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 Rhodes’ Postulates and the Reasons Why Pediatric 
and Congenital Cardiologists Should Study Exercise 
Physiology

 1. The primary function of the cardiopulmonary system is to provide blood 
flow (and oxygen) in quantities sufficient to support the metabolic needs 
of the body.

 2. This function is maximally stressed when an individual’s metabolic rate is 
increased, a condition that occurs most commonly during physical activ-
ity/exercise.

 3. Consequently, cardiopulmonary exercise testing (CPET) can provide cli-
nicians with a wealth of data concerning the capabilities and health of the 
cardiovascular system.

These three premises (known colloquially, within the corridors of Boston 
Children’s Hospital, as “Rhodes’ Postulates”) underlie the science and prac-
tice of exercise physiology testing in patients with congenital heart disease 
(CHD) and other pediatric cardiovascular disorders.

Since the widespread application of modern CPET technology to patients 
with CHD (a process that did not really begin until the 1990s), innumerable 
clinical studies have confirmed the validity of these premises. These studies 
have generated many intriguing and clinically useful insights into the effect 
of CHD upon a patient’s ability to exercise.

Data from CPET have been found to provide reproducible, objective, and 
quantitative assessments of a patient’s clinical status. Moreover, in many 
cases, CPET data can provide clinicians with valuable, noninvasive prognos-
tic information, help identify targets for therapeutic intervention, and permit 
objective, quantitative assessments of therapeutic interventions.

Indeed, in many institutions, CPET has become an integral component of 
the evaluation and management of patients with CHD. For this reason alone, 
it is important for practitioners who care for patients with CHD and other 
pediatric cardiovascular disorders to be familiar with the concepts of exercise 
physiology and the capabilities of CPET.

Of perhaps even greater importance, however, is the exceptional under-
standing of physiology that can be acquired when one studies the effects that 
the diverse, unique lesions encountered in the world of pediatric cardiology 
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may have upon the cardiopulmonary adaptations to exercise. This under-
standing can be productively applied to other clinical settings including the 
cardiac intensive care unit, the operating room, the catheterization laboratory, 
the imaging laboratories, and the outpatient cardiology clinic.

Consequently, there is a need for a textbook that can help teach and explain 
the concepts of exercise physiology as they pertain to CHD and provide a 
comprehensive roadmap for this fascinating and often complex discipline. It 
is my hope that this undertaking will serve this purpose.

 Clinical Value of Cardiopulmonary Exercise Testing 
in Patients with CHD and Other Disorders

What causes a patient to stop exercising? Is it her heart? Is it his lungs? Is it a 
lack of motivation? Is there a metabolic, neuromuscular, hematologic, or 
other disorder? Can we be a bit more sophisticated about the cause of an 
individual’s exercise limitation: If it is a cardiovascular issue, is it related to 
an inability to increase the heart rate normally in response to exercise, or is it 
related to an inability to augment the stroke volume (or both)? What might be 
impairing the stroke volume response to exercise? Is it a myocardial problem, 
a valvular problem, or a problem with the systemic, pulmonary, or coronary 
circulations? Might a shunt lesion be contributing to the pathophysiology? Is 
there an electrophysiologic issue? If the patient’s exercise function is limited 
by pulmonary factors, can we determine whether obstructive lung disease, 
restrictive physiology, ventilation/perfusion mismatch, and/or abnormal gas 
transport across the alveolar- capillary membrane are operative?

Data from modern cardiopulmonary exercise testing (CPET) can shed 
light on these issues, as well as other important clinical questions such as the 
following: How does the patient’s exercise capacity compare to normal sub-
jects? How does it compare to other patients with similar diseases? How has 
the patient’s exercise function and cardiopulmonary response to exercise 
changed over time? Can data from the exercise test help identify any targets 
for therapeutic intervention? Can we objectively assess the effectiveness of a 
clinical intervention? Does exercise pose a risk for this patient? Can anything 
be done to reduce the risk of exercise, and can the effectiveness of these risk- 
lowering strategies be assessed? Can data from CPET tell us anything about 
a patient’s prognosis?

The myriad diagnoses and conditions encountered within the fields of 
pediatric and congenital cardiology present unique challenges to the cardiol-
ogist attempting to tease out answers to these (and other) questions from the 
wealth of data that may be acquired during modern exercise physiology test-
ing. They also present unique opportunities to explore and better understand 
how the cardiopulmonary system adapts to the demands of exercise during 
health and disease. These undertakings must be based, however, upon a firm 
understanding of the normal cardiopulmonary response to exercise. This will 
be the focus of the first section of this textbook. We will then discuss the 
conduct and interpretation of the CPET. Thereafter, we will see how the prin-
ciples of exercise physiology may be applied to patients with specific 
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 congenital and pediatric cardiovascular disorders. Finally, some interesting 
cases that illustrate the fascinating physiology that may be encountered in the 
fields of pediatric and congenital cardiology will be presented and 
discussed.

Boston, MA, USA Jonathan Rhodes 
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Biochemistry of Exercise

Jonathan Rhodes

Before we embark upon a discussion of the nor-
mal cardiopulmonary response to exercise, it 
would be beneficial to review some of the basic 
biochemistry that relates to exercise. The energy 
required to perform the mechanical work of exer-
cise is derived from the hydrolysis of adenosine 
triphosphate (ATP). At rest, skeletal muscle cells 
possess only limited quantities of ATP and other 
high-energy phosphate molecules. If exercise is 
to be continued for more than a brief period of 
time, ATP must be continually replenished 
through the metabolism of fuels—primarily fats 
and carbohydrates. The aerobic metabolism of 
each carbon atom within the side chain of a fatty 
acid may be expressed by the equation:

H C H O CO HO ATP RQ- - + ® + + =1 8 0 672 2 2½ ~ ; .

This equation indicates that each carbon atom 
within the side chain reacts with one-and-a-half 
molecules of O2 to form one molecule of CO2, 

water, and about eight molecules of ATP.  The 
respiratory quotient for this reaction (RQ, the 
ratio of the moles of CO2 produced divided by the 
number of moles of O2 consumed) is 0.67.

The aerobic metabolism of each carbon atom 
within a carbohydrate or sugar may be expressed 
by the equation:

 H C OH O CO H O ATP RQ- - + ® + + =2 2 2 6 1 0~ ; .  

This equation indicates that each carbon atom 
within the carbohydrate molecule reacts with one 
molecule of O2 to form one molecule of CO2, 
water, and about six molecules of ATP. The respi-
ratory quotient for this reaction is 1.00. Hence, 
the aerobic metabolism of glucose, a six-carbon 
sugar, produces ~36 molecules of ATP.

In the absence of O2, ATP may also be pro-
duced via anaerobic metabolism. The anaerobic 
metabolism of glucose is expressed by the 
equation:

J. Rhodes (*) 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA
e-mail: jonathan.rhodes@cardio.chboston.org
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C H O CH CHOHCOOH ATP ATP C

Glucose Lactic acid
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This equation indicates that ATP can be pro-
duced via anaerobic metabolism without consum-
ing O2, although the amount of ATP produced per 
carbon atom is much smaller than that which can 
be derived from aerobic metabolism. However, 
although anaerobic metabolism (glycolysis) 
extracts only a small fraction of the energy avail-
able from the glucose molecule, the kinetics of the 

glycolytic pathway are very rapid and a large 
amount of ATP can in fact be produced through this 
pathway, albeit for only a limited period of time (on 
account of the accumulation of lactic acid).

Lactic acid is actually produced by the reduc-
tion of pyruvic acid, formed in the last step of the 
glycolytic pathway, by NADH2 present with the 
cell and/or produced earlier in the pathway:

Hence, if oxygen is not available to oxidize 
NADH2, the lactate/pyruvate ratio and the 
NADH2/NAD ratio within the cell will rise.

Each molecule of lactic acid produced by the 
anaerobic metabolism of glucose may then be 
buffered by a bicarbonate ion to form a lactate 
ion, CO2, and water:

 

CH COCOOH NADH CH CHOHCOOH NAD

Pyruvicacid Lacticacid
3 2 3+ ® ++ +

Hence, when a muscle cell generates ATP 
from anaerobic metabolism, it does not con-
sume O2, but it does produce lactic acid and, 
indirectly, CO2.

These equations help us to understand the two 
fundamental challenges that exercise poses to the 
cardiopulmonary system: (1) how to deliver suf-
ficient quantities of O2 to the exercising muscles, 
and (2) how to eliminate the increased quantities 
of CO2 that are produced by the exercising mus-
cles. The manner in which the cardiopulmonary 
system adapts to these two challenges and how, 
in general, congenital and other pediatric cardio-

vascular disorders may impair these adaptations 
will now be discussed.

Suggested Readings

1. Wasserman K, Hansen JE, Sue DY, Stringer WW, 
Sietsema KE, Sun X-G, et  al. Principles of exer-
cise testing and interpretation. 5th ed. Philadelphia: 
Lippincott; 2012. p. 1–4.

2. Jones NL.  Clinical exercise testing. 4th ed. 
Philadelphia: W. B. Saunders; 1997. p. 14–23.

3. Nelson DL, Cox MM. Lehninger’s principles of bio-
chemistry. 7th ed. New York: W. H. Freeman & Co; 
2017. p. 1441–2003.

 

CH CHOHCOOH HCO CH CHOHCOO H O CO

Lactic acid Bicarbonate
3 3 3 2 2+ ® + +- -

LLactate
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Oxygen Delivery

Jonathan Rhodes

The mechanisms by which the cardiovascular 
system delivers oxygen to the skeletal muscles 
are best understood from consideration of Fick 
equation:

 

V C O oxygen extraction

HR SV C O C O

HR SV

O

a v

2

2 2

= [ ]×[ ]
= ×[ ]×[ ]
= ×[

. .

−

]]× ( )( ) 1 36 2 2. Hgb S O S Oa v−
 

(V
.
 O2, oxygen consumption; CO, cardiac output; 

HR, heart rate; SV, stroke volume; CaO2, arterial 
oxygen content; CvO2, venous oxygen content; 
Hgb, hemoglobin concentration; SaO2, arterial 
oxygen saturation; SvO2, venous oxygen satura-
tion. This equation ignores the small amount of 
dissolved oxygen, which in room air is 
negligible.)

Normally, during exercise, each of these vari-
ables is altered so as to maximize oxygen 
delivery.

 Heart Rate

During exercise, heart rate rises up to threefold 
from the resting values of 60–80  bpm to 
~200 bpm at peak exercise. This rise is mediated 
primarily by the autonomic nervous system via 
an increase in sympathetic activity and a reduc-
tion in parasympathetic activity [1, 2].

Many repaired (and unrepaired) congenital 
heart defects are associated with a variable degree 
of sinus node dysfunction, which may impair the 
chronotropic response to exercise and render 
them incapable of achieving a normal peak heart 
rate. Many antiarrhythmic medications (e.g., 
beta-blockers, amiodarone) also impair sinus 
node function. Patients with atrioventricular node 
disease may not be able to conduct 1:1 at higher 
sinus rates and therefore may be unable to achieve 
normal peak heart rates. Similarly, patients with 
pacemakers (regardless of the pacing mode) are 
rarely programmed to pace the ventricle at rates 
greater than 160 bpm.

 Stroke Volume

During a progressive upright exercise test, stroke 
volume rises rapidly during the early phases of 
exercise and, at a relatively early point in the 
study, plateaus at a level one-and-a-half to two 
times greater than the baseline. (Thereafter, 
increases in cardiac output are due primarily to 

J. Rhodes (*) 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA
e-mail: jonathan.rhodes@cardio.chboston.org
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the increases in heart rate.) Hence, peak exercise 
may be associated with a fivefold increase (or 
more) in cardiac output (HR × SV) [3–5].

The increase in stroke volume is mediated by:

 1. Increased cardiac contractility secondary to 
increased adrenergic stimulation

 2. Decreased afterload secondary to a dramatic 
decline in systemic and pulmonary vascular 
resistance during exercise

 3. Enhanced ventricular filling secondary to the 
pumping action of the skeletal muscles [2]

 4. Improved lusitropic function [6, 7]

The magnitude of the increase in contractility 
during exercise is not easily quantified, owing to 
the difficulty in obtaining the accurate and reli-
able noninvasive measurements required to 
derive preload and afterload independent indices 
of contractility in the setting of the tachycardia, 
motion, and hyperpnea associated with exercise. 
However, numerous studies have documented 
substantial enhancement of ventricular systolic 
performance during exercise, characterized by 
higher systolic tissue velocities and much more 
rapid ejection of larger quantities of blood over a 
shorter time interval, in the face of higher systolic 
pressures and similar ventricular end-diastolic 
volumes [7].

The decrease in systemic vascular resistance 
during exercise arises secondary to vasodilation 
within the exercising muscle groups (and skin) 
due to the release of local vasoactive substances 
(e.g., lactic acid and nitric oxide) and stimulation 
of beta receptors (while the stimulation of alpha- 
adrenergic receptors within the systemic resis-
tance and capacitance vessels of the visceral 
organs causes blood to shunt away from these 
organs and toward the muscles and skin). Total 
peripheral resistance has been estimated to 
decline by 62% during exercise. This decline is 
associated with a remarkable redistribution of 
cardiac output. At rest the muscles receive only 
20% of the cardiac output, whereas at peak exer-
cise they receive 80%. The redistribution of blood 
flow to the muscles is also enhanced by vasocon-

striction within the renal and mesenteric vascular 
beds during exercise [8].

The decrease in pulmonary vascular resistance 
is mediated by vasodilation of the pulmonary 
vascular bed due to the release of local vasodila-
tors (e.g., nitric oxide), stimulation of beta- 
adrenergic receptors, and recruitment of vessel 
beds within the lung that are normally closed at 
rest. At rest, the lung may be divided into three 
zones solely on the basis of the hydrostatic pres-
sure gradient that exists in the upright position. 
West Zone 3 is at the bottom of the lungs and is 
perfused throughout the cardiac cycle. West Zone 
2 is in the middle of the lung and is perfused only 
during systole, and West Zone 1 is at the top of 
the lung and is hardly perfused at all. During 
exercise, pulmonary artery pressure rises, and the 
vascular beds that are unperfused or underper-
fused at rest open up [9].

The important contribution of the pumping 
action of the skeletal muscles to the increase in 
cardiac output during upright exercise is often 
underappreciated. This concept is illustrated by 
the somewhat idealized experiment (based upon 
work by Eugene Braunwald and others [2, 10, 
11]) summarized in Table  2.1. At rest, a theo-
retical normal individual might have a heart rate 
of 60 bpm, left ventricular end-diastolic volume 
of 150  ml, and end-systolic volume of 50  ml. 
The ejection fraction would therefore be 67%, 
stroke volume 100  ml, and cardiac output 

Table 2.1 Contribution of the pumping action of skeletal 
muscles to the augmentation of cardiac output during 
exercise

Rest A-pace Isoproterenol Exercise
HR (bpm) 60 120 120 120
LVEDV (ml) 150 100 100 150
LVESV (ml) 50 50 25 25
SV (ml) 100 50 75 125
EF (%) 67 50 75 125
C.O. (lpm) 6.0 6.0 9.0 15.0

Abbreviations: HR heart rate, bpm beats per minute, 
LVEDV left ventricular end-diastolic volume, ml milliliter, 
LVESV left ventricular end-systolic volume, SV stroke 
volume, EF ejection fraction, C.O. cardiac output, lpm 
liters per minute

J. Rhodes
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6.0 lpm. If this subject was then atrially paced at 
120 bpm, the heart would have less time to fill 
during diastole, and the end-diastolic volume 
would fall to 100  ml. End-systolic volume 
would not change, as the contractile state of the 
heart is essentially unchanged. Therefore the 
stroke volume and ejection fraction fall and the 
cardiac output is unchanged. In a second sce-
nario, the theoretical subject is given an isopro-
terenol drip (a pure beta-adrenergic agonist that 
increases heart rate, increases contractility, and 
decreases systemic vascular resistance) at a rate 
sufficient to raise the heart rate to 120 bpm. In 
this scenario, left ventricular end-diastolic vol-
ume would remain lower than the baseline (due 
to the shorter time for ventricular filling), but 
the end-systolic volume would also be lower 
due to the increased contractility (inotropic 
effect) and peripheral vasodilation induced by 
the beta-adrenergic agonist. Hence stroke vol-
ume will be only modestly reduced compared to 
the baseline (the reduction is less than that asso-
ciated with A-pacing), while the ejection frac-
tion and cardiac output would be modestly 
increased. In a final scenario, the theoretical 
subject engages in upright exercise at an inten-
sity sufficient to raise the heart rate to 120 bpm. 
As with isoproterenol, the end-systolic volume 
declines in response to the increased contractil-
ity and decreased systemic vascular resistance 
that accompanies exercise. Importantly, how-
ever, in this scenario, the ventricular end- 
diastolic volume is maintained at resting levels, 
despite the rapid heart rate and shorter diastolic 
filling time. Consequently, stroke volume, ejec-
tion fraction, and cardiac output are all substan-
tially increased. The dramatically different 
hemodynamics encountered in the isoproterenol 
and exercise scenarios is due to the pumping 
action of the skeletal muscles.

The increase in stroke volume that occurs dur-
ing upright exercise is related, in part, to the 
venous pooling that occurs in the lower extremi-
ties while in the upright position. This phenome-
non does not occur during supine exercise, and 
consequently, the increase in stroke volume dur-

ing supine exercise is much smaller (or nonexis-
tent) [8]. It is important to bear in mind this 
distinction when comparing the data from dispa-
rate exercise studies employing upright vs. supine 
exercise protocols.

The source of the skeletal muscle pumping 
action is revealed by an analysis of the micro-
scopic anatomy of the muscle. As can be seen in 
Fig. 2.1, a skeletal muscle, much like a sponge, 
is composed of two compartments: There is a 
solid component of fixed volume (the muscle 
fibers themselves) and a fluid-filled component 
of variable volume (the rich vascular bed that sur-
rounds each muscle fiber). When a muscle con-
tracts, the fibers shorten. Since the fiber volume is 
fixed, the diameter of the fiber increases as the 
fiber shortens. The fiber therefore bulges into and 
compresses the vascular space around the fiber, 
effectively squeezing the blood from the sur-
rounding vascular space, into the low-pressure, 
high-capacitance veins, toward the heart. When 
the muscle relaxes, the recoil of the muscle fiber 
draws blood from the high-pressure arteries into 
the capillaries. Hence the contraction of the skel-
etal muscles enhances venous return to the heart, 
and the relaxation of the muscles acts as the per-
fect afterload-reducing agent, facilitating ejec-
tion of blood from the left ventricle and 
promoting forward cardiac output. One can envi-
sion that the importance of the skeletal muscle’s 
pumping action to the cardiovascular response to 

Fig. 2.1 Skeletal muscle

2 Oxygen Delivery
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exercise may be magnified in some of the patho-
physiologic conditions encountered in patients 
with congenital heart disease (e.g., patients with-
out a subpulmonary ventricle).

Enhanced lusitropic (diastolic) function of the 
ventricle is another important component of the 
cardiopulmonary response to exercise. During 
exercise, the ventricle must fill much more rap-
idly than it does at rest; the cardiac output is 
much higher, and the time available to fill the 
ventricle (diastole) is much shorter. Rapid ven-
tricular filling is promoted by the increase in left 
atrial pressure that normally occurs during exer-
cise. In addition, in the setting of adrenergic stim-
ulation, postsystolic calcium reuptake by the 
myocardial cell’s sarcoplasmic reticulum is 
enhanced. This, in combination with the increased 
contractility (and consequent increased stretch-
ing of series elastic elements within the myocar-
dial muscle fibers), results in an elastic recoil that 
can actually produce a negative pressure within 
the left ventricle in early diastole and help 
enhance blood flow into the left ventricle from 
the left atrium and pulmonary veins [6].

 Oxygen Extraction

In normal individuals at rest, arterial oxygen satu-
ration approaches 100%, and mixed venous oxy-
gen saturation is approximately 70%. Hence, the 
body extracts only 30% of the oxygen delivered to 
it. At peak exercise, however, the exercising mus-
cles extract a much greater percentage of the oxy-
gen delivered to them. Mixed venous oxygen 
saturation typically falls to less than 30%, and the 
total body oxygen extraction more than doubles at 
peak exercise. Several factors contribute to the 
increased oxygen extraction during exercise. This 
physiology is best understood by consideration of 
the concept of flux; i.e., the amount of a substance 
(in this case, oxygen) that flows across a mem-
brane (in this case, between the capillary and the 
muscle cell) per unit area and per unit of time. 
Flux is determined by the concentration gradient 
as well as the permeability and area of the mem-
brane. Each of these variables changes during 
exercise so that the oxygen flux is enhanced. 

Exercise is associated with the recruitment and 
vasodilation of capillary beds close to the meta-
bolically active muscle cells. The vasodilation and 
recruitment of capillary beds within the muscle is 
mediated by the stimulation of beta-adrenergic 
receptors within vascular beds, as well as the accu-
mulation of vasoactive substances, such as lactic 
acid and nitric oxide, locally within the muscle. 
Consequently there is a larger surface area across 
which oxygen may diffuse into the muscle cells 
and a shorter distance between the oxygen-bearing 
red blood cells within the capillaries and the oxy-
gen-consuming mitochondria within the muscle 
cells. In addition, pO2 (partial pressure of oxygen) 
within the muscle cells declines during exercise, 
resulting in an increased oxygen tension gradient 
between the blood and the muscle. These anatomic 
and physiologic changes facilitate and enhance the 
flow of oxygen from the blood to the muscles [12].

The accumulation of lactic acid within the 
muscle (secondary to anaerobic metabolism) also 
facilitates the release of oxygen from hemoglo-
bin. This phenomenon, known as the “Bohr 
effect,” is a consequence of the rightward shift of 
the hemoglobin-oxygen dissociation curve in 
acidic environments. When the pH within the 
muscle falls (due to the accumulation of lactic 
acid at higher intensities of exercise), oxygen 
binds less tightly to hemoglobin and is more read-
ily released from hemoglobin to the muscle [12].

Exercise may also be associated with a degree 
of hemoconcentration, secondary to the loss of 
extracellular fluid through perspiration and the 
shift of fluid from the extracellular to the intracel-
lular space due to an increase of intracellular 
osmolarity associated with the generation of lac-
tate and other osmotically active metabolic by- 
products. These phenomena will increase the 
hemoglobin concentration and the oxygen- 
carrying capacity of the blood [13].

An autotransfusion of red blood cells into the 
circulation secondary to splenic contraction in 
response to catecholaminergic stimulation may 
also boost hemoglobin concentration during 
exercise. A normal adult’s spleen contains 
~250  ml of blood with a hematocrit more than 
twice as high as that found in arterial blood. In 
response to adrenergic stimulation, the splenic 

J. Rhodes
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capsule (which is rich in alpha-adrenergic recep-
tors) contracts, and up to 56% of this “splenic 
reservoir” may be added to the circulation, rais-
ing the hemoglobin levels by 2–6% [14, 15].

Hence, from consideration of Fick equation, it 
can be seen that the cardiovascular adaptations to 
exercise permit the oxygen consumption at peak 
exercise to increase more than tenfold over the 
resting values.

 Kinetics of Oxygen Delivery 
and Oxygen Debt

At the start of exercise and as exercise intensity 
increases, oxygen delivery to the exercising mus-
cles does not immediately increase in conjunc-
tion with the increased metabolic demands of the 
muscles; there is a time interval during which the 
adenosine triphosphate (ATP) requirements of 
the muscle exceed that which can be derived 
from aerobic metabolism. During this time inter-
val, the muscle cells must rely on endogenous 
stores of ATP, creatine phosphate, and other high- 
energy moieties to provide the energy required to 
perform the mechanical work of exercise. This 
time lag increases at higher exercise intensities, 
and at intensities beyond the VAT (ventilatory 
anaerobic threshold), oxygen delivery may never 
meet the muscles’ energy requirements. After the 
termination of exercise, V

.
 O2 remains elevated for 

a period of time (even though the mechanical 
work of exercise has ceased) in order to “repay” 
this oxygen debt, replenish the muscle cell energy 
stores, metabolize the lactate that has accumu-
lated, and restore the normal lactate/pyruvate and 
NADH2

+/NAD+ ratios. Patients with impaired 
cardiac outputs accumulate an oxygen debt more 
rapidly and repay it more slowly [16, 17].
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Central Hemodynamics 
and Coronary Blood Flow  
During Exercise

Jonathan Rhodes

Knowledge of the normal hemodynamic changes 
associated with exercise is essential to the under-
standing of exercise physiology. Systolic blood 
pressure rises progressively as exercise intensity 
increases. With dynamic exercise, systolic pres-
sures between 30% and 60% above resting values 
are typically encountered at peak exercise. During 
a progressive exercise test, an increase in systolic 
blood pressure at a peak exercise of <20 mm Hg 
or <20% above resting values is considered a 
blunted response. In adult males, a systolic blood 
pressure greater than 210  mm  Hg is considered 
abnormal; in adult females, the upper limit of nor-
mal is 190 mm Hg. Systolic blood pressures tend 
to be lower in children and adolescents. In adoles-
cent males and females, systolic blood pressure 
rarely exceeds 180 and 160 mm Hg, respectively, 
at peak exercise. Somewhat lower values are 
encountered in children (Fig. 3.1). Diastolic blood 
pressure changes little during dynamic exercise 
[1]. Mean systemic blood pressure typically rises 
~30% [2]. Systolic blood pressures exceeding 
300  mm  Hg and diastolic pressures exceeding 

200 mm Hg may be encountered during intense 
isometric exercise [3].

Pulmonary artery systolic pressure may double 
during dynamic exercise, from baseline, resting 
levels of 20–25 mm Hg to as high as 50 mm Hg at 
higher levels of exercise. The rise in pulmonary 
artery systolic pressure during exercise facilitates 
the recruitment of capillary beds in the middle and 
toward the apices of the lungs (West Zones 1 and 
2). Mean pulmonary artery pressure also rises 
from ~12–15 mm Hg to ~25 mm Hg. The rise in 
mean pulmonary artery pressure is accompanied 
by an almost equivalent rise in the mean pulmo-
nary capillary wedge pressure, as the left ventricle 
moves up its Starling curve to accommodate the 
hemodynamic demands of exercise. Hence, the 
transpulmonary gradient increases only modestly 
during exercise (Fig.  3.2) [2]. Since exercise is 
associated with a >5-fold increase in cardiac out-
put, a dramatic decline in pulmonary vascular 
(arteriolar) resistance, to levels ~40% of those 
present at rest, may be inferred [2, 4].

In contrast to the left-sided filling pressures, 
exercise has little effect upon right atrial and right 
ventricular end-diastolic pressures [2, 4]. The 
systemic vascular resistance—i.e., mean arterial 
pressure minus mean right atrial pressure, divided 
by systemic blood flow—therefore falls almost as 
much as the pulmonary vascular resistance. This 
decline is due to vasodilation within the exercis-
ing muscles, as well as the pumping action of the 
skeletal muscles described in Chap. 2.

J. Rhodes (*) 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA
e-mail: jonathan.rhodes@cardio.chboston.org

3

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16818-6_3&domain=pdf
mailto:jonathan.rhodes@cardio.chboston.org


12

From these considerations, it may also be seen 
that, while the right ventricle performs less work 
(i.e., pressure × volume) than the left ventricle, 
the percentage increase in workload assumed by 
the right ventricle and the percentage increase in 
potential energy imparted to the blood by the 
right ventricle (mean pulmonary artery pressure 
minus mean right atrial pressure) during exercise 
substantially exceed the corresponding contribu-
tions by the left ventricle. This physiology may 
have particularly important implications for con-
genital heart lesions where there is an abnormal, 
or even absent, right ventricle.

To perform the additional work required by 
exercise, myocardial oxygen consumption and 
myocardial oxygen supply (i.e., coronary blood 
flow) must increase dramatically. However, 
because of the elevated intramyocardial pressures 
that occur during systolic contraction, coronary 
artery blood flow (80% of the blood flow to the left 
or systemic ventricle) occurs primarily during 
diastole. Moreover, diastole occupies a smaller 
and smaller fraction of the cardiac cycle as heart 
rate rises. These challenges are overcome, in part, 
by vasodilation of the coronary vascular beds in 
response to changes in autonomic tone, systemic, 
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and local vasoactive  mediators [5, 6]. As with skel-
etal muscles, another important (and underappre-
ciated) factor promoting the augmentation of 
coronary blood flow during exercise is a “sponge 
effect.” Histologic studies demonstrate that the 
myocardium also has a “sponge-like” structure, 
i.e., a fixed-volume muscle fiber component 
embedded in a rich vascular network of variable 
volume [7]. Under normal circumstances, this vas-
cular volume may comprise as much as 13% of the 
myocardial volume [7]. Each time the myocar-
dium contracts, the intramyocardial vascular vol-
ume is compressed, and blood is squeezed out of 
the myocardium toward the low-pressure coronary 
veins and coronary sinus. When the myocardium 
relaxes, the vascular space is refilled by flow from 
the high-pressure coronary arteries. Moreover, 
when myocardial muscle fibers contract, they dis-
place blood from the vascular space in the closest 
proximity to the muscle fibers. Over the course of 
the cardiac cycle, the myocardial cells exchange 
gases and metabolites most extensively with the 
blood in this vascular space. Hence, when blood is 
expelled from the myocardium during systole, the 
metabolically important vascular space closest to 
the muscle fibers is emptied and is then efficiently 
replenished with fresh coronary arterial blood dur-
ing the subsequent diastole.

Consistent with this picture, while the flow 
within the coronary arteries (especially the arter-

ies supplying the left ventricle) has been found to 
occur primarily during diastole, the flow in the 
coronary sinus occurs primarily during systole 
[5–7]. Thus the increased heart rate associated 
with exercise facilitates the increase in coronary 
blood flow by increasing the times per minute 
that the coronary capillaries are mechanically 
compressed (emptied) and refilled. The increase 
in ventricular systolic pressure and ventricular 
contractility that is associated with exercise also 
promotes coronary blood flow by compressing 
and emptying the coronary capillaries more thor-
oughly with each cardiac contraction. In this 
manner, the increased myocardial oxygen con-
sumption associated with exercise is promptly 
and closely matched by a concomitant increase in 
coronary blood flow.

The STT changes encountered in patients who 
develop myocardial ischemia during exercise (ST 
depression and/or T wave inversions) often 
resemble those seen in patients with dilated car-
diomyopathy. It is tempting to speculate that a 
similar physiology—i.e., an imbalance between 
myocardial oxygen consumption and myocardial 
oxygen delivery—underlies both observations. In 
patients with myocardial ischemia, stenoses 
within the coronary arteries limit the delivery of 
blood and oxygen to the myocardium, and an 
imbalance develops when myocardial oxygen 
consumption increases during exercise and the 
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coronary blood flow cannot increase to meet this 
demand. In patients with dilated cardiomyopathy, 
increased myocardial oxygen consumption due 
to elevated myocardial wall stress (secondary to 
ventricular dilation and decreased ventricular 
wall thickness) and decreased oxygen delivery 
due to diminished compression of the myocardial 
vascular space during each cardiac cycle (due to 
the contractile dysfunction) are factors that may 
contribute to a chronic imbalance between oxy-
gen delivery and oxygen demand.
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CO2 Elimination (V̇CO2)

Jonathan Rhodes

During exercise, CO2 production by the muscles 
increases dramatically. The CO2 is transported 
from the muscles to the lungs via the blood-
stream. Two mechanisms permit the efficient 
transport of the increased quantities of CO2: (1) 
as discussed in Chap. 2, cardiac output may 
increase more than fivefold during exercise; and 
(2) venous CO2 content rises during exercise. 
Unlike oxygen, CO2 is very soluble in blood. In 
the physiologic range, the CO2 content is approx-
imately proportional to the partial pressure of 
CO2 (pCO2). Mixed venous pCO2 levels may 
increase from 42–45 mm Hg at rest to as much as 
60 mm Hg (or more) at peak exercise [1]. When 
applied to the question of CO2 elimination, the 
Fick equation indicates that V̇CO2 is equal to the 
cardiac output (or equivalently, the pulmonary 
blood flow) times the pulmonary arterial (or 
equivalently, the mixed venous)–pulmonary 
venous CO2 content difference:

 
V PBF C CO C CO
CO PA PV2 2 2

� �� ��
 

One can therefore readily appreciate that the 
exercise-related increases in cardiac output and 

mixed venous CO2 content can result in as much 
as a 20-fold increase in V̇CO2 at peak exercise.

Homeostatic mechanisms, based upon an 
afferent limb from chemoreceptors in the aortic 
arch (and elsewhere?) to the respiratory center in 
the medulla oblongata and an efferent limb from 
the respiratory center to the diaphragm and mus-
cles of respiration, maintain arterial pH at 7.40 
[2–4]. In the absence of a metabolic acidosis or 
alkalosis, this requires respiration during exercise 
to be adjusted so as to maintain arterial pCO2 
(which in healthy individuals is equivalent to 
alveolar and/or pulmonary venous pCO2) at 
40 mm Hg. The respiratory adaptations that allow 
for the robust increase in CO2 excretion by the 
lungs, while maintaining normal arterial pCO2, 
are best understood from the equation:

 
 V V P CO P
CO A A B2 2

� �� �/
 

(4.1)

This equation simply states that V̇CO2 is equal 
to the alveolar ventilation times the partial pres-
sure of CO2 within the alveolus divided by baro-
metric pressure (PB).

Alveolar ventilation is equal to minute venti-
lation minus dead space ventilation 
(V̇A = V̇E − V̇D). Substitution into the above equa-
tion yields:

 
  V V V P CO P
CO E D A B2 2
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(4.2)
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Minute ventilation equals respiratory rate 
(RR) times tidal volume, and dead space ventila-
tion equals RR times dead space volume:

V RR V V P CO P
CO T D A B2 2

� � �� �� � �/
 (4.3)
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(4.4)

The manner in which each of these respiratory 
variables is adjusted to accommodate the 
increased V̇CO2 during exercise will now be 
discussed.

 Tidal Volume

During a progressive exercise test, a rapid 
increase in tidal volume is typically seen during 
the early phases of exercise. At higher levels of 
exercise, additional increases in tidal volume are 
relatively small, and most of the augmentation of 
ventilation that occur results from the increases 
in respiratory rate. Typically, the tidal volume at 
peak exercise increases approximately threefold 
over baseline values, to approximately 45–65% 
of a subject’s baseline forced vital capacity.

 Respiratory Rate

During a progressive exercise test, the respiratory 
rate tends to increase slowly at lower levels of 
exercise and more rapidly at higher exercise 
intensities. At peak exercise, the respiratory rate 
typically increases to three or four times resting 
values. In normal individuals (beyond childhood), 
however, it rarely exceeds 60 breaths per minute.

 VD/VT Ratio

During exercise, the anatomic dead space volume 
remains fixed, whereas the tidal volume increases 
dramatically; the VD/VT ratio therefore falls. 
Moreover, as one exercises and recruits more 
blood vessels in the West zones 1 and 2 (in the 
upper parts of the lungs), ventilation/perfusion 
matching improves, physiologic dead space 

declines, the VD/VT ratio declines, gas exchange 
becomes more efficient, and CO2 elimination is 
enhanced.

Hence, from Eq. 4.4 above, it can be seen that 
the respiratory adaptations to exercise permit the 
V̇CO2 at peak exercise to increase more than 
12-fold over resting values.

 Anaerobic Threshold: Implications 
for CO2 Elimination (and Oxygen 
Delivery)

During the course of a progressive exercise test, 
one may come to a point where V̇CO2 begins to 
increase out of proportion to the concomitant 
increase in oxygen consumption. If one were to 
obtain blood samples at this time, one would also 
observe an increase in the lactate levels. This 
point has been named the “anaerobic threshold.” 
Theoretically, it reflects the point during a pro-
gressive exercise test when the amount of adenos-
ine triphosphate (ATP) required by the muscles to 
perform the mechanical work of exercise exceeds 
that which may be produced solely via aerobic 
metabolism (which is limited by the amount  
of oxygen that can be delivered to  
the muscles by the cardiopulmonary system). The 
muscle cells then begin to rely upon anaerobic 
metabolism to generate a portion of the ATP they 
require [5–7]. As noted in Chap. 1, anaerobic 
metabolism does not consume oxygen, but it does 
produce lactic acid, which is buffered by bicar-
bonate to produce CO2. This physiology explains 
the disproportionate increase in V̇CO2 and the rise 
in serum lactate levels that are observed.

Equation 4.1 indicates that to maintain a nor-
mal pH in the face of this increased CO2 produc-
tion, alveolar ventilation must rise proportionately. 
Moreover, as exercise continues above the anaer-
obic threshold, lactate levels rise further and a 
metabolic acidosis develops. To maintain a nor-
mal pH under these circumstances, the respira-
tory system must generate a compensatory 
respiratory alkalosis; that is, arterial pCO2 (which 
in healthy people is approximately equivalent to 
alveolar pCO2) must be driven down. Equation 
4.1 also indicates that, at any level of V̇CO2, a dec-
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rement in alveolar pCO2 must be matched by a 
reciprocal increase in alveolar ventilation. Hence, 
exercise beyond the anaerobic threshold requires 
increased ventilation because of: (1) increased 
V̇CO2 secondary to increased aerobic metabolism 
of fuels; (2) increased CO2 production related to 
anaerobic metabolism and the buffering of lactic 
acid by bicarbonate (detected at the anaerobic 
threshold); and (3) the need to blow off CO2 and 
generate a respiratory alkalosis to compensate for 
the accumulating lactic acidosis. The point where 
the compensatory respiratory alkalosis begins to 
develop has been termed the “respiratory com-
pensation point.”

The lactic acid produced by anaerobic metab-
olism also has profound implications for oxygen 
delivery to the muscles. As discussed in Chap. 
3, lactic acid promotes the release of oxygen to 
the muscles by shifting the hemoglobin-oxygen 
dissociation curve to the right (the Bohr effect). 
The acidic environment produced by lactic acid 
also promotes vasodilation of blood vessels 
within the exercising muscles, thereby allowing 
more oxygen- rich blood to come into close 
proximity with the exercising, metabolically 
active muscle cells. (It seems that God did not 
create lactic acid because s/he is a sadist, but to 
provide a mechanism for prey species to gener-
ate extra energy when needed to escape preda-
tors, and vice versa!)
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Laboratory Setup, Equipment, 
and Protocols

Julieann O’Neill and Laura Bourette

 Environment

A pediatric exercise laboratory should have suf-
ficient space to comfortably accommodate the 
equipment described as follows. It should also 
have space for the parents of the patient to sit dur-
ing the test. The temperature should be main-
tained in the range of 20  °C (68  °F) to 24  °C 
(75  °F) with a relative humidity between 50% 
and 60% [1].

 Equipment

The exercise lab should be equipped with devices 
that can accommodate both pediatric and adult 
patients. The equipment required by a modern 
laboratory includes [1–3]:

 1. A cycle ergometer. Two types of cycle ergom-
eters exist, distinguished by the manner in 
which the imposed work rate is controlled. 
Mechanically braked cycle ergometers control 
external work rate through frictional bands, 
whereas electronically braked ergometers 

increase resistance to pedaling electromag-
netically. Electronically braked cycle ergom-
eters are preferred, as they provide a reliable, 
constant work rate across a wide range of ped-
aling speeds. The cycle ergometer should be 
equipped with an adjustable seat, pedals, and 
handlebars, allowing the device to accommo-
date both children and adults.

 2. A motorized treadmill. The treadmill should 
be equipped with front and side handrails at 
heights appropriate for children and adults. It 
should also be equipped with an emergency 
stop button that is readily accessible to the 
individual(s) conducting the test.

 3. Electrocardiographic (EKG) monitoring 
equipment. The EKG recording equipment 
should have a real-time display screen and a 
printer capable of providing prompt, real-time 
printouts of 12-lead EKGs and/or rhythm 
strips for review. The display screen should be 
large enough and positioned so that it can be 
seen easily by the testing personnel during the 
study. It should display at least three EKG 
leads in real time. The displayed leads should 
be adjustable, to permit optimal visualization 
of the P waves or STT changes, as necessary. 
A numeric display of the heart rate should 
also be included on the screen. Instantaneous 
“superimposition” scanning of median EKG 
complexes from selected leads is a worthwhile 
feature that can facilitate real-time detection 
of STT changes during exercise. A printout of 
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the median EKG complexes at each stage can 
also help with the analysis by a subsequent 
interpreter. A computer-based recording sys-
tem can also provide a “full-disclosure” 
review of EKG waveforms during a study. 
This feature permits review of rhythm, STT, 
or morphology changes that may not have 
been acquired on paper EKG recordings.

 4. A metabolic cart. Over the past two decades, 
commercially available metabolic carts have 
become standard equipment in most pediatric 
exercise laboratories. Breath-by-breath, rather 
than mixing chamber, systems are preferable 
because of their ability to simultaneously 
measure end-tidal pCO2 and pO2, as well as 
their ability to rapidly and flexibly process 
data and display the data in various formats 
and at various time intervals. The metabolic 
cart should be equipped with software that 
permits the acquisition of basic spirometric 
measurements, as these measurements are 
integral to the interpretation of some of the 
metabolic cart data. Software that provides the 
option to acquire exercise flow volume loop 
acquisition is also worthwhile.

Modern metabolic carts are generally reli-
able, economical, and easy to maintain. They 
should be equipped with pediatric and adult- 
sized mouthpieces (and appropriate nose 
clips) and/or face masks. Most patients find 
the mouthpiece-nose clip combination to be 
more comfortable. It is also easier to maintain 
an airtight seal with a mouthpiece-nose clip 
combination. However, an occasional patient 
with an exaggerated gag reflex will prefer a 
mask rather than a mouthpiece. The metabolic 
cart should be interfaced with the treadmill, 
cycle ergometer, and EKG monitoring system. 
Ideally, it should also interface with the hospi-
tal’s database, thereby allowing the exercise 
test data to be imported directly and accurately 
into an individual patient’s hospital record or 
database.

 5. Blood pressure cuffs. Although a number of 
automated blood pressure monitoring systems 
have been developed, their reliability is 
adversely affected by the noise and movement 
that accompany an exercise test. Consequently, 

direct auscultation by a well-trained individ-
ual probably remains the most reliable and 
accurate method for determining the blood 
pressure during exercise. A good- quality 
stethoscope and appropriate-sized blood pres-
sure cuffs should be available.

For patients with aortic coarctation 
(repaired or unrepaired) and other aortic arch 
surgery (e.g., interrupted aortic arch, hypo-
plastic left heart syndrome, etc.), determina-
tion of upper and lower extremity blood 
pressures, before and after exercise, may be an 
important component of the exercise test. 
Pediatric exercise laboratories should there-
fore also be provided with appropriate thigh- 
sized blood pressure cuffs.

 6. A pulse oximeter. Fingertip or ear lobe pulse 
oximeters are generally available. In some 
patients with congenital heart disease, the 
blood flow to an extremity may be compro-
mised by the congenital defect and/or subse-
quent surgical interventions. Therefore, when 
using a fingertip oximeter, it is important to 
ascertain that an accurate pulse oximetry read-
ing can be obtained from that extremity prior 
to initiating the exercise test. It may also be 
necessary to remove a patient’s fingernail pol-
ish prior to the test. Tightly gripping the sup-
port bars or handlebars of the ergometer may 
also interfere with the function of the fingertip 
oximeter, and it may be necessary to ask the 
patient to temporarily release the bar to obtain 
an accurate reading. Ear jewelry may interfere 
with the function of an earlobe oximeter and 
should be removed prior to testing. Ensuring 
adequate surface contact and perfusion will 
improve the pulse oximeter reliability. Gently 
rubbing the lobe to improve local perfusion 
may also be helpful. When a pulse oximeter is 
functioning properly, it should have a good 
waveform, and the heart rate detected by the 
oximeter should match the heart rate detected 
by the EKG monitor.

 7. Other equipment. The exercise laboratory 
should be configured with sufficient space for 
stress echocardiography to be performed 
(when necessary) and for the patient to be able 
to move quickly and safely from the cycle or 
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treadmill to the echocardiography bed. Space 
for other equipment, such as noninvasive car-
diac output devices, near-infrared spectros-
copy machines, blood sampling, and/or 
injection of radioisotopes for nuclear medi-
cine tests, should also be available.

 8. Safety equipment. A fully stocked and well- 
maintained code cart with a defibrillator and 
medications appropriate for pediatric and 
adult-sized patients, as well as a bed with 
access to oxygen and suction, should be avail-
able within the laboratory. A “code button” or 
other device capable of promptly summoning 
assistance when necessary should also be 
readily accessible.

 Protocols

 The 6-Minute Walk Test (6MWT)

The 6-minute walk test (6MWT) requires a 
patient to walk as far as he/she can in 6 minutes. 
The course is a straight path 30  meters (or 
100  feet) in length; the patient must turn each 
time he/she reaches the end of the course. The 
patient is encouraged to cover as much ground as 
possible during the 6  minutes, but his/her pace 
should not be directly influenced by the examiner 
[4]. Portable pulse oximetry may be incorporated 
into the test, but the patient’s heart rhythm and 
electrocardiogram are (usually) not monitored, 
unless portable telemetry is available.

The advantages of 6MWT are that it is easy to 
perform, does not require sophisticated equip-
ment, and mimics activities of daily living [4]. It 
has therefore commonly been used in drug trials 
for adults with congestive heart failure or pulmo-
nary hypertension. However, in all but the most 
limited patients, it is a submaximal test. 
Consequently, although 6MWT correlates fairly 
well with peak oxygen consumption in highly 
symptomatic patients, its utility and validity in 
patients with “only” mild or moderate impair-
ments are dubious [5]. Indeed, some investigators 
have questioned the reliability and meaning of 
6MWT for patients that can walk more than 400 
meters [6]. In addition, the test is strongly influ-

enced by patient motivation and other factors 
(such as leg length, body weight, orthopedic 
issues, the ability to turn quickly at the ends of 
the course, etc.) unrelated to the cardiopulmo-
nary system. It is difficult to control and/or quan-
tify the influence of these variables on the 
outcome variable (distance walked) of 
6MWT. Hence, for any individual patient, the test 
has a rather small “signal-to-noise ratio.” 
Although these issues are mitigated somewhat in 
drug trials that include large numbers of patients, 
they make the interpretation of an individual’s 
test (or serial studies in one individual) ambigu-
ous and difficult. On account of these consider-
ations, the utility of 6MWT in children with 
congenital heart disease is limited.

Finally, although the incidence of serious 
adverse events during 6MWT is extremely low, 
having highly symptomatic patients exercise to 
(near) the limit of their capabilities, with limited 
monitoring, in a public corridor, appears 
imprudent.

 Exercise Testing 
with Electrocardiographic 
Monitoring

Exercise testing may be undertaken in conjunction 
with 12-lead EKG monitoring. A blood pressure 
cuff and, when indicated, pulse oximetry probe are 
also applied. Depending upon the clinical issues 
being addressed by the exercise test, other diag-
nostic modalities may be added to the exercise 
stress test, including myocardial perfusion imag-
ing, stress echocardiography, and pre-/postexer-
cise spirometry. The Bruce treadmill protocol is 
the exercise protocol that is commonly employed 
for these tests [1, 7]. In this protocol, the speed and 
elevation of the treadmill are increased in stages, 
in a standardized, predetermined manner, every 
3 minutes. The patient is encouraged to walk or, at 
higher stages, jog/run on the treadmill for as long 
as she/he can. The protocol has seven stages, so 
theoretically the test cannot last for more than 
21 minutes, although for extremely fit individuals 
who do not reach their limit within 21 minutes, the 
seventh stage can be extended, or additional non-
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standard stages may be added. The endurance time 
(i.e., the time until the patient stops exercising) is 
used as an index of exercise capacity. Nomograms 
are available for calculating the predicted, normal 
endurance time [7]. For pediatric subjects, the nor-
mal range is quite broad, however, and the clinical 
utility of this metric is therefore somewhat limited. 
Endurance time is also heavily influenced by fac-
tors unrelated to the cardiopulmonary system (e.g., 
obesity, orthopedic issues, etc.), and this metric 
therefore may not provide reliable, unambiguous 
information regarding a patient’s cardiopulmonary 
status. This issue is further complicated by factors 
particularly relevant to pediatric exercise testing. 
Specifically, with this testing modality, it is often 
difficult to confidently ascertain whether a child 
has expended an optimal effort. A child’s self-
reported symptoms are subjective and may not 
reflect a maximal effort expenditure. Similarly, the 
peak heart rate may not accurately reflect whether 
or not a patient has expended a maximal effort, as 
many patients with postoperative congenital heart 
disease have sinus node dysfunction and/or are on 
medications that may impair the chronotropic 
response to exercise. Hence, in children and 
patients with CHD, the ability of exercise testing 
with EKG monitoring to provide objective, quanti-
tative data regarding a patient’s exercise capacity 
is suboptimal. In addition, this testing modality 
often provides little information regarding the fac-
tors that may be responsible for a CHD patient’s 
exercise intolerance [8, 9].

Exercise testing with EKG monitoring is use-
ful for detecting abnormal blood pressure 
responses, exercise-induced rhythm disturbances, 
ST changes, and arterial oxygen desaturation 
(when pulse oximetry is employed). In conjunc-
tion with myocardial perfusion imaging or stress 
echocardiography, it can also detect evidence of 
myocardial ischemia during exercise [1]. For 
pediatric subjects with congenital heart disease, 
the presence, or absence, of exercise-induced 
STT abnormalities in isolation is not particularly 
helpful with regard to the question of myocardial 
ischemia, due to the high prevalence of intraven-
tricular conduction delays and other baseline 
abnormalities, the low pretest probability, and the 
absence of normative data [9, 10].

Similarly, for pediatric patients with chest pain, 
the probability of a cardiac etiology is extremely 
low and the ability of an exercise EKG to detect 
an abnormality is uncertain. Consequently, a 
positive test is likely to be a false-positive, and 
a negative test is virtually meaningless (Bayes’ 
theorem). The role of exercise testing in this set-
ting has therefore been questioned [11–14]. In 
this clinical setting, however, exercise testing 
with pre- and postexercise spirometry may be 
worthwhile for the evaluation of possible exer-
cise-induced asthma (see later)—a much more 
common cause of exertional chest pain [12].

The treadmill speeds used for the higher levels 
of the Bruce protocol may be too fast for small 
children. Under these circumstances, alternative 
protocols may be employed. For very limited 
patients, a “modified” Bruce protocol (in which 
3 minute stages at 0% and 5% grades and speeds 
of 1.7 mph are introduced prior to the standard first 
stage) may be employed, although interpretation 
of endurance time then becomes even more prob-
lematic. Alternatively, bicycle protocols may also 
be used [1]. For these protocols, the peak work 
rate, rather than the endurance time, is used as an 
index of exercise capacity. Equations are available 
for calculating the predicted, normal peak work 
rate based upon a patient’s age, gender, and size. 
Some of the limitations associated with the use of 
the treadmill endurance time as an index of cardio-
pulmonary function (e.g., the difficulty ascertain-
ing whether or not a child has expended an optimal 
effort) also apply to the peak work rate.

 Cardiopulmonary Exercise  
Testing (CPET)

In addition to the data obtained on standard exer-
cise test with EKG monitoring, a cardiopulmo-
nary exercise test (CPET) acquires data from 
expiratory gas (metabolic cart) analyses. Most 
modern metabolic carts measure the volume of 
gas expired by the patient, on a breath-by-breath 
basis, along with the instantaneous CO2 and O2 
concentrations. From these data, moment-by- 
moment estimates of minute ventilation, carbon 
dioxide production, and oxygen consumption can 
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be calculated. End-tidal pCO2 and O2 levels can 
also be measured. A wealth of clinically valuable 
information can be derived from these data (see 
Chaps. 11 and 12). This information often pro-
vides the most comprehensive, objective, and 
quantitative assessment of an individual’s exer-
cise capacity, cardiopulmonary response to exer-
cise, and the factor(s) that limit exercise function. 
CPET is therefore the testing modality that is, in 
general, most appropriate for patients with con-
genital heart disease and many other cardiovas-
cular and/or pulmonary disorders [3, 10].

CPET studies may be performed using a tread-
mill (usually the Bruce protocol; Table 5.1a, b) or 
cycle ergometer (Fig. 5.1). If a cycle ergometer is 
used, a “ramp” protocol is usually employed and 
has, in recent years, supplanted staged protocols. 
For the ramp protocol, the patient is asked to main-
tain a pedaling rate of ~60  pedals/minute. After 
pedaling against 0 resistance during an initial 
warm-up/equilibration period of 2–3 minutes, the 
pedal resistance is increased at a constant rate until 

the 60 pedal/minute pedaling rate can no longer be 
maintained. The rate at which the resistance is 
increased is selected based upon the patient’s age, 
size, gender, and level of fitness, so that the patient 
will reach peak exercise in 8–12 minutes. As a rule 
of thumb, the peak work rate of normal children 
and adolescents tends to be ~3–4 W/kg (more for 
fit individuals and less for impaired individuals); 
the desired ramp rate can be calculated accord-
ingly. Baseline spirometric measurements are also 
acquired prior to CPET (they assist in the interpre-
tation of some of the metabolic cart data) and may 
be repeated postexercise [3, 8, 10].

