from the aorta creating a slit-
like orifice that easily collapses, the presence of an
ostial ridge, or a proximal intramural course that
gets compressed within the aortic wall between
the great arteries. Kawasaki disease can be com-
plicated by coronary artery aneurysms, which are
associated with rupture, thrombosis, or stenosis,
all of which can cause myocardial ischemia and
chest pain with exercise (32).

Children with genetic dyslipidemias, primarily
familial hypercholesterolemia, may experience
anginal chest pain with exertion and ultimate
myocardial infarction; however, it is extremely rare
for true ischemia to occur during childhood and
adolescence with the common heterozygote form
(approximately one in 250-300 people in the United
States). The rare patient (one in 1,000,000) who
has homozygous familial hypercholesterolemia
is at risk for coronary artery disease in the first
two decades of life (20) and could present with
exercise-induced chest pain. Coronary vasculopa-
thy can occur any time after heart transplantation,
making these children at risk for developing myo-
cardial ischemia. Indeed, chest pain, especially
during or just after exercise, can be the first sign
of rejection and the start of progressive coronary
vasculopathy (15). Children and adolescents who
have undergone the arterial switch operation for
transposition of the great arteries as neonates are
at risk for coronary ostial stenosis as older chil-
dren and adolescents. This is a rare but extremely
serious complication in the years following the
procedure (2). Chest pain with exertion may be the
first symptom in a patient with a coronary artery
occlusion but some may not experience any pain
despite coronary artery stenosis or occlusion.

Cardiomyopathies

In children with hypertrophic obstructive car-
diomyopathy, characterized by a dramatic thick-
ening of the ventricular walls, chest pain from
myocardial ischemia during exercise can be the
presenting complaint. This disorder is inherited
in an autosomal dominant fashion, and there may
be a family history of the cardiomyopathy or of
sudden cardiac death. Still, the diagnosis is often
missed on routine physical examination. These
patients may have a heart murmur that is louder
in the standing position or after Valsalva. Simi-
larly, dilated cardiomyopathy may present with
exertional chest pain and fatigue; there may also
be a family history of this disorder.



170 Brothers

Other Abnormalities

Children with mitral valve prolapse may present
with chest pain that, while sometimes occurring
with exercise, is more commonly nonexertional
(1). Patients with pulmonary hypertension can
experience chest pain with exercise, and this may
be an initial symptom in those with the idiopathic
form. Severe pulmonic stenosis may produce
squeezing or pressure-type chest pain with exer-
tion that may be caused by true ischemia; these
children have almost always been diagnosed
before presenting with pain. Left-sided obstructive
lesions, including aortic, supraaortic, and subaor-
tic valvular stenosis, can present with exertional
chest pain, dizziness, and fatigue. These children
typically have a harsh ejection murmur, sometimes
accompanied by an ejection click from a bicuspid
aortic valve. Children with pericarditis usually
experience a sudden onset of sharp chest pain,
often during or just after a viral illness. The pain
is usually better in the upright position and worse
in the supine position and with deep inspiration.
Patients may also present with fever, palpitations,
and shortness of breath. Children with myocar-
ditis often present with stabbing chest pain that
often accompanies pericarditis; this is termed
myopericarditis.

Supraventricular and ventricular tachycardia
usually present with palpitations that may be
exacerbated by exercise, but these arrhythmias
can also cause chest pain, often brief and sharp.

Cocaine use or the use or overdose on other
sympathomimetic drugs can lead to exertional
chest pain, either from arrhythmias or from true
myocardial ischemia.

Evaluation

A great deal of insightful information can be gained
by taking a carefully obtained, thorough history
from a patient who experiences chest pain with
exertion (see Chest Pain History in the Pediatric
Fatient). One needs to understand the setting or
settings in which the pain occurs (during com-
petitive sports, with certain body position, etc.),
its characteristics (location, duration, radiation,
severity), and any associated symptoms (dizzi-
ness, palpitations, dyspnea, cough, wheezing,
vomiting). A complete past medical, surgical, and
family history can help with the diagnosis. Genetic
disorders, such as Marfan or Turner syndrome,
should be considered. Asking about a history of
trauma, recent psychological stress, and a history

of drug use (inquire without parents in room if
possible) may also aid in the diagnosis (12).

Once a thorough history has been performed,
a physical examination should be completed. The
examination should always begin with a review
of vital signs and anthropometric measurements.
Extreme height may be indicative of Marfan syn-
drome. Dysmorphic features, such as those that
might cause one to suspect Marfan syndrome,
should be noted. Chest wall inspection should
include evaluation of past surgical scars, evidence
of pectus excavatum or carinatum, or other bony
abnormalities. A 