When performing CPET studies, there are 
advantages and disadvantages to treadmill vs. 
cycle ergometry (Table 5.2). Treadmill exercise 
is more familiar to most patients and mimics 
activities of daily living better than cycle 
ergometry. For patients with sinus node dysfunc-
tion and rate-responsive pacemakers who are 
atrially paced at peak exercise, treadmill testing 
is preferable as it induces a more physiologic 
pacemaker rate response. Patients <130 cm tall 
often are unable to reach the pedals of a cycle 
ergometer. The peak oxygen consumption (and 

Table 5.1 Treadmill protocols. (a) Bruce protocol: mul-
tistage incremental. (b) Modified Bruce protocol: multi-
stage incremental protocol used with more limited 
children and adults

(a) Bruce protocol

Stage
Duration 
(min)

Speed 
(MPH)

Grade 
(%) METS

1 3 1.7 10 5
2 3 2.5 12 7
3 3 3.4 14 10
4 3 4.2 16 13
5 3 5.0 18 15
6 3 5.5 20 18
7 3 6 22 20

(b) Modified Bruce protocol

Stage
Duration 
(min)

Speed 
(MPH)

Grade 
(%) METS

1 3 1.7 0 1.7
2 3 1.7 5 2.8
3 3 1.7 10 5.4
4 3 2.5 12 7.0
5 3 3.4 14 10
6 3 4.2 16 13.4
7 3 5.0 18 17.2

Fig. 5.1 Eight year old boy with hypoplastic left ventri-
cle undergoing cardiopulmonary exercise test on a cycle 
ergometer
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presumably, myocardial oxygen consumption) 
also tends to be ~5–10% higher on a treadmill. 
On the other hand, the greater noise and motion 
artifact associated with treadmill exercise is 
more likely to interfere with EKG analyses and 
blood pressure measurements. Other physiologic 
measurements (ventilatory anaerobic threshold 
and the V

.
 O2/work rate relationship) are more eas-

ily determined or can only be determined when a 
patient performs a (ramped) cycle exercise pro-
tocol. Moreover, because cycling is a non-
weight- bearing activity, it is, compared to 
treadmill exercise, less influenced by non-car-
diopulmonary factors such as body weight, 
orthopedic issues, etc. Consequently, the peak 
work rate (from a cycle ergometer) is a better 
index of exercise function, with a narrower range 
of “normal,” than the endurance time on a tread-
mill. The peak work rate is a parameter of peak 
exercise function that is not directly measured by 
the metabolic cart. It can therefore provide a 
valuable “internal check” on the validity of the 
peak exercise data acquired by the metabolic 
cart. In this context, the peak work rate is far 
superior to the endurance time derived from the 
treadmill protocol. Treadmills tend to be more 
expensive and carry a higher risk for patient 
injury compared to stationary cycles. These con-
siderations cause most pediatric exercise physi-
ologists to prefer to use a cycle ergometer with a 
ramp protocol for their CPET studies [15–23]. 
However, high-quality CPET studies may be 
obtained with either equipment [3, 8, 9].

 Other Protocols

To ascertain whether exercise-induced broncho-
constriction is responsible for or contributing to a 
patient’s symptoms, postexercise spirometry may 
be added to a stress test with EKG monitoring or 
CPET.  A >10% decline in the volume exhaled 
during the first second of a forced exhalation 
(FEV1) is suggestive of exercise-induced bron-
chospasm. Analogous declines in the average flow 
rate between 75% and 25% of a forced exhalation 
(FEF25–75) may also be observed. In normal 
individuals, these parameters tend to be unchanged 
or increase in response to exercise. Postexercise 
spirometry may be repeated 5, 10, 15, and 30 min-
utes postexercise. If evidence of bronchospasm is 
observed, a beta-agonist bronchodilator may be 
administered to determine if the bronchospasm is 
responsive to this therapy. An exercise protocol 
that causes the patient’s heart rate to rise to more 
than 85% of that predicted within the first 
2–4  minutes of exercise and remain there for 
~6 minutes is thought to be more likely to provoke 
bronchospasm than the more gradual exercise 
protocols [24–26]. In pediatric patients, this may 
be accomplished by skipping the first two or more 
stages of the Bruce protocol, manually adjusting 
the speed and elevation of the treadmill, or manu-
ally adjusting the resistance on a cycle ergometer. 
When seeking a more thorough, unambiguous 
assessment of a patient’s respiratory function dur-
ing exercise, it is also often worthwhile to incor-
porate exercise flow- volume loop determinations 
into the protocol.

Depending upon the clinical or physiologic 
questions that are being explored, other nonstan-
dard exercise protocols, such as steady-state exer-
cise tests, may sometimes be employed. These 
protocols are generally employed in the research 
rather than the clinical setting. Some investigators 
have also used echocardiographic tables equipped 
with supine or semisupine cycle ergometer attach-
ments to obtain images and perform echocardio-
graphic measurements during exercise [27–29]. 
Others have used magnetic resonance imaging 
(MRI)-compatible supine cycle ergometers to per-
mit the acquisition of immediate postexercise MRI 
images [30–32]. At this time, these protocols are 
also useful primarily in the research setting. 

Table 5.2 Treadmill versus cycle ergometry

Treadmill Cycle
Achieves slightly higher 
peak V̇O2 and myocardial 
oxygen consumption
Preferred for patients with 
sinus node dysfunction 
treated with rate-responsive 
pacemaker who are atrially 
paced at higher levels of 
exercise
Mimics activities of daily 
living
Can be used for patients 
<130 cm tall

Less interference with 
blood pressure 
determinations
Less interference with 
electrocardiograph
Provides better estimate 
of external work 
performed
Identification of 
ventilatory anaerobic 
threshold usually more 
straightforward
Permits determination of 
V̇O2/work rate 
relationship
Less risk of fall/injury
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Patients cannot exercise as vigorously on a supine 
cycle ergometer compared to an upright ergome-
ter. Consequently, the peak exercise data from 
these two exercise modalities are not comparable, 
and the clinical utility of supine cycle ergometry is 
limited. See Table 5.3 for a comparison of the rela-
tive advantages and disadvantages of various exer-
cise test protocols.
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Exercise Stress Echocardiography

Iqbal El-Assaad, Keri M. Shafer, 
and Ming Hui Chen

 Background

Exercise stress echocardiography (ESE) is a ver-
satile diagnostic tool that has been integrated 
into the standard clinical assessment of adult 
patients with coronary artery disease, hypertro-
phic cardiomyopathy (HCM), and pulmonary 
hypertension [1–7]. Experience with ESE in 

children with these disorders is more limited. 
Given the potential value of this technology in 
pediatrics is significant, its role in the clinical 
management of pediatric patients continues to 
grow and evolve [8–12]. Since 2006, Boston 
Children’s Hospital has been performing stress 
echocardiography for both ischemia and assess-
ment of hemodynamics of exercise [10–12] 
(Fig. 6.1).

ESE can be performed with the use of tread-
mill exercise or upright, supine, or semisupine 
cycle ergometer. Treadmill exercise has the 
advantage of more closely resembling daily 
physical activities than cycle ergometer, and 
treadmill exercise test has been shown to be asso-
ciated with higher peak V

.
O2. Other physiologic 

measurements are easier to obtain with upright 
cycle ergometry. Motion artifact and interference 
from lung tissues render the acquisition of imag-
ing data during treadmill, and even upright cycle 
ergometry, difficult or impossible. Imaging data 
(including Doppler and strain imaging) during 
exercise can be incorporated into supine or 
semisupine cycle ergometry protocols [9], but the 
metabolic data obtained from these modalities 
are generally lower. Optimally, an exercise labo-
ratory performing stress echocardiography would 
have a full complement of exercise modalities to 
allow tailoring to staff and patient preferences 
and the clinical questions posed; practical con-
siderations may limit labs to treadmill or cycle 
ergometry.
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 Assessment of Myocardial Ischemia

Ischemia occurs when myocardial oxygen demand 
exceeds myocardial oxygen supply. The basis of 
exercise stress testing lies in using exercise to 
increase myocardial oxygen demand. Onset of wall 
motion abnormalities and regional wall motion 
abnormalities on echocardiography precede the 
onset of electrocardiographic (EKG) changes or 
symptoms on the ischemic cascade; therefore, 
stress echo offers an opportunity to diagnose isch-
emia prior to clinical presentation [8]. To system-
atically assess regional wall motion, the American 
Society of Echocardiography recommends the use 
of a 16- or 17-segment model [13]. Regional wall 
motion of all the left ventricular segments should 
be graded by visual inspection both at rest and 
post- exercise as normal/hyperdynamic, hypoki-
netic, akinetic, or dyskinetic/aneurysmal. In addi-
tion to identifying wall motion abnormalities, it is 
important to distinguish between hypokinesis/aki-
nesis and dyssynchrony. Dyssynchrony has many 
different etiologies (ventricular pacing, bundle 
branch blocks) and can complicate the accurate 
assessment of ischemia in these regions. The 
schema used for the interpretation of ischemia for 
stress echocardiography is shown in Table 6.1. This 
is consistent with the American Society of 
Echocardiography guidelines [13].

In addition to the evaluation of segmental 
function pre- and post-exercise, the global left 

ventricular (LV) response to stress should be 
assessed [13]. In normal individuals, LV volumes 
immediately post-exercise should be smaller than 
those present at rest, and LV function (ejection 
fraction) should be higher. These changes develop 
as a consequence of the increased contractility 
and decreased systemic vascular resistance that 
accompanies exercise, as well as the abrupt 
decline in preload that accompanies the loss of 
the skeletal muscles’ pumping action when exer-
cise is terminated (see Chap. 3).

At Boston Children’s Hospital, to fully assess all 
regions of the myocardium in children, baseline and 
immediate post-exercise images are obtained: apical 
four-chamber, three-chamber (i.e., apical long axis), 
and two-chamber views; parasternal long-axis and 
short-axis views (base, mid-papillary, and apex) 

Misc
6%

Pulmonary
Hypertension

2%

Conduit Repairs 15%

Anomalous
Coronary

10%

Other
Cardiomyopathy

12%
HCM
17%

Kawasaki 38%

Fig. 6.1 Exercise stress 
echos at Boston 
Children’s Hospital from 
2006 to 2018 (n > 1300). 
Misc miscellaneous, 
HCM hypertrophic 
cardiomyopathy

Table 6.1 Schematic used to assess for ischemia

Pre-exercise Post-exercise → Ischemia
Normal Normal or 

hyperkinetic
→ No

Normal Hypokinetic, akinetic, 
or dyskinetic

→ Yes

Hypokinetic Normal → No
Hypokinetic Akinetic or dyskinetic → Yes
Akinetic/
dyskinetic

Akinetic or dyskinetic → No, 
infarcteda

Modified from Chen et al., and also ASE [10, 13]
aIn patients with a ventricular septal patch, wall motion in 
that segment may be akinetic/dyskinetic without infarc-
tion or ischemia
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(Figs. 6.2 and 6.3) [10]. When acquiring pre-exer-
cise images, it is important to identify the best 
imaging windows to utilize post-exercise. It is also 
important to ensure that EKG lead placement 
allows for adequate acoustic windows for imaging. 
Post-exercise images should be obtained promptly 
(within 90  seconds), before a significant drop in 
heart rate and change in hemodynamics have 
occurred. Given the importance of rapid imaging, 
sonographer training and experience with ESE is 
needed to obtain an optimal study [10].

In patients with congenital heart disease, the 
presence of a ventricular septal defect (VSD) 
patch left bundle branch block, paced rhythms, 
right ventricular (RV) pressure or volume over-
load, etc. may result in wall motion abnormalities 
unrelated to myocardial ischemia and should be 
accounted for during the interpretation of stress 
echocardiographic studies.

 Assessment of Patients with Known 
or Suspected Hypertrophic 
Cardiomyopathy

For patients with diagnosed or suspected HCM, 
the purpose of ESE is usually to accurately 
identify and estimate left ventricular outflow 
tract (LVOT) gradients, characterize systolic 
anterior motion (SAM) of the mitral valve, and 
assess mitral valve function. In these cases, 
standardized two-dimensional and Doppler 
images are obtained at rest and immediately 
post-exercise. Table  6.2 illustrates the clinical 
protocol for HCM utilized by Boston Children’s 
Hospital. At least two beat clips with 2D and 
three beat clips for Doppler measurements are 
obtained. Pre- exercise, images are acquired 
from apical and parasternal views with special 
attention to the LVOT and the left ventricle. 

Pre-Exercise Post-Exercise

4 CV

2 CV

3 CV

Fig. 6.2 Pre- and 
post-exercise apical 
four-chamber,  
two- chamber, and 
three- chamber long-axis 
views. Abbreviation:  
CV = chamber view. 
(Reprinted with 
permission from [10])
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The degree of mitral regurgitation (MR) and the 
presence of systolic anterior motion (SAM) of 
the mitral valve are also assessed. Post-exercise, 
priority should be given to the LVOT images 
and gradients and mitral valve assessment 
(Table 6.2).

A common difficulty in the ESE evaluation 
of patients with HCM is differentiating the 
mitral regurgitation from the LVOT jet, since 
both jets are located in proximity to each other 
and occur during systole. Careful analysis of the 
waveform of the continuous wave Doppler sig-
nal can help distinguish between the MR and 

LVOT obstructions (Fig.  6.4). The Doppler of 
LVOT obstruction characteristically has a grad-
ual increase in early systole with midsystolic 
acceleration and a late peak (“dagger-shaped” 
signal). In contrast, the mitral regurgitation con-
tinuous wave Doppler signal begins at the onset 
of systole and rapidly attains markedly increased 
velocity (usually >5  m/s), which then persists 
throughout systole (“bell-shaped” signal) [3]. 
The mitral regurgitation velocity (which reflects 
the pressure gradients between the LV systolic 
pressure minus the left atrial pressure) is higher 
than the LVOT velocity usually (Fig.  6.4). 

Pre-Exercise Post-Exercise

LAX

SAX
(base)

SAX
(mid)

SAX
(apex)

Fig. 6.3 Pre- and 
post-exercise parasternal 
long-axis view (LAX) 
and short-axis (SAX) 
views at the base, 
mid-ventricle, and apex. 
(Reprinted with 
permission from [10])
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Table 6.2 Boston Children’s Hospital ESE protocol for the assessment of left ventricular outflow tract (LVOT) gradi-
ents in patients with hypertrophic cardiomyopathy (HCM)

Pre-exercise Post-exercise
Apical views
Four-chamber view (2D/Doppler)
 Degree of mitral regurgitation
 Presence of SAM
 Measure MR velocity
 RVSP
 LV walls and regional function
Five-chamber view
  Measure the LVOT gradient; pulse from mid-cavity toward 
the LVOT (use CW if gradient is present)

Three-chamber view
 Check degree of mitral regurgitation
 CW of the MR (if available)
 LVOT velocity/gradient and location
 Regional wall motion assessment

Apical views
 Assess peak LVOT gradient and determine the 
location (make sure to separate from MR jet)
 Assess the MR severity by color
 Obtain MR velocity by CW (apical or parasternal)
 Assess the presence of SAM from apical and 
parasternal views
 Assess RVSP

Parasternal long-axis (LAX) view
 Check mitral valve structure and function
 Check degree of MR
 RVSP––if not available from apical views

Parasternal long-axis (LAX) view
 Check degree of MR
 RVSP––if not available from apical views

Parasternal short-axis (SAX) view
 Assess LV function and wall motion in 17 segments
 Short-axis views of the base, mid-ventricle, and apex

Parasternal short-axis (SAX) view
 Assess LV function and wall motion in 17 segments
 Short-axis views of the base, mid-ventricle, and 
apex

SAM systolic anterior motion, MR mitral regurgitation, RVSP right ventricular systolic pressure, CW continuous wave 
Doppler

Fig. 6.4 Continuous wave Doppler recordings of the left 
ventricular outflow tract (LVOT) (left panel) from a 
12-year-old girl with hypertrophic cardiomyopathy with 
LVOT gradient with exercise. Peak gradient is 90 mm Hg. 
The LVOT tracing has a “dagger shape” with the initial jet 
velocity increase being more gradual and peaking later in 

systole. For comparison, a typical continuous wave 
Doppler recording of the mitral valve is shown on the 
right panel. Note that the mitral regurgitation jet begins at 
the onset of systole and attains a peak gradient more 
rapidly

6 Exercise Stress Echocardiography
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Acquisition of images and tracings from the api-
cal four-chamber,  two- chamber, and three-
chamber views may be necessary to adequately 
distinguish the two systolic jets. In some nor-
mal, young subjects who are athletes, LVOT 
gradients as high as 50 mm Hg may be detected 
immediately post-exercise. These gradients 
develop due to the increase in LV contractility 
and the dramatic decline in systemic vascular 
resistance that occurs during exercise, coupled 
with the abrupt decline in left ventricular pre-
load that occurs when exercise is terminated and 
the pumping action of the skeletal muscles is 
suddenly eliminated [14]. (See Chap. 3.)

 Assessment of Patients with Known 
or Suspected Pulmonary 
Hypertension

For patients with diagnosed or suspected pulmo-
nary hypertension, the tricuspid regurgitation jet 
velocity should be measured at rest and also with 
exercise. This is usually undertaken from the api-
cal four-chamber view, although parasternal 
views may also be used, depending on the echo-
cardiographic windows. To support the findings 
from Doppler echocardiography, the ventricular 
septal configuration should also be assessed from 
the parasternal short-axis view pre- and post- 
exercise. Although some laboratories acquire 
Doppler tracings with patients pedaling on a 
semisupine or an upright cycle ergometer, we 
have acquired good tracings immediately post- 
exercise with the patient lying on his/her left side. 
Studies have found that high-quality Doppler 
tracings correlate fairly well with invasive mea-
surements. Low-quality Doppler tracings, how-
ever, correlate poorly with invasive measurements 
[7]. When assessing RV pressure estimates, it is 
also important to recognize that some patients 
may develop a significant flow-related right ven-
tricular outflow tract gradient during exercise; 
this phenomenon must be taken into account 
when assessing tricuspid regurgitation jet veloc-
ity data [7, 15]. While clearly feasible, ESE is 
currently used only for the subgroups of pulmo-
nary artery hypertension patients, with the major-

ity of patients still being evaluated with the use of 
6-minute walk tests.

 Conclusions

 1. Exercise stress echocardiography is feasible in 
the pediatric and congenital heart population.

 2. While supine cycle ergometry may offer 
advantages for acquiring image data during 
exercise, standard exercise techniques permit 
reasonable stress imaging pre- and immediate 
post-exercise.

 3. The precise role of exercise stress echocar-
diography in pediatrics and congenital heart 
disease is clearly evolving.
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Other Modalities: Assessment of 
Pulmonary Response and 
Measurement of Cardiac Output

Alexander R. Opotowsky and Jonathan Rhodes

In certain clinical and/or research settings, it is 
helpful to incorporate additional technologies/
modalities into the standard cardiopulmonary 
exercise test (CPET). Some of these will now be 
discussed.

 Exercise Flow-Volume Loops

Exercise flow-volume loops (FVL) can provide 
insights into the pulmonary limitations to exer-
cise. Software packages are available for most 

modern metabolic carts which permit the acqui-
sition of the data required for these analyses. The 
protocol for exercise FVL requires the patient to 
perform several pre- exercise maximal expiratory 
and inspiratory maneuvers between the patient’s 
total lung capacity (TLC) and residual volume 
(RV). The effort with the largest FVL is used to 
define the reference maximal FVL.  The patient 
is then instructed to take a maximal inspira-
tion and then exhale and breathe normally. This 
maneuver permits one to place the patient’s tidal 
FVL within the reference maximal FVL.  This 
maneuver can then be repeated at any time dur-
ing an exercise test, and the relationship between 
the patient’s tidal FVL during exercise and the 
baseline maximal FVL can be assessed (Fig. 7.1) 
[1]. Useful parameters to assess are: the degree 
of expiratory flow limitation, the end-expiratory 
lung volume (EELV), and the end-inspiratory 
lung volume (EILV) [1].

Expiratory flow limitation can be quantitated 
by calculating the percentage of the exercise 
tidal volume FVL that meets or exceeds the 
expiratory boundary of the baseline maximal 
FVL.  In normal individuals, expiratory airflow 
limitation is present over only ~25% of the 
tidal volume at peak exercise workloads and 
generally occurs only at lower lung volumes, 
near EELV.  In patients with obstructive lung 
disease, however, flow limitation is observed 
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across a large portion of the tidal volume, even 
at relatively low exercise intensities [2–4]. Flow 
limitation across a high percentage of the exer-
cise FVL also may be observed in athletes and 
other extremely fit individuals. However, this 
phenomenon is only observed at high exercise 
intensities and is due to the high metabolic rate 
and high levels of ventilation that these individ-
uals can achieve during exercise [5].

In normal individuals, EELV tends to fall dur-
ing exercise. At rest, expiration is usually a passive 
phenomenon due primarily to the elastic recoil of 
the chest wall after inspiration. During exercise, 
muscles are recruited to augment expiration, lower 
the EELV, and help increase tidal volume. In addi-
tion, the elastic and gravitational energies that accu-
mulate in the rib cage, abdomen, and diaphragm as 
a consequence of active expiration provide passive 
recoil at the initiation of the subsequent inspiration 
and help to augment the next breath. Patients with 

obstructive lung disease, however, develop air trap-
ping during exercise. This phenomenon is mani-
fested by an increase in EELV during exercise [1, 
6]. To compensate for their elevated EELV and to 
maintain their tidal volume, patients with obstruc-
tive lung disease may also increase their EILV by 
recruiting their muscles of inspiration. Although 
normal subjects may increase their EILV to almost 
90% of total lung capacity during intense exercise, 
patients with obstructive lung disease and air trap-
ping may develop elevated EILV values even at 
low exercise intensities. As EILV approaches total 
lung capacity, lung compliance begins to fall, and 
thus the inspiratory elastic load increases [7]. This 
results in an energetically unfavorable breathing 
pattern that places increased strain on the muscles 
of inspiration (i.e., it requires more energy to move 
the chest wall at high lung volumes), which may 
in turn contribute to a patient’s exercise limitation 
[1–3].

Patients with restrictive lung disease have a low 
EELV and will have an EILV that approaches their 
inspiratory capacity, even at low exercise intensi-
ties. These abnormalities are a reflection of their 
abnormally small lung volumes. Once again, simi-
lar phenomena may be observed in highly fit indi-
viduals, but only at high exercise intensities, and is a 
consequence of the high metabolic rates and minute 
ventilations that these individuals can achieve [2].

The acquisition of exercise FVLs does not 
significantly interfere with other CPET measure-
ments [8]. Moreover, patients with congenital 
heart disease commonly have a combination of 
ventilatory issues that may affect their cardiopul-
monary response to exercise [9–13]. The more 
detailed and unambiguous assessments of pulmo-
nary function during exercise that are provided by 
exercise FVL technology can be of unique value 
to clinicians for these physiologically complex 
patients. However, experience in the pediatric and 
congenital heart disease population is quite limited 
and the role of this technology is yet to be defined.

 Measurement of Cardiac Output

Oxygen consumption (VO2) is a function of car-
diac output (CO) as well as hemoglobin concen-
tration, arterial oxygen saturation (and to a small 
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Fig. 7.1 Defining expiratory flow limitation. Tidal exer-
cise flow volume loops (ext FVLs) are aligned within the 
maximal flow volume envelope (MFVL) according to a 
measured end-expiratory lung volume (EELV). The per-
cent of the tidal breath (VFL) that expiratory air flows meet 
or exceed the maximal expiratory flows (MEFs) is used as 
an estimate as to the degree of expiratory flow limitation. 
EILV end-inspiratory lung volume; ERV expiratory 
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reserve volume; RV reserve volume; TLC total lung capac-
ity; VT tidal volume. (Reprinted with permission from [1])
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extent dissolved oxygen), and mixed venous oxy-
gen saturation. Therefore, measurement of oxygen 
consumption does not provide a direct assessment 
of the cardiac response to the demands of exer-
cise (i.e., augmentation of CO). Measurement of 
CO can be performed during exercise, either non-
invasively or invasively.

 Noninvasive Measurement of Cardiac 
Output: Inert Gas Rebreathing

Various noninvasive methods can be used to esti-
mate CO including echocardiography, bioimped-
ance, pulse wave assessment, carbon dioxide 
rebreathing, and inert gas rebreathing. Inert gas 
rebreathing appears to be the most reliable cur-
rently available method and can be applied both at 
rest and during exercise.

Pulmonary blood flow (PBF) can be mea-
sured using an inert gas rebreathing method. This 
involves rebreathing a known volume and con-
centration of two inert gases. One of the gases is 
blood-soluble and absorbed into the blood in pro-
portion to PBF. The other gas is blood-insoluble 
and is used to measure the combined volume of 
the lungs, airways, tubing, valve, and rebreathing 
bag. The approach was described many decades 
ago, [14] but was cumbersome to perform until 
the more recent introduction of more user- friendly 
automated technology.

Gas rebreathing measurements of CO appear 
to be acceptably accurate, with clinically reason-
able correlation and agreement with other clinical 
methods of CO estimation such as thermodilu-
tion, true Fick, and cardiac magnetic resonance. 
Studies support the applicability of this technique 
at rest in children, [15] patients with congenital 
heart disease or pulmonary hypertension, [16, 
17] and also during mechanical ventilation, [18] 
or during exercise [19, 20].

There are specific situations where gas 
rebreathing CO may be inaccurate, however. 
This approach estimates PBF and not systemic 
CO (i.e., Qp rather than Qs); so, in the presence 
of right-to-left shunting, PBF (and consequently 
the rebreathing CO estimate) will be less than 
systemic CO. Gas rebreathing is also inaccurate 
in the presence of left-to-right shunting because 

of early recirculation of the soluble gas through 
the lungs.

 Invasive Measurements  
of Cardiac Output

CO can be measured during exercise via cathe-
terization, either with sampling of mixed venous 
blood (usually from the pulmonary artery) 
and using the Fick equation or with a dilution 
method, usually thermodilution [21]. Estimated 
or “assumed V

.
 O2 Fick” uses a gross estimate of 

oxygen consumption based upon a nomogram, 
while “true Fick” employs a simultaneous, direct 
measurement of V

.
 O2. At rest, nomograms can esti-

mate resting V
.
 O2 with moderate accuracy, but this 

methodology cannot be used to estimate V
.
 O2 dur-

ing exercise. Consequently, “assumed V
.
 O2 Fick” 

cannot be applied to the estimation of CO dur-
ing exercise. Both “true Fick,” with direct mea-
surement of V

.
 O2, and thermodilution are accurate 

during exercise, however. The details and pitfalls 
of these techniques are beyond the scope of this 
chapter and require experience and understand-
ing of key assumptions. For example, these mea-
surements can be challenging or impossible in 
some patients with congenital heart disease. The 
presence of shunting precludes thermodilution-
based measurements and requires more thought-
ful interpretation of Fick-based measurements. 
Further, some patients with congenital heart dis-
ease may not have a chamber or other anatomic 
site where systemic venous blood is fully mixed. 
For example, in patients with a total cavopulmo-
nary anastomosis, preferential streaming of infe-
rior vena cava (IVC) blood toward one lung and 
superior vena cava (SVC) blood to the other is 
often present, while coronary sinus blood drains 
into the pulmonary venous atrium. This physiol-
ogy precludes the estimation of CO using dilu-
tion techniques.

 Blood Sampling During Exercise

In some cases, it is helpful to obtain an arte-
rial blood gas during exercise, primarily for a 
reliable, direct measurement of arterial pCO2 
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(currently available noninvasive, transcutaneous 
pCO2 monitors are too inaccurate and/or respond 
too slowly to be of value for estimating arterial 
pCO2 during a progressive exercise test). For 
some metabolic defects, endocrinological disor-
ders, and other conditions, blood sampling for 
glucose, lactate, cortisol, growth hormone, and 
other variables may be incorporated into an exer-
cise test, when indicated, for clinical or research 
purposes.

 Exercise Oscillatory Ventilation

Many CPET measurements focus on a single 
value at a specific time point (e.g., peak V

.
 O2). 

There is additional information to be gained 
from the patterns of response that may or may 
not be readily quantified. For example, a drop in 
V
.
 O2 toward the peak of exercise provides specific 

information not necessarily captured by a single 
value. Another instance of dynamic response is 
exercise oscillatory ventilation (EOV). This term 
refers to a pattern of periodic breathing with oscil-
lating minute ventilation, rather than a steady non-
linear increase, with exercise. EOV is comparable 
to Cheyne–Stokes respiration—a periodic breath-
ing pattern sometimes observed in patients with 
severe heart failure [22]. However, EOV is more 
common and can be present in patients without 
decompensated heart failure.

Several studies in acquired heart failure have 
reported that the presence of EOV is predictive 
of adverse events (e.g., mortality, arrhythmia) 
independent of peak V

.
 O2 or the V

.
 E/V

.
 CO2 slope [23, 

24]. There has been less research among patients 
with CHD.  One study reported that EOV was 
present in 37.5% of 253 patients with a Fontan 
circulation and that its presence was associated 
with an increased risk for death or transplanta-
tion or nonelective cardiovascular hospitaliza-
tion [25].

Unfortunately, there is no universally 
accepted definition of EOV, and the determina-
tion of the presence or absence of EOV can be 
more challenging than one might expect. We 
use the following definition: regular oscillations 
with amplitude >15% of average V

.
 E during the 

exercise test, present for >60% of total exercise 
duration. Some definitions require a quantita-
tive measure of regularity (e.g., cycle length with 
coefficient of variation <20%) and the duration of 
the cycles (e.g., 40–140 seconds) [24]. EOV may 
exist across a spectrum of severity, and quantita-
tive assessment of the duration of the oscillatory 
period, amplitude, and timing during exercise 
(e.g., early versus late) may provide more infor-
mation, but this remains speculative.
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Supervision and Safety 
Precautions for Exercise Testing

Tracy J. Curran

Exercise testing is an extremely low-risk 
undertaking for children and patients with con-
genital heart disease [1–4]. The use of this test-
ing modality has become increasingly common 
in recent years and has grown to include the 
testing of patients previously considered by 
some to be at high risk. Indeed, the American 
Heart Association consensus statement recently 
concluded that the only absolute contraindica-
tions to exercise testing are acute myocardial 
or pericardial inflammatory disease or patients 
with severe outflow obstruction in whom 
 surgical intervention is clearly indicated [5]. 
Recommendations regarding exercise, labora-
tory requirements for environment, equipment, 
staffing, and procedures have also been pro-
vided [4–6].

The Exercise Laboratory at Boston Children’s 
Hospital has adopted many of these practices and 
has made modifications that best serve our pedi-
atric and congenital heart disease (CHD) popula-
tion. We have employed a model in which all 
cases are directly supervised by a master’s level 

Exercise Physiologist with special in-house train-
ing in exercise testing for pediatric patients and 
patients with CHD.  Higher-risk studies have 
direct physician supervision as well. All exercise 
tests are performed within a cardiology clinic 
suite, which allows for immediate assistance 
from nursing and physician staff for any adverse 
event that might occur during exercise testing. A 
code cart supplied with emergency drugs and a 
defibrillator, appropriate for the age and size of 
the patients studied, is always present in the lab. 
They are checked daily to ensure that they are up 
to date and in working condition. A call assist 
button, oxygen supply, and wall-mounted suction 
system are built into the laboratory and are read-
ily available if/when needed. The exercise physi-
ologists are certified in Pediatric Advanced 
Emergency Assessment, Recognition and 
Stabilization (PEARS), and Basic Life Support 
(BLS) and are trained to recognize and initiate 
interventions for emergency situations that call 
for a code team response. Adequate space is 
available for easy access to any patient who 

T. J. Curran (*) 
Exercise Physiology, Department of Cardiology, 
Boston Children’s Hospital, Boston, MA, USA
e-mail: tracy.curran@cardio.chboston.org

8

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16818-6_8&domain=pdf
mailto:tracy.curran@cardio.chboston.org


44

might develop difficulties or require assistance 
while in the exercise laboratory.

To minimize risks, certain additional precau-
tions are undertaken prior to testing. The exer-
cise physiology staff prescreens all patients 
(usually on the day before a scheduled exercise 
test) prior to performing the test, to distinguish 
between patients at low risk and high risk for 
adverse events. Guidelines have been developed 
that stratify patients into risk categories based on 
our laboratory’s clinical exercise testing experi-
ences (Table 8.1) [3]. Pre-identified higher-risk 
patients, which represent about 10% of studies, 
have direct physician supervision (cardiology 
attending and/or fellow). It is recommended that 
individual institutions craft their own exercise 
testing policies as care patterns and resources 
available to the lab may vary. Our department 
has also instituted an alert notification procedure 
for any patient prescreened and identified as 

high risk. When a high-risk patient is identified, 
a “high- risk” team—comprised of the medical 
directors of the exercise lab, the administrative 
team, the clinic charge nurse, electrophysiology 
nurses, the exercise physiologists, and assigned 
cardiology fellows—is notified the day before 
the test is to occur (for previously scheduled 
patients) or as soon as the patient is identified 
(for same-day add-on patients). In addition, 
there is a daily “morning huddle” during which 
high-risk patients are discussed and communica-
tion with our intensive care unit (ICU) team is 
established.

The exercise physiology staff is also familiar 
with the exercise test termination criteria 
(Table 8.2) [5]. Cardiopulmonary parameters are 
monitored closely throughout the study, and clin-
ical judgment is always used when making deci-
sions regarding the termination or continuation 
of an exercise test.

Table 8.1 Pediatric patients at higher risk with exercise testing

Boston Children’s Hospital
High-risk criteria for exercise testing
Arrhythmia
 Known exertional ventricular tachycardia
 Catecholaminergic polymorphic ventricular tachycardia
Cardiomyopathy
 Hypertrophic cardiomyopathy (excluding genotype positive, phenotype negative)
 Dilated cardiomyopathy with moderate-to-severe ventricular dysfunction
 More than mildly symptomatic restrictive cardiomyopathy
 Cardiomyopathy with syncope
Congenital heart disease with:
 Resting saturation ≤85%
 Unrepaired cyanotic disease
 Severe aortic stenosis (>80 mm Hg)
 Severe pulmonary stenosis (>80 mm Hg)
 Systemic/near-systemic RV pressure with moderate- to- severe RV dysfunction
 Congenital heart disease with syncope (at the discretion of exercise lab staff)
 Implantable cardioverter defibrillator
Pediatric coronary disease
 Kawasaki’s disease with significant coronary aneurysm
 Angina/anginal equivalent symptoms
Pulmonary hypertension with:
 ≤90% desaturation at rest
 >3/4 systemic pressure at rest
 Recent history of syncope
Severe systemic ventricular dysfunction
Symptoms
 Prior cardiac arrest without defibrillator
 Exertional syncope with injury or incontinence and moderate suspicion for cardiac syncope

RV right ventricular

T. J. Curran
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In a recent retrospective review of exercise 
tests performed at Boston Children’s Hospital 
from 2013 to 2016 (5307 tests), we found that 
dangerous arrhythmias requiring intervention 
beyond simple termination of exercise were 
extremely rare (<0.1%) and that predefined high- 
risk criteria identified the three patients with the 
most serious events (i.e., those that required car-
dioversion/defibrillation or cardiopulmonary 
resuscitation). The serious events were recog-
nized promptly. Effective interventions were 
quickly instituted and all patients had good out-
comes. The absence of any high-risk criteria pre-
dicted a very low risk (negative predictive value 
99.96; confidence intervals 99.92–100%) for 

arrhythmias requiring interventions beyond sim-
ple test termination [3].

Respect of the patient is of utmost importance 
before, during, and after exercise testing. An 
open discussion between staff, patient, and  family 
should occur prior to any testing. This discussion 
should include what to expect during the exercise 
test, what the patient should report during the 
test, what we monitor during the test, and why 
the test might be terminated. Patients should also 
be informed that they may elect to terminate the 
exercise test at any point [4].
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Table 8.2 Criteria for exercise test termination

 1.  Decrease in ventricular rate with increasing 
workload associated with extreme fatigue, 
dizziness, or other symptoms suggestive of 
insufficient cardiac output

 2.  Failure of heart rate to increase with exercise, and 
extreme fatigue, dizziness, or other symptoms 
suggestive of insufficient cardiac output

 3.  A fall in systolic blood pressure with increasing 
workload

 4.  Severe hypertension, >250 mm Hg systolic or 
125 mm Hg diastolic, or blood pressures higher than 
that can be measured by the laboratory equipment

 5. Chest pain suggestive of myocardial ischemia
 6. Dyspnea that the patient finds intolerable
 7.  Symptomatic tachycardia that the patient finds 

intolerable
 8.  Progressive fall in oxygen saturation to <90% in a 

patient with normal oxygen saturation at rest, or a 
>10-point drop from resting saturation in a patient 
who is symptomatic

 9.  Presence of ≥3 mm flat or downward-sloping ST 
segment depression

10.  Increasing ventricular ectopy with increasing 
workload, including a >3-beat run

11. Patient requests termination of the study

Source: American Heart Association, Inc. [5]
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Special Considerations 
for Children

Jennifer L. Pymm

 Introduction

Cardiopulmonary exercise testing (CPET) in chil-
dren is often successful and informative, even in 
young children. However, to achieve success, a 
number of accommodations and special consider-
ations will often be necessary. Basic pediatric 
exercise testing can begin as young as 4 years old, 
when indicated. CPET can be undertaken suc-
cessfully in patients as young as 6  years old, 
although the maturity required to cooperate ade-
quately for CPET is often not present until 8 years 
of age or older. For any given individual, the mini-
mal age of compliance for an exercise test depends 
on the individual’s maturity level, physical abili-
ties, and often, the parent’s support.

 Pediatric Patients and Their 
Families

A unique situation in pediatric exercise testing 
compared to adult testing is having additional 
family members in the laboratory during testing. 
This should be considered when setting up the 
exercise laboratory. The laboratory should have 
space to accommodate families, but in an area 

that does not interrupt testing. During the initial 
explanation of the testing procedure, it is impor-
tant to provide age-appropriate instructions and 
to focus on the patient as well as the parents/other 
family members. The child should be assured that 
the test will not hurt and can even be fun [1]. 
Often, the exercise test is the child’s first opportu-
nity to use exercise equipment (e.g., a treadmill 
or stationary bicycle); this novelty can and should 
be used to advantage, to help inspire interest and 
cooperation. Allowing time for questions from 
both the patient and their family is important and 
can avoid interruptions later during the test. 
Nevertheless, the exercise physiologist may find 
that, although time was allotted for questions 
prior to testing, parents will nevertheless  inter-
rupt and ask questions during the test. 
Acknowledging the parents, answering if one is 
able, and letting the parents know that questions 
will be answered at the end of the test are appro-
priate responses. During testing, primary focus 
should be on the child, their safety, and on obtain-
ing the desired test data.

 Test Equipment

CPET in pediatrics will also require adjustments 
to the equipment. Treadmills should have a lower 
handrail attachment that is accessible to smaller 
patients [1]. For younger patients, it can also be 
helpful to have additional staff available to “spot” 
the child on the treadmill and even stand behind 
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him/her, straddling the belt. Some younger 
patients may decide to stop abruptly or may be 
unsteady on the treadmill; spotting them closely 
maintains their safety. Cycle ergometers will also 
need pediatric adjustments, including handlebar, 
seat, and pedal shafts with the ability to adjust 
depending on the size of the patient [2]. 
Commonly, patients under 125–130  cm are 
unable to reach the pedals on the cycle ergometer 
even at the shortest pediatric adjustments and 
will need to be tested on the treadmill.

Other equipment considerations needed in 
pediatric exercise testing include smaller blood 
pressure cuffs, nose clip variety, and pediatric 
gowns [1]. Mouthpieces should  be available in 
smaller sizes and masks of various sizes should 
be available in cases of mouthpiece intolerance. 
Adjustments can also be made with electrocar-
diogram (EKG) prepping procedures. EKG prep-
aration typically includes alcohol and abrasive 
tape. For pediatric patients, alcohol is typically 
not necessary, and the abrasive tape should be 
used less aggressively. Avoiding aggressive prep 
is important because it can irritate the skin and 
cause a reaction that is uncomfortable for the 
patient and adversely affect their compliance.

When choosing a protocol for pediatric patients, 
there are several considerations. Treadmill proto-
cols need to be used when a patient is too small for 
the  cycle ergometer. Younger patients who fit on 
the cycle may have trouble maintaining a consis-
tent cadence and/or stop inappropriately, or “when 
they feel like  it” rather than when they are 
fatigued.  Under these circumstances, a treadmill 
protocol may produce a better test  result [1]. 
Patients who have relatively underdeveloped thigh 
muscles can fatigue earlier on the cycle ergometer 
versus the treadmill [2]. The Bruce protocol, most 
commonly used for treadmill testing, has 3 minute 
stages, which may be too long and boring for pedi-
atric patients. Similarly, if the incremental increases 
in the stages of the protocol are too great, the child 
may terminate exercise prematurely  and optimal 
data collection would not be possible [1]. It is often 
necessary to tailor the protocol, changing the speed 
and/or elevation of the treadmill on an individual-
ized basis, in a manner that ideally accommodates 
the needs and capabilities of the patient. One of the 
greatest benefits of a cycle protocol is the ability to 

choose a  ramping protocol  appropriate for the 
patient’s size and activity level. Cycle ergometer 
testing also allows for a more accurate assessment 
of maximum work rate, clearer EKG  tracings, 
more reliable blood pressure measurements, and a 
lower risk for patient injury [3].

 Imaging Studies

Imaging studies may be incorporated into 
 pediatric exercise testing. Commonly employed 
 modalities include nuclear medicine and echo-
cardiographic imaging. If both methods provide 
comparable information, a stress echocardiogram 
is generally preferred by most pediatric patients. 
A stress echocardiogram is less invasive, less 
time-consuming, and does not require fasting or 
intravenous placement. These undesirable attri-
butes of nuclear medicine tests are challenging 
for most children and could adversely affect their 
compliance and willingness to give a maximal 
effort on an exercise test.

 Conclusion

Pediatric centers should have trained  exercise 
physiologists, who possess knowledge of and 
experience with pediatric CPET. Under these cir-
cumstances, high-quality CPET can usually be 
achieved.
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Special Considerations for Adults 
with Congenital Heart Disease

Jennifer L. Pymm

 Introduction

Adults with congenital heart disease (CHD) 
require special considerations with regard to car-
diopulmonary exercise testing. The major differ-
ence in testing adults with CHD versus testing 
adults with acquired heart disease is the indica-
tion for testing. In acquired heart disease, testing 
is usually undertaken to evaluate for myocardial 
ischemia. In adults with CHD, the reason for test-
ing varies. However, its primary purpose is usu-
ally not the assessment of coronary artery disease, 
but more often focuses on precisely estimating 
aerobic functional capacity and assessing prob-
lems related to the underlying CHD. Hence, exer-
cise physiologists who perform testing on adults 
with CHD should be familiar with the CHD anat-
omy and resulting pathophysiology; the various 
catheterization, surgical, and other strategies that 
have been used to treat the patient’s CHD, the 
unique cardiovascular health issues that these 
patients may confront and how these issues may 
be exposed and assessed in the exercise 
laboratory.

 Comorbidities

Compounding these complexities, as CHD patients 
age, new comorbidities related or unrelated to 
CHD often develop. The comorbidity most relevant 
to the exercise testing environment is acquired 
heart disease. Evaluation by an adult congenital 
heart disease specialist to rule out contraindications 
for testing and assess the risk: benefit ratio of the 
study should be undertaken prior to testing [1]. In 
most cases, if there is concern for active or unas-
sessed coronary artery disease, this issue should be 
evaluated thoroughly prior to undertaking cardio-
pulmonary exercise testing (CPET).

Relying on electrocardiogram (EKG) changes 
to detect myocardial ischemia in adult CHD 
patients can be challenging, often misleading, 
and sometimes impossible because of baseline 
EKG abnormalities. In these cases, imaging 
studies may be required to more accurately 
assess for myocardial ischemia. When testing 
these patients, the exercise laboratory staff 
should be familiar with the signs and symptoms 
of myocardial ischemia and should be prepared 
to respond appropriately.

 Exercise Testing

Adults with CHD are often tested in pediatric 
medical centers where children are also tested. 
This results in exercise physiologists testing 
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patients from 4 years old through adulthood. It is 
important to employ age- appropriate testing 
explanations and motivation tactics. An adult 
patient should not be treated like a child. Ideally, 
adults with CHD should be tested in centers that 
are staffed with adult CHD physicians and exer-
cise physiologists experienced both in CHD and 
in caring for adults [1].

With regard to the logistics of exercise testing, 
the approach to the adult patient with CHD is 
largely similar to that of the adult with acquired 
heart disease. Prepping the patient for testing and 
the equipment needed for testing are all similar. 
For example, prepping for electrode placement is 
done on adults by shaving when needed, alcohol 
prep and abrasive tape; these features do not vary 
depending on the adult population you are test-
ing. The modality of testing (stationary cycle 
ergometer or treadmill) often depends on the 
exercise laboratory or physician preference. Most 
commonly, when performing cardiopulmonary 
exercise testing cycle ergometry is the preferred 
modality, as it allows assessment of work rate, 
provides better EKG recordings and permits 
more reliable auscultatory blood pressure mea-
surements. It also carries a lower risk for fall 
injuries. Choosing a ramping protocol for an 

adult with CHD can, however, be challenging, 
particularly in overweight individuals. In these 
cases, one should consider the patient’s previous 
CPET data (if available), lean body mass, age, 
activity level, and the patient’s self-reported exer-
cise capabilities to guide decisions regarding the 
optimal protocol.

 Conclusion

In summary, exercise testing in adults with CHD 
requires specific knowledge, training, and 
approaches. These patients differ, in clinically 
important ways, from children with CHD and 
adults with acquired heart disease. Laboratories 
that possess these capabilities can safely acquire 
the valuable clinical information that is often 
accessible only through exercise testing.
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Peak Exercise Parameters

Jonathan Rhodes

 Peak V̇O2

Peak V̇O2 is one of the most important and 
widely used cardiopulmonary exercise testing 
(CPET) indices of cardiovascular health [1]. For 
most normal individuals, and especially for 
those with cardiovascular disease, peak V̇O2 is 
limited by the amount of O2 that the 
cardiopulmonary system can deliver to the 
exercising muscles. This in turn is limited by the 
circulatory system’s ability to increase cardiac 
output during exercise. Hence, peak V̇O2 is an 
excellent indicator of the capabilities of a 
patient’s cardiovascular system [2].

There is a subtle difference between peak V̇O2 
and V̇O2max. If a subject expends an ideal effort on 
a progressive exercise test, she/he will come to a 
point where V̇O2 plateaus and an additional incre-
ment in work rate does not induce an additional 
increment in V̇O2. This plateau value is V̇O2max. 
Peak V̇O2, however, is merely the highest V̇O2 
detected during an exercise test. Ideally, peak V̇O2 
and V̇O2 max should be equal, but if a subject ter-

minates exercise before reaching V̇O2max, the peak 
V̇O2 will be somewhat lower than V̇O2max.

The clinical value of peak V̇O2 often depends, 
to a large extent, upon an appreciation of what 
the normal value for peak V̇O2 might be. 
Unfortunately, for any individual patient, the 
determination of “normal” values for peak V̇O2 (in 
ml O2/min) is not a straightforward undertaking. 
Peak V̇O2 varies with age; it tends to increase and 
reach a maximum during adolescence/early 
adulthood and decline progressively, by ~7%/
decade, thereafter [3]. It also differs significantly 
between males and females, especially after 
puberty. Normal values for peak V̇O2 are also 
dependent upon body size; larger individuals can 
consume more oxygen than smaller individuals. 
The relationship between body mass and peak 
V̇O2 is, however, quite complicated. During exer-
cise, adipose tissue consumes virtually no O2 
compared to skeletal muscle. Hence, merely nor-
malizing peak V̇O2 for body mass ignores this 
important biologic fact and can be misleading. 
For instance, imagine a 50 kg individual who has 
a peak V̇O2 of 2000 ml/min (40 ml/kg/min). If this 
individual were to go on a high-calorie diet and 
gain an additional 50 kg of adipose tissue, with-
out affecting his/her cardiopulmonary system, 
the peak V̇O2 would remain 2000 ml/min, but the 
weight-normalized peak V̇O2 would be only 
20 ml/kg/min. This does not mean that the sub-
ject needs a heart transplant; it means she/he 
needs to lose weight!
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The relationship between peak V̇O2 and body 
surface area, or other anthropomorphic 
 measurements, is also complex. In recognition of 
these problems, and based upon theoretical con-
siderations regarding the relationship between 
body size and peak V̇O2, some physiologists have 
suggested methods of normalizing peak V̇O2 using 
an exponent of body length or weight [4, 5]. 
There is no conformity of opinion concerning the 
optimal method, and these approaches invariably 
result in rather unwieldy and unfamiliar units 
(e.g., ml O2/kg2/3/min). Normalizing peak V̇O2 for 
lean body mass or skeletal muscle mass is 
theoretically appealing, but accurate estimation 
of these parameters is impractical and difficult 
outside of the research setting.

Hence, normal values for peak V̇O2 are usually 
calculated from prediction equations, based upon 
the age, gender, height, and/or weight that have 
been generated from a group of normal subjects. 
Ideally, the equation selected for an individual 
patient should have been generated using a simi-
lar exercise protocol and from a population whose 
age and demographic background are similar to 
the patient’s. For pediatric subjects, there are few 
studies that have generated these kinds of data. 
The most widely used prediction equations are 
drawn from the study of Cooper and Weiler- 
Ravell [6]. These investigators studied a group of 
107 healthy children and adolescents 6–17 years 
old and generated prediction equations based 
upon gender and height (by relying on height, 
rather than weight, the potential confounding 
effects of adiposity/obesity upon the predictions 
are theoretically mitigated). The limitations of 
these prediction equations must, however, be rec-
ognized [1]. They tend to generate unrealistically 
low values for small children, especially boys [2]. 
Hence, for subjects <130 cm tall, it is usually best 
to calculate the predicted peak V̇O2, using the 
patient’s ideal weight-for-height (as determined 
from a growth chart), and data from Cooper and 
Weiler-Ravell’s study, which found that the peak 
V̇O2 of an average prepubescent boy was 42 ml/kg/
min and for an average prepubescent girl was 
38  ml/kg/min [6]. The height-based equations 
also tend to generate unrealistically high pre-
dicted values for tall, thin individuals. Therefore, 

for subjects with a body mass index (BMI) 
<19.0  kg/m2, their weight-based equations are 
preferred [2, 6]. For subjects ≥18 years old, Jones’ 
equation, which generates predictions based upon 
age, height, body mass, and gender (height is 
weighted much more heavily than body mass), [3] 
is theoretically appealing and has gained wide 
acceptance [7]. Wasserman’s equation, based 
upon ideal body weight, is also widely used (albeit 
somewhat more cumbersome) and may have 
superior predictive power [8]. Whichever equa-
tions are chosen by a laboratory, the validity of the 
predictions for the population served by the labo-
ratory should be established by testing a number 
of normal subjects and confirming that the pre-
dicted values agree well with the results of these 
tests [7]. In addition, it must be noted that the 
aforementioned equations were generated for 
subjects exercising on a cycle ergometer. When 
subjects exercise on a treadmill, they tend to 
achieve peak V̇O2 (and peak heart rate) ~5–10% 
higher than that on a cycle ergometer. A correc-
tion factor should therefore be employed if apply-
ing these equations to subjects who have 
performed a CPET on a treadmill.

Among children and adolescents, when com-
paring V̇O2 data from serial exercise tests sepa-
rated by time intervals of more than ~6 months, it 
is especially important to focus upon % predicted 
values rather than absolute (ml/min) or weight- 
normalized values, in order to take into account 
the rapid growth (and concomitant increase in 
peak V̇O2) that normally occurs during the pediat-
ric years. Similarly, among adults, when compar-
ing serial studies separated by more than ~3 years, 
it is usually preferable to focus on % predicted 
values, as the prediction equations take into 
account the 7% per decade decline in peak V̇O2 
that normally occurs with aging. When compar-
ing data from serial tests performed over shorter 
time intervals, it is often best to compare absolute 
V̇O2 data. Similar considerations apply to other 
CPET parameters that are strongly affected by 
body size and/or age.

One may wonder whether peak V̇O2 is limited 
by the muscle cell mitochondria’s ability to take 
up oxygen rather than the cardiopulmonary sys-
tem’s ability to deliver oxygen. In fact, however, 
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it seems that, except in cases of extreme 
 debilitation or rare metabolic defects (e.g., 
Barth’s syndrome), peak V̇O2 is limited by the 
supply of O2 and not by the capacity of the mito-
chondria to reduce O2 during oxidative phosphor-
ylation. For instance, if O2 delivery is enhanced 
by erythropoietin, blood doping, or high-altitude 
training, peak V̇O2 increases.

Measurements of peak V̇O2 have been found to 
possess important clinical implications for 
patients with pediatric and congenital heart 
disease (CHD). Peak V̇O2 has been found to be an 
independent predictor of death and/or hospital-
ization for patients with repaired tetralogy of 
Fallot [9], patients who have undergone atrial 
switch procedures for transposition of the great 
arteries [10], patients with pulmonary 
hypertension [11, 12], patients with congestive 
heart  failure [13, 14], patients awaiting heart 
transplantation, [14] and patients with Fontan 
surgery [15–17].

 Peak Work Rate and Endurance 
Time

The peak work rate is the highest work rate 
achieved by an individual during a progressive 
CPET employing a cycle ergometer. As with 
peak V̇O2, it is best to express the peak work rate 
as a % predicted value, based upon a prediction 
equation that takes into account age, gender, and 
body size. Because chemical energy is converted 
into mechanical energy with more or less the 
same efficiency in most normal individuals, the 
peak V̇O2 and peak work rate are usually closely 
linked. The clinical value of the peak work rate 
relates to the fact that it is one peak exercise 
parameter that is not measured directly by the 
metabolic cart and therefore can serve as an 
internal control against which the metabolic cart 
data can and should be compared. The peak 
work rate tends to be slightly more effort-
dependent than the peak V̇O2 because, as 
mentioned previously, V̇O2 plateaus when an 
individual expends a maximal effort. 
Consequently, on an optimal exercise test, there 
is a brief, variable, and effort- dependent period 

before test termination when the work rate is 
increasing without a concomitant change in V̇O2.

Subjects with orthopedic or neurologic 
impairments that preclude efficient pedaling (or, 
more commonly, walking/running on a treadmill) 
must devote more energy, and therefore consume 
more oxygen, to overcome any level of resistance 
imposed by the ergometer. In contrast, individu-
als who predominantly engage in bicycle exer-
cise may have a “training effect” and may be able 
to perform more work on a cycle ergometer for 
any given level of V̇O2 compared to individuals 
who do not engage in bicycle exercise. Similar 
considerations relate to runners and treadmill 
exercise. For treadmill- based CPETs (e.g., the 
Bruce protocol), the endurance time is the metric 
analogous to the peak work rate. Tables exist for 
estimating the normal endurance time on the 
Bruce protocol (Table  11.1) [18]. However, 
unlike the peak work rate, the endurance time is 
heavily influenced by other factors unrelated to 
cardiovascular function such as body weight 
(heavy individuals must expend much more 
energy to walk or run on an incline compared to 
lighter individuals), gait efficiency, how much 
the individual leans on the railings of the tread-
mill, etc. Consequently, compared to the peak 
work rate on a cycle ergometer, the range of nor-
mal values for the endurance time on a treadmill 

Table 11.1 Endurance time on Bruce protocol for nor-
mal children with innocent murmurs

Age Group Percentiles
(year) 10 25 50 75 90 Mean SD
Boys
4–5 8.1 9.0 10.0 12.0 13.3 10.4 1.9
6–7 9.7 10.0 12.0 12.3 13.5 11.8 1.6
8–9 9.6 10.5 12.4 13.7 16.2 12.6 2.3
10–12 9.9 12.0 12.5 14.0 15.4 12.7 1.9
13–15 11.2 13.0 14.3 16.0 16.1 14.1 1.7
16–18 11.3 12.1 13.8 14.5 15.8 13.5 1.4
Girls
4–5 7.0 8.0 9.0 11.2 12.3 9.5 1.8
6–7 9.5 9.6 11.4 13.0 13.0 11.2 1.5
8–9 9.9 10.5 11.0 13.0 14.2 11.8 1.6
10–12 10.5 11.3 12.0 13.0 14.6 12.3 1.4
13–15 9.4 10.0 11.5 12.0 13.0 11.1 1.3
16–18 8.1 10.0 10.5 12.0 12.4 10.7 1.4

Reprinted with permission from [18]
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protocol is very broad, the relationship between 
endurance time and cardiovascular fitness is not 
as tight, and the utility of this parameter as an 
index of cardiopulmonary fitness, or as an internal 
control for metabolic cart data, is not as robust.

 Heart Rate

During a progressive exercise test, heart rate 
(HR) increases linearly in proportion with V̇O2, 
from baseline levels to peak HR.  The normal 
peak HR, for treadmill exercise, may be esti-
mated from the equation [19]:

 
Peak HR age years= ( )220-

 11.1

Peak HR during cycle exercise tends to be 
5–10% lower [19], so it is reasonable to multiply 
the predicted peak HR derived from this equation 
by 0.925 if a bicycle exercise protocol is 
employed.

Patients with sinus node dysfunction cannot 
increase their HRs to normal levels at peak exercise. 
In addition, the HR vs. V̇O2 relationship tends to be 
depressed below the expected normal curve. In 
contrast, patients who cannot increase forward 
stroke volume normally during exercise tend to 
compensate by increasing their HRs more rapidly 
than normal during exercise, and the HR vs. V̇O2 
relationship is elevated. Patients with impairment of 
both the chronotropic and stroke volume response 
to exercise may have “pseudonormalization” of the 
HR vs. V̇O2 relationship, but would be unable to 
achieve a normal peak HR. Athletes, on the other 
hand, tend to have a larger-than-normal increase in 
stroke volume during exercise. Their HR vs. V̇O2 
relationship therefore appears depressed below the 
expected curve, but their peak HR is normal 
(Fig. 11.1) [2].

Recent adult studies have focused upon the 
heart rate reserve:

 peakHR restingHR-  11.2

and the chronotropic index:
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Fig. 11.1 Influence of various clinical conditions on 
the  relationship between HR and V̇O2 during exercise. 
Variation of HR with respect to V̇O2 during a progressive 
exercise test for a hypothetical 50 kg, 15-year-old normal 
subject (solid triangle), athlete (diamond), patient with a 
depressed chronotropic response (circle), patient with a 
depressed stroke volume response (square), and patient 
with both a depressed chronotropic and stroke volume 
response (open triangles) is shown. Note that the athlete’s 
peak O2P (peak oxygen consumption divided by peak HR) 
is above normal. The patient with a depressed stroke 
volume response has a below-normal peak O2P and 
partially compensates for this condition by increasing HR 
more rapidly than normal, causing the slope of the HR-V̇O2 
curve to be abnormally steep. In contrast, the patient with 
a depressed chronotropic response has an abnormally 
flattened curve and cannot achieve a normal peak HR, 
although a partial compensation for the chronotropic 
deficiency is achieved by increasing the peak O2P (i.e., 
stroke volume) to above-normal levels. (This pattern is 
also encountered in patients with structurally normal 
hearts who are receiving β[beta]-blocker therapy.) The 
patient with the depressed chronotropic and stroke volume 
response still has a steeper-than-normal slope but cannot 
achieve a normal peak HR and cannot compensate for this 
chronotropic deficiency by increasing the stroke volume. 
This individual’s peak V̇O2 is therefore more depressed 
than that of any of the other subjects. (Reprinted with 
permission from [47])
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These indices have not been studied widely in 
pediatric patients, and their relevance to this pop-
ulation remains uncertain [20].

Chronotropic incompetence is common fol-
lowing surgery for congenital heart defect (CHD) 
[21–23] and has been associated with a poor 
prognosis [15, 23]. It is unclear, however, whether 
the observed relationship between chronotropic 
incompetence and mortality is due to the 
 chronotropic incompetence per se or merely 
reflects the fact that many patients with arrhyth-
mia problems (which have a negative impact on 
their prognosis) are on antiarrhythmic medica-

tions that inhibit the chronotropic response to 
exercise [15].

 The Oxygen Pulse (O2P)

The oxygen pulse (O2P) at peak exercise is related 
to the forward stroke volume at peak exercise and 
is therefore, for the clinician, one of the most use-
ful indices available from the exercise physiol-
ogy laboratory. The relationship between the O2P 
and stroke volume is best understood by dividing 
both sides of the Fick equation by HR:

 
V HR O P Cardiac Output HR O extraction Stroke VolumeO2 2 2/ /= = ( )´ = (( )´O extraction2  

11.4

O2 extraction is equal to arterial O2 content 
minus mixed venous O2 content. These vari-
ables are in turn determined by the hemoglobin 
concentration and the corresponding O2 satura-
tions (the small amount of dissolved oxygen 
present under physiologic conditions can be 
ignored). Most patients with repaired CHDs 
have normal arterial O2 saturations and normal 
hemoglobin concentrations. Furthermore, at 
peak exercise (and only at peak exercise), O2 
extraction is maximized, and it has been found 
that the mixed venous O2 saturation at peak 
exercise varies little across a wide spectrum of 
cardiovascular function [24]. Hence, under most 
circumstances, O2 extraction at peak exercise 
will vary little from patient to patient, and the 
O2P will be proportional to forward stroke vol-
ume [24–26]. Normal values for O2P at peak 
exercise will, of course, be dependent upon 
patient size, age, and gender. Normal values 
may be calculated by dividing the predicted 
peak V̇O2 by the predicted peak HR. [7] It is 
important to note that the stroke volume referred 
to here is the “effective” stroke volume, i.e., 
amount of oxygenated blood ejected with each 
beat of the systemic ventricle that ultimately 
goes to the systemic circulation. Unlike the 

“angiographic” stroke volume, it does not 
include blood related to regurgitant or shunt 
lesions.

The limitations associated with the O2P con-
cept must be borne in mind when interpreting 
these data. In patients with depressed arterial O2 
content at peak exercise (e.g., patients with ane-
mia or patients with significant arterial desatura-
tion), O2 extraction at peak exercise would be 
less than normal, and the O2P would therefore 
underestimate the stroke volume. In contrast, 
polycythemia increases the arterial O2 content 
and would therefore cause the O2P to overesti-
mate the stroke volume. Similarly, conditions 
that impair the unloading of oxygen from hemo-
globin (i.e., reduce oxygen extraction) will cause 
the mixed venous saturation to be abnormally 
high and will therefore cause the oxygen pulse to 
underestimate the stroke volume. This physiol-
ogy is most commonly encountered in severe 
deconditioning, where atrophied muscles’ ability 
to extract oxygen from hemoglobin is impaired. 
More rarely, other skeletal muscle abnormalities 
that impair oxygen extraction, such as glycogen 
storage diseases, mitochondrial and other meta-
bolic defects (e.g., Barth’s syndrome), some tox-
ins (e.g., carbon monoxide), or rare 
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hemoglobinopathies that cause an increased 
affinity of hemoglobin for oxygen (i.e., cause 
the hemoglobin-oxygen dissociation curve to be 
shifted leftward), will also cause the O2P to be 
depressed and to underestimate the stroke vol-
ume. Solely on the basis of Starling factors, 
relative bradycardia at peak exercise should 
engender a compensatory increase in the stroke 
volume and hence, in the absence of other car-
diovascular problems, the O2P at peak exercise 
should be elevated (Fig. 11.1). Consequently, in 
patients with low peak-exercise HRs, the 
absence of a compensatory increase in O2P, 
above normal predicted values, is in fact 
abnormal.

The distortion of the tight relationship between 
the stroke volume and O2P at peak exercise that is 
caused by right-to-left intracardiac shunting can 
be appreciated from Eq. 11.2. When blood from 
which the (physiologic) maximal amount of oxy-
gen has been extracted happens to shunt right to 
left and get pumped back to the body, the fraction 
of SV comprised by this blood does not increase 
the O2P.  The SaO2 and SvO2 of the right-to-left 
shunting blood will be equivalent (i.e., no 
 additional oxygen can be extracted from this 
blood), and the (SaO2 −  SvO2) term in Eq.  11.4 
will, for this blood, equal zero. Hence, although 
right-to- left shunting blood contributes fully to the 
stroke volume at peak exercise, it contributes noth-
ing to the O2P.  Similarly, when partially desatu-
rated blood (e.g., from pulmonary venous 
desaturation) is pumped into the systemic circula-
tion, the desaturated blood increases the O2P by a 
correspondingly smaller amount, and the relation-
ship between the O2P and the SV is also distorted.

During a progressive (upright) exercise test, 
there is a rapid initial increase in O2P, primarily 
due to an increase in stroke volume. Thereafter, 
the more gradual increase in O2P is due primarily 
to increased oxygen extraction. Under no circum-
stances, however, should the O2P decline during 
exercise. A decline in O2P may be seen in patients 
with myocardial ischemia secondary to coronary 
artery disease, cardiomyopathy, and/or severe 
outflow tract obstruction.

The O2P at peak exercise tends to be depressed 
in patients with conditions that impair their ability 

to increase forward stroke volume to appropriate 
levels at peak exercise. Patients with depressed 
ventricular systolic or diastolic function, severe 
obstructive lesions, severe valvular regurgitation, 
coronary artery disease/myocardial ischemia, pul-
monary, or systemic vascular disease often have a 
low peak-exercise O2P [11, 12, 14, 25–29].

The O2P is often depressed in patients who 
have undergone a Fontan procedure, even in the 
absence of ventricular or valvular dysfunction. 
Indeed, the O2P is one of the strongest correlates 
of peak work rate in patients with Fontan circula-
tions [20]. In these patients, the low O2P probably 
reflects the absence of a pulmonary ventricle and 
the limited ability of the passively perfused pul-
monary vascular bed to accommodate the high 
rate of blood flow normally present at peak exer-
cise. Consequently, the Fontan patient’s ventricle 
may be markedly underfilled (preload restricted) 
during exercise.

Young patients with chronic aortic regurgi-
tation usually have well-preserved exercise 
function and peak-exercise O2P [27, 30]. In 
these patients, the fall in systemic vascular 
resistance that normally accompanies exercise 
tends to lessen the severity of the regurgitation 
during exercise. In addition, the left ventricular 
dilation typically present in chronic aortic 
regurgitation helps to maintain forward stroke 
volume and usually compensates effectively 
for the hemodynamic burden imposed by the 
leaky valve. (In the subset of patients with poor 
exercise function, however, a low O2P is almost 
always present.) Similar factors apply to 
patients with isolated pulmonary insufficiency, 
where the decline in pulmonary vascular resis-
tance during exercise mitigates the effects of 
the incompetent pulmonary valve, and right 
ventricular dilation can, over time, compensate 
for the volume load imposed by the pulmonary 
regurgitation. Hence, patients with isolated 
pulmonary insufficiency (e.g., patients with 
pulmonary stenosis s/p successful pulmonary 
valvuloplasty) typically have normal, or near 
normal, exercise function [31]. Similar physi-
ologic mechanisms may also help to preserve 
the exercise function of patients with other val-
vular insufficiency lesions.
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 Respiratory Exchange Ratio (RER)

If a patient does not expend a maximal or near 
maximal effort on an exercise test, the peak exer-
cise data may not accurately reflect the true status 
of his/her cardiopulmonary system. Optimal 
interpretation of peak exercise data therefore 
requires information regarding the effort 
expended by the patient. Measurements of the 
respiratory exchange ratio (RER) during exercise 
often help to provide this important information.

The RER is the ratio of V̇CO2 over V̇O2. Unlike 
the respiratory quotient described in Chap. 1, 
which is a theoretical concept based upon the 
stoichiometry of the chemical equations involved 
in the aerobic metabolism of the fuels that the 
body uses to support its metabolic activities, the 
RER is a measured parameter that reflects not 
only the CO2 produced by the aerobic metabo-
lism of fuels but also the CO2 produced from the 
buffering of lactic acid by bicarbonate and the 
variations in CO2 excretion related to transient 
changes in the body’s CO2 stores (i.e., hyperven-
tilation or hypoventilation). At rest, the RER is 
usually determined primarily by stoichiometry. 
(It may, however, be distorted by the alterations 
in CO2 excretion associated with hyperventila-
tion or hypoventilation.) As discussed earlier, for 
the aerobic metabolism of carbohydrates, 1 mole 
of CO2 is produced for every mole of O2 that is 
consumed; for fats, 1 mole of CO2 is produced for 
every 1.5 moles of O2 consumed. Hence, at rest, 
the RER is usually about 0.85 (i.e., somewhere 
between 0.67 and 1.00). During a progressive 
exercise test, as the anaerobic threshold is sur-
passed and an increasing fraction of the energy 
required by the exercising muscles is derived 
from anaerobic metabolism, V̇CO2 rises out of 
proportion to V̇O2, and the RER rises progressively. 
An RER >1.09 is considered to be compatible 
with a good effort or, more specifically, that 
exercise termination was (at least partly) due to 
lactate accumulation secondary to a heavy 
reliance upon anaerobic metabolism to meet the 
energy needs of the exercising muscles [32]. 
(Some investigators believe that the anaerobic 
metabolic pathways are less developed in chil-
dren and therefore feel that for young subjects an 

RER ≥1.05 is a more appropriate threshold [33, 
34].) If a patient’s RER at peak exercise is <1.09, 
it is likely that exercise was not terminated on 
account of insufficient O2 delivery to the exercis-
ing muscles. Under these circumstances, peak 
exercise parameters may not accurately reflect 
the capabilities of the cardiovascular system and 
must therefore be interpreted cautiously.

The most common cause for a low RER at 
peak exercise is a suboptimal effort. Patients with 
severe lung disease may also have a low RER at 
peak exercise because their ability to increase 
CO2 excretion is impaired and cannot keep up 
with the high CO2 production associated with 
more strenuous exercise. This results in CO2 
retention and elevated arterial pCO2 levels. 
Exercise terminates on account of the resulting 
respiratory acidosis, rather than lactic acid accu-
mulation. Orthopedic pain (e.g., a sore knee or 
sprained ankle) may cause a subject to stop exer-
cising at a relatively low exercise intensity, before 
there is significant lactate accumulation or RER 
elevation. Patients with certain rare metabolic 
defects (e.g., glycogen storage diseases) in which 
lactic acid production is impaired will have a low 
RER at peak exercise. Patients with neuromuscu-
lar diseases and/or severe debilitation may stop 
exercising due to profound muscle weakness 
rather than lactic acid accumulation and may 
therefore have a low peak-exercise RER.

Within a few seconds after the termination of 
exercise, a steep rise in the RER is typically 
encountered. The physiology underlying this 
phenomenon is a reflection of the different mech-
anisms by which O2 and CO2 are transported in 
the blood and the obligate decline in cardiac out-
put that occurs upon the termination of exercise 
secondary to the abrupt loss of the skeletal mus-
cles’ pumping action (see Chaps. 2, 3 and 4). 
Oxygen delivery to the muscles, which is depen-
dent on the cardiac output and the arterial O2 con-
tent of the blood (which in turn is determined by 
the arterial O2 saturation and the hemoglobin 
concentration), falls in parallel with the decline 
in cardiac output (hemoglobin levels do not 
change upon termination of exercise and, of 
course, arterial O2 saturation cannot rise above 
100%). In contrast, CO2 delivery from the mus-

11 Peak Exercise Parameters



60

This equation readily conveys the fact that 
conditions that are associated with an impaired 
stroke volume response to exercise will have 
lower-than-normal pulse pressure during exer-
cise. In contrast, individuals with a higher-than- 
normal stroke volume response to exercise (e.g., 
athletes, patients with aortic regurgitation, or 
patients with an isolated chronotropic defect) 
will have an increased pulse pressure. In addi-
tion, patients with reduced arterial compliance 

(e.g., patients with aortic coarctations) will have 
increased pulse pressures.

 Arterial O2 Saturation

Oxygen does not diffuse across the alveolar- 
capillary membrane as rapidly as CO2. 
Nevertheless, in normal individuals exercising at, 
or near, sea level, the diffusion of O2 is rapid 

cles to the lungs is relatively well maintained 
because, unlike O2, the CO2 content of the blood 
is not limited by the binding of CO2 to hemoglo-
bin. The CO2 content of the venous blood return-
ing to the lungs from the muscles can therefore 
rise following the termination of exercise and at 
least partially compensate for the decline in car-
diac output. Hence, CO2 delivery to and excretion 
by the lungs does not decline as much as the O2 
delivery to and consumption by the muscles. The 
RER (CO2 excretion divided by O2 consumption) 
therefore rises.

 Blood Pressure

During a progressive exercise test, systolic blood 
pressure tends to rise progressively, whereas dia-
stolic blood pressure changes little compared to 
the baseline, resting values. The increase in sys-
tolic blood pressure is more pronounced in older, 
larger individuals. It is also higher in males. In 
the pediatric age group, however, it is rare for 
the systolic blood pressure at peak exercise to 
exceed 200 mm Hg in males and 180 mm Hg in 
females. Nomograms describing the normal 
blood pressure response to exercise, based on 
body surface area and gender, are available (see 
Fig. 3.1) [35, 36].

As a rule of thumb, the systolic blood pressure 
at peak exercise should exceed resting values by 
at least 20% or 20 mm Hg. Many congenital heart 
defects, in which the cardiac output response to 
exercise is depressed, may have a blunted blood 

pressure response to exercise. Under no circum-
stances should the systolic blood pressure fall 
during exercise (except when there is baseline 
anticipatory hypertension related to anxiety). A 
decline in systolic blood pressure may be seen in 
patients with hypertrophic cardiomyopathy, 
severe ventricular dysfunction, severe ventricular 
outflow obstruction, and myocardial ischemia. It 
is an ominous prognostic sign and in many con-
texts an indication for terminating an exercise 
test.

An excessive rise in blood pressure may be 
seen in patients with coarctation of the aorta, 
even following “successful repair.” [37] This may 
be due to subtle residual arch obstruction, in 
which case a significant upper-lower extremity 
blood pressure (cuff) gradient may be detected 
[38]. The presence of an arch obstruction can also 
be documented/confirmed with an immediate 
postexercise Doppler echocardiography. Some 
patients with repaired aortic coarctations may 
have hypertension during exercise, even in the 
absence of a residual arch obstruction. This may 
be related to abnormal arterial compliance, ele-
vated systemic vascular resistance, or abnormali-
ties of baroreceptor function and/or the renin 
angiotensin system [39].

It may be seen from the previous discussion 
that exercise is normally associated with an 
increase in the pulse pressure: ΔP; systolic bold 
pressure minus diastolic blood pressure. This 
reflects the increase in stroke volume during 
exercise. This physiology is best understood from 
a rearrangement of the compliance equation:

 
D DP V compliance stroke volume arterial compliance= = ( ) ( )/ /

 
11.5
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enough to fully saturate the hemoglobin in the 
red blood cells leaving the alveolus (i.e., pulmo-
nary venous O2 saturation and consequently, in 
the absence of a right-to-left shunt, systemic arte-
rial oxygen saturation approach 100%), even at 
peak exercise, when capillary transit time is max-
imally reduced [40]. In patients with pulmonary 
vascular disease, however, the capillary transit 
time may be markedly reduced as the blood is 
forced to flow through the restricted vascular bed. 
In severe cases, the capillary transit time may be 
so brief that pO2 of the blood does not have time 
to equilibrate with the pO2 of the alveolus, result-
ing in pulmonary venous and systemic arterial 
desaturation. Similar physiology may apply to 
patients with large intracardiac left-to-right 
shunts, although I am unaware if this has ever 
been convincingly demonstrated in the exercise 
physiology laboratory.

Lesions that cause intrapulmonary right-to- 
left shunting (e.g., atelectasis) or that impair gas 
exchange across the alveolar-capillary membrane 
(e.g., congenital alveolar proteinosis) will also 
result in pulmonary venous and systemic arterial 
desaturation.

Patients with (potential or actual) right-to-left 
intracardiac shunts may develop progressive sys-
temic arterial desaturation during exercise [41–
43] via two mechanisms: (1) depending on the 
physiology present, the magnitude of the right- 
to- left shunt may increase during exercise; and/or 
(2) because mixed venous O2 saturation progres-
sively declines during exercise, the blood shunt-
ing right to left during exercise will have a lower 
oxygen saturation and will therefore lower the 
systemic arterial O2 saturation even if the magni-
tude of the right-to-left shunt remains unchanged.

 Respiratory Measurements

Many patients with congenital heart disease have 
coexistent lung disease due to congenital anoma-
lies, injuries related to cardiovascular disease (e.g., 
recurrent pneumonias and respiratory infections), 
and/or its treatments (e.g., cardiothoracic surger-
ies, prolonged intubation, etc.) [44]. These issues 
are often overlooked by pediatric and congenital 
cardiologists. The respiratory data from a CPET 

can provide clinically important insights into this 
dimension of a patient’s cardiopulmonary status, 
and an analysis of these data should be incorpo-
rated into every exercise test. Some of these rele-
vant peak-exercise respiratory parameters will 
now be reviewed.

Assessment of a patient’s “breathing reserve” 
at peak exercise permits clinicians to infer 
whether a patient’s exercise capacity is limited by 
cardiovascular or respiratory factors. This assess-
ment is based upon an estimation of a patient’s 
maximal voluntary ventilation (MVV). This 
parameter is determined by encouraging a sub-
ject to breathe in and out as rapidly and deeply as 
she/he can for 12 seconds, measuring how many 
liters of air have been exhaled during this maneu-
ver and multiplying that value by 5. Conceptually, 
it is the theoretical maximum amount of air an 
individual can breathe out during a minute. It has 
been found that normal subjects at peak exercise 
typically utilize only ~65% of their MVV, and 
they therefore have a “breathing reserve” of 
approximately 35%. For this reason, most exer-
cise physiologists conclude that, at peak exercise, 
normal subjects are cardiovascularly (rather than 
respiratorily) limited. This conclusion implies 
that normal people stop exercising because their 
cardiovascular system cannot provide sufficient 
blood flow/oxygen to meet the metabolic 
demands of their muscles; lactate therefore accu-
mulates within the muscles, the muscles fatigue, 
and exercise cannot continue. They do not stop 
exercising on account of an inability to breathe, 
since the MVV maneuver demonstrates that 
under some circumstances the subjects can 
breathe more than they do at peak exercise [45]. 
Their sense of breathlessness at peak exercise 
may be related to fatigue of their muscles of res-
piration, but is not due to an intrinsic inability to 
ventilate their lungs further. Patients with iso-
lated (or predominant) cardiovascular disease 
will have a higher-than-normal breathing reserve 
because they will tend to have a relatively normal 
MVV but cannot raise their metabolic rate to 
 normal levels. In contrast, patients with predomi-
nant lung disease (e.g., cystic fibrosis) will have a 
low MVV but will use all, or almost all, of their 
MVV at peak exercise and will have little or no 
breathing reserve.
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The MVV maneuver is very effort dependent, 
and most children (as well as many older sub-
jects) cannot perform it properly. It has been 
found, however, that in subjects who perform a 
good MVV maneuver, their MVV may be esti-
mated by the equation [46]:

 MVV FEV= ´1 40.  11.6

Consequently, in most cases, it is our practice 
to use this equation to estimate the MVV and cal-
culate the breathing reserve.

As mentioned earlier, tidal volume typically 
increases during exercise, reaching levels of 
~45–65% of a subject’s baseline forced vital 
capacity. In patients with obstructive pulmonary 
physiology and air trapping, tidal volume at peak 
exercise tends to be smaller than normal and 
comprises a smaller percentage of the baseline 
forced vital capacity. In patients with restrictive 
pulmonary physiology, baseline forced vital 
capacity tends to be reduced, and the tidal vol-
ume at peak exercise tends to comprise a larger- 
than- normal percentage of the forced vital 
capacity.

In normal individuals, the respiratory rate at 
peak exercise rarely exceeds 60 breaths per min-
ute at peak exercise. It is often higher in patients 
with restrictive and/or obstructive lung physiol-
ogy, as they may be unable to increase their tidal 
volumes normally during exercise and compen-
sate by increasing their respiratory rate. Children 
tend to have higher respiratory rates at peak exer-
cise compared to adolescents and adults. Anxiety 
can also cause subjects to have rapid, shallow 
breaths during exercise.

It may be seen from the prior discussion that 
basic spriometric measurements (FVC, FEV1, 
etc.) are needed to properly contextualize and 
interpret the respiratory data obtained during a 
CPET. Consequently, baseline spirometry should 
always be acquired prior to a CPET study.
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Parameters from Submaximal 
Exercise

Jonathan Rhodes

 Ventilatory Anaerobic Threshold 
(VAT)

As discussed earlier in this book, during a pro-
gressive exercise test, the anaerobic threshold 
(theoretically) occurs when aerobic metabolism, 
limited as it is by the amount of O2 delivered by 
the cardiovascular system, is insufficient to meet 
the energy requirements of the exercising mus-
cles. The anaerobic threshold is a physiologic 
phenomenon that is not affected by patient effort 
or motivation and may be determined on a sub-
maximal exercise test. Consequently, it is an 
excellent index of the cardiovascular system’s 
capacity to support the hemodynamic demands 
of exercise. Because anaerobic metabolism pro-
duces CO2 (through the buffering of lactic acid 
by bicarbonate) but does not consume O2, during 
a progressive exercise test, the ventilatory anaer-
obic threshold (VAT) is marked by an increase in 
V̇CO2 out of proportion to the associated increase 
in V̇O2. This phenomenon can be detected by 

expiratory gas analysis. The V̇O2 at this point is 
termed the “VAT” [1–4].

A number of methods may be employed to 
identify the VAT during a progressive exercise 
test (Fig.  12.1). If V̇CO2 is plotted vs. V̇O2, an 
inflection point is observed at the VAT, reflecting 
the disproportionate increase in V̇CO2 that occurs 
secondary to the buffering of lactic acid by bicar-
bonate [5]. Alternatively, the VAT can be identi-
fied as the point in time when the ratio of minute 
ventilation over V̇O2 (the V̇E/V̇O2 ratio) begins to 
increase, while the V̇E/V̇CO2 ratio is flat or declin-
ing. The reason for this phenomenon can be 
understood from Eq.  4.1 from Chap. 4, which 
indicates that alveolar ventilation (V̇A, which is 
the dominant component of V̇E) increases in pro-
portion with V̇CO2. Hence, if V̇CO2 increases due 
to anaerobic metabolism, V̇E increases in parallel 
and the V̇E/V̇CO2 ratio does not change. (The V̇E/
V̇CO2 ratio may actually decline during this phase 
of exercise because ventilation/perfusion match-
ing improves and physiologic dead space 
declines as pulmonary artery pressure increases, 
allowing more blood to flow to the previously 
underperfused apices of the lungs (i.e., West 
Zone 1; see Chap. 3). However, because the V̇O2 
does not increase as rapidly as the V̇CO2 beyond 
the VAT, the V̇E/V̇O2 ratio begins to rise. This 
method of identifying the VAT is worthwhile 
because it can readily distinguish between 
hyperventilation (e.g., due to anxiety), which 
leads to increases in both the V̇E/V̇O2 and the  
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V̇E/V̇CO2 ratios, and the VAT, which is character-
ized by an increase in the V̇E/V̇O2 ratio but not the 
V̇E/V̇CO2 ratio [3]. Finally, the VAT may also be 
identified as the point in time when the end-tidal 
pO2 begins to rise. Once again, this phenomenon 
arises because the increased V̇A associated with 
the VAT brings more air (and oxygen) per time 
interval into the alveolus. Since the V̇O2 does not 
increase as much as the V̇A, there is more O2 left 
in the alveolus at the end of each breath, and the 
end-tidal pO2 rises [6].

The V̇O2 at the VAT is clinically relevant 
because it reflects the level of oxygen delivery 
beyond which the circulatory system is no lon-
ger able to completely fulfill the metabolic 
needs (i.e., ATP requirements) of the exercising 
muscles. The VAT therefore may convey impor-
tant information regarding the health and capa-
bilities of the circulatory system. Moreover, the 
anaerobic threshold is a physiologically deter-
mined phenomenon. Unlike peak exercise 
parameters, it is not affected by a subject’s effort 
or motivation [1, 2].

One can infer from the aforementioned dis-
cussion that some subjectivity exists regarding 
the determination of the VAT. This introduces a 

degree of uncertainty into the measurement 
that should be borne in mind when interpreting 
VAT data.

Any cardiovascular condition that impairs the 
delivery of oxygen to the exercising muscles will 
tend to lower the anaerobic threshold. This 
includes obstructive lesions, regurgitant lesions, 
shunt lesions, disorders of systolic or diastolic 
function, absence of a pulmonary ventricle, pul-
monary vascular disease, peripheral vascular dis-
ease (e.g., coarctation of the aorta, Takyasu’s 
arteritis), chronotropic defects, and rhythm dis-
turbances that impair atrioventricular synchrony. 
Patients with Barth’s syndrome tend to have 
extremely low anaerobic thresholds because their 
mitochondria cannot take up oxygen normally, 
and they therefore rely more heavily on anaero-
bic metabolism for the generation of ATP [7]. For 
similar reasons, patients with other rare mito-
chondrial defects in which the oxidation of fuels 
is partially uncoupled from the generation of ATP 
also have low anaerobic thresholds. In contrast, 
patients with glycogen storage diseases and other 
conditions that impair the generation of lactate 
often do not have a detectable VAT, nor does the 
respiratory exchange ratio (RER) rise to normal 

a b c

Fig. 12.1 Methods for determining the ventilator anaero-
bic threshold (VAT). (a) When V̇CO2 is plotted vs. V̇O2, an 
inflection point is observed at the VAT. (b) The ratio of 
minute ventilation over V̇O2 (the V̇E/V̇O2 ratio) begins to 
increase, while the V̇E/V̇CO2 ratio is flat or declining. (c) 
End-tidal pO2 reaches a minimum and begins to rise. 
Figure (c) also depicts a typical end-tidal pCO2 vs. time 
curve during a progressive exercise test. After some initial 
anticipatory hyperventilation, when the end-tidal pCO2 is 
somewhat less than 40 mm Hg, the end-tidal pCO2 rises to 
~40  mm  Hg (prior to the VAT). It remains at that level 

until the respiratory compensation point (after the VAT) 
when the end-tidal pCO2 falls, reflecting the respiratory 
alkalosis that develops in compensation for the accumu-
lating lactic (metabolic) acidosis. AT ventilatory anaero-
bic threshold, Exer exercise, HR heart rate, PETCO2 
end-tidal pCO2, pETO2 end-tidal pO2, Rec recovery, VE/
VCO2 ratio of minute ventilation to carbon dioxide pro-
duction, VE/VO2 ratio of minute ventilation to oxygen 
consumption, VCO2 carbon dioxide production, VO2 oxy-
gen consumption
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levels at peak exercise, even when they expend a 
maximal effort [8].

Prediction equations exist for the calculation 
of normal values for the VAT on the basis of age, 
size, and gender [9]. VAT is also commonly 
expressed as a percentage of predicted peak V̇O2. 
In the absence of cardiovascular disease, VAT 
rarely falls below 40% of the predicted peak V̇O2. 
However, VAT is often depressed below this 
value in patients with conditions that signifi-
cantly impair the ability to increase cardiac out-
put or oxygen delivery appropriately during 
exercise [3]. In children with congenital heart 
disease (CHD), the VAT is often depressed in a 
manner similar to, albeit milder than, the peak 
V̇O2 [10]. Hence, when reliable peak V̇O2 data are 
available, VAT data does not often provide sig-
nificant additional clinical information. However, 
if a patient does not expend an optimal effort and 
does not achieve an RER ≥1.09 at peak exercise 
(and therefore has peak exercise parameters that 
may be unreliable indicators of a patient’s cardio-
vascular function), the VAT can provide a valu-
able window into the patient’s cardiovascular 
health. Identification of the VAT is also worth-
while because the heart rate (HR) at the VAT has 
been recommended as the target HR for rehabili-
tation training [4].

Among patients who cannot augment their for-
ward stroke volume normally during exercise, the 
V̇O2 at the VAT tends to be less affected than the 
peak V̇O2 because she/he can compensate for the 
stroke volume deficit by increasing his/her heart 
rate more rapidly than normal during submaximal 
exercise and thereby maintain relatively normal O2 
delivery. However, the patient cannot increase the 
peak HR beyond normal peak values and therefore 
is unable to compensate for the stroke volume 
deficit at peak exercise. Similar considerations 
apply to patients with chronotropic defects.

 VĖ/VĊO2 Slope

Empirically, it has been observed that V̇E rises 
linearly in proportion with V̇CO2 during a progres-
sive exercise test until a point above the VAT, 
when the accumulating lactic acidosis engenders 

a compensatory increase in V̇E out of proportion 
to the increase in V̇CO2. The V̇E/V̇CO2 slope is the 
slope of the linear portion of this curve. It may be 
thought of as an index of gas exchange efficiency 
during exercise, equivalent to the number of 
additional liters of air that must be breathed out 
in order to eliminate one additional liter of CO2 
[11]. The point where the V̇E/V̇CO2 slope begins to 
deviate from linearity has been termed the “respi-
ratory compensation” point [6].

Some physiologists choose to measure the V̇E/
V̇CO2 slope from the data throughout exercise, 
including points beyond the respiratory compen-
sation point. This practice is probably misguided. 
As an individual exercises beyond the respiratory 
compensation point, more and more data points 
are generated that deviate further and further 
from the linear portion of the V̇E vs. V̇CO2 relation-
ship. The V̇E/V̇CO2 slope therefore becomes an 
effort-dependent parameter––a property that is 
particularly undesirable when seeking to apply 
these V̇E/V̇CO2 slope data to clinical situations.

The normal value for the V̇E/V̇CO2 slope is 
somewhat age dependent (Fig.  12.2). In older 
adolescents and young adults, it should be less 
than 28. Thereafter, gas exchange within the lungs 
gradually becomes more inefficient (as does 
almost everything with age) and normal values 
rise. The V̇E/V̇CO2 slope also tends to be higher in 
children and younger adolescents [12]. The rea-
son for this observation probably relates to the 
fact that lung volumes (and hence the tidal vol-
ume during exercise) increase rapidly during 
childhood and adolescence, much more rapidly 
than the anatomic dead space volume. Hence, the 
dead space/tidal volume ratio declines during the 
pediatric years. As indicated by Eq. 4.4 in Chap. 
4, this physiologic development results in less 
ventilation for any given level of V̇CO2. The V̇E/
V̇CO2 slope is often elevated in patients with tetral-
ogy of Fallot (TOF), [13], congestive heart failure 
(CHF) [14, 15], atrial switch procedures [16], and 
pulmonary hypertension [17, 18]. In these 
patients, V̇E/V̇CO2 slope elevation has been associ-
ated with an increased risk of mortality. Although 
multiple factors may influence the V̇E/V̇CO2 slope, 
among patients with pediatric and congenital 
heart disease, pulmonary blood flow maldistribu-
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tion and consequent ventilation/perfusion (V/Q) 
mismatch are probably the most important patho-
physiologic processes that underlie these observa-
tions and associations [4, 19, 20].

Efficient gas exchange across the alveolar/
capillary membrane requires optimal V/Q match-
ing. Patients who have undergone repair of TOF 
often have residual pulmonary artery stenoses 
that cause PBF misdistribution, which in turn has 
been linked to V̇E/V̇CO2 slope elevation and 
depressed peak V̇O2 [19, 21, 22]. These stenoses 
can have a particularly deleterious effect upon the 
physiology of the postoperative tetralogy patient 
and a strong, negative impact upon a patient’s 
prognosis. Effective relief of these stenoses has 
been associated with improvements in peak V̇O2 
and the V̇E/V̇CO2 slope (see Chap. 14) [22].

If you ask a radiologist to identify the earliest 
sign of congestive heart failure detectable on a 
chest X-ray, she/he would probably say “cephali-
zation of pulmonary blood flow” (which is the 
result of the elevation of the left atrial and pulmo-
nary capillary wedge pressure). To an exercise 
physiologist, this radiologic finding implies pul-
monary blood flow maldistribution. As the CHF 
worsens and the pulmonary capillary wedge 
pressure rises, more fluid enters the alveolar cap-
illary membrane, gas exchange is further 
impaired, and the V̇E/V̇CO2 slope rises further. As 

the CHF worsens and the pulmonary capillary 
wedge pressure rises yet higher, frank pulmonary 
edema develops, gas exchange is further 
impaired, and the V̇E/V̇CO2 slope rises still further. 
Hence, in patients with CHF, a strong link 
between pulmonary capillary wedge pressure and 
the V̇E/V̇CO2 slope probably accounts for the prog-
nostic power of the V̇E/V̇CO2 slope that has been 
observed in this patient population. In a similar 
manner, for patients who have had an atrial 
switch procedure for the transposition of the 
great arteries (TGA), elevation of the V̇E/V̇CO2 
slope probably reflects the progressive systemic 
(right) ventricular dysfunction that often devel-
ops in these patients as they age.

In patients with pulmonary hypertension, pul-
monary blood flow (PBF) maldistribution results 
from pulmonary vascular obstructive disease. As 
the vascular obstruction progresses, the PBF mal-
distribution worsens, gas exchange within the 
lungs becomes more and more inefficient, and the 
V̇E/V̇CO2 slope rises. Hence, for patients with this 
condition, the V̇E/V̇CO2 slope reflects the extent of 
disease within the pulmonary vasculature [17, 18]. 
(This physiology may also be relevant to TGA 
patients who develop pulmonary vascular obstruc-
tive disease after an atrial switch procedure.)

The V̇E/V̇CO2 slope is also almost always ele-
vated in patients with Fontan procedures [23]. 
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Fig. 12.2 Percentiles for V̇E/V̇CO2 slope in normal male and female children, respectively. The slopes were calculated 
from the data up to the respiratory compensation point. (Reprinted with permission from [12])
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Once again, this observation is probably due, to a 
large extent, to PBF maldistribution (and associ-
ated V/Q mismatch) secondary to the absence of 
a pulmonary ventricle [24, 25]. In Fontan patients, 
however, the degree of V̇E/V̇CO2 slope elevation is 
not associated with increased mortality because, 
in contrast to the conditions enumerated earlier, 
the elevated slope is intrinsic to the patients’ sin-
gle ventricle physiology and not necessarily 
related to the progression/severity of the underly-
ing cardiovascular disease process [4, 26].

Right-to-left intracardiac or intrapulmonary 
shunting will also cause the V̇E/V̇CO2 slope to be 
elevated. The shunting allows CO2-rich systemic 
venous blood to enter the systemic arterial circu-
lation. The consequent increase in arterial pCO2 
is sensed by arterial chemoreceptors, inducing 
central nervous system respiratory centers to 
increase the patient’s respiratory drive (and V̇E) 
and causing the V̇E/V̇CO2 slope to rise. The result-
ing alveolar hyperventilation reduces the pCO2 
of the blood returning from the lungs and helps 
to normalize the patient’s arterial pCO2. 
Eliminating right-to-left shunting (e.g., by clos-
ing a Fontan patient’s fenestration; see Chap. 15) 
almost always produces a reduction in the V̇E/
V̇CO2 slope [4, 27].

The V̇E/V̇CO2 slope will also be elevated in 
patients with interstitial lung disease––a condi-
tion that may occasionally be encountered in 
patients with pediatric and congenital heart dis-
ease. The interstitial lung disease impairs gas 
exchange across the alveolar capillary mem-
brane. Patients will therefore have to breathe 
more to excrete any given amount of CO2, and 
their V̇E/V̇CO2 slope will be elevated.

Patients with obstructive (and to a lesser 
extent, restrictive) lung disease will tend to have 
low V̇E/V̇CO2 slopes. The lung disease will limit 
the patient’s capacity to increase V̇E during exer-
cise. CO2 excretion may, however, be relatively 
well maintained if there is a concomitant increase 
in alveolar pCO2 (see Eq. 4.1 in Chap. 4), and the 
V̇E/V̇CO2 slope will therefore be depressed. In 
patients with a coexistent lung disease and V/Q 
mismatch secondary to a cardiovascular problem, 
the V̇E/V̇CO2 slope depression secondary to the 
lung disease may offset the elevation that results 

from V/Q mismatch, and “pseudonormalization” 
of the V̇E/V̇CO2 slope may be observed.

Some investigators have used the V̇E/V̇CO2 ratio 
(generally at the VAT) as an index of gas exchange 
efficiency instead of the V̇E/V̇CO2 slope. Although 
both parameters reflect more or less the same 
physiology, there is much more variability in the 
V̇E/V̇CO2 ratio, because it is determined from a sin-
gle data point rather than the slope of a linear rela-
tionship. Normal values for the V̇E/V̇CO2 ratio are 
also less well established. The use of this parame-
ter in place of the more standard V̇E/V̇CO2 slope 
should therefore be avoided, when possible.

 End-Tidal pCO2

Because CO2 diffuses easily across the alveolar- 
capillary membrane, the alveolar pCO2 rapidly 
comes into equilibrium with the pCO2 of the 
blood leaving the alveolus. Hence, in the absence 
of shunts or inhomogeneous ventilation/perfu-
sion (V/Q) matching, end-tidal pCO2 closely 
matches arterial pCO2 [28, 29]. Consequently, 
the end-tidal pCO2 should be ~40 mm Hg at rest 
and during early phases of a progressive exercise 
test. However, as the exercise intensity increases 
beyond the VAT and a lactic (metabolic) acidosis 
develops, homeostatic mechanisms come into 
play and cause individuals to increase their venti-
lation, lower their arterial pCO2, and generate 
compensatory respiratory alkalosis (see Chap. 4). 
This process will be reflected by a decline in the 
end-tidal pCO2 (Fig. 12.1c).

Many patients will be anxious or have “antici-
patory hyperventilation” prior to and during the 
early phases of cardiopulmonary exercise testing 
(CPET). End tidal pCO2 levels below 40 mm Hg 
are therefore commonly encountered during 
these phases of a CPET. However, most individu-
als will cease hyperventilating within 2 or 3 min-
utes of the initiation of exercise, and their pCO2 
levels will rise to ~40 mm Hg until after the VAT, 
when they begin to decline once again on account 
of the compensatory respiratory alkalosis that 
develops in response to the lactic acidosis.

In fit individuals who are able to achieve high 
exercise intensities and metabolic rates, end-tidal 
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pCO2 will tend to exceed arterial pCO2 at higher 
levels of exercise [29, 30]. This observation 
relates to the fact that the arterial pCO2 reflects 
the average pCO2 of blood leaving the alveolus 
over the course of a breath. Because CO2 diffu-
sion is so rapid and the pCO2 within the alveolus 
comes into equilibrium with the blood so quickly, 
at rest and during lighter exercise intensities, the 
alveolar pCO2 rapidly plateaus and the alveolar 
pCO2 toward the end of the breath does not differ 
significantly from the alveolar pCO2 near the 
beginning of the breath. Consequently, the blood 
leaving the alveolus has approximately the same 
pCO2 throughout the respiratory cycle and the 
end-tidal pCO2 closely matches the arterial pCO2. 
However, at higher levels of exercise intensity, 
the quantity of CO2 delivered to the alveolus is so 
great that the alveolar pCO2 does not plateau; it 
rises continually over the course of the breath. 
Hence, blood leaving the alveolus early in the 
course of a breath will have a lower pCO2 (gener-
ally less than 40 mm Hg) than blood leaving the 
alveolus toward the end of the breath. The end-
tidal pCO2 reflects the blood leaving the alveo-
lus at the end of the breath, and will therefore 
exceed the arterial pCO2, which reflects the 
average pCO2 of blood leaving the alveolus. 
Hence, it is not unusual to observe end-tidal 
pCO2 levels >40 mm Hg at high levels of exer-
cise intensity in fit individuals. However, even 
under these circumstances, a decline in end-
tidal pCO2 levels at higher levels of exercise, 
beyond the “respiratory compensation point”, 
should always be observed. In contrast, patients 
with severe lung disease may be unable to 
excrete all of the CO2 their muscles are produc-
ing at higher levels of exercise. Consequently, 
their arterial and end- tidal pCO2 levels will rise 
and the decline in end- tidal pCO2 that normally 
occurs beyond the respiratory compensation 
point will not be observed.

Abnormally low end-tidal pCO2 levels are 
commonly observed in patients with congenital 
heart disease. This phenomenon is not due to low 
arterial pCO2. It is typically due to right-to-left 
shunting and/or V/Q mismatch. The physiology 
underlying each of these mechanisms will now 
be discussed.

As discussed in Chap. 4, venous pCO2 levels 
rise dramatically during exercise, reaching levels 
of 60  mm  Hg or higher. Hence, when blood 
shunts right to left during exercise, it is not only 
low in oxygen content; it is also high in CO2 con-
tent. The elevated CO2 levels would be sensed by 
chemoreceptors in the aorta and arch vessels and 
trigger homeostatic mechanisms to correct this 
imbalance by increasing alveolar ventilation and 
driving down pCO2 levels in the alveolus and the 
blood leaving the alveolus (i.e., the pulmonary 
venous blood). The pulmonary venous pCO2 lev-
els will decline to levels somewhat below 
40 mm Hg, so that when this blood mixes with 
the CO2-rich right-to-left shunting blood, the 
resultant mixture, in the aorta and systemic arter-
ies, would have a pCO2 of 40  mm  Hg. Under 
these circumstances the end-tidal pCO2 will be 
low (and lower than the arterial pCO2), reflecting 
the low alveolar pCO2 [4, 27].

In patients with V/Q mismatch, the air leaving 
alveoli with low perfusion would tend to have 
low pCO2. For instance, in the extreme case of an 
alveolus with ventilation but no perfusion, the air 
leaving the alveolus will have a pCO2 of 0 mm Hg 
(i.e., equivalent to room air) because the air in 
that alveolus would not have participated in gas 
exchange. The low pCO2 air from the underper-
fused alveoli will dilute out the CO2 in air coming 
from other alveoli. The end tidal pCO2 will there-
fore be low, lower than the arterial pCO2, which, 
of course, in the absence of a right-to-left shunt, 
reflects the pCO2 of blood returning from per-
fused alveoli [4, 21, 22].

 Oxygen Uptake Efficiency Slope

Empirically it has been observed that there is a 
linear relationship between V̇O2 and log V̇E. The 
slope of this relationship is termed the oxygen 
uptake efficiency slope (OUES). In patients who 
expend a good effort, the OUES has been found 
to correlate closely with the peak V̇O2. Because 
determination of the OUES does not require a 
peak effort, it has been advocated as a good sub-
maximal index of exercise function. The OUES 
is, however, somewhat effort dependent; 
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 estimates of the OUES generated from the first 
75% of an exercise test are significantly lower 
than values obtained when data from all of exer-
cise is included [31].

In tests where the peak V̇O2 data is reliable, the 
OUES probably does not add important clinical 
information. Its prognostic power has also been 
found to be inferior to the V̇E/V̇CO2 slope in 
patients with congestive heart failure [32]. 
However, in tests where a peak effort is not 
expended, the OUES can, because of its strong 
correlation with peak V̇O2, provide worthwhile 
insights into a patient’s cardiopulmonary func-
tion (in some populations). It must also be noted 
that the OUES has been studied primarily in 
adults with acquired heart disease. Experience 
with children is limited. Moreover, as with peak 
V̇O2, the OUES is strongly dependent upon age, 
size, and gender [33]. These issues may be par-
tially mitigated by normalizing the OUES for 
body surface area [34]. However, as discussed 
previously, in patients with congenital heart dis-
ease, one may encounter physiologic anomalies 
(e.g., right-to-left shunts, pulmonary artery ste-
noses) uncommon among adults with acquired 
heart disease that may influence the relationship 
between V̇O2 and V̇E and disrupt the tight correla-
tion between the OUES and peak V̇O2 [35].

 Oxygen Uptake-Work Rate 
Relationship: ΔVȮ2/ΔWR

In most people, chemical energy is converted into 
mechanical energy with more or less the same 
efficiency. Hence, after an initial delay near the 
onset of work and until the V̇O2 plateaus near 
V̇O2max, there is a linear relationship between the 
V̇O2 and the work rate. The slope of this linear por-
tion of the V̇O2-work rate relationship is termed 
the “ΔV̇O2/ΔWR.” In normal individuals, the 
value of the ΔV̇O2/ΔWR is 10.3  ±  1.0  ml/min/
watt. In patients with impaired oxygen delivery to 
the muscles, a greater proportion of the energy 
required by the muscles is derived from anaerobic 
metabolism, and the ΔV̇O2/ΔWR is low [36]. 
Hence, cyanotic patients and patients with impair-
ment of the cardiac output response to exercise 

will have a low ΔV̇O2/ΔWR.  Among patients 
encountered in the field of pediatric cardiology, a 
disproportionately low ΔV̇O2/ΔWR may also be 
encountered in patients with coarctation of the 
aorta [37] or peripheral vascular disease second-
ary to Takyasu’s arteritis. In contrast, individuals 
who cannot pedal efficiently (e.g., on account of 
neurologic or emotional issues) will tend to have 
an elevated ΔV̇O2/ΔWR. Similarly, obese individ-
uals may have to expend more-than-normal 
amounts of energy to move their heavy limbs and 
chest walls during exercise and therefore may also 
have an elevated ΔV̇O2/ΔWR. Of course, the issue 
of unmeasured energy expenditure in obese sub-
jects is even more relevant with treadmill exer-
cise, as that modality requires them to carry their 
entire body weight, rather than resting most of it 
on the seat of a cycle ergometer.

 The Exercise Electrocardiogram

Analysis of exercise electrocardiogram (EKG) 
data is an integral component of an exercise test. 
The influence of exercise on the incidence and 
nature of rhythm disturbances should be assessed. 
In structurally normal hearts, ectopy that is sup-
pressed by exercise is thought to be benign [38]. In 
contrast, myocardial ischemia, cardiomyopathies, 
and conditions such as the prolonged QT syn-
drome and catecholamine-sensitive ventricular 
tachycardia are often characterized by an increase 
in the frequency and complexity of ectopy during 
exercise [39]. Rhythm disturbances are also com-
monly encountered in patients who have had sur-
gery for congenital heart disease. In these patients, 
the absence or suppression of an arrhythmia dur-
ing an exercise test may have little predictive 
value. However, patients whose arrhythmias 
develop or worsen with exercise appear to be at 
greater risk for future serious arrhythmic events, 
and exercise testing therefore plays an important 
role in the assessment and management of this dif-
ficult clinical issue [39].

The influence of exercise on conduction 
abnormalities should also be assessed. Patients 
with significant AV nodal disease may develop 
progressively higher grade AV block during exer-
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cise. In contrast, patients with AV block second-
ary to elevated resting vagal tone (e.g., many 
athletes) typically develop normal AV conduction 
during exercise [40]. In patients with Wolff- 
Parkinson- White syndrome (WPW), the sudden 
loss of pre-excitation during exercise is thought 
to indicate that the bypass tract has a relatively 
long anterograde effective refractory period and 
that the subject is therefore at low risk for sudden 
cardiac death [41, 42]. Indeed, this finding on an 
exercise EKG functions as a key decision point 
within the Pediatric and Congenital 
Electrophysiology Society’s and the Heart 
Rhythm Society’s suggested algorithm for the 
management of asymptomatic patients with 
WPW [42]. Patients with the prolonged QT syn-
drome may have normal QT intervals at rest but 
may be unable to shorten their QT interval appro-
priately during exercise [43, 44]. In patients with 
pacemakers, analysis of the exercise EKG may 
help assess whether the pacemaker is functioning 
properly and whether the pacemaker settings are 
optimal [45]. These topics are discussed in 
greater detail in Part V of this textbook.

The influence of exercise on the ST segment 
and T-wave morphology should also be analyzed. 
It must be emphasized, however, that the inci-
dence of coronary artery disease in the pediatric 
population is quite low, whereas baseline ST-T 
abnormalities and/or bundle branch blocks 
(which render the interpretation of ST-T changes 
less reliable) are common. Consequently, the 
sensitivity and specificity of ST-T wave changes 
for the detection of coronary artery anomalies in 
pediatric subjects are unknown (but probably are 
not very good) [46–48]. Exercise-induced ST-T 
wave changes are more commonly encountered 
in pediatric patients with cardiomyopathies and/
or myocardial ischemia secondary to excessively 
high myocardial oxygen demand during exercise 
(e.g., patients with aortic stenosis). More severe 
ST-T changes are certainly more suggestive of 
myocardial ischemia, especially when associated 
with chest pain and other abnormalities [46, 49, 
50]. However, the correlation between ST-T 
changes and myocardial ischemia in pediatric 
patients, although not precisely known, is proba-
bly no more than moderate [51, 52]. Radionuclide- 

based myocardial perfusion imaging is often 
employed to help in the assessment of patients 
thought to be at increased risk for myocardial 
ischemia and has been found to be helpful in 
patients with Kawasaki disease [53] and hyper-
trophic cardiomyopathy [54]. However, perfu-
sion abnormalities of questionable clinical 
significance, unassociated with significant detect-
able coronary artery pathology, are commonly 
found in patients following the arterial switch 
operation [48]. The value of myocardial perfu-
sion studies in patients with congenital coronary 
artery malformations has also not been 
established.
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Putting It All Together

Jonathan Rhodes

In order to derive the maximum value from the 
wealth of data generated by a cardiopulmonary 
exercise test (CPET), it is important to approach 
the analysis of the data in a systematic manner 
(Fig.  13.1). The first question that should be 
addressed is: Did the patient expend an adequate 
effort and do the peak exercise data accurately 
reflect his/her capabilities? To answer this ques-
tion, one should examine the respiratory exchange 
ratio (RER) data. If the RER rises consistently 
during the later phases of exercise and ultimately 
exceeds 1.09, it is likely that the patient expended 
a good effort and that exercise was terminated at, 
or near, the cardiovascular limit [1]. One should 
also seek data to support this conclusion. For 
instance, if there was a plateau in the V̇O2 vs. time 
curve near the end of exercise, the peak V̇O2 was 
probably equivalent to the V̇O2 max; if the peak 
heart rate approached the predicted peak heart 
rate (in the absence of a tachyarrhythmia), it 
probably was a near-maximal effort (although the 
opposite is not true, since many patients have 
chronotropic issues and cannot achieve a normal 

peak heart rate). One should also take into 
account subjective impressions of the patient’s 
efforts and recognize that there are conditions 
where exercise is limited by non-cardiovascular 
factors (e.g., orthopedic issues/pain, severe pul-
monary disease, certain rare metabolic disor-
ders), which may cause a patient to terminate 
exercise without achieving a high RER, despite 
expending a good effort.

If one concludes that exercise was terminated 
on account of a cardiovascular limitation, one 
should then examine the peak V̇O2 and peak work 
rate (or, for treadmill exercise, the endurance 
time) data. If these data are normal, the patient’s 
cardiovascular response to exercise is probably 
normal. It is also possible that the patient has a 
chronotropic defect with an excellent compensa-
tory increase in the stroke volume response to 
exercise. Evaluation of the peak HR and peak O2 
pulse data will resolve this uncertainty. If there is 
a discrepancy between the peak V̇O2 and peak 
work rate data, one should consider possible 
causes for this discrepancy (e.g., malfunction of 
the gas analyzers, use of an inappropriate predic-
tion equation, training effect, neurologic or 
orthopedic issue, etc.) and recognize that a sig-
nificant discrepancy introduces an additional 
layer of uncertainty into the data analysis.

If the peak V̇O2 and peak work rate are low, one 
should look at the peak heart rate and peak O2 
pulse data. If the peak heart rate is normal, but the 
peak O2 pulse is low, the patient probably has a 
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depressed stroke volume response to exercise. 
This impression can be supported by observing 
an excessive heart rate response to exercise, man-
ifested by a steeper-than-expected heart rate vs. 
V̇O2 curve. However, one should bear in mind the 
assumptions that underlie the typical close rela-
tionship between the oxygen pulse and stroke 
volume at peak exercise (i.e., that arterial oxygen 
saturation, mixed venous oxygen saturation, and 
hemoglobin levels are normal). One should there-
fore assess the pulse oximetry data and review 
the patient’s clinical history and be prepared to 
adjust one’s conclusions on the basis of this anal-
ysis. Among patients with congenital heart dis-
ease, a low arterial oxygen saturation is almost 
always due to right-to-left intracardiac or intra-
pulmonary shunting. Low arterial oxygen satura-
tions can also be due to pulmonary venous 
desaturation secondary to pulmonary parenchy-

mal abnormalities as may be seen in patients with 
atelectasis, pleural effusions, pulmonary edema, 
congestive heart failure, and other conditions 
with impaired gas transport across the alveolar–
capillary membrane. Arterial desaturation sec-
ondary to pulmonary venous desaturation may 
also be encountered in patients with pulmonary 
vascular disease, due to the rapid red blood cell 
pulmonary capillary transit time encountered in 
that condition.

If the peak heart rate is low, a chronotropic 
defect is present. If a chronotropic defect is pres-
ent, the stroke volume and oxygen pulse at peak 
exercise should be higher than normal, solely on 
the basis of the Starling effect. If the oxygen 
pulse at peak exercise is low or only “normal” 
(rather than supranormal), despite the presence of 
a low peak heart rate, a coexistent stroke volume 
impairment may be inferred.

• Check pk
  O2P, pk HR

• Check for
  rhythm, STT
  changes, BP
  response

RER >1.09* YES Exercise limited
by cardiovascular

factors

Supportive Data

• VO2 plateau

• Nl pk HR

Peak VO2

normal

YES

Supportive Data
Normal pk work rate
or endurance time

Nl VAT

Seek supportive data
• Low peak work rate
• Low endurance time
• Low VAT

NO

Pk HR nl
PkO2P low Probable SV impairment

Assuming normal
SaO2, SmvO2, Hgb

Pk HR nl
PkO2P↑

Pk HR↓
Pk O2P↓ or nl

YES

YES

YES

Chronotropic impairment

Chronotropic and SV impairment
Assuming normal
SaO2, SmvO2, Hgb

NO

NO Check for rhythm, STT changes, BP response

Check for rhythm, STT changes, BP response

• O2P >100 % pred and HR> 75% pred
  ⇒SV response prob nl (supportive
  data: nl VAT)

• Low Breathing Reserve
  ⇒Respiratory limitation (supportive
  data: abnl spirom, ↑end tidal pCO2,
  abnl tidal volume and resp rate)

• VE/VCO2 slope↑ and/or end tidal
  pCO2↓⇒V/Q mismatch; R    L shunt;
  impaired gas exchange (supportive
  data: low SaO2)

NO

*VE/VCO2 slope, end tidal pCO2, RR, tidal volume, breathing reserve and spirometry should also be assessed at the end of each branch point

Check for rhythm, STT changes, BP response

Discrepancy ⇒
↑ Uncertainty

Fig. 13.1 Algorithm for the assessment of cardiopulmo-
nary exercise test data. Abbreviations: BP blood pressure, 
Hgb hemoglobin, HR heart rate, nl normal, O2P oxygen 
pulse, pk peak, RER respiratory exchange ratio, SaO2 arte-

rial oxygen saturation, SmvO2 mixed venous oxygen satu-
ration, SV stroke volume, VAT ventilatory anaerobic 
threshold, V̇O2 oxygen consumption
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Data from the ventilatory anaerobic threshold 
(VAT) should then be examined. The impression, 
based on the peak exercise data, that cardiovascu-
lar response to exercise is normal should be 
 supported by the finding of a normal V̇O2 at the 
VAT. In contrast, one would expect to find a low 
V̇O2 at the VAT if the peak V̇O2 and peak work rate 
are depressed. However, it should be noted that 
the V̇O2 at the VAT may be relatively well pre-
served (compared to peak exercise parameters), 
especially in patients with congenital heart dis-
ease (CHD), because at submaximal exercise an 
enhanced chronotropic response can compensate 
for a stroke volume impairment and vice versa.

To complete the assessment of the cardiovas-
cular response to exercise, the blood pressure 
response to exercise should then be reviewed and 
the electrocardiogram (EKG) recordings ana-
lyzed for the presence of rhythm disturbances 
and ST changes.

If the RER is ≤1.09, one may still be able to 
extract from the peak exercise data meaningful 
insights into a patient’s cardiovascular function. 
Unless the heart rate at exercise termination is 
extremely low (e.g., <75% predicted, indicating 
the possible presence of a chronotropic impair-
ment with a compensatory increase in stroke vol-
ume), a peak exercise O2 pulse >100% predicted 
strongly suggests that the stroke volume response 
to exercise is normal, as it is unlikely that the O2 
pulse would be lower if an optimal effort had 
been expended. This impression would be sup-
ported by a normal V̇O2 at the VAT (if the VAT can 
be confidently identified), as this would signify 
that the cardiovascular system’s ability to provide 
O2 to the exercising muscles during submaximal 
exercise is intact.

Of course, the data acquired during a CPET 
study may also be affected by abnormalities of 
the respiratory system, which often coexist with 
the cardiovascular abnormalities encountered 
among patients with pediatric and congenital 
heart disease. Hence, attention should also be 
turned to data that reflect the lung function during 
exercise. The V̇E/V̇CO2 slope (which is valid even 
in the presence of a submaximal effort) should be 
determined to see if there is evidence of V/Q mis-
match or other conditions that may impair gas 

exchange during exercise. The end-tidal pCO2 
curve should then be examined. A low end-tidal 
pCO2 during exercise would support the conclu-
sion that V/Q mismatch is present. CO2 retention, 
reflected by an elevated end-tidal pCO2 and/or an 
end-tidal pCO2 that does not decline appropri-
ately beyond the respiratory compensation point 
(in a test where an adequate effort is expended), 
indicates that significant respiratory disease is 
probably present. Abnormalities relating to the 
mechanics of the respiratory system should then 
be sought by examining the tidal volume and 
respiratory rate during exercise. A low tidal vol-
ume (relative to the baseline vital capacity) at 
peak exercise suggests air trapping; an elevated 
tidal volume (relative to baseline vital capacity) 
is suggestive of restrictive lung physiology. These 
impressions can be strengthened by data from 
pre- and (if available) postexercise spirometry 
and exercise flow-volume loops. An elevated 
respiratory rate at peak exercise may also indi-
cate the presence of lung disease. Finally, the 
breathing reserve should be calculated to deter-
mine whether respiratory factors are contributing 
to or responsible for a patient’s exercise limita-
tion. Patients with a respiratory limitation typi-
cally have a low breathing reserve, abnormal 
lung mechanics, severe spirometric abnormali-
ties, and (often) elevated end-tidal pCO2, espe-
cially at higher levels of exercise. These patients 
may also have a low RER at peak exercise 
because they are unable to excrete the CO2 pro-
duced even at low levels (i.e., below, or not much 
beyond, the VAT) of physical activity. They there-
fore do not develop a lactic acidosis and instead 
develop CO2 retention and a respiratory acidosis, 
which forces them to terminate exercise before 
the RER rises above 1.09.

When the data from the CPET has been thor-
oughly analyzed, it should be compared to data 
from previous CPET studies. If significant time 
has elapsed (>6  months for children or adoles-
cents; >3 years for adults) or if significant growth 
has occurred, it is usually best to compare %pre-
dicted values rather than absolute or weight- 
normalized values of V̇O2, work rate, O2 pulse, 
and related parameters. This approach takes into 
account variations attributable solely to changes 
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in age, weight, or height and allows one to more 
readily recognize and appreciate changes related 
to alterations in cardiopulmonary function.

It is important to emphasize, once again, that 
CPET data must be interpreted within the context 
of the entire clinical picture. In patients with 
pediatric and congenital heart disease, CPET data 
rarely generates a specific diagnosis. Rather, it 
should be integrated with available information 
history, physical examination, imaging studies, 
electrophysiologic studies, pulmonary function 
testing, and laboratory and invasive studies to 
generate a comprehensive understanding of the 
patient’s clinical status. In this regard, however, 
CPET data is often indispensable, as it is one of 
the only modalities that is capable of providing 
objective, quantifiable, and reproducible insights 
into a patient’s exercise capacity and cardiopul-
monary function during physical activities.

At this point in our discussion, it is appropri-
ate to review the strengths and weaknesses of 
other methods that are commonly used to assess 
a patient’s exercise function. A careful history is 
certainly an important and valuable component 
of any pediatric or congenital heart disease 
patient’s evaluation and should include questions 
about the patient’s exercise tolerance. It is impor-
tant to recognize, however, that data derived from 
the responses to these questions must be inter-
preted cautiously [2]. In a study of adolescents 
and young adults with CHD, Diller et  al. [3] 
found that self-reporting of exercise capacity is 
unreliable and that New York Heart Association 
class (a classification system based on the 
patients’ self-reported symptoms) underesti-
mated the true degree of exercise limitation. 
Indeed, “asymptomatic” CHD patients (New 
York Heart Association Class I) had exercise 
capacities comparable to those of adult subjects 
nearly twice their age with congestive heart fail-
ure secondary to acquired heart disease. This dis-
crepancy is probably to a large extent due to the 
fact that patients with CHD have never known 
what it feels like to have a normal cardiopulmo-
nary system and therefore have an unrealistic 
concept of the normal “asymptomatic” state. 
More complex instruments (such as the Child 
Health Questionnaire–Parental Form 50 and the 

Short Form-36 and other quality of life question-
naires) have encountered similar difficulties. For 
instance, in a study of 564 patients aged 
>14 years, with a variety of CHDs, Gratz et al. 
[4] found that self-reported physical functioning 
was a poor predictor of exercise capacity and that 
most patients with CHD severely overestimated 
their level of physical functioning. The difficul-
ties associated with deriving reliable data from 
patient self-reports are further compounded when 
the patient is a child or when the reports must be 
obtained from the parents of the patient [2]. For 
instance, in the Pediatric Heart Network Fontan 
Study, the Child Health Questionnaire Physical 
Functioning Summary Score correlated poorly 
with results from formal exercise testing [5]. In 
addition, there was a significant discrepancy 
between the patient’s perception of his/her level 
of physical functioning compared with the par-
ents’ perception (parents perceived that their 
children were more impaired) [6].

The 6-minute walk test (6MWT) is easy to 
perform, does not require sophisticated equip-
ment, mimics activities of daily living, and pro-
vides some information regarding a patient’s 
exercise function [7]. It has therefore commonly 
been used in drug trials for adults with congestive 
heart failure or pulmonary hypertension. 
However, in all but the most limited patients, it is 
a submaximal test. Consequently, although it cor-
relates fairly well with peak V̇O2 in highly symp-
tomatic patients, its utility and validity in patients 
with “only” mild or moderate impairments is 
dubious [8]. Indeed, the reliability and meaning 
of the 6MWT for patients who can walk >400 m 
has been questioned [9]. In addition, the test is 
strongly influenced by patient motivation and 
other factors (such as leg length, body weight, 
orthopedic issues, and the ability to turn quickly 
at the ends of the course) unrelated to the cardio-
pulmonary system. It is difficult to control for or 
to quantify the influence of these variables on the 
primary outcome variable (distance walked) of 
the 6MWT. Hence, for any individual patient, the 
test has a rather small “signal-to-noise ratio.” 
Although these issues are mitigated somewhat in 
drug trials that include large numbers of patients, 
they introduce considerable ambiguity into the 
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interpretation of an individual’s test or even serial 
studies in a single individual. On account of these 
considerations, the utility of the 6MWT in 
 children with CHD is limited. Finally, I also feel 
compelled to note that, although the incidence of 
serious adverse events during a 6MWT is 
extremely low, having highly symptomatic 
patients exercise to (near) the limit of their capa-
bilities, with limited monitoring, in a public cor-
ridor, appears imprudent [6].

Exercise testing with EKG monitoring but 
without expiratory gas analysis is certainly useful 
in some settings (e.g., arrhythmias). However, it 
must be recognized that a child’s self-reported 
symptoms are subjective and potentially unreli-
able indicators of effort expenditure. Depending 
on the peak HR as an index of patient effort is 
also unreliable because many patients with post-
operative CHD have sinus node dysfunction and/
or are on medications that may impair the chro-
notropic response to exercise. Hence, the ability 
of exercise testing with EKG monitoring to pro-
vide objective, quantitative information on a 
patient’s exercise capacity is suboptimal. This 
testing modality also provides little information 
on the factors that may be responsible for a CHD 
patient’s exercise intolerance [6].

For patients with all but the most simple (i.e., 
uncomplicated atrial septal defect, ventricular 
septal defect, or patent ductus arteriosus repairs) 
CHD lesions, it is reasonable to obtain a CPET 
study in late childhood/early adolescence, prior to 
participation in more formal and rigorous sports 
programs [10]. These studies can reassure the 
patient and/or parents, help identify important 
medical issues, and serve as useful baselines 
against which future studies can be compared. For 
patients with more complex defects, or those in 
whom there is a likelihood for problems to prog-
ress or evolve over time, serial testing at intervals 
of between 1 and 3 years (depending on clinical 
considerations) are reasonable. Concerning symp-
toms may be an indication for additional testing. 

Testing should also be considered before and after 
major medical, catheterization, or surgical inter-
ventions, to objectively characterize and quantify 
the results of the intervention.
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Repaired Tetralogy of Fallot

Jonathan Rhodes, Alexander R. Opotowsky, 
and Mark E. Alexander

 Basic Anatomy

The characteristic anatomy of anterior-superior 
displacement of the conal septum, resulting in a 
malalignment ventricular septal defect and a vari-
able degree of subvalvar, valvar, and supravalvar 
pulmonary stenosis, is well known. Tetralogy of 
Fallot in fact represents a spectrum of diseases 

with multiple important anatomic variations. 
Furthermore, there have been substantial changes 
in surgical management in the 60 years that have 
elapsed since the initial anatomic repair in 1958. 
The details of the anatomy and management are 
needed to place any exercise result in context. 
Specific details that should be considered include 
(but are in no way limited to) age at complete 
repair, extent of an infundibulotomy or use of a 
conduit, prior shunts, and subsequent surgical 
and catheterization management.

 Hemodynamics

The hemodynamics of patients with repaired tetral-
ogy of Fallot (rTOF) is often characterized by an 
incompetent pulmonary valve and variable degrees 
of residual pulmonic stenoses at the subvalvar, val-
var, supravalvar, branch, or peripheral pulmonary 
arterial levels. These anatomic abnormalities can 
affect the cardiopulmonary response to exercise 
and produce alterations in cardiopulmonary exer-
cise testing (CPET) data that reflect interesting 
physiology with important clinical implications.

 Exercise Capacity

Numerous studies have documented that the 
exercise capacity of patients with rTOF is often 
depressed. This is particularly notable in adults, 
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with younger cohorts often having V̇O2 max close 
to the normal range. In a study of 99 adults with 
rTOF, Samman et  al. documented the %pre-
dicted peak V̇O2 to be depressed at 66 ± 13% of 
predicted [1]. In a larger single-center study of 
168 adults with rTOF, Fredriksen et  al. docu-
mented a peak V̇O2 of 51% predicted, with the 
lowest values in older patients and those with 
history of later surgical repair [2]. Diller et  al. 
studied a cohort of 107 adults at a mean age of 
32  years (with tetralogy of Fallot repair at a 
mean age of 6 years) and reported a mean peak 
V̇O2 of 56% predicted [3]. In a group of 377 ado-
lescents and adults (age  >14  years), Inuzuka 
found a median peak V̇O2 of 71% predicted, and 
only 25% had a peak V̇O2 >85% predicted [4]. In 
contrast, in a study of 50 children and adoles-
cents (mean age at CPET 12.5 years; mean age at 
repair 11  months), Mahle et  al. reported that 
although 16% of the patients had a peak 
V̇O2 <80% predicted, the overall peak V̇O2 aver-
aged 95% predicted [5].

From these cross-sectional studies, there 
emerges a pattern of an age-related decrease in 
exercise function. This impression was confirmed 
by a longitudinal study that examined serial exer-
cise tests in a group of 70 rTOF patients. Their 
initial peak V̇O2, at a mean age of 28 ± 15 years, 
averaged 78 ± 19% predicted [6]. Although there 
was great variability, an average decline in %pre-
dicted peak VȮ2 of 1.4 ± 9.2 percentage points per 
year was observed.

The factors responsible for the rTOF patient’s 
exercise intolerance are probably diverse and 
may vary from patient to patient. In most cases, 
residual cardiovascular lesions (pulmonic steno-
sis, pulmonary regurgitation, ventricular dys-
function) are the most important issues [7–12]. 
The dynamic interaction between all of the vari-
ables that can affect the exercise function of these 
patients is complex, however, and can vary over 
time. As discussed as follows, pulmonary regur-
gitation, in particular, may be mitigated or exac-
erbated by other factors.

Moreover, chronic pulmonary regurgitation 
can have direct, deleterious effects upon ventricu-

lar function. In patients with significant pulmo-
nary regurgitation, the right ventricle dilates in 
response to the regurgitant volume load imposed 
by the incompetent pulmonary valve [13]. In 
some of these patients, as the right ventricular vol-
ume increases, the wall thickness decreases and 
the right ventricular wall stress increases in accor-
dance with the Law of Laplace. These develop-
ments, along with right ventricular hypertension 
related to residual pulmonary stenosis and/or 
abnormalities of the pulmonary vasculature, may 
ultimately culminate in right ventricular fibrosis 
and progressive, eventually irreversible, right ven-
tricular dysfunction [14, 15]. The right ventricular 
dysfunction may also ultimately become associ-
ated with left ventricular dysfunction [16]. This 
phenomenon is thought to be due, at least in part, 
to altered right/left ventricular interaction [14]. 
The dilated, volume- overloaded right ventricle 
causes the ventricular septum to shift posteriorly 
(toward the LV) during diastole. This abnormal 
septal configuration can adversely affect both left 
ventricular filling (diastolic function) and left 
ventricular systolic function. In this context, left 
ventricular dysfunction is an ominous develop-
ment that has been found to be associated with a 
poor clinical outcome [14, 17].

Arrhythmias in rTOF can be thought of as 
relatively simple circuit-based arrhythmias (typ-
ical atrial flutter and monomorphic VT). These 
arrhythmias are essentially an expected conse-
quence of the surgical incisions that permit criti-
cal isthmuses of slow conduction. In addition, 
there are potentially more dangerous polymor-
phic ventricular arrhythmias and, particularly in 
the older patient, atrial fibrillation. Both are clin-
ically important, with the distinction helping to 
clarify modern management [18, 19]. Hence, in 
any given patient, an integration of data from 
exercise testing, imaging studies, and other 
investigations is needed to accurately pinpoint 
the cause(s) of an rTOF patient’s exercise 
intolerance.

In most cases, however, right ventricular 
function is the most important variable deter-
mining the rTOF patient’s exercise function. In a 
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study of cardiac magnetic resonance imaging 
(MRI) correlates of exercise function in patients 
with rTOF, Meadows et  al. reported that right 
ventricular ejection fraction was the only param-
eter independently related to peak V̇O2 [20]. 
Moreover, Kipps et  al. reported that, in serial 
CPET studies, a time- related change in peak 
exercise oxygen pulse  correlated strongly with a 
concomitant change in %predicted peak V̇O2 and 
accounted for more than 62% of the variability 
in this parameter [6]. This observation strongly 
suggests that a decline in the ability to augment 
forward stroke volume at peak exercise is 
responsible for the deterioration in exercise 
function that is commonly encountered among 
rTOF patients.

V̇E/V̇CO2 Slope

Several investigators have noted that patients 
with rTOF have inefficient gas exchange during 
exercise [8, 21, 22]. Clark et al. were the first to 
recognize that the V̇E/V̇CO2 slope is often elevated 
in patients with rTOF, especially those with a 
low peak V̇O2 [22]. The likely explanation for 
this phenomenon was proposed by Rhodes 
et al., on the basis of a study that both confirmed 
Clark’s observation that there is a strong link 
between peak V̇O2 and the V̇E/V̇CO2 slope and also 
noted that the V̇E/V̇CO2 slope elevation is strongly 
correlated with pulmonary blood flow maldistri-
bution detected on lung perfusion scans [23]. 
They proposed that the pulmonary blood flow 
maldistribution is due to pulmonary artery ste-
noses, which result in ventilation/perfusion mis-
match, inefficient gas exchange, and elevation 
of the V̇E/V̇CO2 slope. The pulmonary artery ste-
noses also have a particularly deleterious effect 
upon the hemodynamics of patients with 
rTOF. As described in Chap. 4, exercise is nor-
mally associated with a marked decline in pul-
monary vascular resistance due to a combination 
of pulmonary arteriolar vasodilation as well as 
the recruitment of pulmonary vascular beds that 
are normally unperfused or underperfused at 

rest. In patients with an incompetent pulmonary 
valve, this exercise- related decline in pulmo-
nary vascular resistance would tend to promote 
forward blood flow, reduce regurgitation, and 
mitigate the hemodynamic impact of the valvu-
lar incompetence. However, in patients with 
pulmonary artery stenoses, the beneficial effects 
of the decline in pulmonary vascular resistance 
during exercise will be masked. As exercise 
intensity increases and cardiac output increases, 
the gradient across the fixed stenoses will 
increase. Pressure proximal to the stenoses will 
therefore rise. The main pulmonary artery 
hypertension and the obstruction to pulmonary 
artery blood flow caused by the pulmonary 
artery stenoses combine to exacerbate the sever-
ity of the pulmonary regurgitation; i.e., blood 
ejected by the right ventricle into the main pul-
monary artery would be more likely to regurgi-
tate back into the right ventricle. Hence, the 
pulmonary artery stenoses impose a progressive 
pressure and volume overload upon the right 
ventricle during exercise and may dramatically 
impair the ventricle’s ability to increase cardiac 
output. The effective (forward) stroke volume 
will be low, and the patient will be unable to 
achieve a normal peak V̇O2 [23, 24].

Patients with pulmonary artery stenoses also 
tend to have low end-tidal pCO2 during exercise. 
In the underperfused alveoli fed by the stenotic 
pulmonary arteries, pCO2 levels over the course 
of each breath will not increase as much as they 
would in alveoli with normal perfusion. When air 
from the underperfused alveoli is exhaled, it 
mixes with the air from the normally perfused 
alveoli, dilutes the CO2, and causes the end-tidal 
pCO2 levels to decline.

Several subsequent studies have supported 
the understanding of the physiology described 
above. In a study of serial exercise tests per-
formed in patients with rTOF before and after 
pulmonary artery balloon angioplasty proce-
dures, Sutton et al. [24] found that those patients 
who had an improvement in their pulmonary 
blood flow maldistribution had improvements in 
their V̇E/V̇CO2 slope and their peak V̇O2 post-
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angioplasty (Fig.  14.1) [25]. In contrast, those 
who did not have a post-angioplasty improve-
ment in pulmonary blood flow maldistribution 
had little change in their V̇E/V̇CO2 slope and peak 
V̇O2 post- angioplasty. In an exercise-MRI study, 
Roest et  al. demonstrated that the pulmonary 
regurgitation volume and pulmonary regurgita-
tion fraction of patients with rTOF decline with 
exercise (Fig. 14.2) [26]. Interestingly, Frigiola 
et al. reported that patients with rTOF who have 
not required pulmonary valve replacement did 
not have branch pulmonary artery stenosis and 
tended to have normal V̇E/V̇CO2 slopes and 
 relatively well-preserved peak V̇O2 [27]. Finally, 

Harrild et  al. [28] reported that patients who 
have undergone pulmonary valvuloplasty for 
isolated severe pulmonic stenosis tend to have 
normal or near-normal peak V̇O2 and V̇E/V̇CO2 
slopes. These patients resemble rTOF patients in 
that they often have incompetent pulmonary 
valves. However, they rarely have peripheral 
pulmonary artery stenoses. Consequently, they 
rarely have pulmonary blood flow maldistribu-
tion and ventilation/perfusion mismatch, their 
V̇E/V̇CO2 slopes are normal, the hemodynamic 
impact of their incompetent valves is effectively 
mitigated by the exercise-related decline in pul-
monary vascular resistance, and their ability to 
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Fig. 14.1 Relationship between V̇E and V̇CO2 in a patient 
with tetralogy of Fallot before and after successful pulmo-
nary artery balloon angioplasty that increased left pulmo-
nary artery blood flow from 13% to 35% of the total 
pulmonary blood flow. Square symbols are data points 
before angioplasty; triangular symbols are data points 
after angioplasty. The solid line represents the linear por-
tion of the V̇E/V̇CO2 relationship before angioplasty (the 
slope of the line is the V̇E/V̇CO2 slope). The dashed line is 
the relationship after angioplasty. Note that, after the 
angioplasty, the patient’s V̇E was lower for any given V̇CO2. 
The V̇E/V̇CO2 slope fell from 35 to 29 and was associated 
with an increase in the peak V̇O2 from 18.8 to 23.7 mL/kg 
per minute and a rise in the end-tidal PCO2 at the anaero-
bic threshold from 32 to 36 mm Hg. (Reprinted with per-
mission from [25])

Pulmonary regurgitation volume index

0
5

10
15
20
25
30
35
40
45
50
55

m
l/m

2

p<.012

rest exercise

Pulmonary regurgitation percentage

10

0

30

20

50

60

40

rest exercise

p<.001

%

Fig. 14.2 Changes in pulmonary regurgitation (PR) 
 volume index and PR percentage in response to supine 
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increase their V̇O2 during exercise is well 
preserved.

It is also interesting to note that the time- 
related decline in %predicted peak V̇O2 that was 
detected in serial CPET studies performed on 
patients with rTOF correlated with a concomi-
tant increase in the V̇E/V̇CO2 slope [6]. The fac-
tors responsible for the progressive elevation of 
the V̇E/V̇CO2 slope in these patients are probably 
varied and likely included pulmonary blood 
flow maldistribution and ventilation/perfusion 
mismatch secondary to pulmonary artery steno-
ses, pulmonary vascular disease, and/or conges-
tive heart failure.

 Other Abnormalities

Patients with repaired tetralogy of Fallot often 
have a depressed chronotropic response to exer-
cise and will have subnormal peak exercise heart 
rates [29, 30]. Consequently, assessments of 
exercise function based on some obsolete, heart 
rate-based parameters, such as the work capacity 
at a heart rate of 170 bpm, may yield misleading 
conclusions – suggesting that the exercise capac-
ity of rTOF patients is remarkably well preserved 
[7, 21, 30]. In fact, however, this conclusion may 
be based on a comparison of a rTOF patient near 
peak exercise (i.e., near his/her maximal heart 
rate) to a normal subject at submaximal exercise 
(e.g., at ~85% of peak heart rate).

Occasionally, patients with rTOF will develop 
right-to-left shunting across a patent foramen 
ovale or other atrial communication during exer-
cise. This development reflects a disproportion-
ate rise in right ventricular filling pressures as the 
right ventricle accommodates to the hemody-
namic demands of exercise and probably indi-
cates the presence of excessive residual 
hemodynamic lesions and/or right ventricular 
decompensation/failure. As one would expect 
based on the discussion of physiology presented 
in Chap. 12, this phenomenon is also accompa-
nied by elevation of the V̇E/V̇CO2 slope and a 
decrease in end-tidal pCO2 during exercise.

 Spirometric Abnormalities

The forced vital capacity (FVC) and FEV1 of 
patients with rTOF are often depressed [8, 21]. 
This observation may be related to their history 
of cardiothoracic surgery or to underlying abnor-
malities of lung development [31]. Some investi-
gators have detected a link between decreased 
lung volumes, increased pulmonary regurgita-
tion, and depressed exercise function [8]. Patients 
with smaller lung volumes will tend to have more 
restrictive pulmonary vascular beds, and it is pos-
sible that physiology analogous to that described 
in patients with pulmonary artery stenosis may 
be operative in these cases.

 Boston Children’s Hospital 
Experience

Between 2003 and 2017, 2476 cardiopulmonary 
exercise tests were performed on 827 patients 
with tetralogy of Fallot at Boston Children’s 
Hospital. Of these, 1892 were maximal as defined 
by a maximal respiratory exchange ratio >1.09. 
Age at the time of CPET averaged 30 ± 14 years 
old, and 47.7% of patients were female. Body 
mass index (BMI) averaged 24.7, and 17.3% of 
the patients were obese (BMI >30 kg/m2). Most 
tests (78.1%) were performed by cycle ergometry 
with the rest performed using a treadmill. 
Description of exercise test results is provided in 
Table  14.1. On average, peak V̇O2 is mildly 
reduced, with borderline low O2 pulse. V̇E/V̇CO2 
slope is elevated >29  in about a quarter of 
patients. More than mild hypoxemia is rare. Peak 
V̇O2 indexed to body mass declines steadily with 
age, but relative to population normative values 
remains stable at ~70% predicted after the second 
decade; likewise, O2 pulse remains ~80% pre-
dicted after a decline over the second decade of 
life (Fig. 14.3). Peak heart rate declines with age 
in proportion to expected age-related change.

In our review of arrhythmias during exercise 
tests performed at Boston Children’s Hospital 
between 2013 and 2015, 372 of 555 patients 
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Fig. 14.3 Cardiopulmonary exercise test findings in 
patients with tetralogy of Fallot who completed a maxi-
mal (respiratory exchange ratio >1.09) exercise test at 
Boston Children’s Hospital between 2003 and 2017 
(N = 1892). Each point represents data for a single cardio-

pulmonary exercise test. The red line represents a 
restricted cubic spline fit to the data, with 95% confidence 
limits for the best-fit line in semitransparent blue. Only 
data for patients 10–60  years old with values between 
20% and 150% predicted are presented

n Peak VO2

(% predicted)
Peak HR

(bpm)
Peak O2 pulse 
(% predicted)

Peak O2

saturation (%)

All 1,892 72±16 25±8 159±24 82±19 28±5 98±2 96±3

47-61-72-83-100 14-19-24-30-39 114-144-164-179-190 54-69-80-94-116 21-24-27-30-36 95-97-98-99-100 91-96-97-98-99

   18
Years
old 

459 80±15 31±8 172±17 90±18 29±5 98±1 97±3

53-70-80-91-105 19-26-31-36-44 140-162-176-184-194 59-76-89-102-119 23-25-28-31-38 97-98-99-99-100 91-97-98-98-99

19-30
Years
old 

640 70±16 26±6 165±21 78±17 27±5 98±2 97±3

46-59-69-80-97 16-21-25-30-37 125-153-169-181-193 52-67-76-88-111 20-24-26-29-36 95-98-98-99-100 91-96-97-98-99

> 30
Years
old 

793 70±16 21±6 147±25 81±19 27±5 97±2 96±3

46-59-68-80-98 12-17-21-25-32 102-130-150-166-182 53-67-79-91-116 21-24-27-30-36 95-97-98-98-99 90-95-97-98-99

Resting O2

saturation (%)
Peak O2

(mL/kg/min)
V E / CO2

slope
V V

Table 14.1 Data from patients with repaired tetralogy of Fallot undergoing cardiopulmonary exercise tests at Boston 
Children’s Hospital (2003–2017)

Data are presented as mean ± SD with 5-25-50-75-95th percentiles in the row directly below
HR heart rate, bpm beats per minute
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(67%) with TOF who underwent exercise stress 
test (EST) developed minor rhythm disturbances. 
However, only one required test termination on 
account of an arrhythmia (self-terminating, nar-
row complex tachycardia). No more serious 
arrhythmic events were encountered [32].

 Pulmonary Valve Replacement

Pulmonary valve replacement has not been found 
to reliably improve the exercise capacity of patients 
with rTOF [33–39]. This unexpected finding is 
probably due, in part, to the exercise- related reduc-
tion in pulmonary regurgitation that occurs in the 
subset of patients undergoing valve replacement 
for isolated pulmonary regurgitation (a subset that 
comprises the majority of patients referred for pul-
monary valve replacement). Since this physiologic 
phenomenon mitigates the hemodynamic effects of 
the incompetent pulmonary valve, it is not really 
surprising to find that implantation of a new pulmo-
nary valve is not associated with the benefits that 
might have been predicted based on resting imag-
ing and/or hemodynamic measurements. Studies 
have found, however, that the exercise function of 
the subset of patients with significant residual pul-
monic stenosis [37, 38] and/or evidence of right 
ventricular dysfunction (e.g., low right ventricular 
ejection fraction or significant tricuspid insuffi-
ciency) does in fact improve following pulmonary 
valve implantation [39]. In contrast to pulmonary 
regurgitation, these hemodynamic lesions are not 

ameliorated by the decline in pulmonary vascular 
resistance during exercise. However, implantation 
of a well-functioning valve that relieves an obstruc-
tion and/or reduces the pressure/volume work of a 
failing right ventricle would be expected to have a 
salutary effect on exercise hemodynamics and 
exercise function.

The lack of improvement in peak V̇O2 in many 
patients following pulmonary valve replace-
ment may also reflect the fact that peak V̇O2 is in 
fact determined, as we have seen, by a complex 
interaction between the cardiovascular system 
and the skeletal muscles [40]. Hence, interven-
tions that improve the cardiovascular system 
may often have only a limited impact upon peak 
V̇O2 unless coupled with interventions that 
improve skeletal muscle function, and vice 
versa.

 Prognostic Value of CPET Data 
in Tetralogy of Fallot

CPET data has been found to provide valuable 
prognostic information in patients with 
rTOF. Giardini et al. found that patients with V̇E/
V̇CO2 slope >39 and those with peak V̇O2 <36% of 
predicted were at much greater risk for cardiac- 
related death (5-year mortality 48% vs 0%, 
p <0.0001, and 31% vs 0%, p <0.0001, respec-
tively) [41]. Excellent prognostic power was also 
observed for cardiovascular hospitalization 
(Fig.  14.4) [41]. Similarly Buys et  al. reported 
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Fig. 14.4 Kaplan-Meier plots for the end points of death 
(a, b) and hospitalization (c, d) for V̇E/V̇CO2 slope (top) and 
%predicted peak V̇O2 (bottom). Patients were stratified 

using the cutoff values provided by receiver-operating 
characteristic curve analysis (Reprinted with permission 
from [41])
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that %predicted peak V̇O2 and the V̇E/V̇CO2 slope 
were significantly related to the incidence of 
death/cardiovascular-related intervention [42]. 
More recently, Muller et al. reported that the peak 
V̇O2 and the V̇E/V̇CO2 slope independently pre-
dicted event-free survival [43].

 Prototypical Patients

The first patient was a 26-year-old woman who 
underwent non-transannular repair of TOF when 
she was 11 months old. She did well following 
her surgery and remained asymptomatic. She was 
physically active and engaged in kickboxing and 
spin classes several days a week. Her echocardio-
gram revealed good RV and LV ventricular func-
tion, moderate RV dilation, and no significant RV 
outflow tract obstruction. There was moderate 
pulmonary regurgitation and trivial tricuspid 
regurgitation. No residual shunt lesions were 
detected. The exercise test (Table  14.2 and 
Fig.  14.5) was obtained to further characterize 
her cardiopulmonary status.

Based on her peak respiratory exchange ratio 
(RER) and peak heart rate, the patient expended a 
good effort. Her peak V̇O2 peak and work rate 
were normal. Her ability to increase her heart rate 
and forward stroke volume (as reflected by her 
excellent O2 pulse at peak exercise) were normal. 
Her VAT was in the normal range, and her lungs 
appeared to exchange gas efficiently during 
exercise.

The well-preserved exercise function of this 
young woman, despite the presence of moderate 
pulmonary regurgitation and RV dilation, was 
probably the result of a healthy pulmonary vascu-
lar bed (reflected by the normal V̇E/V̇CO2 slope and 
end-tidal pCO2 levels), which was able to effec-
tively lower the pulmonary vascular  resistance 
during exercise and thereby reduce the severity of 
the pulmonary regurgitation during exercise. Her 
regular exercise regimen also undoubtedly con-
tributed to her excellent exercise function.

Table 14.2 Selected data from cardiopulmonary exer-
cise test – patient 1

Parameter Value
Peak V̇O2 (ml/kg/min) 34.0
Peak V̇O2 (%predicted) 98
Peak work rate (W) 153
Peak work rate (%predicted) 117
Peak RER 1.18
Peak O2 pulse (%predicted) 103
Peak heart rate (bpm) 171
Peak heart rate (%predicted) 96
V̇O2 at VAT (% of predicted peak V̇O2) 66
Arterial oxygen saturation Normal
Breathing reserve (%) 44
V̇E/V̇CO2 slope 27
End-tidal pCO2 at VAT (mm Hg) 38
End-tidal pCO2 during exercise Normal
Spirometry Normal
Blood pressure response Normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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The second patient was a 20-year-old female 
who had a non-transannular repair of TOF when 
she was 9 months old. Following her surgery she 
was followed with a degree of pulmonary regur-
gitation and left pulmonary artery stenosis, which 
became progressively worse during childhood. 
When she was 7  years old, her left pulmonary 
artery was dilated and stented in the cardiac cath-
eterization laboratory. The stent was re-dilated 

when she was 15 years old. Following this proce-
dure, the left pulmonary artery perfusion 
increased from 16% to 36% of her total pulmo-
nary blood flow.

At the time of her exercise test, she denied any 
cardiopulmonary symptoms. She did not engage 
in regular exercise, however. A cardiac MRI 
exam revealed mild RV dilation (RV end- diastolic 
volume 121  ml/m2) with normal RV function 

Fig. 14.5 Nine-panel graph of data from cardiopulmo-
nary exercise test from patient 1. Abbreviations: AT venti-
lator anaerobic threshold; BTPS body temperature and 
pressure, saturated; Exer exercise; PETCO2 end-tidal 

pCO2; PETO2 end-tidal pO2; Rec recovery; RER respira-
tory exchange ratio; V̇CO2 carbon dioxide production; V̇E 
minute ventilation; V̇O2 oxygen consumption; V̇O2/HR 
oxygen pulse
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(RVEF 63%). There was moderate pulmonary 
regurgitation (PR fraction 31%). The left pulmo-
nary artery arose acutely from the main pulmo-
nary artery and received 33% of the total 
pulmonary blood flow. The LV function was nor-
mal. No residual shunts were detected. The exer-
cise test was obtained (Table 14.3 and Fig. 14.6) 
to further characterize her cardiopulmonary 
status.

Based on her peak RER, the patient expended 
a good effort. Her peak V̇O2 peak and work rate 
were depressed. Her peak heart rate was low. Her 
forward stroke volume at peak, as reflected by 
her O2 pulse, was probably in the low normal 
range. Her VAT was low. Her V̇E/V̇CO2 slope was 
elevated, and her end-tidal pCO2 during exercise 
was low. Her spirometric measurements were 
normal.

Her diminished exercise capacity appeared 
due to a combination of a chronotropic defect 
as well as an inappropriately low stroke volume 
response to exercise. In the presence of a chro-
notropic defect, she should have had a compen-
satory increase in stroke volume (solely on the 
basis of the Starling mechanism). Hence, the 
fact that her forward stroke volume at peak 
exercise was only in the “low-normal” range 
was, in reality, quite abnormal. The elevated V̇E/
V̇CO2 slope and low end-tidal pCO2 during exer-
cise were consistent with V/Q mismatch sec-
ondary to her known left artery stenosis and 
pulmonary blood flow maldistribution. It is 

likely that the pulmonary artery stenosis 
obstructed blood flow to the left lung during 
exercise, blocked the hemodynamically benefi-
cial effects of the exercise- related decline in 
pulmonary vascular resistance, caused the pres-
sure proximal to the obstruction to rise exces-
sively, exacerbated the pulmonary regurgitation, 
and imposed a progressive pressure and volume 
load upon the RV. Consequently the RV could 
neither compensate for the chronotropic defect 
nor support the hemodynamic demands of 
exercise.

Table 14.3 Selected data from cardiopulmonary exer-
cise test – patient 2

Parameter Value

Peak V̇O2 (ml/kg/min) 23.9

Peak V̇O2 (%predicted) 66
Peak work rate (W) 123
Peak work rate (%predicted) 77
Peak RER 1.12
Peak O2 pulse (%predicted) 87
Peak heart rate (bpm) 141
Peak heart rate (%predicted) 76
V̇O2 at VAT (% of predicted peak V̇O2) 39
Arterial oxygen saturation Normal
Breathing reserve (%) 62
V̇E/V̇CO2 slope 32
End-tidal pCO2 at VAT (mm Hg) 33
End-tidal pCO2 during exercise Low
Spirometry Normal
Blood pressure response Normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Fig. 14.6 Nine-panel graph of data from cardiopulmo-
nary exercise test from patient 2. Abbreviations: AT venti-
lator anaerobic threshold; BTPS body temperature and 
pressure, saturated; Exer exercise; PETCO2 end-tidal 

pCO2; PETO2 end-tidal pO2; Rec recovery; RER respira-
tory exchange ratio; V̇CO2 carbon dioxide production; V̇E 
minute ventilation; V̇O2 oxygen consumption; V̇O2/HR 
oxygen pulse
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Fontan Circulation

Jonathan Rhodes and Alexander R. Opotowsky

 Basic Anatomy

The Fontan procedure was initially suggested as 
a treatment for patients with tricuspid atresia [1, 
2]. Since its introduction, the application of this 
innovative surgical approach has expanded to 
include patients with single-ventricle physiology 
secondary to a variety of anatomic disorders 
including hypoplastic left heart syndrome, dou-
ble inlet or other single left ventricle, pulmonary 
atresia with intact ventricular septum, unbal-
anced atrioventricular septal defects, complex 
heterotaxy syndromes, and others. There has also 
been extensive evolution of the surgical approach. 

Currently two types of total cavopulmonary anas-
tomoses, the lateral tunnel and extracardiac con-
duit modifications, are the most commonly 
employed modifications, as they appear to reduce 
the energy loss within the Fontan circuit and 
reduce the long-term risk of arrhythmias. Older 
patients with historic anatomic Fontan modifica-
tions including right atrial to pulmonary artery or 
right atrial to right ventricular anastomoses, with 
or without interposed valves within the Fontan 
circuit, are still encountered [3].

 Exercise Hemodynamics

Patients with Fontan physiology are character-
ized by the absence of a sub-pulmonary ventricle; 
the pulmonary circulation is perfused passively 
by systemic venous pressure with variable sup-
port by the skeletal muscle venous pump [4–6]. 
Cardiac output and stroke volume, when mea-
sured in the catheterization laboratory or via non- 
invasive techniques, tend to be low-normal at 
rest, and there is a reduced exercise-related 
increase compared to patients with biventricular 
circulations [7–14]. Indeed, supine exercise- 
cardiac magnetic resonance imaging (MRI) [14] 
and exercise-echocardiographic [15] studies have 
reported that the stroke volume may sometimes 
decline during exercise due primarily to a decline 
in ventricular preload and end diastolic volume. 
Other studies have corroborated or indirectly 
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supported this observation. Invasive studies have 
demonstrated that, in contrast to patients with 
biventricular circulations and patients with 
Blalock-Taussig shunt-dependent circulations, 
the ventricular end diastolic pressure of Fontan 
patients often falls in response to dobutamine 
administration, in association with a more mod-
est increase in systemic cardiac output [16]. 
Similar observations have been made with dobu-
tamine stress echocardiography [17] and cardiac 
MRI [18–20]. In an elegant study that combined 
echocardiographic and invasive catheterization 
measurements (ventricular pressure-area hybrid 
loops) in response to inflow occlusion, atrial pac-
ing and dobutamine administration, Senzaki et al. 
found that the cardiac output of Fontan patients is 
primarily dependent upon preload (as measured 
by end-diastolic area) rather than contractility or 
afterload [21]. Systemic ventricular preload 
could be limited by several factors including 
increased systemic venous capacitance [22], 
Fontan pathway obstruction, increased pulmo-
nary vascular resistance [8, 9], or decreased sys-
temic ventricular compliance [6, 9].

Among Fontan patients, oxygen delivery dur-
ing exercise can be increased by other mecha-
nisms, aside from an increase in stroke volume. 
For example, oxygen extraction is typically 
enhanced compared with the normal circulation 
for any given level of cardiac output [4, 11, 13, 
23]. Although peak exercise heart rates tend to be 
lower than normal, the heart rate tends to be 
higher than normal for any given V̇O2 [11, 24].

 Exercise Capacity

Exercise capacity is almost always depressed in 
patients with a Fontan circulation. In the Pediatric 
Heart Network Cross-Sectional Fontan study, the 
average peak V̇O2 of 166 pediatric patients who 
completed a clearly maximal effort exercise test 
(peak respiratory exchange ratio >1.09) was only 
65% of predicted [25]. Another study found that the 
median peak V̇O2 of 92 adolescents and young adults 
with Fontan circulations was only 56% predicted 
and none had a peak V̇O2  >  90% predicted [26]. 
Other studies have yielded similar results [27–32].

 Other Abnormalities

Fontan patients often have an elevated V̇E/V̇CO2 
slope and low end-tidal pCO2 levels [30, 33]. These 
phenomena are usually due to: (1) V/Q mismatch 
secondary to the pulmonary blood flow maldistri-
bution that results from the absence of normal pul-
monary artery pulsatility in the passively perfused 
pulmonary vascular bed, and (2) residual right-to-
left shunts. Alternative mechanisms, such as paren-
chymal lung disease or pulmonary arteriovenous 
malformations (AVM), can also coexist.

The forced vital capacity (FVC) and forced 
expiratory volume in 1 second (FEV1) of Fontan 
patients are often depressed, usually in propor-
tion (i.e., restrictive rather than obstructive spi-
rometry pattern) [34]. A low FVC has been found 
to be independently associated with a lower peak 
V̇O2 [34]. One potential explanation for this phe-
nomenon may be that the low FVC indicates the 
presence of smaller-than-normal lungs (either on 
the basis of congenital developmental issues or 
complications from cardiothoracic surgery and/
or other traumatic events that may impair the 
growth and development of the lungs) and hence 
a more restrictive pulmonary vascular bed—a 
condition that would be particularly deleterious 
to the Fontan patient’s cardiopulmonary response 
to exercise [4]. There is also an increased preva-
lence of chest wall deformity due to kyphoscolio-
sis or prior surgeries.

 Natural History of Exercise Function 
in Fontan Patients

Serial exercise studies have found that the peak V̇O2 
of Fontan patients tends to decline (relative to nor-
mal subjects) over time [31, 33, 35]. The decline 
appears to be steepest during the adolescent years, 
especially among adolescent males, and more grad-
ual thereafter. These observations are probably 
related to the fact that normal male puberty is asso-
ciated with a dramatic increase in skeletal muscle 
mass. It appears that the Fontan circulation is often 
incapable of meeting the metabolic demands of this 
increased muscle mass during exercise. In addition, 
muscle mass and strength tend to be lower in Fontan 
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patients compared to normal subjects [36]. The 
more gradual decline in peak V̇O2 during the adult 
years is probably related to age-related increases in 
pulmonary vascular resistance and/or ventricular 
filling pressure (secondary to a decline in ventricu-
lar compliance) [6]. Data from cross-sectional stud-
ies also support these generalizations [25, 27]. Once 
again, it should be emphasized that longitudinal 
changes in exercise function, relative to normal sub-
jects, are best appreciated by analyzing changes in 
%predicted peak V̇O2 (rather than absolute or 
weight-normalized values), as the prediction equa-
tions take into account the expected increase in peak 
V̇O2 that is associated with growth during the pediat-
ric years, as well as the age-related decline in peak 
V̇O2 that occurs in adulthood. For instance, the ado-
lescent Fontan patient’s decline in peak V̇O2, relative 
to normal individuals is not indicative of a decline in 
absolute peak V̇O2 (in ml/min), but rather a less 
robust increase relative to normal adolescent. 
Conversely, there is a real, albeit slow decline in 
absolute V̇O2 in young adulthood, but this decline is 
only slightly more prominent than that observed in 

normal individuals in the third decade of life. 
Finally, all of these changes occur on a backdrop of 
a lower baseline exercise capacity and, therefore, 
lower cardiopulmonary reserve.

 Boston Children’s Hospital 
Experience

Between January 2003 and December 2017, 1473 
cardiopulmonary exercise tests (CPETs) were 
performed at Boston Children’s Hospital on 450 
patients who had a prior Fontan procedure. Of 
these tests, 1110 were maximal as defined by a 
peak respiratory exchange ratio >1.09. Among 
patients with maximal tests, age at the time of 
CPET averaged 22.9  ±  10.1  years, 37% were 
female, and body mass index (BMI averaged 
23.0 ± 4.6 kg/m2 with 9.1% obese (BMI >30 kg/
m2)). Most (85.6%) were performed by cycle 
ergometry rather than with treadmill. A descrip-
tion of exercise test results is provided in 
Table 15.1 and Fig. 15.1. In the single ventricle 

n Peak VO2

(% predicted) 
Peak VO2

(mL/kg/min) 
Peak HR
(bpm)  

Peak O2 Pulse
(% predicted) 

VE/VCO2

slope 
Resting O2

saturation (%)
Peak O2

saturation (%)  

All 1,110 63±15 24±7 149±25 79±19 33±7 92±4 89±6

40-52-62-73-89 13-19-23-28-36 103-133-153-169-184 50-66-77-90-112 25-29-32-37-46 85-90-93-95-98 80-86-90-93-96

 18 
Years 

old 
429 69±16 28±6 160±21 83±19 35±6 93±4 89±5

45-58-68-79-95 18-23-28-32-38 116-150-164-174-187 55-69-82-95-117 26-30-34-38-46 85-91-94-96-98 79-87-91-93-96

19-30 
Years 

old 
449 61±14 23±5 147±23 77±17 33±6 92±4 88±5

40-51-60-69-83 15-19-23-27-32 106-133-150-164-179 52-65-75-88-107 24-29-31-35-44 85-90-92-94-98 81-85-89-92-96

> 30 
Years 

old 
232 57±14 18±5 134±26 74±19 33±7 92±5 89±7

34-47-56-66-85 10-15-18-21-28 92-116-133-150-174 45-59-76-86-106 23-28-32-36-46 83-91-93-95-97 80-88-90-93-96

Table 15.1 Boston Children’s Hospital experience with Fontan patients who have had cardiopulmonary exercise tests 
(2003–2017)

Data are presented as mean ± SD with 5-25-50-75-95th percentiles in the row directly below
HR heart rate, bpm beats per minute
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Fontan circulation, peak V̇O2 is almost universally 
depressed compared with predicted values (only 
5% of patients tested are ≥89% predicted), and 
V̇E/V̇CO2 slope is elevated in about 75% of patients. 
Mild hypoxemia is the norm. With increasing age, 
peak V̇O2 declines both as ml/kg/min and com-
pared to predicted values. This decline in peak V̇O2 
is steepest before age 20 years and then becomes 
more gradual, paralleling the pattern for O2 pulse. 
Peak heart rate is slightly lower than normal for 
age, and remains relatively stable compared to 
age-expected values across the age groups. The 
V̇E/V̇CO2 slope is elevated compared to normal, 
without a notable age- related change.

Exercise testing appears to be a very low risk 
undertaking in patients with Fontan circulations. 
In our review of arrhythmias during exercise tests 

performed at Boston Children’s Hospital between 
2013 and 2016, 437 tests were performed on 
patients who had Fontan procedures. Although 
low-grade ectopy was common (58% of studies), 
only 2 patients developed a supraventricular 
tachyarrhythmia that required test termination. In 
both cases, the patients remained stable and the 
arrhythmia resolved shortly after the termination 
of the study; no other interventions were required. 
No more complex ectopy was encountered.

 Causes of Exercise Limitation 
in Fontan Patients

In any given patient, the cause(s) of the depressed 
exercise function may vary and may include: an 
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Fig. 15.1 Data from 1110 cardiopulmonary exercise test 
findings in 450 patients with Fontan circulations who 
completed a maximal (respiratory exchange ratio >1.09) 
exercise test at Boston Children’s Hospital between 2003 

and 2017. Each point represents data for a single cardio-
pulmonary exercise test. The red line represents a 
restricted cubic spline fit to the data, with 95% confidence 
limits for the best fit line in semitransparent blue

J. Rhodes and A. R. Opotowsky



101

inability to increase stroke volume normally in 
response to exercise, chronotropic incompetence, 
arterial desaturation, pulmonary abnormalities, 
and deconditioning. Of these, the inability to 
increase the stroke volume is by far the most 
important. In the Pediatric Heart Network Fontan 
study, variations in the oxygen pulse accounted 
for 73% of the observed variation in peak V̇O2 and 
26% of the variation (the mathematically unre-
lated) %predicted peak work rate, respectively. In 
contrast, variations in chronotropic index and 
resting arterial oxygen saturation accounted for 
no more than 3% of the variation in peak V̇O2 or 
peak work rate [25].

 Cardiac Function

Ventricular dysfunction (both systolic and dia-
stolic) is common among Fontan patients. This 
may result from the congenital malformation 
itself (e.g., a right ventricle serving as a systemic 
ventricle) as well as other stressors associated 
with single ventricle palliation. Prior to Fontan 
conversion (at least until the bidirectional Glenn 
stage), the ventricle is volume overloaded and 
must function in a hypoxemic environment. 
Following Fontan conversion, the ventricle is 
preload deprived and also must perform more 
work than the normal left ventricle in a biven-
tricular circulation (see Fig. 15.2a, b). These fac-
tors often result in adverse ventricular remodeling 
[37]. Myocardial injury during the multiple sur-
gical and catheterization procedures associated 
with Fontan palliation also may contribute to 
ventricular dysfunction.

Paradoxically, however, peak V̇O2 was not asso-
ciated with any of the numerous echocardio-
graphic parameters of ventricular function evalu-
ated in the Pediatric Heart Network Fontan Study, 
including ventricular end-diastolic volume, ven-
tricular end-systolic volume, stroke volume, ejec-
tion fraction, ventricular mass, mass/volume ratio, 
atrioventricular valve regurgitation, diastolic 
function, tissue Doppler indices, the mean dP/dt 
during isovolumetric contraction or the Tei index. 
Indeed, except for a weak, but statistically signifi-
cant correlation between oxygen pulse at peak 

exercise and the mean dP/dt during isovolumetric 
contraction, there was no correlation between any 
echocardiographic index of ventricular function 
and any index of exercise function [25]. This 
implies that Fontan circulation’s inability to aug-
ment stroke volume normally during exercise 
does not usually stem from abnormalities of ven-
tricular or valvular function. More likely, an 
inability of the passively perfused pulmonary vas-
cular bed to accommodate the increased blood 
flow required for exercise is often the factor that 
limits the Fontan patient’s stroke volume response 
to exercise and consequently, his/her exercise 
capacity (Fig.  15.3a, b). Further supporting this 
concept are data that suggest the ventricular fill-
ing pressure and/or end diastolic volume of 
Fontan patients is reduced during exercise, imply-
ing that ventricular preload is reduced secondary 
to an inability to deliver blood through their pas-
sively perfused lungs [14–20]. In the absence of a 
fenestration (or analogous communication), the 
Fontan patient’s ventricle can only pump blood 
that makes it through the lungs!

When severe, ventricular or valvular dysfunc-
tion can certainly adversely affect a Fontan 
patient’s ability to exercise [37]. However, the 
poor correlation between exercise capacity and 
indices of ventricular and valvular function 
implies that the “weak link” for most Fontan 
patients usually resides elsewhere, e.g., in the 
pulmonary vascular bed [6] or, less commonly, in 
the sinus node/conduction system, rather than the 
myocardium or cardiac valves.

 The Pulmonary Vascular Bed

The pulmonary vascular bed has therefore been 
identified as a potential therapeutic target in the 
Fontan circulation [37, 38]. Although patients are 
not selected for Fontan palliation unless their 
resting pulmonary vascular resistance is rela-
tively low, the ability of the pulmonary vascular 
bed to dilate and recruit blood vessels, and 
thereby lower pulmonary vascular resistance dur-
ing exercise (as described in Sect. 1 of this book) 
is almost never assessed prior to Fontan surgery. 
Furthermore, a number of studies have raised 
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Fig. 15.2 Energetics of the normal, biventricular circula-
tion (a) compared to the Fontan circulation (b). In the nor-
mal circulation the systemic venous pressure is low and the 
right ventricle provides most of the energy required to per-
fuse the lungs. In the Fontan circulation, the lungs are per-
fused by the systemic venous system and the pressure in the 
systemic veins is abnormally high. This pressure is ulti-
mately derived from work performed by the (single) sys-
temic ventricle. The pulmonary venous pressure and 
ventricular end diastolic pressure may be low, as the filling 
of the ventricle is limited by the passive blood flow return-
ing to it from the lungs. At an equivalent cardiac output, the 
amount of pressure-volume work performed by the ventri-
cle is slightly higher than the normal left ventricle (in a 

biventricular circulation) because the Fontan patient’s ven-
tricle must provide the energy to pump the blood through 
the systemic and pulmonary circulations. For this theoreti-
cal illustration, which resembles subjects at rest, cardiac 
output in the two circulations was assumed to be equivalent 
in order to contrast the differences in energetics (i.e., pres-
sure-volume work). In reality, compared to individuals with 
normal biventricular circulations, the Fontan patient also 
tends to adapt to the challenges posed by his/her unnatural 
circulation by relying more on oxygen extraction and less 
on cardiac output for any given metabolic rate or V̇O2. 
Abbreviations: Ao aorta, LA left atrium, LV left ventricle, 
PA pulmonary artery, pulm pulmonary, vasc vascular. 
Pressures in arteries and veins are mean pressures
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Fig. 15.3 Contrast between the hemodynamics of a normal 
biventricular circulation (a) and Fontan circulation (b) at peak 
exercise. In the biventricular circulation, there is a five-fold 
increase in cardiac output over resting values. In the typical 
Fontan patient the increase is much more modest. In the 
biventricular circulation, the right ventricle (RV) pumps blood 
into the pulmonary artery (PA), raising PA pressures signifi-
cantly over resting values and far above right atrial pressure. 
Left atrial pressure also rises as the left ventricle moves up its 
Starling curve. Pulmonary vascular resistance declines, so 
that the transpulmonary gradient increases only modestly. In 
most subjects with biventricular circulations, the increase in 
cardiac output during exercise is limited primarily by the fac-
tors related to ventricular performance. In the Fontan circula-
tion, systemic venous pressure rises, but the rise is limited by 
the systemic venous capacitance. In the absence of an RV, 
there is no augmentation of pressure between the systemic 
veins and the PAs. In addition, the pulmonary vascular resis-
tance often does not decline as robustly as it does in a normal 

individual. Consequently, there is a larger pressure drop 
across the pulmonary vascular bed (despite the fact that car-
diac output and pulmonary blood flow are lower than in the 
normal subject) and the systemic ventricular filling pressures 
are even lower than at rest; i.e., the ventricle is even more 
preload deprived. It is the factors limiting blood flow through 
the lungs (i.e., pulmonary vascular resistance and the physio-
logical constraints on the increase in systemic venous and 
pulmonary artery pressures), rather than ventricular perfor-
mance, that limit the augmentation of cardiac output during 
exercise. Note, because the cardiac output is significantly 
higher in the biventricular circulation (in contrast to the 
assumptions in Fig.  15.2), the pressure-volume work per-
formed by the normal LV in a biventricular circulation is 
much greater than the preload- deprived ventricle of the 
Fontan circulation. Consequently, the biventricular circula-
tion can support a much higher level of physical activity [38]. 
Abbreviations: Ao aorta, LA left atrium, LV left ventricle, PA 
pulmonary artery, pulm pulmonary, vasc vascular
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concerns regarding the health of the Fontan 
patient’s pulmonary vascular bed and its ability 
to perform this important physiologic function. 
Abnormalities of endothelial function, micro-
scopic structure, large pulmonary vessels, nitric 
oxide synthase expression and pulmonary vascu-
lar resistance have been described [8, 9, 39–44].

These studies have motivated investigators to 
evaluate the effect of pulmonary vasodilators on 
the exercise function of patients with Fontan 
physiology. One study investigated the acute 
effect of iloprost (a rapid-onset, pulmonary selec-
tive, inhaled prostacyclin analog with potent pul-
monary vasodilator properties) on the exercise 
function of Fontan patients [45]. An in-depth 
analysis of this study is worthwhile, as it illus-
trates how data from CPET studies, and an under-
standing of exercise physiology, can be leveraged 
to maximize the knowledge that can be derived 
from clinical research.

This was a small (15 subject), double-blind, 
placebo, controlled crossover trial. Each subject 
performed 2 CPETs, one immediately after receiv-
ing a nebulized dose of either iloprost or placebo, 
and a second ~4  weeks later, after receiving the 
other agent. The order in which the agents were 
administered was randomized and all parties were 
blinded. In 12/15 subjects, the peak V̇O2 (p <0.04) 
and the oxygen pulse at peak exercise (p <0.001) 

were better after iloprost administration compared 
to placebo administration. Moreover, in all 9 sub-
jects with control peak V̇O2 <30 ml/kg/min, peak 
V̇O2 was better following iloprost (Fig. 15.4) [45]. 
These data suggest that in Fontan patients with 
relatively well- preserved exercise function, pul-
monary vasodilator therapy may be of little bene-
fit, probably because these patients have relatively 
healthy pulmonary vascular beds. However, in 
patients with poor exercise function, pulmonary 
vasodilator therapy is beneficial, presumably 
because their pulmonary vascular beds are dys-
functional; i.e., their pulmonary vascular resis-
tance does not decline normally with exercise. 
This vascular dysfunction, which is partially 
reversed by the iloprost treatment, is often an 
important factor contributing to the Fontan 
patient’s poor exercise function.

Iloprost had little or no effect upon the oxygen 
saturation or heart rate at peak exercise. In addi-
tion, because inhaled iloprost has little or no sys-
temic effects, it is unlikely that it affected oxygen 
extraction or mixed venous oxygen content at 
peak exercise. Hence the observed increase in 
oxygen pulse was almost certainly due to an 
increase in the forward stroke volume following 
iloprost inhalation.

A better understanding of the physiologic 
effects of iloprost in Fontan patients may be 
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Fig. 15.4 Effect of 
iloprost on peak V̇O2. 
The peak V̇O2 on the 
exercise test preceded by 
iloprost administration 
was higher than on the 
test preceded by placebo 
for all 9 patients whose 
peak V̇O2 was <30 ml/kg/
min on the exercise test 
preceded by placebo 
administration. 
(Reprinted with 
permission from [45])
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gained by a manipulation of the Fick equation 
where the oxygen pulse is viewed not as the 
amount of oxygen consumed per heartbeat but as 

the (mathematically equivalent but conceptually 
different) amount of oxygen added to the blood 
by the lungs per heartbeat:
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As noted previously, the heart rate at peak exer-
cise was similar on the iloprost and placebo stud-
ies. Moreover, it is unlikely that iloprost had an 
effect upon the pulmonary venous content (because 
iloprost would not be expected to cause pulmo-
nary parenchymal disease and pulmonary venous 
desaturation) or peak exercise pulmonary arterial 
oxygen content (because iloprost should not be 
expected to affect the extraction of oxygen at peak 
exercise). Consequently, on the basis of this line of 
reasoning, it appears that the increase in oxygen 
pulse associated with iloprost administration was 
due largely to an increase in pulmonary blood 
flow. Iloprost is also unlikely to have increased the 
pressure in the Fontan circulation (i.e., pulmonary 
arterial pressure, because the pressure rise within 
the Fontan circuit is limited by the prodigious 
capacitance of the systemic venous circulation) or 
to have significantly affected the left atrial pres-
sure (and hence the transpulmonary pressure gra-
dient) at peak exercise. Thus, because pulmonary 
blood flow is equal to the transpulmonary pressure 
gradient divided by PVR, this equation implies 
that the increase in oxygen pulse was related pri-
marily to iloprost’s enhancement of the exercise- 
induced decline in PVR. The increased pulmonary 
blood flow that resulted from the iloprost-induced 
pulmonary vasodilation in turn led to improved 
ventricular preload, higher ventricular stroke vol-
ume, and better exercise function.

The effect of oral pulmonary vasodilators on 
the exercise function of Fontan patients has also 
been studied. While more practical for clinical 
use, oral agents may affect both the systemic and 
pulmonary vascular beds—a property that 
 complicates efforts to understand their hemody-
namic and clinical effects. Giardini et  al. found 
that medically stable Fontan patients who received 
a single dose of sildenafil, a phosphodiesterase 5 
inhibitor, achieved an increase in peak V̇O2 of 
9.4 ± 5.2% while a control group of similar Fontan 
patients had no change; 0.3 ± 4.1% [46]. Based 
upon data from measurements of pulmonary 
blood flow using inert gas rebreathing technology, 
they concluded that the improvement was related 
to an increase in pulmonary blood flow. This 
study was not blinded, however, and it is hard to 
know whether the observed improvement was due 
to physiologic effects of the drug or to increased 
encouragement and/or increased effort on the part 
of the patients as they were all aware that the med-
ication had been administered. Van De Bruaene 
et al. reported that a single relatively high dose of 
sildenafil improved cardiac output during exercise 
in association with a decrease in total pulmonary 
resistance and increase in stroke volume as esti-
mated by supine cardiac magnetic resonance. 
Notably, ventricular end diastolic volume tended 
to be lower following sildenafil administration – 
an unexpected finding if increased pulmonary 

O2P oxygen pulse, SV forward stroke volume, CpvO2 pulmonary venous oxygen content, CpaO2 
 pulmonary arterial oxygen content, PBF pulmonary blood flow, HR heart rate, PPA mean pulmonary 
artery pressure, PLA mean left atrial pressure, PVR pulmonary vascular resistance
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vasodilation and increased pulmonary blood flow 
were the sole factors accounting for the improved 
stroke volume and peak V̇O2 [14]. In contrast to 
these studies, in a double-blind, placebo-con-
trolled crossover trial, Goldberg et  al. did not 
detect an improvement in peak V̇O2 following a 
6-week course of sildenafil therapy; although 
there were hints of subtle improvements in sub-
maximal exercise parameters [47].

Hebert et al. reported that, in a randomized, pla-
cebo-controlled, blinded study, 14 weeks of treat-
ment with the endothelin receptor antagonist 
bosentan was associated with a modest (7.0%) 
increase in peak V̇O2, compared to an only 2.1% 
increase in the placebo group [10]. A study by 
Cedars et al. reported similar results in a randomized- 
controlled, blinded study [48]. In contrast, a multi-
center open-label trial by Schuuring et al. did not 
detect a beneficial effect of bosentan [49].

 Chronotropic Insufficiency

A chronotropic defect may also cause and/or con-
tribute to exercise dysfunction in Fontan patients. 
Many patients with Fontan palliation have a vari-
able degree of chronotropic insufficiency that, 
especially when severe, will adversely affect exer-
cise function [10, 25, 27]. Moreover, the Fontan 
patient’s ability to compensate for a decreased 
chronotropic response to exercise by increasing 
his/her stroke volume response to exercise is lim-
ited. Consequently, in these cases, appropriate 
pacemaker therapy can significantly improve 
exercise function. That said, while this interven-
tion is often clearly indicated (e.g., with complete 
heart block), it can be challenging to determine 
whether chronotropic insufficiency is contribut-
ing to patient symptoms in the context of sinus 
node dysfunction, especially when it is not severe.

 Other Causes of Exercise 
Dysfunction

Studies have also found that Fontan patients often 
have skeletal muscle abnormalities [36, 50], 
which may adversely affect the Fontan patient’s 

ability to augment preload, reduce afterload, and 
increase oxygen extraction during exercise. The 
potential contribution of skeletal muscles’ pump-
ing action to the Fontan patient’s exercise hemo-
dynamics can be readily appreciated from the 
illustration of circulatory system energetics found 
in Fig.  15.1. It is therefore not surprising that 
numerous studies have found that exercise train-
ing has a beneficial effect upon the exercise func-
tion of patients with Fontan circulations [51–55].

Venous return during exercise may also be 
influenced by systemic venous compliance and 
function. Studies have found that systemic 
venous compliance is markedly reduced in the 
stable young Fontan circulation, presumably as a 
compensatory mechanism to prevent orthostatic 
hypotension in the absence of a subpulmonary 
pump [56, 57]. In one case report clinical deterio-
ration and exercise limitation was attributed to a 
hemodynamically inappropriate increase in 
venous compliance that resulted in impaired 
venous return and pulmonary blood flow [22]. 
This observation takes on additional importance 
when one recognizes that oral pulmonary vasodi-
lators, such as phosphodiesterase 5 inhibitors, 
also have systemic venodilating effects. It should 
be further noted that while venous dilation may 
reduce the potential positive, pulmonary 
vasodilator- related impact of these agents on 
exercise capacity, venodilation may also reduce 
systemic venous pressure. Consequently, 
although these agents may not effectively 
increase peak V̇O2, they might permit Fontan 
patients to perform physical activities at a lower 
systemic venous pressure and may thereby reduce 
some of the long-term deleterious effects of sys-
temic venous hypertension.

 Fenestration Closure

Right-to-left shunting between the high pressure 
Fontan pathway and the (obligatively lower pres-
sure) pulmonary venous atrium is present in all 
Fontan patients with patent fenestrations and 
results in arterial desaturation. Closing these 
communications will reduce right-to-left shunt-
ing and improve arterial saturation. Some have 
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hoped that this intervention would also have a 
salutary effect upon exercise capacity (peak V̇O2). 
This hypothesis was tested by Meadows et al. in 
a study of 20 Fontan patients who underwent 
CPET before and after transcatheter fenestration 
closure [58]. Fenestration closure was associated 
with a small but statistically insignificant 
improvement in peak V̇O2. Fenestration closure 
was also associated with a dramatic and consis-
tent decrease in the V̇E /V̇CO2 slope (all 20 patients; 
Fig. 15.5 [58]) and a dramatic, consistent increase 
in the end-tidal pCO2 (in 19/20 patients). These 
changes are predictable based upon the physiol-
ogy of right-to-left shunts described in Chap. 12. 
During exercise, the right-to-left shunting blood’s 
oxygen content is low and the CO2 content is 
high. When the CO2-rich blood enters the sys-
temic arterial circulation, the increased pCO2 is 
sensed by arterial chemoreceptors triggering 
homeostatic mechanisms that cause increased 
ventilation (which raises the V̇E/V̇CO2 slope) in 
order to reduce the pCO2 of the blood returning 
from the lungs (which is reflected by the end- 

tidal pCO2) so that the pCO2 of the systemic arte-
rial blood (which is the mixture of the pulmonary 
venous and right-to-left shunting blood) is 
restored to normal levels. It should be noted that, 
although improved, the Fontan patients’ V̇E/V̇CO2 
slopes remained abnormally high and their end- 
tidal pCO2 levels remained abnormally low, even 
after fenestration closure, largely because the 
pulmonary blood flow maldistribution and conse-
quent V/Q mismatch associated with the absence 
of a sub-pulmonary ventricle.

The absence of a significant improvement in 
peak V̇O2 can also be understood from an analysis 
of the physiology of Fontan fenestration closure. 
Once again, this physiology is best appreciated 
from the modification of the Fick equation 
whereby the oxygen pulse is viewed not as the 
product of forward stroke volume and oxygen 
extraction but as the (mathematically equivalent 
but conceptually different) product of the amount 
of blood flowing to the lungs per heartbeat times 
the amount of oxygen added by the lungs to each 
liter of blood:
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Fenestration closure would not be expected to 
change CpvO2, CpaO2 or heart rate at peak exer-
cise. Nor would it have an effect upon the pulmo-
nary vascular resistance. At peak exercise the 
Fontan pressure rises to as high as the systemic 
venous capacitance will allow, and this value 
would not be affected by fenestration closure. 
Finally, closing a fenestration is unlikely to have 
much of an effect upon a Fontan patient’s left 
atrial pressure at peak exercise. Thus, none of the 
variables that determine the oxygen pulse (or 
V̇O2) at peak exercise are significantly affected by 
fenestration closure, and it is therefore not sur-
prising that significant changes in these parame-
ters were not observed.

It is instructive to compare the physiologic 
changes associated with fenestration closure to 
those associated with transcatheter closure of a 
pulmonary arteriovenous malformation (AVM) 
in a patient with an otherwise normal, biventricu-
lar circulation [59–61]. As with a Fontan fenes-
tration, the pulmonary AVM results in a 
right-to-left shunt with deoxygenated, hypercap-
neic systemic venous blood bypassing the alveoli 
and mixing with the pulmonary venous blood 
returning from the alveoli. Consequently, these 
patients have elevated V̇E/V̇CO2 slopes and low end 
tidal pCO2 levels [59] for physiologic reasons 
identical to those encountered in Fontan patients 
with patent fenestrations. When these lesions are 
successfully closed, however, the V̇E/V̇CO2 slopes 
and end tidal pCO2 levels normalize because, 
unlike Fontan patients, they do not have persis-
tent V/Q mismatch secondary to the pulmonary 
blood flow maldistribution associated with the 
absence of a subpulmonary ventricle. Moreover, 
in contrast to the Fontan patients undergoing fen-
estration closure, in a patient with isolated pul-
monary AVM the peak V̇O2 rises dramatically 
following closure of the malformation. The rea-
son for this discrepant response is readily appre-
ciated from the equation above, if one understands 
the “PBF” in that equation to be the “effective” 
pulmonary blood flow (i.e., the blood flow that 
goes to the alveoli), the “PVR” to be the pulmo-
nary arteriolar resistance, and the “Cpv” to be the 

oxygen content of blood returning from the alve-
oli. Prior to closure of the malformation, the low-
resistance AVM steals blood from the pulmonary 
artery and lowers the mean pulmonary artery 
pressure, resulting in decreased effective pulmo-
nary blood flow. Following closure, the mean 
pulmonary artery pressure will be higher, as there 
no longer will be run-off of blood through the 
low-resistance AVM. The equation demonstrates 
that, if all the other variables remain unchanged 
(as is likely), the pulmonary blood flow, stroke 
volume, oxygen pulse, and peak V̇O2 will all be 
higher following successful AVM occlusion.

 The Fontan Circulation 
as a Benchmark for Other 
Congenital Heart Defects

It is often worthwhile to utilize exercise data 
from Fontan patients as a benchmark against 
which to compare patients with other congenital 
heart defects. This undertaking is particularly rel-
evant when applied to diagnoses that may be 
amenable to single ventricle or biventricular pal-
liation. Although it may seem reasonable to 
assume that biventricular palliation is usually 
preferable, the reality is more complex. For 
instance, among patients with pulmonary atresia 
with intact ventricular septum, studies have found 
that the peak V̇O2 of those who have undergone 
biventricular repair is not significantly better than 
that of those who have undergone Fontan pallia-
tion [62, 63]. The biventricular repair patients 
appear to segregate into two groups: those whose 
peak VȮ2 is significantly better than those of the 
Fontan patients, and those whose peak V̇O2 is sim-
ilar to or worse than the Fontan patients. The tri-
cuspid valve Z score on a neonatal echocardiogram 
was found to be the factor most strongly associ-
ated with poor exercise function in the biventric-
ular group [63]. It seems that patients with more 
severe degrees of initial right heart hypoplasia 
who are forced down a biventricular pathway 
incur a greater risk of late deficits in aerobic 
capacity. Moreover, the Fontan patients with the 

J. Rhodes and A. R. Opotowsky



109

worst aerobic capacity were those in whom 
Fontan palliation was undertaken later, suggest-
ing that delaying Fontan completion by attempt-
ing to maintain a failing biventricular repair may 
ultimately cause long-term limitation of exercise 
function [62]. These data therefore question the 
wisdom of trying to create a biventricular circula-
tion in patients with severe right ventricular 
hypoplasia. It must be recognized, however, that 
although exercise capacity is an important mea-
sure in itself and is an excellent surrogate for 
clinical outcomes in almost all situations that 
have been studied, it should not be assumed to 
predict long-term outcomes without empiric vali-
dation. The long-term outcomes of biventricular 
repair of marginal circulations remain to be 
defined and must await long-term follow-up stud-
ies of sizable cohorts undergoing single ventricle 
vs. biventricular repairs of borderline 
circulations.

It should also be noted that the V̇E/V̇CO2 slope 
of patients with Fontan palliation was signifi-
cantly higher than that of patients with biventric-
ular palliation [62], once again highlighting the 
importance of the subpulmonary ventricle in 
maintaining pulmonary artery pulsatility, normal 
pulmonary blood flow distribution, normal V/Q 
matching, and efficient gas exchange during 
exercise. The importance of these physiologic 
functions should also be taken into consideration 
when making clinical decisions regarding the 
management of patients with hypoplastic right 
ventricles.

Analogous studies in patients with left ven-
tricular hypoplasia have not yet been undertaken, 
undoubtedly because fetal interventions for 
severe aortic stenosis and the concept of attempt-
ing to “recruit” a small left ventricle with the 
hope that it will ultimately serve as the systemic 
ventricle have only been recently introduced. 
Consequently, there are very few survivors of 
this management strategy who are old enough to 
perform a cardiopulmonary exercise test. 
However, there are other exercise studies, in 
slightly different patient populations, that may 
be informative. It has been found that the exer-

cise function of children and adolescents with 
biventricular circulations following interven-
tions for severe aortic stenosis within the first 
6  months of life (including some who had 
Congenital Heart Surgeon Society scores and 
modified Rhodes stratification scores [64] that 
predicted them to have a survival advantage with 
single-ventricle palliation) tends to be better 
than that of Fontan patients [65]. If this were not 
the case, the rationale for pursuing an aggres-
sive  approach toward fetal aortic stenosis and/
or the recruitment of a congenitally hypoplastic 
left ventricle would be weakened. However, 
the  superior exercise function of this group of 
patients constitutes an argument in favor of 
ongoing attempts to pursue and improve this 
therapeutic approach.

 Prognostic Value 
of Cardiopulmonary Exercise 
Testing Data in Patients with Fontan 
Circulations

A number of studies have established the prog-
nostic value of exercise testing data in patients 
with Fontan circulations. In a study of 146 ado-
lescent and young adult Fontan patients, 
Fernandes et al. found that the hazard for death 
for patients with a peak oxygen consumption of 
<16.6 mL/kg/min was 7.5 times that of patients 
with a higher peak V̇O2. Similarly, the hazard 
ratio for patients with peak exercise heart rates 
of <123  bpm was 10.6 (95% CI 3.0, 37.1; 
P <0.0002; Fig. 15.6) [30]. Moreover, the com-
bination of peak heart rate  ≥123, peak 
V̇O2 ≥16.6 ml/kg/min and VAT ≥9.0 ml/kg/min 
conferred a 98% negative predictive value for 
mortality over a median of 3.7 years of follow-
up [30]. Similarly, Inuzaka et al. found that the 
heart rate reserve and %predicted peak V̇O2 pro-
vided strong prognostic information for patients 
with Fontan circulations [26]. On the other hand, 
Diller et al. reported that CPET parameters were 
strongly predictive of hospitalization, but not of 
death [66].
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There has also been research on serial changes 
in peak V̇O2 over time. Egbe et al. reported that a 
decline in %predicted peak V̇O2 of >3 percentage 
points per year was a powerful predictor of sub-
sequent adverse cardiovascular events [67]. 
Cunningham and colleagues reported that each 
10% decline in peak V̇O2 between 2 CPETs per-
formed 6–30 months apart was associated with a 
two-fold increased risk of a combined endpoint 
of death or cardiac transplantation, even after 
adjusting for the baseline value of peak V̇O2. 
These reports suggest that serial changes in aero-

bic capacity provide substantial information 
beyond single measurements [68].

 Prototypical Patient

The patient was a 17-year-old adolescent who 
was born with dextrocardia, tricuspid atresia, and 
transposition of the great arteries. A pulmonary 
artery band was placed when he was 2  months 
old and he underwent a Damus-Kaye-Stansel 
procedure and lateral tunnel fenestrated Fontan 
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procedure when he was 2.5 years old. The fenes-
tration was closed electively when he was 7 years 
old. At the time of the exercise test (Table 15.2 
and Fig. 15.7), he was asymptomatic. He worked 
out at a gym and/or at home several times a week 
and felt that his exercise capacity was normal. 
His echocardiogram revealed good ventricular 
function, mild mitral regurgitation, and an unob-
structed Fontan pathway. No evidence of a resid-
ual fenestration was detected. The exercise test 
was obtained to further characterize his current 
cardiologic status.

Based upon his peak RER the patient expended 
a good effort. His peak work rate and peak VȮ2 
were moderately depressed. The V̇O2 at the VAT 
was also low. The low peak exercise values 
appeared to be related to a low oxygen pulse. 
Although he had an ectopic atrial rhythm, his 
ability to increase his heart rate during exercise 
was well preserved. He had excessive ventilation 
associated with a low end-tidal pCO2 during 
exercise. Mild arterial oxygen desaturation was 
present at rest and at peak exercise. Baseline spi-
rometry revealed a mild, primarily obstructive 
pattern. His breathing reserve was normal.

The exercise test data revealed that, although 
he was asymptomatic and believed he had normal 
exercise capacity, objective measurements 
revealed that his exercise function was in fact 
moderately depressed. The difference between 
his perception and reality probably related, at 
least in part, to the fact that he was born with seri-
ous congenital heart disease and had never known 
what it is like to have a normal heart. The 
decreased exercise tolerance appeared to be due 
to a low stroke volume response to exercise, 
despite the presence of normal left ventricular 
function on echocardiography and only mild 
mitral regurgitation. This phenomenon probably 
reflects the fact that his ability to increase his 
stroke volume during exercise was limited by his 
ability to increase blood flow through his pas-
sively perfused lungs during exercise. The ele-
vated V̇E/V̇CO2 slope and low end-tidal pCO2 
during exercise are typical of Fontan patients and 
result from ventilation/perfusion mismatch sec-
ondary to the pulmonary blood flow maldistribu-
tion in the passively perfused, non-pulsatile 
pulmonary circulation. The spirometric abnor-
malities are also typical of patients with complex 
congenital heart disease who have undergone 
multiple surgical procedures.

Table 15.2 Selected data from cardiopulmonary exer-
cise test

Parameter Value

Peak V̇O2 (ml/kg/min) 31.7

Peak V̇O2 (%predicted) 66
Peak work rate (W) 192
Peak work rate (%predicted) 68
Peak RER 1.11
Peak O2 pulse (%predicted) 76
Peak heart rate (bpm) 164
Peak heart rate (%predicted) 95
Heart rate increase Excessive
V̇O2 at VAT (% of predicted peak 
V̇O2)

32

End-tidal pCO2 at VAT (mm Hg) 28
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 35
Forced vital capacity 
(%predicted)

81

FEV1 (%predicted) 81
FEF 25–75 (%predicted) 70
Breathing reserve 38
Rhythm Atrial throughout 

study
Blood pressure response Normal
Oxygen saturation at rest (%) 93
Oxygen saturation at peak 
exercise (%)

92

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Aortic Valve Disease

Jonathan Rhodes

 Basic Anatomy

A congenital anomaly of the aortic valve is the 
most common cause for aortic valve dysfunction in 
children. A number of anatomic variants exist 
characterized by variable degrees of fusion or other 
deformities of the aortic valve leaflets. Variable 
degrees of annular hypoplasia may also be present. 
Aortic valve prolapse into a subaortic ventricular 
septal defect (VSD) is an occasional cause of aortic 
insufficiency in childhood. Aortic insufficiency can 
also develop in the setting of an obstructive 
subaortic membrane. Although historically 
rheumatic fever has been a common cause of aortic 
insufficiency in the pediatric years, in recent 
decades it has become a relatively rare condition.

Severe aortic stenosis (AS) is poorly tolerated 
and requires surgical and/or transcatheter inter-
vention. These interventions alter the structure of 
the valve and usually substantially relieve the ste-
nosis. Of course, however, normal anatomy is not 
restored and residual AS and/or aortic regurgita-
tion (AR) is common after these interventions. 
Aortic valve dysfunction may gradually progress 

over time during the pediatric years. Episodes of 
bacterial endocarditis may precipitate rapid dete-
rioration in aortic valve function [1].

 Exercise Hemodynamics: Aortic 
Regurgitation

In the presence of an incompetent aortic valve, 
some of the blood ejected by the left ventricle 
(LV) into the aorta during systole regurgitates 
back into the LV during the following diastole. 
This imposes a chronic volume overload upon 
the LV, which is accommodated by increased LV 
end-diastolic volume, increased LV compliance, 
and left ventricular hypertrophy. These accom-
modations allow the patient to maintain a normal 
cardiac output despite the abnormal aortic valve 
function [2].

Patients with significant aortic regurgitation 
(AR) typically have a low aortic diastolic pres-
sure, because the runoff of blood from the aorta 
across the regurgitant valve during diastole 
causes the aortic pressure to decline more steeply. 
The runoff of blood into the LV will also tend to 
raise the LV diastolic pressure. Consequently, the 
coronary perfusion pressure (i.e., coronary artery 
pressure minus LV diastolic pressure) tends to be 
low; in severe cases coronary perfusion may be 
compromised [2].

Patients with (isolated) AR also tend to have 
slightly elevated aortic systolic pressure and an 
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increased pulse pressure (ΔP), i.e., the systolic 
pressure minus the diastolic pressure. This phe-
nomenon can be understood from a rearrange-
ment of the compliance equation:

 � �P V Compliance� /  

For the purposes of this discussion, this equa-
tion may be rewritten as:

 
Mean Aortic Pressure Mean Right Atrial Pressure C� � � ��� �� �� .OO x SVR. .� � � �

The stroke volume (i.e., the amount of blood 
pumped by the LV into the aorta) of patients with 
AR will always be elevated, as it is comprised of 
the volume of blood required to meet the meta-
bolic demands of the body plus the regurgitant 
volume. Hence, unless the compliance of the 

arterial tree is markedly increased (in a magni-
tude comparable to the increase in stroke vol-
ume), the systolic pressure will be higher than 
normal and the ΔP will be increased.

Another perspective on these hemodynamics 
is provided by the equation:

 
�� � � � � � �P Stroke Volume Compliance of the Arterial Tree/

 

This equation states that the pressure drop 
across the systemic vascular bed equals the car-
diac output times the systemic vascular resistance. 
If the cardiac output and systemic vascular resis-
tance are normal, a lower-than-normal aortic dia-
stolic pressure must be accompanied by a 
higher-than-normal aortic systolic pressure in 
order to maintain an adequate mean aortic 
pressure.

This discussion underscores the fact that the 
LV of patients with AR must perform more work 
(i.e., pressure times volume) than the normal left 
ventricle. Myocardial oxygen demand will there-
fore be elevated, in the setting of potentially com-
promised myocardial perfusion pressures and 
myocardial oxygen delivery. Consequently, it is 
not surprising that, over time, progressive LV 
dilation and dysfunction may develop, and the 
adaptive mechanisms previously described will 
no longer be capable of maintaining adequate car-
diac output with acceptable LV filling pressure. 
Congestive heart failure will then develop [2, 3].

In the presence of an incompetent aortic valve, 
the degree of AR is determined primarily by the 
systemic vascular resistance (SVR) and the sever-
ity of the aortic valve incompetence. The dramatic 
decline in SVR that occurs during exercise pro-
motes forward blood flow, tends to reduce the 
severity of the AR, and mitigates the hemody-

namic impact of the valvular incompetence. In a 
study of 12 young (median age 22 years) patients 
undergoing a cardiac magnetic resonance imaging 
(MRI) study during exercise, Stern et al. reported 
that the AR fraction fell from 35% to 16% during 
submaximal exercise. This improvement was 
associated with a decline in the end- diastolic vol-
ume from 118 to 102 ml/m2 [4]. Consequently, the 
excess pressure-volume work that the LV must 
perform tends to decline during exercise.

 Exercise Hemodynamics: Aortic 
Stenosis

In patients with AS, the LV must generate 
increased pressure during systole in order to 
overcome the obstruction caused by the stenotic 
aortic valve. A systolic gradient therefore exists 
between the LV and the aorta (and coronary 
arteries). The increased wall stress resulting from 
the elevated LV systolic pressure causes the LV 
to develop compensatory hypertrophy and 
thereby normalize the wall stress (wall stress is 
directly proportional to the ventricular pressure 
and internal diameter, and inversely proportional 
to the wall thickness). In patients with less than 
severe AS, this compensatory mechanism allows 
the left ventricle to maintain normal or near-nor-
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mal cardiac outputs even during physical activity. 
The LV hypertrophy will adversely affect LV dia-
stolic function, however. Over time, myocardial 
fibrosis may also develop and further impair LV 
diastolic function [2].

The gradient across a stenotic aortic valve will 
be determined primarily by the degree of stenosis 
and the amount of flow going across the valve. 
Hence, the gradient across the aortic valve invari-
ably increases as the cardiac output increases dur-
ing exercise. The LV therefore must perform an 
excessive amount of pressure-volume work at rest, 
and in contrast to patients with AR, this burden 
increases during exercise. The excessive workload 
results in increased myocardial oxygen demand. 
Typically the aortic diastolic pressure is relatively 
well preserved (compared to patients with AR), 
and myocardial perfusion pressure during diastole 
is therefore usually fairly well maintained. LV 
pressure exceeds myocardial  perfusion pressure 
during systole, however. Moreover, in the pres-
ence of diastolic dysfunction, elevated ventricular 
diastolic pressures can impair coronary blood 
flow. These conditions render the subendocardial 
region particularly vulnerable to myocardial isch-
emia, as the LV’s intracavitary pressure is trans-
mitted most forcefully to this region.

Many consider exercise testing to be contraindi-
cated in pediatric patients with severe AS in whom 
surgical or transcatheter intervention is clearly war-
ranted [5]. These patients are at increased risk for 
sudden death and other serious complications dur-
ing exercise [6], and the risks of exercise testing 
therefore do not outweigh the benefits of the proce-
dure, as the data will have minimal impact upon the 
patient’s management. Consequently, pediatric 
patients with more than moderate, isolated AS 
rarely undergo exercise testing. AR or mixed aortic 
valve disease are, by far, the more common physi-
ologic conditions encountered in the pediatric exer-
cise physiology laboratory.

 Exercise Function

The exercise capacity of pediatric patients with 
aortic valve disease who are referred for exercise 
testing tends to be remarkably well preserved. 

(As noted previously, this generalization may not 
apply to patients with severe AS, as they are not 
often referred for exercise testing.) In a study of 
26 consecutive, asymptomatic patients with mod-
erate or severe AR, Rhodes et al. reported that the 
peak V̇O2 averaged 94 ± 23 %predicted. Only 7/26 
had a peak V̇O2 less than 75 %predicted. Exercise 
capacity did not correlate with any of the mea-
sured (resting) echocardiographic parameters of 
ventricular function. However, a low peak V̇O2 
was almost always associated with a depressed O2 
pulse at peak exercise, suggesting that an inability 
to maintain forward stroke volume during exer-
cise was the primary factor responsible for the 
patients’ poor exercise function [7]. In a study of 
30 patients (median age 13.1  years) who had 
undergone balloon valvuloplasty for critical or 
severe AS in early infancy (median age 12 days), 
peak V̇O2 averaged 87 ± 18 %predicted and was 
above 70 %predicted in all but seven patients. 
Significant residual aortic valve disease was com-
mon in this cohort. The median peak Doppler gra-
dient across the aortic valve was 34 mm Hg (range 
0–65 mm Hg) and 37% of the patients had moder-
ate or severe AR. Once again, a low peak V̇O2 was 
almost always associated with a low O2 pulse. 
There was a negative correlation between age at 
testing and peak V̇O2. No other demographic, his-
torical, or echocardiographic variables were asso-
ciated with peak V̇O2.

Other studies have also documented that the 
exercise function of pediatric patients with aortic 
valve disease tends to be well preserved. Both 
Goforth et al. [8] in a study of 25 children and 
Alpert et al. [9], in a study that included 20 pedi-
atric patients with AR, found that the exercise 
capacity of their patients did not differ from that 
of normal control subjects. Similarly, Goldberg 
et  al. found that the average relative maximum 
endurance index of 14 children with AR was only 
slightly reduced compared to normal subjects, 
and that the exercise capacity of all but 3 of the 
subjects was within the normal range [10]. In a 
recent study of asymptomatic adults (aged 
44 ± 14 years), Broch et al. found that peak V̇O2 
was well preserved (107 ± 26 %predicted), and 
that patients with a lower resting heart rate and 
larger LV end diastolic volume (based on cardiac 
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MRI measurements) tended to have higher peak 
V̇O2. Measurements of the AR fraction at rest did 
not correlate with peak V̇O2 [3].

The well-preserved exercise capacity of most 
pediatric patients with aortic valve disease attests 
to the effectiveness of the LV remodeling that is 
typically encountered in this patient population, 
and the salutary hemodynamic effects of the 
decline in SVR that occurs during exercise.

 Clinical Implications

In adult patients with AS, exercise-induced ST 
changes and a blunted systolic blood pressure 
response to exercise have been shown to be use-
ful in identifying patients with and without an 
increased risk for sudden death [11, 12]. These 
phenomena are commonly encountered in pediat-
ric patients with aortic valve disease [7, 13, 14] 
and their prognostic value has not been estab-
lished. Unless extreme, the clinical significance 
of these findings in the pediatric age group is 
probably only marginal. Exercise-induced symp-
toms [12, 15] and/or complex ventricular arrhyth-
mias have also been associated with an increased 
risk of sudden death in adult AS patients [11]. 
These phenomena are rarely encountered in pedi-
atric patients and probably do have important 
clinical implications. One study has also reported 
that stress echocardiography can detect wall 
motion abnormalities in some pediatric patients 
with AS, but the clinical significance of these 
observations has not been established [13].

Among pediatric patients, a peak-to-peak sys-
tolic gradient of >50 mm Hg, in the absence of 
significant AR, is considered an indication for 
balloon valvuloplasty. Surgical intervention is 
usually required for patients with high systolic 
gradients and more than mild AR [1]. Decisions 
about when to refer these patients to surgery can 
often be extremely difficult. Exercise testing can 
be a particularly helpful adjunct to the decision- 
making process in these patients.

In adult patients with chronic, severe AR, aor-
tic valve repair/replacement (AVR) is generally 
recommended if they are symptomatic, have evi-
dence of ventricular dysfunction (LVEF <50% in 
the absence of another cause for the LV dysfunc-

tion) or severe LV dilation (LV end systolic 
dimension >50  mm or  >  25  mm/m2) [16, 17]. 
Among adult patients with chronic severe AR 
who develop symptoms, a high risk of death has 
been documented if AVR is not performed. In a 
series of 246 patients with severe AR followed 
without surgery, those who were New York Heart 
Association (NYHA) class III or IV had a mortal-
ity rate of 24.6% per year; even NYHA class II 
symptoms were associated with increased mor-
tality (6.3% per year). Numerous other studies 
indicate that survival and functional status after 
AVR are related to severity of preoperative symp-
toms assessed either subjectively or objectively 
with exercise testing, with worse outcomes in 
patients who undergo surgery after development 
of moderately severe (NYHA class III) symp-
toms or impaired exercise capacity. Postoperative 
survival is significantly higher in symptomatic 
patients with normal LVEF compared with those 
with impaired systolic function, but even in 
symptomatic patients with severely depressed 
systolic function, surgery is recommended over 
medical therapy. Surgical risks and outcomes are 
worse in patients who have long-standing (e.g., 
>14 months) LV dysfunction, independent of the 
level of symptoms. The importance attached to 
the LV end systolic dimension relates to the con-
cern that end systolic dilation may be a precursor 
to or early sign of LV dysfunction. For patients 
without symptoms, LV dysfunction or severe LV 
dilation, continued observation and medical man-
agement is felt to carry a lower risk than surgical 
or transcatheter intervention [16, 17]. The value 
of exercise testing in the objective assessment of 
the adult AR patient’s level of symptoms has 
been recognized [17]. However, the exact role of 
exercise testing in the determination of when to 
intervene in adult patients with AR is not well 
established [18, 19].

Data regarding the risks and benefits of surgi-
cal/transcatheter intervention for pediatric 
patients with chronic AR are not nearly as robust 
as the adult data. However, the principles that 
have been developed for adult patients with 
regard to symptoms, LV dysfunction, and LV 
dilation are generally applied; i.e., surgical inter-
vention should be undertaken when there are 
symptoms or when (or, perhaps, just before!) 
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 evidence of ventricular dysfunction develops. 
Additional considerations that apply to the pedi-
atric patient include the likelihood that hemody-
namic function of a repaired or prosthetic valve 
will deteriorate more rapidly on account of the 
rapid somatic growth during the pediatric years, 
the unattractive option of using anticoagulants in 
an active child or adolescent with a mechanical 
prosthetic valve, and the greater likelihood that 
aortic valve repair, rather than replacement, can 
be achieved in a pediatric patient compared to an 
adult with calcific aortic valve disease [1].

Data from exercise physiology testing can help 
inform the difficult clinical decisions regarding 
the timing of interventions for pediatric AR 
(±AS). As noted in Chap. 13, the assessments of 
“symptoms,” which is a crucial component of the 
decision-making process in these patients, is often 
unreliable when based upon the reports of a child, 
his/her parents, or an adult with congenital heart 
disease. Cardiopulmonary exercise testing 
(CPET), however, can provide quantitative, objec-
tive, and reproducible data in this regard. It is not 
uncommon to find that patients who are “asymp-
tomatic” in fact have significantly depressed exer-
cise function, or that patients who complain of 
exercise intolerance actually have normal exercise 
function. Moreover, as discussed previously, 
imaging studies performed at rest cannot accu-
rately identify the relatively small subset of pedi-
atric patients with AR who have significantly 
depressed exercise function. If, however, CPET 
reveals that a patient’s peak V̇O2 and the oxygen 
pulse (i.e., forward stroke volume) at peak exer-
cise are low, concern about early LV dysfunction 
should be raised and prompt further evaluation, 
closer monitoring, and/or a lower threshold for 
surgical intervention considered [7].

CPET is particularly helpful for patients with 
borderline indications for intervention. If the 
results of the CPET are reassuring, continued 
conservative management and close observation 
is probably reasonable. However, if the CPET 
elicits concerning findings, such as a low peak 
V̇O2 and peak oxygen pulse, severe ST changes, 
arrhythmias, hypotension, angina, syncope or 
near syncope, early intervention would be appro-
priate. A decline in the oxygen pulse during 
exercise is an unusual and potentially ominous 

sign that should also motivate consideration of 
early intervention.

CPET testing is also worthwhile for asymp-
tomatic AR patients with normal resting LV 
function and more modest LV dilation. If the 
CPET abnormalities previously described are 
detected, or if a significant deterioration is 
detected on serial CPET studies, the possibility 
that the patient has been miscategorized on the 
basis of his/her non-CPET data should be con-
sidered. Under these circumstances, it is appro-
priate to seek additional data, arrange more 
frequent follow- up and perhaps lower the thresh-
old for intervention.

 Prototypical Patient

The patient was a 10-year-old boy who was born 
with a bicuspid aortic valve. Although there was 
only mild AS/AR at birth, over time the AR grad-
ually worsened. There was only trivial AS (peak 
echocardiographic gradient 15  mm Hg). At the 
time of the exercise test, the AR fraction, by MRI, 
had increased to 51%. The LV end diastolic vol-
ume was 197 ml/m2, end systolic volume 83 ml/
m2, and ejection fraction 0.58. He was, however, 
asymptomatic. He was treated with afterload 
reduction therapy. The CPET (Table  16.1 and 
Fig.  16.1) was performed to further assess his 
current cardiologic status.

Table 16.1 Selected data from the cardiopulmonary 
exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 55.6
Peak V̇O2 (%predicted) 98
Peak work rate (W) 121
Peak work rate (%predicted) 101
Peak RER 1.10
Peak O2 pulse (%predicted) 99
Peak heart rate (bpm) 200
Peak heart rate (%predicted) 103
V̇O2 at VAT (% of predicted peak V̇O2) 58
Blood pressure response Normal
V̇E/V̇CO2 slope 28
End-tidal pCO2 at VAT (mm Hg) 40
End-tidal pCO2 during exercise Normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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A cycle ergometer with a 12 W/min ramp was 
employed. The respiratory exchange ratio (RER) 
at peak exercise was 1.10 and the peak heart rate 
was 200 bpm, indicating that he expended a good 
effort. His peak work rate, peak V̇O2, peak O2 pulse 
and V̇O2 at the ventilatory anaerobic threshold 
(VAT) were normal. No ectopy or significant STT 
changes developed during the study. His systolic 
blood pressure increased appropriately during 
exercise. His gas exchange during  exercise was 

normal. He did not experience any symptoms dur-
ing the study.

Despite the presence of severe AR at rest, the 
patient was able to increase his forward stroke 
volume (as reflected by the O2 pulse) to appropri-
ate levels at peak exercise, and was thereby able 
to achieve normal peak exercise parameters. The 
preserved exercise function probably reflected 
the fact that: (1) the health of his LV was still 
quite good, and (2) the systemic vasodilation 

Fig. 16.1 Nine-panel graph from a prototypical patient 
with aortic regurgitation. Abbreviations: AT ventilator 
anaerobic threshold; BTPS body temperature and pressure, 
saturated; Exer exercise; PETCO2 end-tidal pCO2; PETO2 

end-tidal pO2; Rec recovery; RER respiratory exchange 
ratio; V̇CO2 carbon dioxide production; V̇E minute 
ventilation; V̇O2 oxygen consumption; V̇O2/HR oxygen 
pulse
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associated with exercise probably mitigated the 
hemodynamic effects of the incompetent aortic 
valve and reduced the severity of the AR during 
exercise.
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Coarctation of the Aorta

Jonathan Rhodes and Alexander R. Opotowsky

 Basic Anatomy

Coarctation of the aorta (CoA) is characterized 
by distal aortic arch obstruction. The obstruc-
tion is typically located opposite to the entry of 
the ductus arteriosus (“juxtaductal”) and may be 
just proximal or distal to the left subclavian 
artery. It is often associated with a variable 
degree of aortic arch hypoplasia. A bicuspid 
aortic valve is present in ~50% of cases. 

Ventricular septal defects, left-sided obstructive 
lesions, and other intracardiac anomalies are 
also commonly encountered [1]. Some investi-
gators have also found evidence that CoA is 
sometimes associated with a more generalized 
aortopathy [2, 3]. Following repair of CoA, a 
variable degree of arch obstruction may remain 
[4, 5]. Aortic compliance may also be abnormal 
[2, 3, 6, 7].

 Hemodynamics

Patients who have had CoA surgery are prone 
to  developing systemic hypertension and the 
complications related to this condition (e.g., 
left  ventricular hypertrophy, premature athero-
sclerotic disease, etc.), even after successful 
repair [3–5, 8–15]. At rest, a small systolic gradi-
ent is often detectable across the aortic arch. In 
the exercise laboratory, this gradient may be 
detected by obtaining (near) simultaneous right 
upper and lower extremity  blood pressures, or 
with Doppler echocardiography. Doppler esti-
mates of the arch gradient should correct for the 
proximal velocity [4, 12, 16]. Occasionally, a 
patient will have an aberrant right subclavian 
artery that arises distal to the CoA; under these 
circumstances, a left upper extremity blood 

J. Rhodes (*) 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA
e-mail: jonathan.rhodes@cardio.chboston.org 

A. R. Opotowsky 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA 

Division of Cardiovascular Medicine, Department of 
Medicine, Brigham and Women’s Hospital, Boston, 
MA, USA

Exercise Physiology Laboratory, Department of Cardiology, 
Boston Children’s Hospital, Boston, MA, USA
e-mail: alexander.opotowsky@cardio.chboston.org

17

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16818-6_17&domain=pdf
mailto:jonathan.rhodes@cardio.chboston.org
mailto:alexander.opotowsky@cardio.chboston.org


126

 pressure should be determined. Rarely, both the 
left subclavian artery and the aberrant right sub-
clavian artery arise distal to the CoA.  In these 
cases only Doppler echocardiography can pro-
vide reliable estimates of the arch gradient.

 Exercise Function

The exercise function of patients with repaired 
aortic CoA tends to be mildly reduced [11, 14]. 
Immediately after exercise, dramatic increases 
in the arch gradient and the systolic pressure 
proximal to the obstruction are commonly 
observed [11, 14, 17]. These abnormalities 
impose a pressure load on the left ventricle. 
Consequently, the left ventricle’s ability to aug-
ment stroke volume during exercise may be 
impaired  – a phenomenon reflected by a low 
oxygen pulse at peak exercise [8, 11, 17]. The 
residual arch obstruction may also impair blood 
flow and oxygen delivery to the lower extremi-
ties during exercise. The muscles in the legs 
may therefore develop an early and excessive 
reliance upon anaerobic metabolism for the 
generation of the ATP required for exercise. 
This phenomenon may be reflected by in a dis-
proportionately low anaerobic threshold and/or 
oxygen consumption/work rate relationship 
[12]. Consistent with this hypothesis, lower 
extremity muscle biopsies obtained during 
exercise from patients who have had CoA 
repairs have been found to contain higher levels 
of lactate than did biopsies obtained from nor-
mal subjects under similar conditions [18]. 
Doppler echocardiographic studies have also 
found that patients with successfully repaired 
CoA have impaired lower extremity blood flow 
during exercise [6].

Gas exchange during exercise, as reflected 
by the V̇E/V̇CO2 slope, tends to be normal [17]. 
In the absence of beta blocker therapy, the heart 
rate response to exercise also tends to be 
normal.

 Clinical Implications

Exercise-induced arch gradients and/or upper 
extremity systolic hypertension have been associ-
ated with an increased risk for the development 
of systemic hypertension and left ventricular 
hypertrophy [8, 14, 15]. Indeed, compared to the 
systolic blood pressure at rest, the peak-exercise 
systolic blood pressure has been found to have a 
much stronger association with left ventricular 
hypertrophy [11]. Some investigators have there-
fore suggested that early anti-hypertensive ther-
apy be considered in patients found to have these 
abnormalities [4, 15, 16]. However, in the absence 
of a significant resting gradient and detectable 
anatomic obstruction, it is unclear whether surgi-
cal and/or transcatheter interventions have a role 
in this clinical setting.

 Boston Children’s Hospital 
Experience

Between 2003 and 2017, 720 cardiopulmonary 
exercise tests were performed on 374 patients 
with CoA at Boston Children’s Hospital 
(Table 17.1). Patients with complex congenital 
heart disease diagnosis were excluded, while 
those with mild concomitant left-sided 
obstructive lesions or simple defects were not. 
Of these, 548 were maximal studies as defined 
by a maximal respiratory exchange ratio 
>1.09. Age at the time of cardiopulmonary 
exercise testing (CPET) averaged 27 ± 12 years 
old, and 46.9% of patients were female. Body 
mass index (BMI) averaged 24.8, and 16.1% 
of the patients were obese (BMI > 30 kg/m2). 
Most tests (79.0%) were performed by cycle 
ergometry with the remainder performed using 
a treadmill. Description of exercise test results 
is provided in Table 17.1. On average, %pre-
dicted peak V̇O2 was slightly low, and the oxy-
gen pulse at peak exercise was in the 
low-normal range. The V̇E/V̇CO2 slope was 
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Table 17.1 Data from patients with repaired CoA undergoing cardiopulmonary exercise tests at Boston Children’s 
Hospital 2003–2017

   18 
years 

old 

n

(% predicted) 

Peak VO2 Peak VO2

(mL/kg/min)

Peak HR
(bpm) 

Peak O2 Pulse
(%predicted)

Resting O2
saturation (%) 

Peak O2
saturation (%) 

All 548 82±20 29±9 166±23 90±21 26±5 98±3 98±2 

51/67/80/94/120 15/22/29/35/45 120/153/169/182/196 59/74/86/104/127 20/23/25/28/33 96/98/98/99/100 95/98/98/98/99 

143 86±20 35±9 176±20 95±23 27±4 98±2 98±2 

54/71/83/100/122 21/29/34/41/49 134/168/180/190/200 65/77/92/110/132 20/24/27/29/35 98/98/99/99/100 97/98/98/98/99 

19–30
years
old 

229 76±17 29±8 168±21 84±18 26±5 98±3 98±2 

49/63/75/87/107 17/22/28/34/43 129/157/171/184/196 57/72/81/94/117 20/23/25/27/34 96/98/98/99/100 96/98/98/99/99 

> 30
years

old

176 86±23 25±9 154±23 94±23 25±4 98±2 97±2 

51/67/86/100/123 14/18/24/31/44 113/139/160/169/185 56/77/94/109/129 20/23/25/27/32 96/98/98/99/99 93/97/98/98/99 

slopeVE/VCO2

Data are presented as mean±SD with 5-25-50-75-95th percentiles in the row directly below
HR heart rate, bpm beats per minute

 normal in the vast majority of patients. 
Hypoxemia was rare. Peak V̇O2 indexed to 
body mass declined steadily with age. Patients 
with CoA, on average, had elevated resting 
upper extremity blood pressure (systolic blood 
pressure ~7  mm Hg higher than patients 
referred for exercise testing who do not have 
CoA, 125 vs. 118 mm Hg) and peak exercise 
blood pressure (~23 mm Hg higher peak sys-
tolic blood pressure, 170 vs. 147  mm  Hg; 
Fig.  17.1). Peak systolic blood pressure 
>200  mm  Hg during a maximal test was 
observed in 19.1% of patients with CoA com-
pared with 1.7% of those without CoA.

 Prototypical Patient

This was a 19-year-old man who underwent sur-
gical repair of a severe coarctation of the aorta 
when he was 4 days old. He subsequently had 

three balloon angioplasty procedures for recur-
rent coarctation. A cycle (25 W/min) cardiopul-
monary exercise test (Table 17.2 and Fig. 17.2) 
was obtained to better characterize and under-
stand his current physiologic status. At the time 
of the test, he had no significant cardiologic 
symptoms. He reported that he “worked out reg-
ularly” without difficulty. His physical exami-
nation and echocardiogram were consistent with 
no more than mild residual aortic arch 
obstruction.

Based upon his peak respiratory exchange 
ratio (RER) and his peak heart rate, the patient 
expended a good effort. His peak work rate was 
normal. The peak V̇O2 was borderline-low. The 
V̇O2 at the ventilatory anaerobic threshold (VAT) 
was quite low. The ΔV̇O2/ΔWork Rate was also 
low. Gas exchange during exercise was normal. 
His baseline blood pressure was normal and 
there was no gradient between his right arm and 
leg. Immediately post-exercise, mild systolic 
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hypertension and >  70  mm Hg gradient were 
present. The patient did not develop significant 
symptoms, ectopy, or ST changes during 
exercise.

The hypertensive response to exercise and the 
upper-lower extremity systolic blood pressure 
gradient immediately post-exercise suggest that 
there were residual aortic arch abnormalities that 
were not reflected by the patient’s baseline physi-
ology. The low ΔV̇O2/ΔWork Rate and the low 
VAT probably reflect the fact that blood flow (and 
oxygen delivery) to the legs was limited during 
exercise, secondary to the residual aortic arch 
abnormalities. The leg muscles therefore had to 
rely upon anaerobic metabolism to generate a 
greater-than-normal fraction of the ATP required 
for exercise.
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Fig. 17.1 Cardiopulmonary exercise test findings in 
patients with coarctation of the aorta who completed a 
maximal (respiratory exchange ratio >1.09) exercise test 
at Boston Children’s Hospital between 2003 and 2017. 
Each point represents data for a single cardiopulmonary 

exercise test. The red line represents a restricted cubic 
spline fit to the data, with 95% confidence limits for the 
best fit line in semi-transparent blue. Only data for patients 
10–60 years old with values between 20% and 150% pre-
dicted are presented

Table 17.2 Selected data from cardiopulmonary exer-
cise test

Parameter Value

Peak V̇O2 (ml/kg/min) 34.8

Peak V̇O2 (% predicted) 84
Peak work rate (W) 226
Peak work rate (% predicted) 107
Peak RER 1.35
Peak O2 pulse (% predicted) 88
Peak heart rate (bpm) 176
Peak heart rate (% predicted) 95
V̇O2 at VAT (% of predicted peak V̇O2) 28

ΔV̇O2/Δwork rate (ml/min/W) 8.3

V̇E/V̇CO2 slope 23
Right arm systolic pressure, rest (mm Hg) 122
Left leg systolic pressure, rest (mm Hg) 131
Right arm systolic pressure, post-exercise (mm Hg) 210
Left leg systolic pressure, post-exercise (mm Hg) 129

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Systemic Right Ventricles 
with a Biventricular Circulation 
(L-Transposition and D-Transposition 
After Atrial Switch Operation)

Alexander R. Opotowsky

 Anatomy

In transposition of the great arteries (TGA), there 
are discordant ventriculoarterial alignments, with 
the great vessels arising abnormally from the 
“wrong” ventricle. As a result, the right ventricle 
ejects to the aorta and the left ventricle ejects to 
the pulmonary artery. This can occur in the con-
text of various congenital heart defects, most 
commonly either D-looped transposition of the 
great arteries (d-TGA) or physiologically cor-
rected transposition of the great arteries (also 
referred to as congenitally corrected or L-looped; 
l-TGA). Both forms of TGA can be associated 
with other congenital heart defects including 
ventricular septal defects, outflow tract obstruc-
tion, atrioventricular canal defects, and coarcta-
tion of the aorta.

 D-Looped Transposition of the Great 
Arteries

In the absence of adequate mixing between the 
deoxygenated and oxygenated circulations, 
d-TGA is fatal in early life. In the contempo-
rary era, a vast majority of neonates with 
d-TGA undergo the arterial switch operation, 
resulting in a systemic left ventricle (see Chap. 
19). However, from the 1950s until the wide-
spread adoption of the arterial switch proce-
dure in the 1980s, infants with d-TGA usually 
underwent a palliative procedure to allow suf-
ficient mixing of oxygenated and deoxygen-
ated blood (either a surgical atrial septectomy 
or balloon atrial septostomy), followed later in 
life by an atrial switch operation (e.g., Mustard 
or Senning procedure). These procedures 
involve creating atrial baffles to direct deoxy-
genated systemic venous blood to the sub- 
pulmonic left ventricle and oxygenated 
pulmonary venous blood to the sub-systemic 
right ventricle. Hence, most patients with 
d-TGA are now adults >30  years of age and 
are confronting the long-term consequences of 
their palliative surgeries. In addition to pro-
gressive dysfunction/failure of the systemic 
morphologic right ventricle, the consequences 
relevant to exercise include the potential for 
sinus node dysfunction, baffle leaks and ste-
noses, and atrial arrhythmias.
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 L-Looped Transposition of the Great 
Arteries

Physiologically corrected TGA involves both 
transposition of the great arteries as well as 
discordant atrioventricular connections, usually 
in the setting of l-looping of the ventricles. As a 
result, the normal pattern of blood flow—i.e., 
systemic venous return pumped to the lungs and 
pulmonary venous return pumped to the body—
is preserved. However, the sub-pulmonary ven-
tricle is a morphologic left ventricle while the 
sub-systemic ventricle is a morphologic right 
ventricle that may, over time, develop progres-
sive dysfunction/failure. Other issues relevant to 
exercise include increased prevalence of sub- 
pulmonary left ventricular outflow tract obstruc-
tion, systemic tricuspid valve dysfunction, and an 
abnormal atrioventricular conduction system 
with a high incidence of complete heart block.

 Hemodynamics

There are four key mechanisms by which aerobic 
capacity is limited in patients with a systemic 
right ventricle biventricular circulation: (1) right 
ventricular systolic dysfunction; (2) tricuspid 
(i.e., systemic atrioventricular) valve regurgita-
tion, (3) chronotropic dysfunction due to sinus 
node dysfunction and/or conduction disease, and 
(4) limitation of venous return due to baffle anat-
omy. The first three mechanisms are commonly 
encountered in both d-TGA and l-TGA, though 
the most common reasons for chronotropic 
impairment differ between diagnoses, as will be 
discussed later.

The fourth issue, venous limitation, is more 
specific to patients with d-TGA who have had 
an atrial switch procedure. A similar patho-
physiology may be seen in patients without 
congenital heart disease who develop venous 
obstruction, such as subacute thrombosis of an 
inferior vena cava filter or venous insufficiency 
of other cause [1, 2]. With the atrial switch 
operation, however, some degree of “preload 

limitation” is probably the rule rather than the 
exception. This phenomenon is probably at 
least partially responsible for the observation 
that many patients with d-TGA and atrial baffle 
repair appear to have a decline in stroke volume 
with exercise [3–5].

 Exercise Function

In both forms of TGA, the presence of a systemic 
right ventricle is associated with an increased 
incidence of heart failure, often related to pro-
gressive right ventricular systolic dysfunction 
and/or tricuspid regurgitation. It appears that the 
anatomy of the right ventricle and tricuspid valve 
are not well suited for decades of pumping at sys-
temic pressures. The end result of this physiology 
is progressive congestive heart failure. 
Cardiopulmonary exercise test findings parallel 
those seen in any form of heart failure, i.e., 
reduced peak V̇O2 and O2 pulse [4, 6–11]. 
Chronotropic impairment, ranging from mild to 
pacemaker dependence, is also commonly 
encountered [7]. Of note, however, resting sys-
temic right ventricular geometry and function 
explain very little of the variability in exercise 
response between patients [11]. Elevated V̇E/V̇CO2 
is also commonly observed as in patients with 
congestive heart failure of any cause. The pri-
mary mechanism is probably pulmonary conges-
tion and pulmonary blood flow maldistribution 
causing ventilation/perfusion mismatch and 
increased physiologic dead space. Both an ele-
vated V̇E/V̇CO2 slope and a depressed peak V̇O2 
have been found to be predictors of mortality in 
patients with d-TGA who have had an atrial 
switch procedure [12].

There are also cardiopulmonary exercise test 
(CPET) findings with particular implications in 
various forms of TGA. Right-to-left shunting via 
a baffle leak (or other cause) causes inefficient 
ventilation in that increased minute ventilation is 
required to maintain the same PaCO2 and elimi-
nate the equivalent volume of CO2, since a sub-
set of the high CO2 systemic venous blood is 
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bypassing the gas exchange function of the 
lungs. This is manifest on exercise testing as 
elevated V̇E/V̇CO2 slope and low end-tidal pCO2 
along with, usually mild, hypoxemia (see Chap. 
12). Similar abnormalities may also be seen sec-
ondary to  ventilation/perfusion mismatch and 
impaired pulmonary gas exchange in the setting 
of pulmonary venous baffle obstruction or pul-
monary vascular disease. Since atrial baffles are 
not present in l-TGA, oxygen desaturation, a low 
end-tidal pCO2 and an elevated V̇E/V̇CO2 slope 
may be encountered in the setting of heart failure 
along with parenchymal lung disease, or another 
cause of pulmonary venous desaturation. Mild 
arterial desaturation is also common in patients 
who have undergone atrial switch procedures, 
because the coronary sinus blood flow is not usu-
ally included in the systemic venous baffle.

Superior vena cava baffle stenosis is relatively 
common in d-TGA after an atrial switch [13] and 
may present with effort intolerance related to 
limited venous return and stroke volume. Other 
limbs of the atrial baffle system can also become 
obstructed. Exercise findings include reduced O2 
pulse augmentation. This is not specific for baf-
fle obstruction, however. Even in the absence of 
anatomic stenosis, the presence of stiff, long, 
ineffectively contractile atrial baffles impedes 
augmentation of venous return to each ventricle. 
This can constitute a major limitation to maxi-
mal cardiac output augmentation in this popula-
tion, as outlined previously. Interestingly, O2 
pulse will sometimes decline with increasing 
heart rate, especially among patients with rate-
responsive pacemakers (Fig.  18.1). In patients 
without congenital heart disease, this would 
raise concern for myocardial ischemia or severe 
systemic ventricular outflow obstruction. 
However, in this population, it often reflects 
nothing more than suboptimal atrial baffle 
dynamics in the population of patients with d-
TGA after atrial baffle.

One might wonder why a decline in O2 pulse 
is not the usual pattern if the limited invasive 
data suggest a decline in stroke volume is the 
norm [3]—a finding also supported by studies 

that have estimated stroke volume noninvasively 
[4, 5]. Most likely, patients with d-TGA have a 
compensatory increase in the capacity of the 
exercising muscle to extract oxygen from perfus-
ing blood, leading to increased arterial-venous 
O2 content difference and low mixed venous 
oxygen saturation during submaximal exercise 
[3]. Because O2 pulse is a function of both stroke 
volume and the amount of oxygen extracted 
from each unit of blood, this phenomenon will 
tend to mitigate the effect of the decline in stroke 
volume upon the O2 pulse during submaximal 
exercise. Near peak exercise, however, the 
capacity to extract oxygen has achieved a rela-
tively stable maximal level, making the O2 pulse 
more sensitive and specific to changes in stroke 
volume, in the absence of changes in arterial 
oxygenation.
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Fig. 18.1 Plot of heart rate (red diamonds, left y-axis) 
and O2 pulse (blue open circles, right y-axis) over time 
during a treadmill cardiopulmonary exercise test in a 
patient with d-TGA with a Mustard atrial switch. Her 
course had been complicated by sinus node dysfunction, 
treated by placement of a pacemaker. There is a 
pacemaker- mediated increase in heart rate at just before 
7 minutes into the test, which is followed by a drop in O2 
pulse—likely due to a decline in stroke volume secondary 
to the decrease in the time available for ventricular filling 
at the higher, paced heart rate
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 Myocardial Ischemia

It is challenging to interpret exercise-induced 
electrocardiogram (EKG) changes in patients 
with a systemic right ventricle given the univer-
sal presence of right ventricular hypertrophy 
and commonly associated other confounders 
(e.g., pacemaker, dextrocardia). Stress echocar-
diography may be useful if heart rate response 
and images are both sufficient—an unfortunately 
uncommon situation. Computed  tomography 
(CT) coronary angiography or nuclear perfusion 
imaging is usually necessary for dependable 
assessment of ischemia in patients for whom 
there is at least moderate pretest probability of 
ischemia. Another challenge is the high reported 
prevalence of reduced coronary flow reserve and 
perfusion abnormalities noted among patients 
with a systemic right ventricle in the absence of 
obstructive coronary disease or clinical ischemia 
[14–17].

Of note, dobutamine stress imaging is proba-
bly not an equivalent substitute for exercise 
assessment in the context of d-TGA with atrial 
baffle repair, as responses in ventricular volumes 
and thickening and stroke volume vary between 
these two modalities in this population [18]. 

There are several possible reasons, such as the 
entirely distinct impact of these “stresses” on 
venous return being exposed by the preload limi-
tation imposed by the baffles.

 Boston Children’s Hospital 
Experience

Between 2003 and 2017, 519 cardiopulmonary 
exercise tests were performed at Boston 
Children’s Hospital on 158 patients with d-TGA 
who had undergone an atrial switch procedure. 
Of these, 439 were maximal as defined by a max-
imal respiratory exchange ratio > 1.09. Age at the 
time of CPET averaged 34 ± 8 years, and 39.6% 
of patients were female. Body mass index (BMI) 
averaged 25.9, and 25.9% of the patients were 
obese (BMI  >  30  kg/m2). Most tests (75.2%) 
were performed by cycle ergometry with the rest 
performed using a treadmill. Exercise test results 
are provided in Table 18.1 and Fig. 18.2. Because 
this procedure is no longer performed regularly, 
only eight patients ≤18 years old were tested, and 
these data are not presented individually.

On average, peak V̇O2 is mildly to moderately 
reduced, with both O2 pulse and peak heart rate 

Table 18.1 Cardiopulmonary test data for patients with d-TGA who have had an atrial level switch operation

Data are presented as mean ± SD with  percentiles in the row directly below
HR heart rate, bpm beats per minute
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lower than normal. About half of patients have a 
V̇E/V̇CO2 slope elevated >29. There is a wide range 
of chronotropic response, and a substantial 
number of patients have chronotropic incompe-
tence. Note that these data include patients who 
are paced during exercise.

In our review of arrhythmias during exercise 
tests performed at Boston Children’s Hospital 
between 2013 and 2015, more than 70% of 
patients with l-TGA or d-TGA s/p atrial switch 
procedure developed minor rhythm distur-
bances. However, in the vast majority of cases, 
no intervention was required. In only two cases 
the exercise test was terminated on account of 
the rhythm disturbance, and no other interven-
tion was required.

A comparison of the data from patients 
with d-TGA who have undergone atrial vs. 
arterial switch procedures may be found in 
Chap. 19.

 Prototypical Patient

The patient was a 30-year-old woman who was 
born with d-TGA and a membranous ventricu-
lar septal defect. She underwent a balloon atrial 
septostomy in the neonatal period and a Senning 
procedure plus ventricular septal defect repair 
and patent ductus arteriosus ligation when she 
was 3.5  months old. She did well postopera-
tively and was followed thereafter with a degree 
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Fig. 18.2 Cardiopulmonary exercise test findings in 
patients with D-TGA who had undergone an atrial switch 
procedure who completed a maximal (respiratory exchange 
ratio >1.09) exercise test at Boston Children’s Hospital 
between 2003 and 2017. Each point represents data for a 

single cardiopulmonary exercise test. The red line 
represents a restricted cubic spline fit to the data, with 95% 
confidence limits for the best fit line in semi- transparent 
blue. Only data for patients 19–60 years old with values 
between 20% and 150% predicted are presented
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of dynamic subpulmonic stenosis. At the time 
of the CPET, she was asymptomatic, although 
she did not engage in regular exercise. On the 
basis of echocardiographic studies, she was 
thought to have mild-moderate RV dysfunction 
and was maintained on an angiotensin-convert-
ing enzyme inhibitor. No baffle obstruction was 
detected. The CPET was undertaken to further 
assess her current cardiopulmonary status. 
Testing was performed on a treadmill using the 
standard Bruce protocol (Table  18.2 and 
Fig. 18.3).

Based upon her peak-exercise respiratory 
exchange ratio (RER) and peak heart rate, she 
expended a good effort. Her endurance time, 
however, was below average, and her peak V̇O2 
and O2 pulse were moderately-severely depressed. 
Indeed, the O2 pulse appeared to decline at higher 
levels of exercise. The V̇O2 at the ventilatory 
anaerobic threshold (VAT) was also low, and 
occurred during the first stage of the Bruce 
 protocol. Although she had a junctional escape 

rhythm at 52 bpm at rest, sinus rhythm emerged 
during exercise. The heart rate increase during 
exercise was, in fact, excessively rapid and her 
peak heart rate was normal. No other ectopy was 
detected. Her V̇E/V̇CO2 slope was elevated and her 
end tidal pCO2 during exercise was low. She also 
developed mild arterial desaturation during 
exercise.

The low O2 pulse at peak exercise indicates 
that the patient’s poor exercise function was 
probably due to an inability to increase her 
stroke volume appropriately during exercise 
(the mild hypoxemia cannot by itself account 
for the markedly depressed O2 pulse, and the 
patient was not anemic). The low stroke volume 
may have resulted from the ventricular dysfunc-
tion. Systemic (i.e., right) ventricular preload 
limitation, secondary to the dynamic subpul-
monic obstruction and/or the inability of the 
reconstructed atria/baffles to augment ventricu-
lar filling, may also have played a role (this pat-
tern is not infrequent with d-TGA after atrial 
switch). The excessive heart rate response to 
exercise may be the result of homeostatic mech-
anisms (e.g., increased sympathetic tone) 
responding to the low stroke volume and cardiac 
output during exercise. The decline in oxygen 
saturation with exercise may have been due to 
right-to-left shunting across a small baffle leak. 
This can also cause elevated V̇E/V̇CO2 slope and 
low end tidal pCO2, as well as ventilation/perfu-
sion mismatch related to the ventricular dys-
function and/or issues with the pulmonary 
venous baffle. Bradycardia at rest probably 
reflects sinus node dysfunction in the absence of 
negative chronotropic medications. The discrep-
ancy between the patient’s lack of symptoms 
and the significantly depressed exercise func-
tion documented by formal exercise testing is 
typical of patients with complex congenital 
heart disease.

Table 18.2 Selected data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 20.1
Peak V̇O2 (%predicted) 57
Endurance time (percentile) <50th
Peak RER 1.13
Peak O2 pulse (%predicted) 64
Peak heart rate (bpm) 169
Peak heart rate (%predicted) 89
Heart rate increase during exercise Excessive
V̇O2 at VAT (% of predicted peak V̇O2) 38
Arterial oxygen saturation at peak 
exercise (%)

98

Arterial oxygen saturation at rest (%) 92
V̇E/V̇CO2 slope 34
End-tidal pCO2 at VAT (mm Hg) 30
End-tidal pCO2 during exercise Low
Blood pressure response Low-normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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D-Transposition s/p Arterial Switch 
Operation

Jonathan Rhodes and Alexander R. Opotowsky

 Basic Anatomy

In d-transposition of the great arteries (d-TGA), 
the great vessels arise from the wrong side of the 
ventricular septum; i.e., the aorta arises from the 
right ventricle and the pulmonary artery from the 
left ventricle. When an arterial switch operation 
(ASO) is performed, the great vessels are tran-
sected above the sinuses and re-anastomosed to 
the hemodynamically and anatomically appro-
priate arterial roots. The coronary arteries are 
also transferred, along with a “button” of aortic 
tissue, from the original aortic root to the 

 neoaortic root. The defects in the original aortic 
root from which the coronary buttons were 
removed are then patched, usually with autolo-
gous pericardium [1].

The mobilization and transfer of the main 
pulmonary artery can cause stretching/distortion 
of the branch pulmonary arteries, which some-
times results in significant stenosis of these ves-
sels postoperatively. Kinking and stenosis of the 
coronary arteries can also complicate the trans-
fer of these vessels. Stenoses can also occasion-
ally develop at any of the sites of surgical 
anastosmosis [1].

About one-third of patients with d-TGA have 
additional cardiac defects (e.g., septal defects, 
outflow tract obstruction, valvular anomalies, 
aortic coarctation, etc.). When significant, these 
are usually addressed at the time of the ASO [1].

 Hemodynamics

Pulmonary artery stenoses are the most common 
lesions encountered following the arterial switch 
procedure. These lesions can cause progressive 
right ventricular hypertension and pulmonary 
blood flow maldistribution during exercise. 
Coronary artery stenosis can cause myocardial 
ischemia during exercise. The valvular and other 
structural anomalies sometimes associated with 
d-TGA can also affect the hemodynamic response 
to exercise.
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 Exercise Function

The ASO is one of the true success stories in pedi-
atric cardiology. Most studies have found that 
patients who have had ASO have normal, or near-
normal, exercise capacity [2–8]. This is especially 
true among patients who are free from conditions 
that might adversely affect the stroke volume 
response to exercise, such as ventricular dysfunc-
tion, significant residual pulmonary artery steno-
sis or valvular dysfunction. Consistent with this 
observation, variations in the oxygen pulse at 
peak exercise account for more than 80% of the 
variation in peak V̇O2 in this population [5]. An 
impaired chronotropic response to exercise is also 
sometimes encountered following the ASO [5–7]. 
However, variations in peak heart rate account for 
only 7% of the variation in peak V̇O2 [5].

Patients who have had surgery in the more 
recent era (post-1993) also tend to have better 
exercise function than patients who had surgery 
in an earlier time period, when the ASO was first 
introduced. This observation is primarily due to 
an era effect, as serial exercise studies have found 
that ASO patients tend to have only a small, grad-
ual decline in exercise function over time [5].

Patients with branch pulmonary artery steno-
sis may have elevated V̇E/V̇CO2 slopes and low 
end-tidal pCO2 levels during exercise, in a man-
ner analogous to that seen in patients with 
repaired tetralogy of Fallot (see Chap. 14). 
However, unlike those patients, the correlation 
between peak V̇O2 and the V̇E/V̇CO2 slope in 
patients following the ASO is not strong, proba-
bly because a coexisting incompetent pulmonary 
valve is not typically present [5].

 Myocardial Ischemia

Exercise-induced ST changes suggestive of isch-
emia are sometimes encountered in patients fol-
lowing ASO [5]. Fixed myocardial perfusion 
defects, present on myocardial perfusion scans at 
rest and at exercise, are also very common follow-
ing the ASO, and are thought to be due to events at 
the time of surgery rather than ongoing myocardial 
ischemia secondary to coronary insufficiency [4, 

9]. Significant reversible defects, suggestive of 
myocardial ischemia, are occasionally encoun-
tered. Exercise- induced wall motion abnormali-
ties are also occasionally detected by stress 
echocardiography. None of these abnormalities 
have, in isolation, been found to reliably correlate 
with clinically significant angiographic coronary 
artery disease [4, 5, 10]. Exercise testing for myo-
cardial ischemia in this population is therefore cur-
rently imperfect; clinical suspicion and common 
sense must guide the evaluation of these patients. 
Dramatic exercise test abnormalities, especially 
when associated with symptoms and detectable 
across multiple testing modalities (e.g., depressed 
exercise function, exercise-induced ischemic ST 
changes, reversible perfusion defects, and/or 
exercise- induced wall motion abnormalities), should 
certainly raise concern. However, the approach to 
the asymptomatic ASO patient with reassuring exer-
cise test results should also be influenced by a recent 
meta-analysis undertaken by van Wijk et al. These 
investigators gathered data on 8798 patients with 
66,450 patient follow-up years. They found only five 
cases of late (i.e., >5  years postoperative) sudden 
death; in only two of these cases was sudden cardiac 
death thought to be likely [11].

 Boston Children’s Hospital 
Experience

Between 2003 and 2017, 384 cardiopulmonary 
exercise tests were performed on 201 patients 
with d-looped transposition of the great arteries 
who had undergone an ASO. This group includes 
patients with simple transposition as well as 
those with ventricular septal defects and other 
minor anomalies. Of the studies performed, 295 
were maximal as defined by a maximal respira-
tory exchange ratio >1.09. Age at the time of car-
diopulmonary exercise testing (CPET) was 
18 ± 5 years old, and 31.5% were female. Body 
mass index (BMI) averaged 22.6 and only 5.4% 
of the patients were obese. Most tests (80.3%) 
were performed by cycle ergometry with the rest 
performed using a treadmill. Description of 
 exercise test results is provided in Table 19.1 and 
Fig.  19.1. Because this procedure was not per-
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57-71-82-93-109

59-76-86-97-118

49-67-78-89-104 19-25-30-37-45 130-160-173-181-193 61-76-87-94-111 20-24-25-27-31 97-98-98-99-100 95-98-98-98-99

24-30-35-40-47 153-171-180-190-201 66-81-93-105-125 21-24-26-29-33 97-98-99-99-100 95-98-98-99-100

20-27-33-39-46 142-165-176-187-200 63-78-89-100-118 21-24-26-28-32 97-98-98-99-100 95-98-98-98-99

Table 19.1 Data for patients with D-TGA who have had an arterial switch operation

Data are presented as mean ± SD with  percentiles in the row directly below
HR heart rate, bpm beats per minute
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Fig. 19.1 Cardiopulmonary exercise test findings in 
patients with d-TGA who had undergone an ASO proce-
dure who completed a maximal (respiratory exchange 
ratio >1.09) exercise test at Boston Children’s Hospital 
between 2003 and 2017. Each point represents data for a 

single cardiopulmonary exercise test. The red line repre-
sents a restricted cubic spline fit to the data, with 95% 
confidence limits for the best fit line in semi-transparent 
blue. Only data for patients 19–60 years old with values 
between 20% and 150% predicted are presented
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formed until the past 3–4 decades, only three 
patients >30 years old were tested, and these data 
are not presented individually. On average, peak 
V
.
 O2 was in the normal range (albeit on the low 

end of normal), with low-normal peak O2 pulse 
and peak heart rate. V

.
 E/V

.
 CO2 slope was normal in 

the vast majority. In those with elevated V
.
 E/V

.
 CO2 

slopes, pulmonary blood flow maldistribution, 
secondary to residual pulmonary artery stenoses, 
was probably present. Patients >18  years old 
tended to have slightly depressed peak V

.
 O2. Based 

upon a previous analysis, this observation is 
probably due primarily to an era effect, as the 
time-related decline in patients who had serial 
CPET studies was quite small [5].

It is instructive to compare the exercise func-
tion of patients who have undergone an ASO with 
those who have had atrial switch procedures. The 
% predicted peak V

.
 O2 of the ASO patients was sig-

nificantly superior, even when patients of the same 
age range (i.e., 19–30 years of age) were compared. 
A higher O2 pulse at peak exercise accounted for 
most of the discrepancy. The ASO patients were 
also able to achieve a higher peak heart rate. 
Patients who had an atrial switch procedure were 
more likely to have an elevated V

.
 E/V

.
 CO2 slope, and 

also tended to have slightly lower arterial oxygen 
saturations, especially at peak exercise.

 Prototypical Patient

The patient was a 14-year-old adolescent with 
d-TGA who had an arterial switch procedure 
when she was 2 days old. She did well postopera-
tively and was currently asymptomatic except for 
mild, non-specific chest pain and mild exercise 
intolerance/dyspnea on exertion. A CPET was 
obtained to assess her symptoms and current car-
diopulmonary status.

The test was performed on a cycle ergometer 
with a 20 W/min ramp (Table 19.2 and Fig. 19.2). 

Her peak work rate, peak V
.
 O2, peak heart rate and 

O2 pulse at peak exercise were all normal. Her 
weight-normalized peak V

.
 O2 was slightly low due 

to her somewhat overweight body habitus (BMI 
26.5; 94th percentile). Her gas exchange during 
exercise was normal. No STT changes or arrhyth-
mias were detected. Her ventricular  function was 
normal at rest and immediately post- exercise. No 
exercise-induced wall motion abnormalities were 
detected.

The results of the study were reassuring to the 
patient, her parents, and the referring clinician. 
This case may also illustrate the commonly 
observed discrepancy between a patient’s subjec-
tive symptoms and objective CPET measure-
ments, although the patient’s weight could also 
have affected her tolerance of weight-bearing 
physical activities. This phenomenon may have 
been observed if a treadmill, rather than a cycle, 
protocol had been employed.

Table 19.2 Selected data from cardiopulmonary exer-
cise test

Parameter Value

Peak V̇O2 (ml/kg/min) 30.8

Peak V̇O2 (%predicted) 119
Peak work rate (W) 141
Peak work rate (%predicted) 121
Peak RER 1.15
Peak O2 pulse (%predicted) 126
Peak heart rate (bpm) 181
Peak heart rate (%predicted) 95
Heart rate increase during exercise Appropriate
V̇O2 at VAT (% of predicted peak V̇O2) 69

Δ(Delta)V̇O2/Δ(Delta)work rate (ml/
min/W)

10.1

Blood pressure response Normal
V̇E/V̇CO2 slope 23
End tidal pCO2 during exercise Normal
Breathing reserve (%) 63
Pre-exercise spirometry Normal
Post-exercise spirometry Normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Ebstein’s Anomaly

Jonathan Rhodes and Alexander R. Opotowsky

 Basic Anatomy

Ebstein’s anomaly is characterized by a variable 
degree of apical displacement of the septal and 
posterior leaflets of the tricuspid valve. The leaf-
lets are adherent to the ventricular septum and the 
portion of the right ventricle (RV) above the 
adherent leaflets is very thin or “atrialized.” The 
anterior leaflet is also typically elongated and 
redundant, and the “true” tricuspid valve annulus 
(i.e., at the anatomic atrioventricular junction) is 

dilated [1]. These deformities result in a variable 
degree of tricuspid regurgitation, tricuspid steno-
sis, and right ventricular dysfunction. An atrial 
septal defect or patent foramen ovale is almost 
always present. Abnormalities of the pulmonary 
valve may also exist. Wolff-Parkinson-White 
syndrome is present in 10–25% of patients [1, 2]. 
The tricuspid regurgitation causes (sometimes 
massive) dilation and fibrosis of the right atrium 
and atrialized RV [3].

 Hemodynamics

The dysfunction of the tricuspid valve and right 
ventricle that results from this anomaly causes the 
right atrial pressure to be elevated and may render 
the right ventricle incapable of maintaining ade-
quate cardiac output. In the presence of an atrial 
communication, right-to-left atrial shunting will 
develop with consequent systemic arterial desatu-
ration. The tricuspid valve function tends to dete-
riorate over time, resulting in progressive tricuspid 
regurgitation and right atrial dilation and predis-
posing the patients to atrial arrhythmias. 
Accessory pathways may complicate arrhythmia 
management [1, 2]. Left ventricle (LV) dysfunc-
tion, either secondary to adverse ventricular-ven-
tricular interactions or intrinsic LV pathology is 
also sometimes encountered [4, 5].
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 Exercise Function

The exercise function of patients with Ebstein’s 
anomaly varies widely. In a study of 11 asymp-
tomatic children age 6–17  years, Lupoglazoff 
et  al. found peak V̇O2 to average 
83.3 ±  14.5%predicted. Radojevic et al. studied 
51 patients 37.8 ± 13.6 years of age and found a 
peak V̇O2 of 63.2 ± 18.7%predicted. In a study of 
21 adult subjects age 24–63  years contrast, 
Trojnarska et al. reported that peak V̇O2 averaged 
59.1  ±  12.3%predicted. The impression con-
veyed by these cross-sectional studies that there 
is an age-related decline in exercise function 
was confirmed by a longitudinal study under-
taken by Kipps et  al. They reported that the 
baseline peak V̇O2 of 23 Ebstein’s anomaly 
patients with serial exercise tests (median age at 
first exercise test 17.9  years; range 8.1–
52.5 years) was 80.2 ± 18.2%predicted. Over a 
median time interval of 3.3  years (range 0.6–
7.3 years), a 1.9 ± 8.0 percentage point per year 
decline in %predicted peak V̇O2 was observed. 
As with Fontan patients, the decline in %pre-
dicted peak V̇O2 was steepest among patients 
less than 18 years of age (3.04 ± 6.78 percentage 
points/year); thereafter, it was much more grad-
ual (0.43  ±  8.79 percentage points/year). The 
decline in peak V̇O2 was associated with a decline 
in the oxygen pulse at peak exercise and a small, 
but statistically significant decline in resting 
oxygen saturation. On multivariate analysis, 
however, only a decline in the peak oxygen 
pulse and a decline in the %predicted peak heart 
rate were associated with the decline in %pre-
dicted peak V̇O2. Moreover, the decline in peak 
O2 pulse accounted for 77% of the variation in 
the time- related decline in %predicted peak V̇O2 
(and 44% of the variation in the time-related 
decline in the mathematically unrelated %pre-
dicted peak work rate).

Muller et  al. also reported a progressive 
decline in the exercise function of patients with 
unoperated Ebstein’s anomaly. Surgical interven-
tion appeared to have a salutary effect upon exer-
cise function [6].

These observations suggest that the deteriora-
tion in exercise function is due to a time-related 
decline in the RV’s ability to augment stroke vol-
ume during exercise. It seems that, although the 
chronic volume overload imposed upon the RV 
by the incompetent tricuspid valve may be rela-
tively well tolerated during childhood, it almost 
inevitably leads to progressive RV dysfunction. 
This in turn can cause further RV dilation, further 
impair tricuspid valve leaflet coaptation, exacer-
bate tricuspid insufficiency, and further compro-
mise the RV’s ability to augment forward stroke 
volume during exercise.

In patients with an atrial communication, 
right-to-left shunting may be present, resulting in 
a degree of arterial desaturation. Right-to-left 
shunting may increase during exercise if the right 
ventricle cannot accommodate the hemodynamic 
demands of exercise and progressive arterial 
desaturation may develop. Moreover, during 
exercise, arterial desaturation will worsen for any 
degree of right-to-left shunting because periph-
eral oxygen extraction increases and the satura-
tion of the systemic venous blood returning to the 
heart is lower. Right-to-left shunting will also 
cause patients to have elevated VĖ/VĊO2 slopes 
and lower end-tidal pCO2 (see Chap. 12). Right- 
to- left shunting has been associated with a lower 
exercise capacity [4, 7].

A low peak V̇O2 has been found to have omi-
nous prognostic implications. Radojevic et  al. 
reported that a peak V̇O2 less than 60% of pre-
dicted values is associated with a higher risk for 
death, non-elective hospitalization, or surgical 
repair [4].

Kipps et  al. also studied the relationship 
between exercise function and measurements 
derived from imaging studies. Surprisingly, 
%predicted peak V̇O2 did not correlate with car-
diac magnetic resonance imaging (MRI)-derived 
measurements of RV ejection fraction, LV ejec-
tion fraction, RV end diastolic volume, or tricus-
pid regurgitation fraction. Others have also 
found no relationship between tricuspid regurgi-
tation severity and peak V̇O2 [4, 7, 8]. However, 
the “Ebstein Severity Grade” (derived from the 
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ratio of the cross-sectional area of the right 
atrium and atrialized portion of the right ventri-
cle divided by the cross-sectional area of the rest 
of the other cardiac chambers, when imaged 
from the echocardiographic apical four-chamber 
view) has been found to correlate with %pre-
dicted peak V̇O2 [4, 9, 10]. These observations 
recall other studies that have found that the car-
diothoracic ratio on a chest X-ray correlates with 
exercise capacity [4] and is one of the best pre-
dictors of mortality in patients with Ebstein’s 
anomaly [11].

The poor correlation between the RV ejection 
fraction and peak V̇O2 may reflect the inherent 
difficulty in accurately measuring RV volumes 
in patients with complex RV anatomy encoun-
tered in Ebstein’s anomaly. Probably of greater 
importance is the fact that the incompetent tri-
cuspid valve “unloads” the RV; i.e., it permits 
the RV to eject blood into the relatively low-
pressure right atrium. Consequently, the RV 
ejection fraction will be relatively well preserved 
and may not accurately reflect the degree of RV 
dysfunction. The poor correlation between the 
(resting) tricuspid regurgitation fraction and the 
peak V̇O2 may be related to the fact that the 
decline in pulmonary vascular resistance during 
exercise will tend to promote forward blood flow 
into the pulmonary arteries and reduce the sever-
ity of the tricuspid regurgitation in a manner 
analogous to that seen in patients with pulmo-
nary regurgitation following repair of tetralogy 
of Fallot (see Chap. 14).

 Clinical Implications

A number of clinically important lessons may be 
drawn from the studies of exercise function in 
patients with Ebstein’s anomaly. It appears rea-
sonable to conclude that cardiac MRI volumetric 
measurements should not focus solely on the 
right and left ventricles. Indeed, much of the 
pathophysiology of this anomaly is reflected by 
the size of the right atrium and atrialized portion 
of the RV.  Determination of the volumes of 

these, often overlooked, components of the car-
diac anatomy should be included into the cardiac 
MRI assessment of patients with Ebstein’s 
anomaly [2, 9].

It should also be noted that patients with 
Ebstein’s anomaly often self-limit and are 
unaware of the severity of their exercise limita-
tions. In light of the important prognostic impli-
cations of exercise function in this population, 
periodic objective measurements of exercise 
function constitute an important component of 
clinical management of these patients [2]. The 
decision to forego or proceed with surgery 
requires consideration of multiple factors [12, 
13]. However, a peak V̇O2 less than 60% 
predicted, or a peak V̇O2 that is on a trajectory 
toward that threshold, should probably moti-
vate consideration of surgery [4, 12]. On the 
other hand, for the subset of patients who reach 
adulthood with well-preserved exercise func-
tion, continued observation and medical man-
agement may be most appropriate, as the 
decline in exercise function during adulthood is 
relatively slow.

 Boston Children’s Hospital 
Experience

Between 2003 and 2017, 392 cardiopulmonary 
exercise tests were performed on 169 patients 
with Ebstein’s anomaly at Boston Children’s 
Hospital. Patients with complex congenital heart 
disease diagnosis or who underwent cardiac 
transplantation or a Fontan procedure were 
excluded while those with concomitant simple 
defects or who had undergone tricuspid valve 
surgery were not. Of all the tests, 306 were maxi-
mal as defined by a maximal respiratory exchange 
ratio >1.09 (Fig. 20.1). Age at the time of cardio-
pulmonary exercise testing (CPET) averaged 
26 ± 14 years, and 52.3% of patients were female. 
Body mass index (BMI) averaged 24.8, and 
21.2% of the patients were obese (BMI > 30 kg/
m2). Most tests (78.8%) were performed by cycle 
ergometry with the rest performed using a tread-
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mill. Description of exercise test results is 
provided in Table 20.1. On average, peak V̇O2 is 
slightly below normal. V̇E/V̇CO2 slope is normal 
for most (median 27). Notable hypoxemia at 
peak exercise with saturations <90% is observed 
in >5% of patients (fifth percentile nadir satura-
tion 86%), presumably reflecting in many cases 
the presence of an atrial level communication 
with right-to-left shunt. Peak V̇O2 indexed to body 
mass declines steadily with age, though beyond 
adolescence there is little decline when V̇O2 is 
expressed as a percentage of predicted values. 
Chronotropic response tends to be normal while 
O2 pulse is mildly impaired.

 Prototypical Patient

The patient was an almost 20-year-old woman 
with severe Ebstein’s anomaly. By physical 
examination and echocardiography she had 
severe tricuspid insufficiency. She also had 
marked dilation of the right atrium and the atrial-
ized portion of her right ventricle (Ebstein sever-
ity grade was 4). Her estimated RV systolic 
pressure was normal and her LV function was 
also in the normal range. No atrial communication 
was detected.

Although she claimed to be asymptomatic, 
formal exercise testing (Fig.  20.2, Table  20.2) 
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Fig. 20.1 Cardiopulmonary exercise test findings in 
patients with Ebstein anomaly who completed a maximal 
(respiratory exchange ratio >1.09) exercise test at Boston 
Children’s Hospital between 2003 and 2017. Each point 
represents data for a single cardiopulmonary exercise test. 
The red line represents a restricted cubic spline fit to the 
data, with 95% confidence limits for the best fit line in 
semi-transparent blue. Only data for patients 10–60 years 

old with values between 20% and 150% predicted are 
presented. Note that the apparent increase in % predicted 
peak V̇O2 at ~50 years old is likely spurious, reflecting the 
relatively small sample size and the fact that three of the 
four observations >120% predicted were from tests on the 
same patient. Omitting those observations, the pattern is 
one of relative stability in peak V̇O2 as a percent predicted
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Table 20.1 Boston Children’s Hospital experience with Ebstein’s anomaly patients who have had cardiopulmonary 
exercise tests 2003–2017

n Peak HR
(bpm) 

Peak O2 Pulse
(% predicted) 

Peak VO2 

(% predicted)
Peak VO2

(mL/kg/min)
VE/VCO2

slope
Resting O2

saturation (%)
Peak O2

saturation (%)

All 306 75±17 26±9 169±22 82±20 29±6 98±3 96±5 

49-64-74-87-102 129-155-171-184-200 51-70-80-93-119 22-25-27-31-40 93-98-98-99-100 86-97-98-98-99

≤ 18 
years 
old 117 78±16 31±8 174±19 87±21 29±6 98±4 97±5 

52-67-80-90-100 20-25-30-37-45 141-162-175-190-203 56-74-89-98-123 22-25-27-31-43 91-98-98-99-100 83-97-98-98-99

19-30 
years 
old 96 73±16 26±7 174±21 79±18 28±6 98±2 96±5 

49-61-72-84-102 18-22-25-29-41

15-20-25-31-43

134-162-179-187-203 53-67-76-90-110 21-24-27-30-40 93-98-98-99-100 83-97-98-98-99

> 30 
years 
old 93 73±19 20±6 156±21 78±18 29±5 98±2 96±4 

46-61-71-83-105 12-17-19-23-35 115-142-160-173-184 50-67-77-86-112 22-25-28-33-38 94-97-98-98-100 89-95-97-98-99

Data are presented as mean ± SD with  percentiles in the row directly below

revealed moderately-severely depressed exercise 
function. Despite expending a good effort 
(reflected by a respiratory exchange ratio of 1.21 
and heart rate of 176 bpm at peak exercise), her 
peak V̇O2 was only 59%predicted. A low peak 
work rate and low V̇O2 at the ventilatory anaerobic 
threshold (VAT) supported the peak V̇O2 findings. 
An inability to augment her forward stroke vol-
ume during exercise (reflected by her low O2 
pulse at peak exercise) appeared to be the pri-
mary factor responsible for her poor exercise 
function. Her peak heart rate was normal and her 
heart rate increased excessively for her level of 
V̇O2 during exercise, probably as a result of an 
autonomic response to the depressed stroke vol-
ume. Her gas exchange during exercise was nor-
mal and no arterial desaturation was detected 
(consistent with the absence of an atrial-level 
right-to-left shunt). Her breathing reserve was 
high, probably reflecting her inability to raise her 
metabolic rate normally secondary to her con-
genital heart disease. Compared to a CPET 

obtained 2 years earlier, her exercise function had 
declined significantly.

The difference between her perceived exer-
cise function and the objective measurements 
obtained from the CPET probably related, at 
least in part, to the fact that she was born with a 
serious congenital heart defect and had never 
known what it is like to have a normal heart. A 
component of denial may also have accounted 
for the fact that she did not report and/or per-
ceive the deterioration that had occurred over 
the past 2 years.

Following the CPET, she was referred for a tri-
cuspid valvuloplasty (cone procedure). A subse-
quent CPET, performed ~2  years post-surgery, 
revealed that her peak V̇O2 had increased to 71%pre-
dicted and her O2 pulse at peak exercise had increased 
28% while achieving an identical peak heart rate 
(176  bpm). These observations suggested that the 
surgery had effectively enhanced her RV’s ability to 
augment its forward stroke volume and increase car-
diac output during exercise.

20 Ebstein’s Anomaly



150

Fig. 20.2 9-panel graph of data from cardiopulmonary 
exercise test from prototypical patient. Abbreviations: AT 
ventilator anaerobic threshold, BTPS body temperature 
and pressure, saturated, Exer exercise, PETCO2 end-tidal 

pCO2, PETO2 end-tidal pO2, Rec recovery, RER 
respiratory exchange ratio, V̇CO2 carbon dioxide 
production, V̇E minute ventilation, V̇O2 oxygen 
consumption, V̇O2/HR oxygen pulse
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Table 20.2 Selected data from cardiopulmonary exer-
cise test

Parameter Value
Peak V̇O2 (ml/kg/min) 18.2
Peak V̇O2 (%predicted) 59
Peak work rate (W) 120
Peak work rate (%predicted) 71
Peak RER 1.21
Peak O2 pulse (%predicted) 62
Peak heart rate (bpm) 176
Peak heart rate (%predicted) 95
Heart rate increase Excessive
V̇O2 at VAT (% of predicted 
peak V̇O2)

32

End-tidal pCO2 at VAT (mm 
Hg)

38

End-tidal pCO2 during 
exercise

Low-normal

V̇E/V̇CO2 slope 28
Forced vital capacity 
(%predicted)

105

FEV1 (%predicted) 86
FEF 25–75 (%predicted) 54
Breathing reserve (%) 58
Rhythm Sinus rhythm 

throughout study
Blood pressure response Normal
Oxygen saturation at rest (%) 99
Oxygen saturation at peak 
exercise (%)

99

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Pulmonary Vascular Disease

Jonathan Rhodes and Alexander R. Opotowsky

 Basic Anatomy 
and Pathophysiology

The classic histopathology of pulmonary vascu-
lar obstructive disease is characterized by intimal 
thickening/proliferation, medial hypertrophy, 
and ultimately “plexiform lesions,” fibrosis, and 
scarring of the walls of the precapillary pulmo-
nary arteries and arterioles. These histologic 
abnormalities result in partial or complete vessel 
obstruction and a consequent reduction of the 
number and total cross-sectional area of these 
pulmonary blood vessels. The endothelial func-
tion and vasodilatory capacity of the remaining, 

patent blood vessels are also impaired. These 
structural and functional abnormalities appear to 
represent a final common pathway of multiple 
conditions. Conditions that are associated with 
the development of pulmonary vascular disease 
include idiopathic pulmonary arterial hyperten-
sion (PAH), familial PAH, or PAH due to de novo 
genetic defects (e.g., bone morphogenic protein 
receptor type 2 mutations), or PAH associated 
with toxin exposure, inflammation, congenital 
heart disease, or left-sided heart disease. Other 
etiologies relevant to pediatric patients are condi-
tions associated with hypoplasia of the lungs and/
or pulmonary vascular bed secondary to birth 
defects (e.g., in patients with congenital dia-
phragmatic hernias), pediatric chronic lung dis-
eases (e.g., bronchopulmonary dysplasia) and 
developmental lung diseases (e.g., alveolar capil-
lary dysplasia, hereditary hemorrhagic telangiec-
tasia, and pulmonary veno-occlusive disease). It 
seems that the shear stress related to pulmonary 
hypertension can, by itself, cause ongoing dam-
age/injury to the pulmonary vascular bed result-
ing in the histopathology described above. This 
damage elevates pulmonary vascular resistance 
and pulmonary artery (PA) pressures, which then 
causes more damage, and so on. Consequently, 
without effective treatment the disease tends to 
be progressive and relentless [1–5].

Certainly PAH, defined simply as elevated pul-
monary artery pressure, can be present in the 
absence of the severe histologic changes described 
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previously. For instance, it may result from high 
pulmonary blood flow ± pulmonary vasoconstric-
tion (as in the case of an infant with a large 
 ventricular septal defect or patent ductus arterio-
sus), or because of elevated pulmonary venous 
pressure (which is also often associated with dis-
proportionate pulmonary vasoconstriction), as 
can be seen with various forms of left-sided heart 
disease. These alternative causes of elevated pul-
monary artery pressure can, however, lead to pro-
gressive and potentially irreversible pulmonary 
vascular damage over time. Determining the con-
tributions of various factors responsible for ele-
vated pulmonary artery pressure is often key to 
determining appropriate therapy [6].

 Hemodynamics

The abnormalities of the pulmonary vascular bed 
previously described result in elevated pulmonary 
vascular resistance (PVR) and PA pressure, both at 
rest and during exercise. Normally, PVR declines 
with exercise; loss of the capacity for this normal 
decline is presumably an early victim of the decrease 
in pulmonary vascular bed cross- sectional area and/
or the vasodilatory capacity of the pulmonary arte-
riolar resistance vessels. Accurate measurement of 
PVR during exercise requires invasive testing, how-
ever. Initially, the component of the elevated pres-
sure and resistance that is due to medial hypertrophy 
and increased vascular tone may be partially revers-
ible and responsive to pharmacologic pulmonary 
vasodilation. Idiopathic PAH tends to be more 
likely to respond to acute vasodilation challenges, 
though only a minority demonstrate a robust 
response. As the disease progresses and the fibrosis/
scarring of the pulmonary vascular bed becomes 
more extensive, the response to vasodilator therapy 
tends to become more attenuated [1, 7].

PAH imposes increased afterload upon the 
right ventricle (RV). Initially the RV responds 
by adaptive myocardial hypertrophy. However, 
as the disease progresses and the pulmonary 
vascular resistance relentlessly increases, pro-
gressive RV dilation/dysfunction develops. RV 
dysfunction may be due, in part, to RV ischemia 
secondary to the increased myocardial oxygen 

demand that results from the increased work-
load imposed upon the RV by the elevated pul-
monary vascular resistance [7, 8]. These 
phenomena cause the right atrial and RV dia-
stolic pressures to rise as the RV moves up its 
(often depressed) Starling curve in order to 
accommodate the excessive workload. The 
degree of right atrial pressure elevation is 
strongly associated with prognosis, as it reflects 
the RV’s failure/decompensation in the face of 
the excessive afterload imposed upon it by the 
pulmonary hypertension [9, 10]. RV dilation 
and elevated right-sided pressures can also 
result in tricuspid and/or pulmonary regurgita-
tion. These factors combine to impair the RV’s 
ability to maintain adequate stroke volume and 
cardiac output during exercise [1, 7, 11].

In patients with a patent foramen ovale or other 
atrial communication, right-to-left shunting can 
develop, especially during exercise as the RV 
moves up its Starling curve and RV diastolic and 
right atrial pressures rise to equal or exceed the left 
atrial pressure. This can also occur in the context of 
abnormal streaming due to tricuspid regurgitation 
or other causes. This phenomenon causes systemic 
arterial desaturation [1, 11]. It will also cause an 
increase in the V

.
 E/V

.
 CO2 ratio and a decrease in the 

end-tidal pCO2 (Fig. 21.1, and see Chap. 12) [11].
Pulmonary venous desaturation can also be 

present in patients with pulmonary vascular dis-
ease. In some cases, this anomaly may be a conse-
quence of impaired oxygen diffusion across the 
alveolar-capillary membrane [12, 13] and/or ven-
tilation/perfusion (V/Q) mismatch [14, 15]. This 
phenomenon may also result from the inordi-
nately rapid red cell transit time that is associated 
with this condition, especially during exercise. 
Occlusion/obstruction of the small pulmonary 
arteries and arterioles forces red blood cells to 
travel through a restrictive pulmonary vascular 
bed. Because pulmonary blood flow (i.e., volume 
per time interval) is equal to the cross-sectional 
area of the pulmonary vascular bed multiplied by 
the velocity of the blood flowing through the vas-
cular bed, the restrictive (i.e., diminished cross- 
sectional area) pulmonary vascular bed causes the 
velocity of the red blood cells within the pulmo-
nary vascular bed to be increased. The red blood 
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cells therefore pass quickly through the alveolar 
capillaries and the time available to participate in 
gas exchange will be abbreviated. Consequently, 
the pO2 within the red blood cell may not have 
equilibrated with the pO2 within the alveolus by 
the time it exits the alveolar capillaries, and the 
hemoglobin will not be fully saturated [11, 16]. 
(Because CO2 diffuses across the alveolar-capil-
lary membrane much more rapidly than does O2, 
the pCO2 of the blood and alveolus usually are in 

equilibrium by the time the blood leaves the alve-
olar capillaries, even in the presence of severe 
pulmonary vascular disease.)

 Exercise Function

The peak V
.
 O2 of patients with PAH is almost 

always depressed, primarily on account of an 
inability to increase the oxygen pulse normally 
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with exercise [11, 17, 18]. This reflects the right 
ventricle’s inability to increase the forward stroke 
volume. The ventilatory anaerobic threshold 
(VAT) is also depressed. This phenomenon is 
once again due to the fact that the low cardiac 
output during exercise and the arterial  desaturation 
(if present) compromise oxygen delivery to the 
muscles and cause an earlier-than-normal reli-
ance upon anaerobic metabolism [11]. This phys-
iology also results in a depressed V

.
 O2/work rate 

relationship [17, 18].

 Ventilatory Function

On a microscopic level, some degree of V/Q mis-
match secondary to the pulmonary vascular 
obstruction inherent to pulmonary vascular dis-
ease would be expected to be virtually universal. 
On a macroscopic level, this conjecture has been 
confirmed by studies of V/Q mismatch using the 
multiple inert gas elimination technique [15]. 
During exercise, the V/Q mismatch almost always 
results in inefficient gas exchange and excessive 
ventilation during exercise, manifested by an 
elevated V

.
 E/V

.
 CO2 slope (and the V

.
 E/V

.
 CO2 ratio) [7, 

11, 17, 19, 20]. End-tidal pCO2 during exercise 
also tends to be low in patients with pulmonary 
vascular disease, as areas of the lung with 
decreased or absent perfusion essentially act as 
dead space [7, 11, 17]. The pCO2 in the alveoli 
from these areas will be close to zero, will dilute 
out CO2 in the expired air from the better- perfused 
alveoli and thereby lower the end-tidal pCO2. 
Right-to-left intracardiac shunting, if present, 
will also tend to elevate the V

.
 E/V

.
 CO2 slope and 

lower the end-tidal pCO2 [11] (see Chap. 12).

 Clinical Implications

Studies have found that peak V
.
 O2 is a powerful 

predictor of adverse prognosis in patients with 
PAH, probably because it reflects the ability of 
the right ventricle to accommodate the hemody-
namic burdens imposed by the disease [11, 21]. 
As the disease progresses, the ability of the RV to 
accommodate these burdens (especially during 

physical activity) becomes more and more 
impaired, and the peak V̇O2 declines. 
Consequently, peak V

.
 O2 has been found to be an 

excellent predictor of mortality in patients with 
pulmonary hypertension [20–22]. For instance, 
in a study of 70 patients with PAH, Wensel et al. 
found that the peak V

.
 O2 and the peak-exercise 

systolic blood pressure (BP) were the strongest 
predictors of mortality. Among patients with a 
peak V

.
 O2 < 10.4 ml/kg/min and a peak systolic 

BP <120 mm Hg, 1-year survival was only 23%. 
In contrast, the 1-year survival of patients with 
peak V

.
 O2 ≥ 10.4 ml/kg/min and peak systolic BP 

≥120 mm Hg was 97%. Similarly, in a study of 
40 pediatric patients with pulmonary hyperten-
sion (mean age 13.4 ± 7.5 years), Yetman et al. 
reported that peak V

.
 O2 was significantly lower 

among patients with adverse clinical outcomes 
[20]. The peak V

.
 O2 has also been found to corre-

late strongly with many catheterization-derived 
hemodynamic variables including pulmonary 
vascular resistance, pulmonary to systemic vas-
cular resistance ratio, pulmonary artery pres-
sures, pulmonary capillary wedge pressure, and 
mean right atrial pressure [19, 21, 23]. 
Interestingly, peak V

.
 O2 correlates most closely 

with mean right atrial pressure, which, as noted 
earlier, is the hemodynamic variable that is most 
closely associated with prognosis [21, 23]. 
Patients with a peak V

.
 O2 > 75% of predicted are 

also more likely to have a positive response to 
acute pulmonary vasodilator testing [23]. This 
suggests that this subset of patients may be able 
to benefit from dynamic vasodilation during 
exercise, permitting a more robust cardiac output 
response.

The V/Q mismatch associated with pulmonary 
vascular disease also worsens as the disease pro-
gresses. This phenomenon is reflected by progres-
sive elevation of the V

.
 E/V

.
 CO2 slope. Consequently, 

the V
.
 E/V

.
 CO2 slope has been found to be a good 

index of disease severity and to carry powerful 
prognostic implications (Fig. 21.2) [11, 21].

Cardiopulmonary exercise testing (CPET) can 
also serve as a valuable tool for the objective and 
quantitative assessment of response to PAH ther-
apeutic interventions [24–30]. Yet, it must be 
acknowledged that interventional studies have 
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more often relied upon the 6  minute walk test 
(6MWT) as a surrogate clinical end point. The 
distance walked on a baseline 6MWT correlates 
with survival in patients with PAH [31–34]. 
Changes in 6MWT distance have also sometimes 
been found to correlate with survival and/or 
changes in invasive hemodynamic measurements 
in response to treatment [29, 34–36]. The correla-
tion between 6MWT distance and peak V

.
 O2 is 

generally but not uniformly good [29, 30]. The 
advantages of the 6MWT include its simplicity, 
low cost, greater resemblance to day-to-day sub-
maximal physical activities, and evidence base in 
pulmonary hypertension and other cardiovascu-
lar disorders (e.g., congestive heart failure). The 
disadvantages of this test include the fact that the 
distance walked may be influenced by many fac-
tors that may affect a patient’s mobility but are 
not directly related to the underlying pulmonary 
vascular disease, e.g., the patient’s weight, stride 
length, walking and turning skills, cooperation, 
motivation, experience, and neurologic and mus-
culoskeletal issues. Unlike with CPET where 
respiratory exchange ratio (RER) (and peak heart 
rate) provides a strong indication of maximal 
physiologic effort, there is no such indicator or 
equivalent effort on the 6MWT.  Consequently, 

there is a small “signal to noise ratio” for 6MWT 
data. This issue may be mitigated, at least in part, 
by the large sample sizes employed by some 
research studies. For an individual patient, how-
ever, relying on 6MWT data to reflect a response 
to therapy is often dubious. Furthermore, in all 
but the most limited patients (including most 
children/adolescents), the 6MWT is a submaxi-
mal test, and there is a significant “ceiling effect”; 
i.e., it is hard to improve upon a high 6MWT dis-
tance [37]. Indeed, the reliability and meaning of 
the 6MWT for patients who can walk more than 
~400 meters has been questioned [38]. Hence, 
although it correlates fairly well with peak V

.
 O2 in 

highly symptomatic patients, the utility and 
validity of the 6MWT in patients with “only” 
mild or moderate impairments is questionable 
[39]. The advantages of CPET in this context—
i.e., the physiologic insights it provides, its inter-
nal checks, superior reproducibility (when 
conducted in an experienced laboratory), bio-
logic plausibility, and prognostic power—have 
been recognized [40, 41].

In some patients with normal or borderline- 
elevated PA pressures at rest, an excessive rise in 
PA pressures may be detected with stress echo-
cardiography [42] or invasive CPETs [43–45]. 
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This abnormal response has been predictive of 
the development of resting pulmonary hyperten-
sion in the future, at least in some patient popu-
lations [46]. In these patients an elevated V

.
 E/V

.
 CO2 

slope is also likely to be encountered [43]. There 
are numerous reasons for elevated right ventricu-
lar systolic pressure with exercise, however, 
including increased pulmonary venous pressure 
or development of a dynamic flow-related right 
ventricular outflow tract gradient [44, 47].

Despite concern to the contrary, exercise test-
ing appears to carry low-risk in patients with 
pulmonary hypertension. In a meta-analysis that 
reviewed 23 studies of CPET in patients with 
pulmonary hypertension, Arena et  al. were 
unable to find a single case of a reported adverse 
event. It must be noted, however, that none of the 
studies was very large, and 11 of them include 
fewer than 20 pulmonary hypertension patients. 
Moreover, many centers consider exercise test-
ing to be contraindicated in PAH associated with 
syncope, acute right ventricular failure, or 
arrhythmia. It is therefore likely that some of the 
highest risk patients were excluded from some of 
the studies. It should also be noted, however, that 
several small studies have recently concluded 
that well- designed, moderate exercise training 
programs can safely improve the exercise capac-
ity and quality of life of patients with PAH who 
are stable on PAH-specific pharmacologic ther-
apy [7, 48–54].

 Prototypical Patient

The patient was a 15-year-old adolescent female 
who was diagnosed with idiopathic pulmonary 
hypertension. She was treated with trepostinil, 
tadalafil, and ambrisentan. At a catheterization 
4 months prior to the exercise test, her PA pres-
sures were elevated to systemic levels, and her 
right atrial pressure was elevated to 14 mm Hg. 
By history, her exercise tolerance was quite poor. 
She was referred to the exercise laboratory to bet-
ter characterize her current functional and cardio-
pulmonary status.

The CPET (Table 21.1 and Fig. 21.3) was per-
formed on a cycle ergometer using a 10 W/min 
ramp. The exercise test was terminated due to 
chest pain (5/10). The RER at peak exercise was 
1.14, indicating that the patient expended an ade-
quate effort. Her peak work rate, peak V

.
 O2, peak 

O2 pulse and V
.
 O2 at the VAT were quite low. 

Moreover, the O2 pulse did not increase signifi-
cantly during exercise. The patient’s heart rate 
rose excessively rapidly during exercise and her 
peak heart rate was only mildly depressed. Her 
V
.
 E/V

.
 CO2 slope was extremely high, and her end- 

tidal pCO2 during exercise was quite low. Her 
arterial oxygen saturation remained normal 
throughout the study. Her baseline electrocardio-
gram (EKG) revealed right ventricular hypertro-
phy with strain. No significant additional STT 
changes developed during exercise or recovery. 
No ectopy was detected during exercise. Rare 
premature ventricular contractions were noted 
during recovery. Only mild abnormalities were 
present on baseline spirometry and the breathing 

Table 21.1 Selected data from cardiopulmonary exer-
cise test

Parameter Value

Peak V̇O2 (ml/kg/min) 12.6

Peak V̇O2 (%predicted) 37
Peak work rate (W) 52
Peak work rate (%predicted) 39
Peak RER 1.14
Peak O2 pulse (%predicted) 49
Peak heart rate (bpm) 144
Peak heart rate (%predicted) 76
V̇O2 at VAT (% of predicted peak V̇O2) 28
Arterial oxygen saturation Normal
Breathing reserve (%) 57
V̇E/V̇CO2 slope 51
End-tidal pCO2 at VAT (mm Hg) 23
End-tidal pCO2 during exercise Very low
Forced vital capacity (%predicted) 74
FEV1 (%predicted) 75
FEF 25–75 (%predicted) 76
Breathing reserve (%) 57
Blood pressure response Normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold FEV1 volume 
exhaled during the first second of forced expiration FEF 
Flow rate between 25 and 75% of a forced expiration 
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reserve at peak exercise was high, indicating that 
exercise was not terminated due to respiratory 
factors.

The low oxygen pulse at peak exercise and the 
failure of the O2 pulse to increase significantly dur-
ing exercise probably reflect the fact that the high 
afterload imposed upon the RV by the patient’s 
pulmonary vascular disease impaired its ability to 
augment its stroke volume during exercise. The 

elevated V
.
 E/V

.
 CO2 slope and low  end- tidal pCO2 

were probably the consequences of the V/Q mis-
match that almost always accompanies pulmonary 
vascular disease. The normal arterial oxygen satu-
ration suggests that right-to- left intracardiac shunt-
ing was not present (no septal defects or other 
communications were detected by echocardiogra-
phy or cardiac catheterization) and that gas 
exchange across the alveolar- capillary membrane 

Fig. 21.3 Nine-panel graph from cardiopulmonary exer-
cise test on prototypical patient with pulmonary vascular 
disease. Abbreviations: AT ventilator anaerobic threshold, 
BTPS body temperature and pressure, saturated, Exer 

exercise, PETCO2 end-tidal pCO2, PETO2 end-tidal 
pO2, Rec recovery, RER respiratory exchange ratio, V̇CO2 
carbon dioxide production, V̇E minute ventilation, V̇O2 
oxygen consumption, V̇O2/HR oxygen pulse
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was not impaired. The exercise-induced chest pain 
may have been due to RV ischemia secondary to 
the inordinately high RV myocardial oxygen 
demand that develops as the RV is forced to 
accommodate the hemodynamic demands of exer-
cise in the setting of markedly elevated pulmonary 
artery pressures and resistance.
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Exercise Testing in Pediatric 
Dilated Cardiomyopathy

Irene D. Lytrivi and T. P. Singh

Dilated cardiomyopathy is the most common car-
diomyopathy in children with an incidence of 
0.56/100,000 per year [1]. The diagnosis is estab-
lished by cardiac imaging, which demonstrates a 
dilated left ventricle (LV) with reduced systolic 
function. LV diastolic dysfunction and right ven-
tricular systolic dysfunction may also develop 
[2]. Outcome varies with the underlying cause 
(such as infections, toxins, inborn errors of 
metabolism, or genetic mutations), the degree of 
LV systolic dysfunction, and the severity of 
symptoms [3]. In a large cohort of children seen 
at tertiary care centers in North America, the 
overall 1- and 5-year rates of death or transplan-
tation after initial diagnosis were 31% and 46%, 
respectively [1].

 Pathophysiology

The initial myocardial injury and resulting 
decrease in cardiac output lead to the activation 
of the renin-angiotensin-aldosterone system 
(RAAS) and the sympathetic nervous system. 
These compensatory responses help in maintain-
ing cardiac output and blood pressure. However, 
prolonged myocardial exposure to angiotensin 
and sympathetic hormones results in changes at 
the molecular, cellular (apoptosis, hypertrophy, 
reduced beta-receptor density), interstitial (fibro-
sis) and morphologic (progressive LV dilation 
and dysfunction) levels collectively described as 
“LV remodeling.” Remodeling is potentially ben-
eficial in the short term but becomes maladaptive 
if sustained [4].

With progressive LV dysfunction, the patient’s 
ability to increase cardiac output during periods 
of increased metabolic demands is impaired. 
RAAS activation also results in fluid retention, 
which, in combination with LV diastolic dys-
function, leads to higher LV filling pressures. 
Heart failure symptoms are due to elevated biven-
tricular filling pressures (dyspnea, abdominal 
pain) or subnormal cardiac output (fatigue, pal-
lor, and diaphoresis). In addition, peripheral vas-
cular and musculoskeletal changes (endothelial 
dysfunction, skeletal muscular atrophy, mito-
chondrial loss) may contribute to exercise-related 
symptoms and to abnormalities detected during 
exercise testing [5].
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 Exercise Testing in Children 
with Dilated Cardiomyopathy

A normal cardiopulmonary exercise test (CPET) 
depends on normal response of the cardiovascu-
lar, respiratory, and musculoskeletal systems to 
exercise. Exercise impairment in children with 
dilated cardiomyopathy and LV dysfunction may 
be due to a combination of factors including: 
inadequate tissue O2 delivery resulting from 
impaired heart rate and/or stroke volume 
response, abnormalities in the distribution or 
impedance of blood flow in the pulmonary and 
peripheral circulation, and skeletal muscle 
changes associated with deconditioning. CPET is 
useful in quantifying the degree of impairment in 
these systems and determining the mechanism of 
a patient’s symptoms. CPET is often normal in 
children with mild LV dysfunction. With progres-
sion of LV dysfunction, patients may not report 
an increase in symptoms, as they learn to self- 
limit their activities. CPET may help in identify-
ing exercise limitations in these patients as they 
develop moderate and severe LV dysfunction. 
CPET may also be useful in risk-stratification of 
children with severe LV dysfunction and in the 
serial assessment of exercise performance in 
these children.

 Oxygen Consumption During 
Exercise

Given the close relationship between oxygen 
consumption (V̇O2) and cardiac output, the impair-
ment in peak V̇O2 in children with LV dysfunction 
is a common finding. It is usually reported in 
children as percentage of predicted value for age 
and gender and implies an impaired ability to 
increase cardiac output with exercise. This should 
be further differentiated as to whether it is due to 
limited heart rate increase (such as  
with submaximal effort, sinus node disease, or 
beta blocker therapy) or limited stroke volume 
increase.

Because peripheral oxygen extraction at peak 
exercise is similar in health and disease states, 
oxygen pulse (V̇O2 divided by heart rate) at peak 

exercise is proportional to the stroke volume at 
peak exercise. Low peak O2 pulse is therefore 
interpreted as impaired stroke volume increase 
with exercise. Patients with a limited ability to 
augment stroke volume with exercise rely on a 
rise in heart rate to augment their cardiac out-
put. This results in an abnormally steep slope 
of  the heart rate increase relative to the V̇O2 
increase.

During CPET, the rate of rise in carbon diox-
ide production from lactate release starts earlier 
than in healthy individuals, resulting in reduced 
ventilatory anaerobic threshold (VAT). The V̇O2–
work rate (WR) slope, measured during cycle 
ergometer testing, may also be abnormal in these 
subjects with a less steep slope (V̇O2/ΔWR) as 
WR increases.

 Ventilatory Abnormalities

Patients with LV dysfunction begin to develop 
metabolic acidosis at lower WR compared to nor-
mal subjects and have lower VAT. This leads to 
increase in minute ventilation to maintain arterial 
H+ homeostasis. In addition, CPET often shows 
evidence of ventilation/perfusion mismatch with 
increased dead space volume and reduced gas 
exchange efficiency. In some patients, exercise is 
associated with periodic breathing (exercise oscil-
latory ventilation), a finding that is associated 
with higher filling pressures and low cardiac out-
put [6]. Despite these ventilation abnormalities, 
their exercise limitation is due to impaired cardiac 
output reserve and not ventilation, and they have 
ample, often high breathing reserve at peak 
exercise.

Patients with impaired gas exchange effi-
ciency have a greater ventilatory response for 
the same amount of expired CO2 and an above- 
normal V̇E/V̇CO2 slope. This is caused by pulmo-
nary blood flow maldistribution and ventilation/
perfusion mismatch in patients with LV 
 dysfunction. When assessing V̇E/V̇CO2 slope,  
one must take into account the fact that the  
slope is higher in healthy children and  
reaches normal adult values only around 
16 years of age [7, 8].
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 Blood Pressure 
and Electrocardiography Response

A blunted blood pressure (BP) response to exer-
cise in dilated cardiomyopathy is usually a late 
finding and suggests an inability to increase car-
diac output with exercise. It has been associated 
with adverse outcomes in both adults and in chil-
dren with dilated cardiomyopathy [9, 10]. 
Continuous electrocardiography (EKG) monitor-
ing during CPET is important for assessing heart 
rate response during exercise (the rate of increase 
and peak rate) and to detect exercise-induced 
arrhythmias during exercise and in recovery.

 Cardiopulmonary Exercise Testing 
as a Prognostic Tool

Two exercise variables—peak V̇O2 and the V̇E/V̇CO2 
slope—have been shown to stratify adults in 
heart failure for 1-year survival. Exercise testing 
became an important component of heart trans-
plant evaluation in adults after Mancini et  al. 
reported ~50% 1-year mortality in heart failure 
patients with peak V̇O2 < 14 ml/kg/min managed 
medically. In contrast, patients with equally 
severe LV dysfunction but with peak V̇O2 ≥ 14 ml/
kg/min had 94% 1-year survival with medical 
management [11]. Peak V̇O2 was later shown to be 
superior to clinical and hemodynamic variables 
in predicting transplant-free survival [12]. 
Because beta blockers reduce mortality in heart 
failure while potentially reducing peak heart rate 
response during exercise, peak V̇O2 < 10–12 ml/
kg/min or <50% predicted are the accepted 
thresholds associated with poor outcome in 
adults on these medications [13–15]. V̇E/V̇CO2 
slope >34 has also been associated with higher 
mortality and a 3-year survival of 57% [16].

For children in heart failure, a peak V̇O2 < 50% 
predicted for age and sex is a Class I indication 
for listing for transplantation [17]. This recom-
mendation was initially based on expert consen-
sus and extrapolation from adult data but has 
been supported by a study of children who 
underwent CPET during their heart transplant 
evaluation. The authors found that children with 

biventricular circulation and peak V̇O2  <  50% 
predicted were at 4.7-fold higher risk of death or 
deterioration on follow-up compared with those 
with peak V̇O2 ≥  50% predicted. V̇E/V̇CO2 slope 
≥34 was associated with a 2.7-fold increase in 
risk for adverse outcomes in subjects with 
biventricular circulation (Figs.  22.1 and 22.2) 
[18]. A higher V̇O2 threshold (<63%) was 
reported to be the discriminator between chil-
dren with good and poor outcomes in a UK 
study but included DCM children with near-
normal function [19]. The interpretation was 
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Fig. 22.1 Freedom from death or deterioration stratified 
by percent-predicted peak oxygen consumption (V̇O2) in 
children with biventricular circulation. (Reprinted with  
permission from [18])
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Fig. 22.2 Freedom from death or deterioration stratified 
by minute ventilation (V̇E)/carbon dioxide production 
(V̇CO2) slope in children with biventricular circulation. 
(Reprinted with permission from [18])
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therefore confounded by LV function and pro-
vided outcome data in children with mild vs. 
severe LV dysfunction rather than outcome dif-
ferences based on V̇O2 among children with 
equally severe LV dysfunction.

 6-Minute Walk Test

The 6-minute walk test is easier to perform than 
CPET and may be used if a child is unable to per-
form CPET. Poor performance on the 6-minute 
walk test is associated with mortality in adults 
with chronic heart failure [20, 21]. In a small 
pediatric study in children with DCM, a 6-minute 
walk distance <63% predicted was associated 
with a 2-year transplant-free survival of 73% vs. 
92% in children with a 6-minute walk distance 
≥63% predicted [22]. These results were also 
confounded by the severity of LV dysfunction as 
children with very mild dysfunction were 
included in the study. The test differentiated out-
comes among children with mild vs. severe LV 
dysfunction rather than among children with 
equally severe LV dysfunction.

In summary, the objective measurement of 
exercise performance (by either a CPET or when 
not feasible a 6-minute walk test) is a valuable 
tool in assessing cardiac reserve in children with 
dilated cardiomyopathy. Although large, pro-
spective studies are lacking, the existing litera-
ture supports the usefulness of these tests in 
assessing risk, establishing prognosis, and in 
decision making for timing of advanced therapies 
such as listing for heart transplant.

 Prototypical Patient

The patient was a 19-year-old adolescent female 
who was diagnosed with a Stage 4 neuroblas-
toma at 2  years of age. This condition was 
treated successfully with surgery and a chemo-
therapeutic regimen that included Adriamycin at 
a dose of 200 mg/m2. Subsequently, she did very 
well until 14 years of age when she was diag-
nosed with ventricular tachycardia and ventricu-

lar dysfunction after presenting with an irregular 
heartbeat on a routine school physical. The ven-
tricular tachycardia was effectively controlled 
with ablation procedures and antiarrhythmic 
medications. However, her LV function never 
recovered and in fact declined progressively. At 
the time of the exercise test, the echocardio-
graphically determined LV ejection fraction was 
37%. A CPET using a cycle ergometer with a 
15  W/min was obtained to further assess her 
current status (Table 22.1 and Fig. 22.3). At the 
time of the test she was being treated with cap-
topril, mexiletene, and carvedilol.

Her peak V̇O2, peak work rate, and V̇O2 at the 
VAT were severely depressed. Based upon the O2 
pulse data, an inability to increase the stroke vol-
ume to appropriate levels at peak exercise was 
the primary factor responsible for these abnor-
malities. The heart rate increased excessively 
during exercise (despite the beta-blocker ther-
apy), as her cardiovascular system attempted to 
compensate for the depressed stroke volume. No 
significant ectopy was detected. The V̇E/V̇CO2 
slope was slightly high and the end-tidal pCO2 
during exercise slightly low consistent with 

Table 22.1 Selected data from cardiopulmonary exer-
cise test

Parameter Value
Peak V̇O2 (ml/kg/min) 14.6
Peak V̇O2 (%predicted) 41
Peak work rate (W) 72
Peak work rate (%predicted) 52
Peak RER 1.22
Peak O2 pulse (%predicted) 47
Peak heart rate (bpm) 172
Peak heart rate (%predicted) 88
Heart rate increase Excessive
V̇O2 at VAT (% of predicted peak V̇O2) 28
V̇E/V̇CO2 slope 29
End-tidal pCO2 at VAT (mm Hg) 37
End-tidal pCO2 during exercise Slightly low
Forced vital capacity (%predicted) 78
FEV1 (%predicted) 69
FEF 25–75 (%predicted) 48
Blood pressure response Blunted

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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mildly inefficient gas exchange during exercise 
likely secondary to the ventilation/perfusion mis-
match that results from elevated LV end diastolic 
pressure. The obstructive pattern present on her 
baseline spirometry may also have been related 
to elevated LV end diastolic pressure. The results 
of this study were a major influence on a subse-
quent decision to refer the patient for a heart 
transplant.

References

 1. Towbin JA, Lowe AM, Colan SD, Sleeper LA, Orav 
EJ, Clunie S, et al. Incidence, causes, and outcomes 
of dilated cardiomyopathy in children. JAMA. 
2006;296(15):1867–76.

 2. Jefferies JL, Towbin JA.  Dilated cardiomyopathy. 
Lancet. 2010;375(9716):752–62.

 3. Singh RK, Canter CE, Shi L, Colan SD, Dodd 
DE, Everitt MD, et  al. Survival without cardiac 

Fig. 22.3 9-panel graph from cardiopulmonary exercise 
test of prototypical patient. Abbreviations: AT ventilator 
anaerobic threshold, BTPS body temperature and pres-
sure, saturated, Exer exercise, PETCO2 end tidal pCO2, 

PETO2 end tidal pO2, Rec recovery, RER respiratory 
exchange ratio, V̇CO2 carbon dioxide production, V̇E min-
ute ventilation, V̇O2 oxygen consumption, V̇O2/HR oxygen 
pulse

22 Exercise Testing in Pediatric Dilated Cardiomyopathy



168

 transplantation among children with dilated cardio-
myopathy. J Am Coll Cardiol. 2017;70:2663–73.

 4. Konstam MA, Kramer DG, Patel AR, Maron MS, 
Udelson JE. Left ventricular remodeling in heart fail-
ure. J Am Coll Cardiol Img. 2011;4(1):98–108.

 5. Zizola C, Schulze PC.  Metabolic and structural 
impairment of skeletal muscle in heart failure. Heart 
Fail Rev. 2013;18(5):623–30.

 6. Murphy RM, Shah RV, Malhotra R, Papagiannopoulos 
PP, Hough SS, Systrom DM, et al. Exercise oscilla-
tory ventilation in systolic heart failure. An indica-
tor of impaired hemodynamic response to exercise. 
Circulation. 2011;124:1442–51.

 7. Nagano y BR, Kuraishi K, Yasuda T, Ikoma M, 
Nishibata K, et al. Ventilatory control during exercise 
in normal children. Pediatr Res. 1998;43(5):704–7.

 8. Marinov B, Kostianev S, Turnovska T.  Ventilatory 
efficiency and rate of perceived exertion in obese and 
non-obese children performing standardized exercise. 
Clin Physiol Funct Imaging. 2002;22:254–60.

 9. Sinagra G, Iorio A, Merlo M, Cannata A, Stolfo D, 
Zambon E, et al. Prognostic value of cardiopulmonary 
exercise testing in idiopathic dilated cardiomyopathy. 
Int J Cardiol. 2016;223:596–603.

 10. Chen CK, Manlhiot C, Russell JL, Kantor PF, 
McCrindle BW, Conway J. The utility of cardiopul-
monary exercise testing for the prediction of outcomes 
in ambulatory children with dilated cardiomyopathy. 
Transplantation. 2017;101(10):2455–60.

 11. Mancini DM, Eisen H, Kussmaul W, Mull R, 
Edmunds LH Jr, Wilson JR. Value of peak exercise 
oxygen consumption for optimal timing of cardiac 
transplantation in ambulatory patients with heart fail-
ure. Circulation. 1991;83:778–86.

 12. Myers J, Gullestad L, Vagelos R, Do D, Bellin D, 
Ross H, et  al. Clinical, hemodynamic, and cardio-
pulmonary exercise test determinants of survival in 
patients referred for evaluation of heart failure. Ann 
Intern Med. 1998;129:286–93.

 13. Peterson LR, Schechtman KB, Ewald GA, Geltman 
EM, Meyer T, Krekeler P, et  al. The effect of beta- 
adrenergic blockers on the prognostic value of peak 
exercise oxygen uptake in patients with heart failure. 
J Heart Lung Transplant. 2003;22:70–7.

 14. O’Neill JO, Young JB, Pothier CE, Lauer MS. Peak 
oxygen consumption as a predictor of death in 
patients with heart failure receiving beta-blockers. 
Circulation. 2005;111:2313–8.

 15. Stelken AM, Younis LT, Jennison SH, Miller DD, 
Miller LW, Shaw LJ, et al. Prognostic value of cardio-
pulmonary exercise testing using percent achieved of 
predicted peak oxygen uptake for patients with isch-
emic and dilated cardiomyopathy. J Am Coll Cardiol. 
1996;27:345–52.

 16. Ponikowski P, Francis DP, Piepoli MF, Davies 
LC, Chua TP, Davos CH, et  al. Enhanced ventila-
tory response to exercise in patients with chronic 
heart failure and preserved exercise tolerance: 
marker of abnormal cardiorespiratory reflex con-
trol and predictor of poor prognosis. Circulation. 
2001;103:967–72.

 17. Canter CE, Shaddy RE, Bernstein D, Hsu DT, 
Chrisant MR, Kirklin JK, et al. Indications for heart 
transplantation in pediatric heart disease: a scien-
tific statement from the American Heart Association 
Council on Cardiovascular Disease in the Young; 
the Councils on Clinical Cardiology, Cardiovascular 
Nursing, and Cardiovascular Surgery and Anesthesia; 
and the Quality of Care and Outcomes Research 
Interdisciplinary Working Group. Circulation. 
2007;115(5):658–76.

 18. Lytrivi ID, Blume ED, Rhodes J, Dillis S, Gauvreau 
K, Singh TP. Prognostic value of exercise testing dur-
ing heart transplant evaluation in children. Circ Heart 
Fail. 2013;6:792–9.

 19. Giardini A, Fenton M, Andrews RE, Derrick G, 
Burch M.  Peak oxygen uptake correlates with sur-
vival without clinical deterioration in ambulatory 
children with dilated cardiomyopathy. Circulation. 
2011;124:1713–8.

 20. Bittner V, Weiner DH, Yusuf S, Rogers WJ, McIntyre 
KM, Bangdiwala SI, et al. Prediction of mortality and 
morbidity with a 6-minute walk test in patients with 
left ventricular dysfunction. SOLVD investigators. 
JAMA. 1993;270(14):1702–7.

 21. Passantino A, Lagioia R, Mastropasqua F, Scrutinio 
D.  Short-term change in distance walked in 6  min 
is an indicator of outcome in patients with chronic 
heart failure in clinical practice. J Am Coll Cardiol. 
2006;48(1):99–105.

 22. Den Boer SL, Flipse DHK, van der Meulen MH, 
Backx AP, du Marchie Sarvaas GJ, Ten Harkel 
AD, et al. The 6-minute walk test as a predictor for 
outcome in children with dilated cardiomyopathy 
and chronic stable heart failure. Pediatr Cardiol. 
2017;38(3):465–71.

I. D. Lytrivi and T. P. Singh



169© Springer Nature Switzerland AG 2019 
J. Rhodes et al. (eds.), Exercise Physiology for the Pediatric and Congenital Cardiologist, 
https://doi.org/10.1007/978-3-030-16818-6_23

Hypertrophic Cardiomyopathy

Renee Margossian and Jonathan Rhodes

 Basic Anatomy and Physiology

Hypertrophic cardiomyopathy (HCM) is a condi-
tion characterized by a nondilated and hypertro-
phied left ventricle (LV), in the absence of a 
physiologic derangement that may account for 
the observed increased wall thickness (e.g., aortic 
valve stenosis or systemic hypertension). 
Physiologic hypertrophy related to intense physi-
cal activity, so-called athlete’s heart, is also 
excluded from the diagnosis of HCM. The clini-
cal expression and natural history of this disorder 
are widely variable [1].

In adult cohorts, the etiology of HCM is thought 
to be due to mutations in sarcomeric genes in 
85–90% of cases, with pathogenic variants 
reported for almost all of the sarcomeric proteins. 
A large majority of these cases are due to variants 
in MYBPC3 and MYH7 genes (70% of identified 
mutations), with other genes (TNNT2, TNNI3, 
TPM1, MYL2, MYL3, and ACTC1) involved at a 
much lower frequency (1–5% each) [2]. However, 

the etiologic basis of the disease is broader in the 
pediatric age range [3]. Potential etiologies include 
multisystem syndromic disorders such as Noonan 
syndrome and Friedrich ataxia and metabolic/
mitochondrial disorders such as Pompe disease 
and MELAS (mitochondrial encephalopathy, lac-
tic acidosis, and stroke- like episodes).

At a tissue level, HCM is characterized by myo-
fiber disarray with interstitial and subendocardial 
myocardial fibrosis. The result of myofiber disar-
ray is cellular hypertrophy, due to the isometric 
contraction of randomly positioned cells. In fact, 
the regions with the most hypertrophy typically 
demonstrate the greatest degree of disarray [1].

Echocardiograms in patients with HCM demon-
strate varying anatomic phenotypes, in addition to 
left ventricle hypertrophy (LVH). The hypertrophy 
itself ranges from mild to severe and most fre-
quently involves the basal anterior septum and the 
adjacent free wall segment, although any segment 
may be affected [4]. Dynamic left ventricular out-
flow tract obstruction (LVOTO) is a common asso-
ciation, and is due to a combination of systolic 
anterior motion of the mitral valve apparatus, and its 
apposition with the thickened ventricular septum. 
Distortion of the mitral apparatus may also result in 
clinically significant mitral regurgitation [1].

Although LV systolic function is typically 
normal or supranormal, diastolic dysfunction is a 
common association and may be responsible for 
many of the exercise-related symptoms in 
HCM. Indeed, left atrial size, a primary indicator 
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of diastolic dysfunction, has been correlated with 
exercise intolerance in children and adolescents 
with HCM [5].

Although the overall life expectancy for 
patients with HCM can be near normal, a majority 
of patients (especially older patients) experience 
symptoms. These include chest pain, exertional 
dyspnea, palpitations, and syncope. A minority of 
patients die suddenly (annual incidence of ~0.5–
1% per year), which may be the initial manifesta-
tion of the disease. The highest incidence of 
sudden cardiac death (SCD) in HCM appears to 
be in the third and fourth decades of life [1].

 Exercise Hemodynamics 
in Hypertrophic Cardiomyopathy

The vast majority of patients with HCM have 
experienced exercise limitations and decreased 
functional capacity by late adulthood. While 
many young patients are asymptomatic, formal 
exercise testing can reveal significant, clinically 
important abnormalities that may not be recog-
nized or appreciated by the patient or his/her 
family. Cardiopulmonary exercise testing (CPET) 
typically focuses upon the patient’s rhythm, 
blood pressure response, and peak V

.
 O2. Other 

indices—such as the O2 pulse, V
.
 E/V

.
 CO2 slope, end-

tidal pCO2, and anaerobic threshold—can pro-
vide additional insights into the patient’s 
cardiopulmonary function and how it is affected 
by his/her cardiac disease.

The pathophysiology of the exercise limitations 
in HCM is complex, with interwoven etiologies. 
These include LV diastolic dysfunction, LVOTO, 
and chronotropic incompetence [6]. A variable 
amount of deconditioning secondary to exercise 
restrictions and/or exercise-related symptoms is 
also frequently present. Systolic dysfunction and 
congestive heart failure are rare, particularly in the 
pediatric age range, affecting less than 5% of 
patients; however, when this end- stage or “burned-
out” phase occurs, exercise limitations and their 
mechanisms are similar to patients with systolic 
heart failure due to other causes.

When exercise dysfunction is present, an 
inability to increase stroke volume (either mea-
sured or reflected by a low O2 pulse at peak 

exercise) is usually responsible for limited 
exercise capacity and is closely tied to LV dia-
stolic dysfunction. In a study of 156 adult 
patients with HCM, Finocchiaro and colleagues 
found that 39% had reduced exercise tolerance; 
19% also had elevated V

.
 E/V

.
 CO2 slopes. Peak car-

diac index, peak stroke volume, and the E/E’ 
ratio were strongly related to peak V

.
 O2. Peak 

V
.
O2, left atrial volume, and the V

.
 E/V

.
 CO2 slope 

were also independently associated with a com-
bined clinical endpoint of death, heart trans-
plant, or clinical deterioration leading to septal 
reduction [7]. Other studies have reported simi-
lar findings [8]. The V

.
 E/V

.
 CO2 slope elevation is 

probably a reflection of the elevated left-sided 
filling pressures and consequent impairment of 
pulmonary gas exchange during exercise (see 
Chap. 12).

Invasive studies during exercise have also 
shown an inverse correlation between time to 
peak filling at peak exercise and cardiopulmo-
nary indices, suggesting that LV diastolic func-
tion during exercise is related to peak V

.
 O2 and 

peak cardiac output [9].
In addition to diastolic dysfunction, LVOTO 

can also play a role in the reduced stroke volume 
response to exercise. Moreover, LVOTO can con-
tribute to a physiologically disadvantageous loop, 
with LVOTO leading to increased mitral regurgita-
tion, increased hypertrophy, and decreased LV 
compliance, all resulting in elevated left atrial and 
pulmonary venous pressures [10]. In a study of 
135 patients with HCM, 25% of whom had 
LVOTO, there was an inverse relationship between 
LV outflow gradient and peak V

.
 O2, and patients 

undergoing septal ablation and surgical myectomy 
for LVOTO have demonstrated improvements in 
peak V

.
 O2 after the procedures [11–13].

The combination of LVOTO (and consequent 
increased myocardial oxygen consumption) and an 
impaired cardiac output during exercise may result 
in insufficient coronary blood flow and an imbal-
ance between myocardial oxygen supply and 
demand during exercise. Coronary microvascular 
dysfunction and/or myocardial bridging also may 
be present in some patients with HCM and may 
further contribute to this problem [1, 14]. This 
imbalance, along with the myocardial fibrosis pres-
ent in some patients with HCM, probably underlies 
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the increased risk for exercise- related arrhythmias 
and sudden death in patients with HCM.

Chronotropic incompetence, or blunting of the 
exercise-induced rise in heart rate, is another fac-
tor that can contribute to the exercise intolerance 
of patients with HCM. Although the exact mecha-
nism is not known, altered beta-receptor function, 
impaired calcium signaling, and/or fibrosis in the 
region of the sinoatrial node are thought to play 
roles [15]. In a study of 68 patients with HCM (age 
44.8  ±  14.6  years) Efthimiadis and colleagues 
reported that chronotropic incompetence—defined 
as failure to reach a chronotropic index of 0.8—
was present in half of the patients [16]. A high 
prevalence of abnormal sinus node function (66%) 
and His-Purkinje conduction (30%) was also noted 
in a cohort of 155 HCM patients who underwent 
invasive electrophysiology studies [17]. Possible 
explanations for these findings include myocardial 
disarray or overt fibrotic changes in the atrial myo-
cardium. In fact, in a study of 98 patients assessed 
with both cardiac magnetic resonance imaging 
(MRI) and symptom-limited exercise testing, the 
presence of delayed gadolinium enhancement (a 
marker of myocardial fibrosis) was an independent 
predictor of exercise capacity [18].

 Clinical Value of Exercise Testing 
in Hypertrophic Cardiomyopathy

In light of the proven efficacy of prophylactic 
implantable defibrillators [1, 19], and the value of 
surgical relief of LVOTO in selected patients 
[20], the assessment of an HCM patient’s risk for 
sudden death risk constitutes an important part of 
the management of the HCM patient. This assess-
ment is based on a composite of clinical markers. 
A fall in systolic blood pressure (SBP) 
>20 mm Hg during exercise is a parameter that is 
included in the composite as a Class IIa recom-
mendation [21]. The hypotensive blood pressure 
response to exercise has a low positive but high 
negative predictive accuracy, indicating it is most 
useful for identifying patients who are at lower 
risk for sudden death [22]. An abnormal blood 
pressure response to exercise is nevertheless con-
sidered a risk factor for sudden death in HCM, 
particularly in patients younger than 40 years and 

in patients with a family history of sudden death 
[23, 24]. When associated with a significant 
LVOTO at rest or with exercise, it may be an indi-
cation for surgical and/or other interventions.

During upright exercise, systolic blood pres-
sure typically increases by at least 20  mm  Hg 
from rest to peak exercise [25]. However, approx-
imately one-third of patients with HCM fail to 
augment their SBP or experience a fall in SBP 
[26]. This abnormal SBP response to exercise 
may be due to a failure to augment cardiac output 
and/or stroke volume during exercise, the devel-
opment of LVOTO, or the development of myo-
cardial ischemia. Abnormal activation of 
ventricular mechanoreceptors may also be 
involved [27]. These receptors may be activated 
by the stretch of the myocardium, causing vaso-
dilation. Regional variations in stretch result 
from the myofiber disarray and fibrosis, which 
lead to regions of increased wall stress.

Characterization of a patient’s LVOTO during 
exercise also has important clinical implications. 
Approximately 1/3 of HCM patients have LVOTO 
>30 mm Hg at rest, and another 1/3 develop sig-
nificant LVOTO during exercise. In patients with-
out significant exertional symptoms, a provocable 
gradient >50  mm  Hg has been found to predict 
clinical deterioration and symptom progression to 
New York Heart Association (NYHA) functional 
class III/IV [28, 29]. Development of LVOTO 
rapidly at lower levels of exercise is associated 
with more impairment in functional capacity 
compared to later onset of gradient [28]. In addi-
tion, for patients with severe symptoms but with-
out significant LVOTO at rest, the detection of a 
large exercise-induced gradient identifies a thera-
peutic target that may be amenable to medical 
treatment (e.g., beta-blockers), surgical myec-
tomy, or alcohol septal ablation. Effective relief of 
LVOTO can improve symptoms and provide a 
survival benefit [20]. In medication- refractory 
patients, septal myectomy (or alcohol septal abla-
tion in older adolescents and adults) provides 
effective symptomatic improvement, with up to 
95% of patients improving to NYHA class I or II 
[21]. However, in those patients with severe med-
ication-refractory symptoms who do not have a 
provocable gradient, management is confined to 
cardiac transplantation.
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These observations underscore the principle 
that therapeutic interventions such as surgical 
myectomy, etc. should not be confined to patients 
with large resting gradients and in fact should be 
considered for all severely symptomatic patients 
with LVOTO, including those with physiologically 
provocable gradients [20, 28]. Serial exercise test-
ing should also be employed to objectively assess 
the effectiveness of any therapeutic intervention.

Several studies with large numbers of patients 
with HCM have demonstrated that CPET data 
can improve the management of patients with 
HCM and assist clinicians attempting to estimate 
a patient’s risk for sudden death, heart failure 
death, and heart transplantation [7, 30, 31]. As 
discussed previously, a low peak V

.
 O2 and an ele-

vated V
.
 E/V

.
 CO2 slope are risk factors for death, 

heart transplant, or clinical deterioration [8]. A 
decreased peak V

.
 O2 also provides an independent 

and quantitative assessment of functional limita-
tion in the setting of an ambiguous personal his-
tory. Although functional capacity in 

cardiovascular disease is typically assessed by 
NYHA classification, in many patients with 
HCM, this classification system may be mislead-
ing. One study of 135 HCM patients reported that 
99% had peak V

.
 O2 less than 80% predicted for 

age, gender, and size [32]. While peak V
.
 O2 did 

correlate with NYHA class, there was consider-
able overlap, and even class I patients had a high 
incidence of reduced peak V

.
 O2 (70%).

Peak V
.
 O2 data can also help guide decisions 

regarding referral for cardiac transplantation. In a 
report of 1005 patients with HCM (median fol-
low- up of 5.5 years), a peak V

.
 O2 of less than 50% 

predicted was associated with overall mortality 
and sudden cardiac death equivalent events—
such as resuscitated sudden death and appropri-
ate automatic implantable cardioverter 
defibrillator (AICD discharge) [33]. Numerous 
cross-sectional studies have also correlated peak 
V
.
 O2 with various clinically relevant variables 

including diastolic dysfunction [9], quality of life 
[34], and LVOT gradients [35].

Medical
Therapy

Medical
Therapy

Metabolic
Exercise Testing

Exercise Echocardiography

No or Small LV Outflow Gradients at Rest

HCM PATIENTS

Transplant Surgical Myectomy
(or alcohol septal ablation)

No Treatment
Surveillance

No Treatment
Surveillance

AsymptomaticAsymptomatic Mildly
Symptomatic

Provocable Obstruction*Nonobstructive*

Mildly
Symptomatic

Drug Refractory
Severely Symptomatic

(NYHA class III/IV)

Drug Refractory
Severely Symptomatic

(NYHA class III/IV)

VO
2
 Max†

Fig. 23.1 Algorithm summarizing applications of exercise testing to diagnose and manage hypertrophic cardiomyopa-
thy. (Reprinted with permission from [28])
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The detection of exercise-induced arrhyth-
mias also has important clinical implications. In 
patients with HCM, exercise-induced ventricular 
arrhythmias have been found to be associated 
with a 3.73-fold increase in the risk of subsequent 
sudden cardiac death and/or AICD discharge [36, 
37]. The manner in which exercise test data may 
be integrated into the clinical management of 
patients with HCM is illustrated in Fig. 23.1 [28].

Because of the risk of sudden death during 
exercise, patients with HCM are generally 
restricted from most competitive sports [38]. 
However, the benefits of moderate levels of exer-
cise have recently been gaining increased recog-
nition/appreciation. For an individual patient 
with HCM, the substantial benefits of these activ-
ities must be weighed against the risks. Exercise 
test data may help in this assessment. For HCM 
patients without concerning risk factors and with 
reassuring exercise test data, many clinicians will 
conclude that the risk/benefit ratio for moderate 
exercise is favorable. Maintaining good hydra-
tion and avoiding adverse environmental condi-
tions (e.g., hot or cold weather, high humidity) 
can also mitigate the risks of exercise [1, 39, 40].

 Risks Associated with Exercise 
Testing

As recently as 2002, the American College of 
Cardiology/American Heart Association guidelines 
for exercise testing cautioned clinicians against 
exercise testing in HCM patients due to a concern 
for development of hypotension and/or severe 
LVOTO that could lead to arrhythmias or cardiovas-
cular collapse [41]. However, considerable data 
have shown that exercise testing is feasible and safe 
when performed in a monitored, controlled, and 
supervised clinical setting [42–44]. A Cleveland 
Clinic series of 263 (mostly adult) HCM patients 
reported a major complication in <0.04% (1 patient; 
sustained VT requiring cardioversion) and minor 
events in 23%, including mild chest pain (10.2%), 
severe chest pain (1.5%), new nonsustained atrial 
arrhythmias (3.0%), nonsustained ventricular 
arrhythmias (4.2%), and presyncope (12.9%), with 
many patients experiencing >1 minor event. A 
decrease in SBP ≥20 mm Hg was noted in 6.1%. 

There were no syncopal events, and patients with 
minor events had higher LVOTO gradients after 
exercise and those without minor events [44].

In our review of arrhythmias during exercise 
tests performed at Boston Children’s Hospital 
between 2013 and 2016, we found that 147 tests 
were performed for patients with HCM (exclud-
ing patients with positive genetic testing and no 
clinical phenotype). On two (1.4%) occasions, 
serious arrhythmias requiring CPR and defibrilla-
tion and/or cardioversion developed. One patient 
developed hemodynamically marginal, relatively 
slow ventricular tachycardia at minimal exercise. 
The other patient developed ventricular fibrilla-
tion during the exercise test. Fortunately, both 
were quickly and effectively resuscitated and 
experienced no identifiable neurological injury. 
Moreover, the exercise tests results significantly 
influenced the patients’ subsequent management. 
The first patient was listed for and underwent 
successful cardiac transplantation (partly on the 
basis of the exercise test result). The second was 
referred for resection of subaortic stenosis.

Hence, in our experience, exercise testing in 
pediatric patients with HCM does carry significant 
risk. However, the data acquired during the exer-
cise test can have a dramatic impact upon the 
patient’s management, and the risks associated 
with exercise testing can certainly be mitigated by 
having appropriate staff and equipment available 
at the test. The value of acquiring exercise test data 
in a controlled environment where prompt, effec-
tive interventions can be administered, if neces-
sary, must be weighed against the risks of the 
exercise test, and the risks of overlooking a poten-
tially life-threatening medical condition. In many 
cases, the risk/benefit ratio of exercise testing is 
probably favorable, but the test should be eschewed 
if the exercise data is unlikely to be helpful or to 
change the patient’s management [45].

 Prototypical Patient

The patient was a 22-year-old man who presented 
for evaluation of episodes of dizziness and syn-
cope with exercise. His physical examination was 
normal except for moderate obesity (body mass 
index 36.3). No murmurs were detected, even 
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with the Valsalva maneuver. His electrocardio-
gram (EKG) was remarkable for T wave inver-
sions in I, aVL, V5, and V6. His baseline 
transthoracic echocardiogram revealed mild sep-
tal hypertrophy, hyperdynamic LV function, mild 

chordal systolic anterior motion (SAM), mild 
mitral regurgitation, and decreased septal tissue 
Doppler diastolic velocities. (Of note, the EKG 
and echocardiographic abnormalities were new 
and were not present on studies obtained 2 years 
earlier when he was evaluated for similar, albeit 
milder symptoms.) He also performed an exer-
cise test on a treadmill, using the standard Bruce 
Protocol (Table 23.1). He developed his typical 
dizziness at peak exercise, requiring test termina-
tion. His endurance time, peak V

.
 O2 and V

.
 O2 at the 

ventilatory anaerobic threshold (VAT) were low- 
normal. His V

.
 E/V

.
 CO2 slope and heart rate response 

to exercise were normal. He had mild systolic 
hypertension at rest. His SBP rose modestly dur-
ing the early stages of exercise, but plateaued 
thereafter and fell precipitously immediately 
post-exercise, in association with his symptoms. 
No ectopy was detected during the study, but he 
did develop 1–2 mm of ST depression with addi-
tional T wave inversions in the inferior leads at 
higher levels of exercise. Post-exercise stress 
echocardiography revealed severe LVOTO 
(Fig. 23.2) with hyperdynamic LV function and 
marked chordal SAM.

Following this study, he was started on beta- 
blocker therapy and instructed to avoid strenu-
ous physical activities and return for 
re-evaluation and a repeat stress test in 
1  month. At his follow- up visit, he reported 

Table 23.1 Selected data from cardiopulmonary exer-
cise test, pre-beta-blocker therapy

Parameter Value

Peak V̇O2 (ml/kg/min) 27.8

Peak V̇O2 (%predicted) 88
Endurance time 
(percentile)

25–50th

Peak RER 1.12
Peak O2 pulse 
(%predicted)

87

Peak heart rate (bpm) 179
Peak heart rate 
(%predicted)

90

V̇O2 at VAT (% of predicted 
peak V̇O2)

41

Arterial oxygen saturation Normal
V̇E/V̇CO2 slope 25
End-tidal pCO2 at VAT 
(mm Hg)

44

End-tidal pCO2 during 
exercise

Normal

Spirometry Normal
Blood pressure response Blunted; precipitous drop 

post-exercise

RER Respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold

Fig. 23.2 Left ventricular outflow tract (LVOT) Doppler measurements from the prototypical patient’s initial stress 
echocardiogram, at rest (left) and post-exercise (right). Although there was no significant LVOT gradient at rest, the 
post-exercise gradient exceeded 100 mm Hg
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that his symptoms had resolved. On the exer-
cise test (Table 23.2), he did not develop dizzi-
ness. His endurance time and peak V

.
 O2 were 

similar. His VAT was higher. His peak heart 
rate was lower and his oxygen pulse corre-
spondingly higher. No additional ST changes 
developed during exercise. His blood pressure 
response to exercise was normal and did not 
decline precipitously post-exercise. No 
LVOTO gradient was detectable at rest or at 
peak exercise (Fig. 23.3).

This case illustrates how exercise can pro-
duce dramatic LVOTO in patients, even when 
no significant obstruction is present at rest. The 
obstruction can be associated with hypotension 
and additional ST abnormalities and symptoms. 
In this patient, the beta-blocker therapy reduced 
heart rate and thereby allowed the heart to fill 
more during diastole. The medication also 
impeded the increase in contractility that is 
associated with exercise. These hemodynamic 
effects combined to increase LV diastolic and 
systolic volumes during exercise and effectively 
eliminated the dynamic subaortic obstruction 
that had developed during exercise prior to the 
initiation of the medication. They also resulted 
in a dramatic improvement in the patient’s 
symptoms.

Table 23.2 Selected data from cardiopulmonary exer-
cise test, post-beta-blocker therapy

Parameter Value

Peak V̇O2 (ml/kg/min) 25.8

Peak V̇O2 (%predicted) 83
Endurance time (percentile) 25–50th
Peak RER 1.22
Peak O2 pulse (%predicted) 126
Peak heart rate (bpm) 130
Peak heart rate (%predicted) 66
V̇O2 at VAT (% of predicted 
peak V̇O2)

63

Arterial oxygen saturation Normal
V̇E/V̇CO2 slope 25
End-tidal pCO2 at VAT 
(mm Hg)

44

End-tidal pCO2 during 
exercise

Normal

Spirometry Normal
Blood pressure response Blunted; precipitous drop 

post-exercise

RER Respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold

Fig. 23.3 Left ventricular outflow tract (LVOT) Doppler 
measurements from the prototypical patient’s stress echo-
cardiogram following the initiation of beta-blocker 

 therapy. There was no LVOT gradient at rest (left) or post-
exercise (right)
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Coronary Anomalies

Jennifer Huang and Keri M. Shafer

 Basic Anatomy and Physiology

Normal anatomy includes three coronary arter-
ies: left anterior descending, left circumflex, and 
right coronary artery. The right coronary supplies 
the posterior descending branch in the majority 
of patients (Fig. 24.1) [1]. The primary function 
of the coronary arteries is to provide blood flow 
(and oxygen) in quantities sufficient to support 
the metabolic needs of the myocardium. This 
function is maximally stressed when the meta-
bolic needs of the myocardium are greatest, i.e, 
during exercise. To fulfill this function, the coro-
nary arteries must be unobstructed and provided 
with blood flow under sufficient pressure, with 
adequate oxygenation. The coronary arteries 
must also drain into a normal microvascular bed 
that serves the entire myocardium.

The clinical diagnosis of myocardial ischemia 
is based on the concept of “the ischemic 
cascade”—a physiological construct that postu-
lates that signs of myocardial ischemia will be 
detectable on myocardial perfusion imaging and 
echocardiography before they produce electrocar-
diographic (EKG) changes or symptoms 
(Fig. 24.2) [2]. This concept was developed based 
on experience in patients with atherosclerotic cor-
onary artery disease (CAD)—a condition that 
produces intraluminal obstructions of the epicar-
dial coronary arteries and constitutes the most 
common type of CAD in adults. Consequently, 
exercise stress testing with EKG monitoring ± 
myocardial perfusion imaging or stress echocar-
diography has become an integral part of the man-
agement of patients for the detection of ischemia.

Intraluminal coronary artery obstruction is a 
mechanism of myocardial ischemia that may be 
encountered in some pediatric patients with 
CAD (e.g., Kawasaki’s disease). A pediatric car-
diologist may, however, encounter a variety of 
congenital, acquired, and postoperative condi-
tions that can affect the structure and function of 
the coronary arteries by mechanisms other than 
acquired intraluminal obstruction. For instance, 
patients with anomalous aortic origin of a coro-
nary artery (AAOCA) may have a stenotic ori-
gin, intramural course, or an inter-arterial course 
subject to external compression by the great 
arteries as they dilate during exercise. In patients 
with a coronary artery fistula, ischemia may be 
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produced by the physiologically obligate steal 
phenomenon that can compromise blood flow to 
the myocardium fed by the affected coronary 
artery. In patients with cardiac transplant vascu-
lopathy secondary to chronic rejection, abnor-
malities of the coronary microvasculature may 
be responsible for, or contribute to, the myocar-
dial ischemia [3]. The relationship between isch-
emia and exercise- induced abnormalities in 
myocardial perfusion imaging, echocardiogra-
phy and EKG tracings may have a different 

tempo in pediatric patients with these conditions, 
and it is unclear whether the “ischemic cascade” 
concept that has been found to be so useful in the 
diagnosis and management of typical adult ath-
erosclerotic CAD applies with equal validity to 
these anatomically and physiologically distinct 
conditions. It is possible that in pediatrics, there 
may be a lag time between the cellular level isch-
emia and detectible systolic dysfunction. 
Moreover, experience with exercise testing for 
these comparatively rare pediatric disorders is 
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limited, and the data regarding the clinical value 
of exercise testing is often inconclusive [4].

Anatomic assessments of coronary anatomy in 
pediatrics typically begin with echocardiography 
as the proximal portion of the coronary is the most 
likely affected segment. Additional anatomic data 
may be acquired, when necessary, with coronary 
angiography, either invasively during a cardiac 
catheterization or noninvasively with cardiac 
computed tomography (CT) or cardiac magnetic 
resonance imaging (MRI). Occasionally, intravas-
cular ultrasound, optical coherence tomography, 
and fractional flow reserve may also be employed. 
For some lesions, clinical decisions may be made 
solely on the basis of anatomic evaluations, along 
with knowledge of the natural history of the con-
dition. In other cases, an assessment of coronary 
artery function is required. Depending upon the 
nature of the lesion, data from the pediatric exer-
cise physiology laboratory can sometimes be 
helpful in this regard.

Unfortunately, only limited data is available 
regarding the clinical value of exercise testing in 
the majority of the coronary anomalies that may 
be encountered in pediatrics. Nevertheless, many 
of the major guidelines recommend screening 
exercise testing for risk stratification [5, 6].

 Diagnosis of Ischemia

Ischemia is the greatest concern for patients with 
coronary artery anomalies and the primary pur-
pose of exercise testing. Signs of ischemia during 
a standard exercise test include ST segment and T 
wave changes on the exercise EKG, angina, 
hypotension, or ventricular arrhythmias. EKG 
changes suggestive of ischemia include ST 
depressions, T wave inversions, or ST elevations 
in anatomically contiguous leads (Fig.  24.3). 
Although sensitivity and specificity for ischemia 
is decreased in pediatrics due to the low pre-test 
probability of ischemia, adult standards are used. 
Ischemia is likely in adult exercise testing when 
there is ST segment depression that is flat or 
downsloping, more than 1  mm in magnitude, 
lasting for 0.08 sec or 0.06 sec beyond the J point 
in 2 contiguous leads and in 3 consecutive beats. 
Isolated T wave inversion probably carries little 

clinical significance, but when associated with 
ST depression is suggestive of coronary artery 
disease. Anginal symptoms and poor exercise 
function increase the likelihood that observed ST 
changes are associated with CAD.  Pre-test ST 
changes decrease the reliability of ST changes 
during exercise [7].

During stress echocardiography, diastolic and 
systolic dysfunction can occur. Typically, systolic 
dysfunction occurs with regional wall motion 
abnormalities (hypokinesis or akinesis) in the area 
perfused by the dysfunctional coronary artery. 
With nuclear perfusion or stress MRI, abnormali-
ties in perfusion can also be seen. As discussed 
previously, based upon the ischemic cascade con-
cept, nuclear perfusion and stress MRI have the 
potential to detect ischemia at the earliest time 
point. However, given the cost, logistics, and time 
considerations of these tests, stress EKG or stress 
echocardiography is more commonly performed.

 Anomalous Coronary Artery Origin

Congenital anomalies of the coronary origins 
are relatively common, occurring approximately 
in 1.3% of patients undergoing coronary angi-
ography [8]. These anomalies include anoma-
lous origin from the pulmonary arteries, a single 
coronary artery originating from the aorta and 
giving rise to all three epicardial coronary arter-
ies, or lesions in which both coronaries origi-
nate from the same sinus. Each of these 
anomalies has variable risk for symptoms and 
sudden cardiac death, but risk is relative to the 
type of anatomic variation. Anomalous origin of 
the left coronary artery from the pulmonary 
artery (ALCAPA) and AAOCA of the left coro-
nary from the right coronary sinus confers the 
greatest risk, especially during exercise 
(Fig.  24.4) [9–11]. In patients with ALCAPA, 
perfusion of the left main coronary artery is crit-
ically impaired once the pulmonary vascular 
resistance and pulmonary artery pressures 
decline postnatally. Myocardial ischemia and 
infarction typically ensue. Without treatment, it 
is reported that up to 90% of these infants die 
within the first year of life. In those who  survive, 
collaterals between the right and left coronary 
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Fig. 24.3 Acute 
ischemia in the left 
circumflex coronary 
artery. There is ST 
elevation in the inferior 
leads and ST depression 
in I, aVL, and the left 
precordial leads

circulations develop and provide adequate myo-
cardial perfusion. However, the anomalous left 
coronary artery causes blood to steal away from 
the myocardial circulation to the pulmonary 
artery. Those who survive infancy have a high 
risk for sudden death after the first decade of life 
but there are reports of patient diagnosed in 
adulthood [12, 13].

In patients with AAOCA of the left coronary 
from the right coronary sinus, the orifice and/or 
the intramural portion of the coronary artery 
may be stenotic. In addition, the inter-arterial 
portion of the coronary artery may become com-
pressed between the aorta and pulmonary artery, 
especially during exercise when systolic pres-
sures (and myocardial oxygen demand) are 
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higher. It has been estimated that the risk for 
sudden death in patients with AAOCA of the left 
coronary from the right coronary sinus is more 
than tenfold higher than the risk associated with 
AAOCA of the right coronary from the left coro-
nary sinus [14]. Consequently, surgical interven-
tion is generally recommended for ALCAPA and 
for AAOCA of the left coronary from the right 
coronary sinus, regardless of exercise test data.

AAOCA of the right coronary artery from the 
left sinus is the most common congenital coro-
nary artery anomaly and may be found in 0.17–
0.45% of the population [8, 10, 14]. In this 
anomaly, the right coronary artery usually takes 
an inter-arterial course (88–100% of cases) [8]. If 
a coronary artery course is inter-arterial, external 
compression of the anomalous coronary artery as 
it travels between the aorta and pulmonary artery 
can compromise coronary blood flow,  particularly 
during exercise when systolic pressures are 
higher. However, the vast majority of patients 
with this condition never develop clinical prob-
lems related to this anomaly. Additional anatomic 
features, such as an acute takeoff angle or slit- like 
orifice of the coronary artery, may confer 
increased risk. If these features and/or concerning 
symptoms (e.g., exertional chest pain or syncope) 
are present, surgical unroofing of the anomalous 
coronary artery is probably indicated [14]. 
Exercise testing is sometimes employed to assess 

these patients. However, positive studies (either 
before or after surgery) are rare, and patients who 
have died have had documented normal stress 
EKG studies [10]. The clinical value of stress test-
ing for this anomaly therefore remains undefined. 
Certainly, a strongly positive test, with symptoms, 
EKG changes, rhythm disturbances, perfusion 
defects, and/or wall motion abnormalities sugges-
tive of ischemia should motivate intervention in 
otherwise ambiguous cases. However, patients 
and families should be reminded of the variable 
outcomes associated with a negative stress test in 
anomalous coronary arteries.

 Acquired Coronary Artery Disease 
in Pediatrics

Acquired coronary artery lesions are encountered in 
Kawasaki’s disease (KD), early CAD (often in the 
setting of familial hypercholesterolemia), and CAD 
secondary to heart transplants (transplant vasculop-
athy). Given that 25% of untreated KD patients and 
5% treated will develop coronary artery aneurysms, 
ongoing coronary ischemia and thrombosis risk are 
common in KD.  KD-associated coronary artery 
ectasia often regresses over time, with 54% in one 
larger study regressing over a 13.6-year period and 
90% of regression occurring within 2 years from 
disease onset [15]. The likelihood for aneurysm 
progression is inversely proportional to the initial 
size of the aneurysm. Highest-risk KD patients 
include those with bilateral coronary involvement 
and those with giant aneurysms of 8 mm or greater. 
Patients with KD-associated coronary artery dis-
ease are at risk for coronary artery thromboses and/
or stenoses (Fig.  24.5). The physiology of these 
intraluminal obstructions probably resembles typi-
cal adult-type coronary artery disease. Not surpris-
ingly, therefore, the role of exercise stress testing 
with myocardial perfusion imaging or stress echo-
cardiography in KD has been widely accepted and 
fairly well established [16, 17].

Transplant vasculopathy commonly develops 
following heart transplantation and has been found 
to be a significant risk factor for late graft failure in 
pediatrics [18]. Vasculopathy may include epicar-
dial as well as microvascular CAD [3]. However, 
the cardiac allograft is denervated at the time of 

Fig. 24.4 Cardiac magnetic resonance image (MRI) 
showing a large anomalous left coronary artery arising 
from the pulmonary artery
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transplantation; consequently typical anginal 
symptoms usually do not develop. Baseline EKG 
abnormalities are also common in this population 
and reduce the value of exercise EKG data. 
Moreover, probably because the genesis, histol-
ogy, and biological behavior of the coronary 
lesions differ from those encountered in typical 
adult CAD, many have found that the diagnostic 
reliability of stress-imaging studies is inferior to 
that encountered in adults with atherosclerotic 
CAD. Although one study has found stress echo-
cardiography to correlate extremely well with 
angiographically confirmed epicardial coronary 
artery disease [19], the results of that study have 
not been duplicated by other investigators [20, 21].

 Postoperative Coronary Artery 
Assessment After Congenital Heart 
Surgery

In patients who have undergone the arterial 
switch procedure for transposition of the great 
arteries, the coronary arteries are re-implanted 
into the neo-aortic root. Kinking of the trans-
planted coronary arteries or scarring at the sites 
of anastomoses can result in impaired coronary 
blood flow. The role of exercise testing in this 
population is discussed in Chap. 19.

Rarely, patients with a repaired dilated pul-
monary artery (e.g., patients with repaired tetral-
ogy of Fallot or pulmonary hypertension) may 
develop myocardial ischemia secondary to com-
pression of the left coronary artery by the dilated 
pulmonary artery especially as many of these 
patients have anomalous coronary arteries [22]. 
These patients often have a wide right bundle 
branch block, which compromises the reliability 
of exercise EKG.  Experience with stress echo-
cardiography and/or myocardial perfusion imag-
ing in these patients is limited. The considerations 
relevant to patients with coronary artery prob-
lems related to other congenital heart defects 
probably apply to these patients as well. Once 
again, a strongly positive test, with symptoms, 
rhythm disturbances, perfusion defects, and/or 
wall motion abnormalities suggestive of isch-
emia should motivate intervention in otherwise 
ambiguous cases.

 Coronary Artery Fistulae

Coronary artery fistulae encompass a range of 
anomalies in which the circulation bypasses the 
capillary bed. These connections can occur 
between the coronary arteries and a multitude of 
structures including the coronary veins, right 
heart chambers, atria, or pulmonary vessels. 
These lesions may be found in 0.13–0.18% of 
patients undergoing coronary angiography [23]. 
The left coronary artery system is involved more 
often than the right (75% versus 25%) [24]. The 
physiological significance of the malformation is 
dependent on the shunt size. Small shunts are 
usually asymptomatic and may regress. Rarely, 
large fistulae may result in heart failure from left- 
to- right shunting in infancy [24–26]. Coronary 
artery fistulae rarely cause myocardial ischemia, 
as collateral blood flow and coronary artery 
recruitment usually develop and effectively pre-
serve myocardial perfusion. An exception to this 
generalization occurs when a thrombus develops 
within the fistula and results in myocardial isch-
emia or infarction [27]. Experience with exercise 
testing in patients with this anomaly is limited. It 
may be of value in patients with ambiguous 
symptoms/findings.

Fig. 24.5 Cardiac magnetic resonance image (MRI) 
showing large coronary artery thrombus after Kawasaki 
disease in a giant coronary artery aneurysm
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Metabolic Disorders

Jonathan Rhodes

Metabolic disorders are rare, but have interesting 
and important implications for exercise physiol-
ogy. The disorders most commonly encountered 
in the pediatric exercise physiology laboratory 
can be divided into two categories: mitochondrial 
defects and glycogen storage diseases. The phys-
iologic consequences of these disorders will now 
be discussed.

 Mitochondrial Defects

Normally, most of the ATP required by the skel-
etal muscles during exercise is derived from 
aerobic metabolism. In patients with mitochon-
drial disorders (of which there are a variety with 
varying clinical manifestations), however, the 
ability of the mitochondria to take up oxygen 
and generate ATP via oxidative phosphorylation 
is impaired. This defect may result in a number 
of symptoms, the most prominent of which is 
exercise intolerance. Other symptoms include 

muscle weakness and muscle pain [1–5]. Some 
mitochondrial disorders (e.g., Barth syndrome) 
may also be associated with myocardial dys-
function [6, 7].

Patients with mitochondrial disorders typi-
cally have a low peak V

.
O2, low peak work rate, 

very low ventilatory anaerobic threshold (VAT) 
and ΔV

.
O2/ΔWR relationship, and low oxygen 

pulse at peak exercise. These abnormalities are 
to a large extent due to the mitochondria’s 
inability to take up oxygen normally. Patients 
therefore have an early and excessive reliance 
upon anaerobic metabolism for the generation 
of the ATP required for the mechanical work of 
exercise. Because oxygen cannot be extracted 
from the blood by the exercising muscles, the 
mixed venous oxygen saturation does not fall 
(and indeed may even rise) during exercise. 
This phenomenon may be detected by invasive 
blood sampling or by near-infrared spectros-
copy. In addition, noninvasive cardiac output 
estimates and stress echocardiography will 
reveal that the stroke volume is normal or, in 
cases where ventricular dysfunction is present, 
certainly not as depressed as might be expected 
based upon the oxygen pulse measurements. 
This discrepancy arises, of course, on account 
of the elevated mixed venous oxygen saturation 
at peak exercise, which undermines the typical, 
tight relationship between the oxygen pulse and 
stroke volume at peak exercise [1–7]. Peak 
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heart rate tends to be normal, but the rise in the 
heart rate relative to V

.
O2 is excessive, reflecting 

the cardiopulmonary system’s attempt to com-
pensate for the impaired oxygen release to the 
exercising muscles.

 Glycogen Storage Diseases

Glycogen storage diseases (GSDs) refer to 
inborn errors of metabolism in which the break-
down of glycogen to form glucose and conse-
quently the anaerobic metabolism of glucose 
(glycolysis) is impaired. One of the more com-
mon GSDs encountered in the pediatric exercise 
physiology laboratory is GSD type III (Cori dis-
ease), an autosomal recessive disorder caused by 
a deficiency of a glycogen debranching enzyme. 
Symptoms typically include exercise intolerance 
and a predisposition to hypoglycemia [8]. 
Another defect relevant to the pediatric exercise 
physiology laboratory is McArdle Disease, also 
known as myophosphorylase deficiency or GSD 
type V.  Myophosphorylase is the enzyme that 
catalyzes glycogenolysis (i.e., the phosphoryla-
tion of glycogen to glucose-1-phosphate, which 
then enters the glycolysis pathway) within the 
muscle cell. GSDs can have profound effects 
upon exercise physiology. If sufficient glucose is 
not available to the muscle cell during exercise, 
or if glycolysis cannot proceed normally, the 
anaerobically derived ATP upon which the mus-
cle cell depends at higher levels of exercise is not 
available. In addition, lactic acid, the product of 
the anaerobic metabolism of glucose, is not pro-
duced in normal quantities. The normal decline 
in the intramuscular pH and consequent right- 
shifting of the hemoglobin-oxygen dissociation 
curve at higher levels of exercise therefore do 
not occur, and the liberation of oxygen from the 
blood to the muscle is impaired. Hence, oxygen 
extraction by the muscle, and the muscle’s abil-
ity to increase oxidative phosphorylation (as it 
normally does beyond the anaerobic threshold) 
are constrained [1, 3, 4, 9].

These abnormalities are manifested in the exer-
cise physiology laboratory by a low- respiratory 

exchange ratio at peak exercise and an absent or 
hard-to-identify anaerobic threshold, due to the 
impaired lactic acid formation. Peak V

.
O2 is also 

depressed because of the muscle cells’ inability to 
extract oxygen normally from the hemoglobin in 
the absence of a lactic acidosis. Consequently, the 
mixed venous oxygen saturation will not fall 
appropriately—a phenomenon that may be 
detected by direct measurement via invasive blood 
sampling or inferred from near- infrared spectros-
copy or noninvasive cardiac output measurements. 
Blood sampling would also reveal abnormally low 
lactic acid levels at peak exercise. The oxygen 
pulse at peak exercise is also low because, as 
with mitochondrial disorders, the elevated 
mixed venous oxygen saturation at peak exer-
cise undermines the relationship between the 
oxygen pulse and stroke volume at peak exer-
cise. As with mitochondrial myopathy patients, 
the heart rate at peak exercise tends to be nor-
mal, but the rise in heart rate relative to V

.
O2 is 

excessive, reflecting the cardiopulmonary sys-
tem’s attempt to compensate for the impaired 
oxygen release to the exercising muscles. 
However, in contrast to patients with mitochon-
drial disorders, the ΔV

.
O2/ΔWR relationship is 

not depressed (and may even be high), as an 
excessive reliance on anaerobic metabolism is 
not present [1, 3, 4, 9]. See Table 25.1 for com-
parison of mitochondrial defects and glycogen 
storage diseases.

Table 25.1 Comparison of mitochondrial defects and 
glycogen storage diseases

Mitochondrial
Glycogen storage 
disease

Peak V̇O2 Low Low
Peak oxygen pulse Low Low
VAT Low Often 

indeterminate
RER at peak 
exercise

High Low

ΔV̇O2/ΔWork Rate Low Normal or high
Peak heart rate Normal Normal
Heart rate increase Excessive Excessive
Mixed venous O2 
saturation

High High

RER respiratory exchange ratio, VAT ventilatory anaero-
bic threshold

J. Rhodes
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 Prototypical Patient: Mitochondrial 
Defect

The patient was a 24-year-old woman with a mito-
chondrial defect (YARS-2 mutation). This muta-
tion impairs the function of the enzyme 
mitochondrial tyrosyl-tRNA synthetase and results 
in defective mitochondrial protein synthesis. 
Consequently, patients with this condition have 
reduced availability of mitochondrially encoded 
subunits that are required for the normal assembly 
and function of several of the respiratory chain 
complex components (complex I, III, and IV). The 
mitochondria of patients with this condition are 
unable to take up oxygen from the blood normally 
and are prone to metabolic acidosis and severe 
skeletal muscle weakness [10]. At the time of the 
cardiopulmonary exercise test (CPET) (Table 25.2 
and Fig. 25.1), the patient had a normal echocar-
diogram and a normal hemoglobin/hematocrit. 
The CPET was performed to further characterize 
her physiologic status. A cycle ergometer with a 
10 W/min ramp was employed for the study.

Her peak work rate and peak V
.
O2 were 

extremely low, despite achieving an unusually 
high respiratory exchange ratio (RER) (1.39). 
Her VAT was also quite low, and occurred while 
pedaling against 0 resistance. Her peak heart rate 
was normal, and her heart rate increase was far 
out of proportion to her V

.
O2 during exercise. Her 

O2 pulse at peak exercise was quite depressed, as 
was her ΔV

.
O2/ΔWork Rate. Stress echocardiogra-

phy revealed normal ventricular function at rest 
and immediately post-exercise. Near-infrared 
spectroscopy measurements suggested a para-
doxical increase in mixed venous oxygen satura-
tion during exercise.

In this case, the low peak V
.
O2 and O2 pulse 

were almost certainly due to an inability to 
extract oxygen from the blood during exercise, 
rather than an inability to augment stroke vol-
ume normally. The low VAT and ΔV

.
O2/ΔWork 

Rate were due to the impaired aerobic ATP pro-
duction by the muscles’ mitochondria, and a 
consequent early and excessive reliance upon 
anaerobic metabolism to generate the ATP 
required for muscular work. The excessive rise 
in heart rate developed as a consequence of 
homeostatic mechanisms (e.g., increased sympa-
thetic stimulation) that attempted to compensate 
for the inability to extract oxygen from the blood 
during exercise. The high breathing reserve 
reflected the patient’s inability to raise her meta-
bolic rate.

Table 25.2 Selected data from cardiopulmonary exer-
cise test on patient with mitochondrial disorder

Parameter Value

Peak V̇O2 (ml/kg/min) 14.6

Peak V̇O2 (%predicted) 36
Peak work rate (W) 46
Peak work rate (%predicted) 22
Peak RER 1.39
Peak O2 pulse (%predicted) 39
Peak heart rate (bpm) 169
Peak heart rate (%predicted) 93
Heart rate increase during exercise Excessive
V̇O2 at VAT (% of predicted peak V̇O2) 23

ΔV̇O2/ΔWork Rate (ml/min/W) 6.1
Blood pressure response Low- 

normal
Breathing reserve (%) 63

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Fig. 25.1 9-panel graph from cardiopulmonary exercise 
test of prototypical patient with a mitochondrial defect. 
Abbreviations: AT ventilator anaerobic threshold, BTPS 
body temperature and pressure, saturated, Exer exercise, 

PETCO2 end-tidal pCO2, PETO2 end-tidal pO2, Rec 
recovery, RER respiratory exchange ratio, V̇CO2 carbon 
dioxide production, V̇E minute ventilation, V̇O2 oxygen 
consumption, V̇O2/HR oxygen pulse

J. Rhodes
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 Prototypical Patient:  
Glycogen Storage Disease

The patient was a 19-year-old adolescent male 
with glycogen storage disease type III (Cori 
disease) [8]. He suffered from exercise intoler-
ance and a CPET was performed to better 
assess his functional status and to serve as a 
baseline for comparison for future studies 
obtained to assess the response to various 
dietary therapies (Table 25.3 and Fig. 25.2). A 
cycle ergometer with a 20  W/min ramp was 
employed. An echocardiogram performed at 
the time of the CPET revealed normal cardiac 
anatomy and function.

The patient’s peak V
.
O2 and peak work rate 

were moderate-severely depressed. The poor 
exercise function appeared to be due to an inabil-
ity to increase the O2 pulse normally during exer-
cise. Despite expending a good effort, reflected 
by a normal peak heart rate as well as subjective 
observations, the patient’s RER did not rise above 
~0.9. A VAT was not readily identifiable. The 
heart rate increase was out of proportion to the 
increase in V

.
O2 during exercise. Stress echocar-

diography was normal, and near-infrared spec-
troscopy measurements suggested a paradoxical 
increase in mixed venous oxygen saturation dur-
ing exercise.

In this case, the low peak V
.
O2 and O2 pulse 

were, once again, not due to an inability to aug-
ment stroke volume during exercise. Rather, the 
enzymatic defect impeded the generation of lac-
tic acid at higher levels of exercise. The physi-
ologically important rightward shift of the 

hemoglobin-oxygen dissociation curve that nor-
mally occurs in the acidic environment gener-
ated by lactic acid accumulation within the 
exercising muscles therefore did not occur. The 
failure of the RER to rise normally, the inability 
to detect a VAT, the normal stress echocardio-
gram, and the increase in mixed venous oxygen 
saturation all support this proposed physiology. 
Once again, the excessive rise in heart rate 
developed as a consequence of homeostatic 
mechanisms attempting to compensate for the 
inability to extract oxygen from the blood dur-
ing exercise. The high breathing reserve 
reflected the patient’s inability to raise his meta-
bolic rate.

Table 25.3 Selected data from cardiopulmonary exer-
cise test on patient with glycogen storage disease

Parameter Value

Peak V̇O2 (ml/kg/min) 23.7

Peak V̇O2 (%predicted) 54
Peak work rate (W) 166
Peak work rate (%predicted) 60
Peak RER 0.89
Peak O2 pulse (%predicted) 57
Peak heart rate (bpm) 176
Peak heart rate (%predicted) 95
Heart rate increase during exercise Excessive
V̇O2 at VAT (% of predicted peak V̇O2) Indeterminate

Δ(Delta)V̇O2/Δ(Delta)Work Rate (ml/
min/W)

9.4

Blood pressure response Normal
Breathing reserve (%) 74

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Exercise Testing After Pediatric 
Heart Transplantation

Arene Butto and T. P. Singh

Heart transplantation is an established therapy in 
children with end-stage heart failure. Ten percent 
of all current heart transplant (HT) surgeries are 
performed in children <18  years of age. 
Approximately 25% of pediatric HT recipients 
are infants <1 year old and the remaining are dis-
tributed equally in age groups 1–10  years and 
11–17  years [1]. Overall, 45% of pediatric HT 
recipients have an underlying diagnosis of con-
genital heart disease and 45% have cardiomyopa-
thy. Advances in perioperative care and immune 
suppression during the last 2 decades have 
resulted in progressive improvement in early post-
transplant survival. The current median survival 
in pediatric HT recipients exceeds 15 years and is 
>20 years in those receiving HT as infants [1].

During the first few months posttransplant, 
recipients are recovering from deconditioning 
associated with heart failure; children old enough 
to participate in a formal cardiac rehabilitation pro-

gram may benefit from this intervention [2]. HT 
recipients need lifelong immune suppression. Their 
quality of life, however, is excellent. Resolution of 
pretransplant symptoms can be expected in most 
patients [3]. On long-term follow- up, patients are at 
risk for hypertension (side effect of medications) 
and development of coronary artery disease (car-
diac allograft vasculopathy), which may affect 
graft function, exercise tolerance, and survival [4].

 Pathophysiology

Transection of sympathetic and parasympathetic 
nerve fibers during removal of the heart from the 
donor results in cardiac autonomic denervation in 
all HT recipients. Lacking vagal tone, HT recipi-
ents have a high resting heart rate. They also 
depend on circulating catecholamines released by 
the adrenal glands, rather than those released from 
cardiac sympathetic nerve endings, for heart rate 
increase during exercise [5]. Approximately 
30–35% of HT recipients develop myocardial 
sympathetic reinnervation over time (3–5 years); 
5–8% also develop vagal reinnervation. 
Sympathetic reinnervation has been associated 
with improved physiologic responses such as 
improved myocardial blood flow, ventricular func-
tion, and heart rate response during exercise [6, 7].

Although the transplanted heart is structurally 
normal, it has sustained ischemia-reperfusion 
injury. Left ventricular (LV) diastolic dysfunction 
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is common early after HT and improves within 
months [8]. Persistence of LV diastolic dysfunc-
tion, apparent only on fluid challenge, has been 
described in recipients several years later and may 
be more common in those with history of rejection 
or coronary artery disease [9]. The role of LV dia-
stolic dysfunction in causing impaired exercise 
performance in pediatric HT recipients has been 
questioned, however. Tissue Doppler imaging and 
global strain assessment during exercise have dem-
onstrated preserved LV and right ventricular (RV) 
systolic and diastolic myocardial reserve in pediat-
ric HT recipients [10]. Furthermore, although pedi-
atric HT recipients had smaller LV end-diastolic 
volumes at rest, the changes in LV volume with 
head-up and head-down tilt testing to assess LV 
distensibility were similar to controls [11].

Residual effects from the pretransplant period 
(such as malnutrition and a deconditioned state), 
associated conditions (such as neuromuscular 
disease), and medication side effects (such as 
anemia and hypertension) may also affect exer-
cise performance.

 Exercise Testing in Pediatric Heart 
Transplant Recipients

Infant HT recipients may not undergo their first 
cardiopulmonary exercise test (CPET) until 6 or 
8 years after transplant, whereas teenage HT recip-
ients may be referred for CPET within the first 

year. Given this variability, it is important to be 
aware of both short- and long-term physiologic 
factors that may affect CPET results in HT recipi-
ents. The test objectives include assessment of 
functional capacity, exercise-induced arrhythmias, 
and blood pressure response. Some centers also 
perform stress echocardiography as a noninvasive 
alternative to coronary angiography to screen for 
coronary artery disease with imaging performed at 
rest and immediately postexercise [12].

 Electrocardiography and Heart Rate 
Changes

The resting electrocardiogram (ECG) in pediat-
ric HT recipients often has an incomplete right 
bundle branch block [4, 13]. In patients trans-
planted with the older surgical technique of bi-
atrial anastomoses, dual P waves may be present 
with non-conducting P waves from the posterior 
atrial wall. Several findings on CPET—high 
resting heart rate, gradual rather than quick 
increase in heart rate at the beginning of exer-
cise, subnormal peak heart rate (chronotropic 
impairment), and persistent tachycardia for sev-
eral minutes after exercise (attenuated heart rate 
recovery)—can be explained by autonomic 
denervation. These findings improve with time 
(years) in recipients whose hearts have devel-
oped autonomic, usually sympathetic reinnerva-
tion (see Fig. 26.1) [14, 15].
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Fig. 26.1 Improvement 
in heart rate recovery 
over time in pediatric 
HT recipients. Percent 
of exercise tests in HT 
recipients with 1-minute 
HR recovery ≥10th 
percentile (gray bars) 
and ≥25th percentile 
(black bars) for age and 
gender with increasing 
time since transplant. 
These values were <10th 
percentile for all patients 
at <1.5 years after 
transplant. (Reprinted 
with permission from 
[14])
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 Oxygen Consumption During 
Exercise

Despite replacement with a normal heart, cardiac 
output with exercise (and therefore peak oxygen 
consumption (V

.
 O2)) does not normalize in pediatric 

HT recipients. Due to a common finding of chrono-
tropic impairment and sometimes impaired stroke 
volume response, the peak V

.
 O2 achieved in patients 

early after HT is usually low [10, 16]. One series 
reported a peak V

.
 O2 of 59% ± 15% predicted during 

the first exercise test after transplant. In patients 
undergoing CPET within the first year after trans-
plant, the average peak V

.
 O2 was even lower: only 

50% predicted. After an initial improvement in 
peak V

.
 O2, thought to be secondary to improvements 

in nutritional status and graft function, there was a 
steady decline in peak V

.
 O2 over years. This decline 

correlated with echocardiographic markers of dia-
stolic dysfunction but not with changes in systolic 
function or heart rate [17].

Other studies have demonstrated better exer-
cise capacity in children who were transplanted at 
a younger age, particularly in infant recipients, in 
whom peak V

.
 O2 was low-normal (32.3 ± 5.6  ml/

kg/min, 88% predicted) when first tested [18, 19]. 
These patients had better chronotropic response 
(84% predicted) compared to that reported in 
other series, suggesting a higher proportion of 
patients with sympathetic reinnervation.

Peak O2 pulse, a surrogate for maximum 
stroke volume during exercise, is often low early 
after HT but improves to near-normal over time. 
In one study, O2 pulse ranged from 50% to 70% 
of normal in patients who underwent exercise 
testing 1 month after transplant, likely due to fac-
tors associated with pretransplant deconditioning 
[16]. By contrast, O2 pulse in infant HT recipients 
who underwent CPET several years after trans-
plant was normal [14].

 Ventilatory Response

Exercise testing performed in patients in chronic 
heart failure prior to transplant often demonstrates 
impaired ventilatory efficiency with increased 
physiologic dead space. This impairment in gas 
exchange is seen as an elevation in the ratio of min-

ute ventilation (V
.
 E) and CO2 production (V

.
 CO2). 

Adult studies demonstrate rapid improvement in 
the V

.
 E/V

.
 CO2 slope within 6 months after HT, with 

near normalization of values by 24 months [16]. An 
elevated V

.
 E/V

.
 CO2 slope on CPET in pediatric HT 

recipients may suggest the presence of high LV fill-
ing pressures and V/Q mismatch.

 Prototypical Patient

The patient was a 15-year-old adolescent who 
had a familial dilated cardiomyopathy and under-
went a HT 1 year prior to the CPET. Aside from 
an episode of mild acute rejection (detected on a 
routine, surveillance endomyocardial biopsy 
2 weeks post-HT) that was treated successfully 
with a transient increase in her immunosuppres-
sive therapy, she had been rejection-free and 
doing well. She did struggle with obesity issues 
related, at least in part, to her prednisone therapy. 
She also had hypertension (probably also due to 
her immunosuppressive regimen) and was main-
tained on anti-hypertensive (calcium channel 
blocker) therapy. She was not medicated with a 
beta-blocker. The CPET (Table  26.1 and 
Fig. 26.2) was performed as a component of her 
1-year post-HT clinical assessment.

Table 26.1 Selected data from cardiopulmonary exer-
cise test

Parameter Value

Peak V̇O2 (ml/kg/min) 14.0

Peak V̇O2 (%predicted) 77
Peak work rate (W) 101
Peak work rate (%predicted) 94
Peak RER 1.17
Peak O2 pulse (%predicted) 117
Resting heart rate (bpm) 95
Peak heart rate (bpm) 126
Peak heart rate (%predicted) 66
V̇O2 at VAT (% of predicted peak V̇O2) 60

V̇E/V̇CO2 slope 31
End-tidal pCO2 at VAT (mm Hg) 38
End-tidal pCO2 during exercise normal
Forced vital capacity (%predicted) 93
FEV1 (%predicted) 87
FEF 25–75 (%predicted) 69
Stress echocardiography normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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Based upon her peak respiratory exchange 
ratio, she expended a good effort. Although her 
%predicted peak V̇O2 was mildly depressed, her 
peak work rate and V̇O2 at the VAT were normal. 
Her weight-normalized V̇O2 values, however, 
were disproportionately low, due to her obesity 
(body mass index 38.2). Her baseline heart rate 
was slightly elevated, and her heart rate 
increased slowly during exercise. Her peak 
heart rate was quite depressed. Her oxygen 

pulse at peak exercise, however, was 17% above 
the predicted normal value. Her tidal volume at 
peak exercise was slightly lower than expected. 
Her V̇E/V̇CO2 slope was mildly elevated and her 
end-tidal pCO2 was in the low-normal range. A 
mild obstructive pattern was present on her 
baseline spirometry, but her breathing reserve 
was slightly high. No ectopy or significant STT 
changes were detected. Stress echocardiogra-
phy was normal.

Fig. 26.2 9-panel graph from cardiopulmonary exercise 
test of prototypical pediatric patient who has had a heart 
transplant. Abbreviations: AT ventilator anaerobic thresh-
old, BTPS body temperature and pressure, saturated, Exer 

exercise, PETCO2 end-tidal pCO2, PETO2 end-tidal pO2, 
Rec recovery, RER respiratory exchange ratio, V̇CO2 car-
bon dioxide production, V̇E minute ventilation, V̇O2 oxy-
gen consumption, V̇O2/HR oxygen pulse
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The patient’s heart rate response to exercise 
(high resting heart rate, blunted heart rate increase 
during exercise, and low peak exercise heart rate) 
is typical of patients with denervated hearts fol-
lowing HT.  The supra-normal oxygen pulse at 
peak exercise reflects the compensatory increase 
in stroke volume (based upon the Starling mecha-
nism) that normally occurs in the presence of a 
chronotropic defect. The normal stress echocar-
diography supports this conjecture. The robust 
stroke volume response allows the patient to have 
a normal VAT and only mildly depressed peak 
V̇O2, despite the severe chronotropic dysfunction. 
The low tidal volume at peak exercise probably is 
a result of her obesity; generating a full excursion 
of her heavy chest wall is difficult and associated 
with unfavorable energetics. The mild obstruc-
tive pattern on her baseline spirometry is com-
mon in patients with obesity (and consistent with 
a past history of mild asthma). The ample breath-
ing reserve at peak exercise suggests that the 
patient was not limited by respiratory factors.

 Conclusion

CPET is a useful tool for assessing the func-
tional status in pediatric HT recipients. The 
denervated heart has a unique physiology, often 
with resting tachycardia due to a lack of para-
sympathetic tone, as well as a reliance on circu-
lating catecholamines to augment heart rate. 
These limitations affect exercise performance 
adversely. Over time, exercise performance may 
improve in patients with autonomic reinnerva-
tion or deteriorate in those with worse graft 
function. Serial assessment has a potential util-
ity in monitoring cardiovascular health of pedi-
atric HT recipients.
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Cardiac Rehabilitation 
and Exercise Training

Ana Ubeda-Tikkanen and Naomi S. Gauthier

Cardiac rehabilitation programs for adults with 
acquired heart disease have been studied exten-
sively. In addition to improving peak V

.
 O2 and 

exercise capacity, they have been found to reduce 
morbidity and mortality, improve quality of life, 
and reduce economic costs [1–4]. They also have 
a salutary effect upon standard cardiovascular 
risk factors such as lipid profiles, adiposity, and 
hypertension [4–8]. Furthermore, the importance 
of physical fitness has been emphasized by stud-
ies in adults that have concluded that being unfit 
is associated with a relative risk for cardiovascu-
lar death that exceeds the risks associated with 
smoking, elevated systolic blood pressure, hyper-
cholesterolemia, or obesity [5, 8].

One might expect that the benefits associated 
with cardiac rehabilitation in adults with acquired 
cardiovascular disease would also be recognized 
among children and adults with congenital heart 
disease (CHD). However, relatively few, com-
paratively small clinical studies have been con-
ducted in these populations. Several small studies 
have evaluated the short-term benefits of exercise 
training programs in children with congenital 
heart disease. Although results have varied, 
improvements in peak V

.
 O2 are usually encoun-

tered, and sometimes exceed 20% [9–25]. Most 
of the improvement appears to be attributable to 
an increase in the oxygen pulse at peak exercise, 
a phenomenon that can only be explained by a 
training-induced increased stroke volume and/or 
oxygen extraction at peak exercise [11, 16]. In 
one study, the short-term improvements were 
sustained 6–9 months after the termination of the 
rehabilitation program (1  year after the pre- 
rehabilitation study) and were also associated 
with improvements in lifestyle, perceived exer-
cise function, self-esteem, and emotional state. 
Improvements in exercise function and other 
areas were not observed in a control group, com-
posed of 18 children with similar diagnoses, 
observed over the same time period [12].

The benefits associated with exercise training in 
children with CHD (and adults with acquired heart 
disease) should also extend to adults with 
CHD. However, few studies have been undertaken 
to support this conjecture. One study of 17 adults 
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with tetralogy of Fallot (of whom 9 participated in 
a home/hospital-based exercise program for 
12 weeks, and 8 continued to pursue their habitual 
daily activities) reported a small (7.8%) but statisti-
cally significant increase in peak V

.
 O2 in the exercise 

group but not in the control subjects [26]. In another 
study, the exercise duration of a group of 61 adult 
patients with a variety of CHD diagnoses improved 
after a 10-week home-based exercise program 
[27]. Similar beneficial effects were detected in 
another study of 11 patients [28]. More recently, a 
randomized trial of cardiac rehabilitation in 28 
adults with CHD (13 cardiac rehabilitation and 15 
standard of care) reported that rehabilitation was 
associated with statistically significant improve-
ments in peak V

.
 O2 and symptomatology [29].

As noted in previous chapters, aerobic fitness 
(peak V

.
 O2) has been found to be a strong predictor 

of survival in a variety of CHDs and other cardio-
vascular disorders. It is therefore tempting to 
speculate that a rehabilitation-induced improve-
ment in peak V

.
 O2 would translate into a survival 

benefit for patients with these conditions. 
However, this conjecture has not yet been sub-
jected to rigorous clinical study.

Cardiac rehabilitation for children and young 
adults with CHD appears to be a very low-risk 
undertaking. A serious adverse event has not 
been reported by any of the studies of cardiac 
rehabilitation in these populations [8, 25]. Indeed, 
even among selected patients with serious condi-
tions, such as pulmonary hypertension, exercise 
training appears to be a low risk and beneficial 
undertaking [30–35].

In the adult acquired heart disease population, 
only ~14–35% of potential candidates for exer-
cise training/cardiac rehabilitation actually 
receive this therapy [8]. Among children, adoles-
cents, and young adults with CHD, this percent-
age is undoubtedly much lower. This is extremely 
unfortunate because, as detailed in previous 
chapters, the exercise function of patients with 
CHD is often decreased compared to normal sub-
jects, even after “reparative” surgery. Although 
some of this exercise dysfunction is without 
doubt related to residual hemodynamic defects, 
inactivity and deconditioning (often because of 
restrictions inappropriately imposed by family 

members, teachers, coaches, or the patients them-
selves) undoubtedly also contribute to this prob-
lem [36, 37]. This component of their disability 
should theoretically respond favorably to exer-
cise training programs.

Beyond the beneficial effects enumerated above, 
physical activity can also provide a multitude of other 
health, cognitive, social, and emotional benefits to 
children with CHD. These benefits are far reaching 
and should be considered when evaluating the desir-
ability, success, and effectiveness of a pediatric car-
diac rehabilitation program, especially in light of the 
neurodevelopmental issues commonly encountered 
in this population. Overall health benefits of exercise 
in children include a decrease in obesity, cholesterol 
reduction, and improvements in immune function 
[38]. Regular exercise also has a significant benefi-
cial impact upon cognition, focus, memory, and 
attention. Physical activity has also been found to 
result in improved school performance, standardized 
test scores, school attendance, memory, and attention 
[39–44]. Indeed, exercise has been recognized as an 
effective adjunct in the treatment of attention-deficit 
hyperactivity disorder, depression, and anxiety [45–
47]. Anxiety is a major comorbidity in patients with 
CHD (and their families); the potential value of exer-
cise programs in the management of this often debili-
tating condition is therefore intriguing.

Playing with other children is a rite of child-
hood that is important for social and emotional 
development. Moreover, lack of participation in 
and physical activities has been associated with 
an increased likelihood of negative behaviors 
such as smoking, substance abuse, increased 
screen time, and failure to wear a seatbelt [48]. 
Hence it is particularly unfortunate (but all too 
common) for children with CHD to be unneces-
sarily restricted from physical activity. Exercise 
training/cardiac rehabilitation programs can help 
address this under-appreciated problem.

 Components of Cardiac 
Rehabilitation Programs

According to the U.S.  Centers for Medicaid 
and Medicare, cardiac rehabilitation for coro-
nary artery disease patients includes physician- 
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prescribed exercise, cardiac risk factor 
modification, psychosocial assessment, and 
outcomes assessment. Specific core competen-
cies are defined for each element. In addition, 
an Individualized Treatment Plan designed to 
meet each patient’s specific needs, set goals, 
and track progress is mandated and should be 
signed by the supervising physician every 
30 days. In addition to aerobic function, reha-
bilitation programs can and should address 
issues related to strength, weight, nutrition, 
and lifestyle [49].

Many of the components of an adult reha-
bilitation program may be applied to rehabilita-
tion programs for patients with pediatric and 
adult CHD. Others require modification. For 
instance, at Boston Children’s Hospital we have 
modified the adult coronary artery disease “risk 
factor modification” component into a format 
that better addresses the issues encountered in 
the pediatric and adult CHD population 
(Table 27.1).

Appropriate outcome metrics for each domain 
of a rehabilitation program for patients with 
CHD are yet to be defined, but will surely emerge 
as experience with pediatric cardiac rehabilita-
tion evolves. Of course, differences in terms of 
age, time from surgery, functional impairments, 
and comorbidities found in this patient popula-
tion compared to adults with acquired heart dis-
ease might mandate changes to the structure and/
or components of cardiac rehabilitation pro-
grams [50].

 Barriers to Success

 Healthcare System Barriers:  
Referral of Appropriate Patients

Although adult cardiac rehabilitation programs 
designed to address patients with coronary artery 
disease have been shown to decrease mortality 
and provide significant health benefits for eligi-
ble patients, the programs are vastly underuti-
lized in the United States [51]. Despite attempts 
to design systems to address low enrollment 
rates, it has been estimated that only 20% of eli-
gible patients are referred to rehabilitation pro-
grams [49]. In the CHD community, consistent 
definitions of eligibility criteria have not been 
drafted or adopted widely, and the number of 
patients eligible for rehabilitation is not known. It 
is clear, however, that cardiac rehabilitation is 
vastly underutilized in the pediatric and CHD 
population. Hence, on a national scale, the first 
health system barrier that the pediatric cardiol-
ogy community may need to address is defining 
patient eligibility. The second may be to design 
and implement measures (analogous to those 
undertaken by the adult cardiology community) 
to encourage providers to track program referrals 
and patient outcomes.

 Patient- and Community-Related 
Factors

Adult cardiac rehabilitation programs confront a 
number of patient/community-related barriers 
that include issues relating to availability of pro-
grams, transportation, hours of operation, cost of 
care, knowledge and perceptions, health dispari-
ties, availability of appropriately trained staff, 
and awareness of existing programs by health-
care teams or families [51]. Similar issues, usu-
ally magnified by the more limited availability of 
rehabilitation programs appropriate for children 
and young adults, are encountered by pediatric 
rehabilitation programs [52–54]. All of these are 
potentially modifiable if there is collective will 
and a groundswell within the field to overcome 
these factors.

Table 27.1 Proposal for mapping risk factor modifica-
tion in coronary artery disease to congenital heart disease

CMS guidelines
Other CV risk factors 
(coronary artery disease)

Proposed equivalencies
Other CV risk factors 
(congenital heart disease)

BP management Lipid/BP assessment
Lipid management Neurocognitive/

developmental (readiness to 
learn)

Diabetes management Other comorbidities
Tobacco cessation Tobacco education

CMS US Centers for Medicare and Medicaid Services, 
CV cardiovascular, BP blood pressure
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 Boston Children’s Hospital 
Experience

At Boston Children’s Hospital we began formal 
recruitment of patients to our outpatient Cardiac 
Fitness Program in September 2016. In the 
absence of start-up funds, we initially relied pri-
marily upon existing physical and human 
resources available through our exercise labora-
tories. (Financial analyses revealed that a free- 
standing program could not be profitable, and it 
was therefore necessary to begin with this less 
ambitious approach.) Our definition of eligibility 
included patients with congenital or pediatric 
acquired heart disease ages 8 years and older who 
were debilitated, sedentary, recovering from sur-
gery, or required guidance and education in safe 
and effective exercise practices. We excluded the 
highest risk patients, such as those with signifi-
cant hypertrophic cardiomyopathy, high level 
tachyarrhythmias, or uncontrolled severe pulmo-
nary hypertension. We were constrained by lim-
ited space and capacity and therefore limited our 
catchment to internal cardiology faculty. We have 
found that of the patients referred, about half 
have actually started and stayed with the pro-
gram; others were unreachable, chose not to par-
ticipate after the initial contact, or dropped out 

(Fig. 27.1). Insurance coverage has rarely been a 
barrier (4/63), but limited transportation resources 
and a limited availability of safe places for exer-
cise outside of the program have been commonly 
encountered issues.

All patients referred to the program have an 
initial visit with a dedicated cardiologist to review 
their eligibility, assess goals and, together with 
the training staff, formulate an individual treat-
ment plan. Prior to initiating the program, patients 
undergo a cardiopulmonary exercise test (CPET) 
for baseline data and to determine that exercise is 
safe for the patient. In addition, baseline measure-
ments of strength and flexibility are undertaken 
and questionnaires exploring the patient’s mind-
set are also administered. The training program is 
conducted in the exercise physiology laboratory 
and includes aerobic exercise (stationary cycle 
and/or treadmill), strength and balance training 
(light weights, floor exercises, yoga, etc.), and 
activity and dietary counseling. Twice weekly 
one-hour sessions are conducted under the super-
vision of a trained exercise physiologist. Telemetry 
is employed for the initial (and, if necessary, sub-
sequent) sessions. Safety equipment (a code cart, 
oxygen, suction, etc.) and a cardiologist are 
always present within or in the vicinity of the lab-
oratory. Depending upon patient needs and insur-

71 total
referrals

68 eligible 3 not eligible

5 unable to contact patient 63 contacted patient and insurance

58 covered by
insurance

1 insurance
pending

4 not covered by
insurance

4 do not want to participate12 do not want to participate due to
distance, uninterested, high deductible 46 want to participate

45 initial consult scheduled

9 did not start program due to
distance, lost contact

10 in process

2 did not keep appointment

15 graduated

1 initial consult on
hold

33 started
program

8 dropped out due to time commitment, distance,
intercurrent medical issues, high deductible, lost contact

1 enrolled in exercise counseling option

Fig. 27.1 Flow chart of patients who have been referred for cardiac rehabilitation at Boston Children’s Hospital
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ance coverage, the program typically extends for 
24–36 sessions. The training program is supple-
mented with personalized home exercise routines 
that are supported by an online application.

For our first 15 graduates, 12 have had a >5% 
improvement in their peak V

.
 O2 and 8 have had a 

>10% increase (Fig. 27.2). Improvements in their 
strength and flexibility have also been commonly 
observed. Preliminary data regarding our pro-
gram’s impact upon mindset and behavior have 
also been encouraging. With these lessons in 
mind, our program now consists of:

 1. In-person fitness training sessions.
 2. A mindset journal with guided exercises based 

in positive psychology and sports psychology
 3. An interactive application for smart phones or 

computers that is both a motivator to help 
patients exercise effectively between sessions 
and a data collection tool for later study

 4. Custom-designed home exercise videos fea-
turing patients and professional athletes that 
provide instruction for how to exercise 
 independently, as well as add to a sense of 
fun, excitement, and unity among the 
participants

 5. Nutrition counseling

The responses from patients, families, refer-
ring physicians, and administrators have been 
encouraging, and have helped us to acquire grants 
(that have allowed us to develop some of the fea-
tures described) and other support that will per-
mit us to expand our program and acquire 
dedicated space within the hospital and other 
facilities. Testimonials from the patients and par-
ents and the anecdotal interest from centers 
around the United States have inspired us and we 
anticipate considerable progress as a field going 
forward.
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Fig. 27.2 Impact of cardiac fitness program on peak V̇O2. Each line represents an individual patient. The average 
increase was almost 18%
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 Cardiac Rehabilitation Experience 
in Madrid

The pediatric cardiac rehabilitation program 
started in the Gregorio Marañon Hospital as a 
collaboration between the pediatric cardiology 
and rehabilitation departments in November 
2010. The initial inclusion criteria included 
Fontan patients who were ε 6 years old, able to 
perform a CPET, with %predicted peak V

.
 O2 

≤80% and had no concerning findings (fall in 
blood pressure, serious arrhythmia, etc.) on the 
CPET.  The CPET was also used to help create 
individualized treatment programs.

Since its initiation, the program’s inclusion 
criteria have been extended to other diagnoses. 
Prior to participating in the program, patients are 
cleared by their primary cardiologist. A strength 
assessment is also performed and a quality of life 
questionnaire is completed pre- and 
post-program.

The staff is composed of a pediatric physical 
therapist and a pediatric physiatrist. In case of 
emergency, a pediatric cardiologist is always 
present within the facility. The program is con-
ducted in the pediatric rehabilitation therapeutic 
gym. Patients are monitored with telemetry for 
the first 6 sessions, and as needed thereafter. Vital 
signs are recorded at the beginning and end of 
each session.

The program lasts for 12 weeks, with 1-hour 
sessions twice a week. Each session consists of a 
warm up, respiratory muscle training, child- 
friendly aerobic training (obstacle races, circuits, 
treadmill, bike, and Wii Fit), low-resistance train-
ing, and cool down. Patients are encouraged to 
engage in additional physical activity at home 
twice a week. Activity logs are provided. Targeted 
heart rate during aerobic exercise is at or above 
the heart rate at the anaerobic threshold on 
CPET. Patients are also trained to use the Borg 
rate of perceived exertion scale. At the end of the 
program, patients are encouraged to continue to 
participate in structured physical activity at least 
twice a week.

While the children are in their rehabilitation 
sessions, their parents participate in educational 
sessions once a week. Subjects include: cardiac 

diagnoses and pathophysiology, physical activity 
and CHD, cardiac medications, nutrition, and 
comorbidities (neurodevelopment, learning and 
behavioral issues, feeding, motor, and problems 
with activities of daily living).

Of the first 37 patients who participated, there 
were 24 Fontan patients, 3 with repaired tetralogy 
of Fallot, 3 who had undergone heart transplanta-
tion, 3 who had aortic valvuloplasties, 1 with 
repaired total anomalous pulmonary venous return, 
1 with repaired double outlet right ventricle and 
pulmonary hypertension, 1 with repaired transposi-
tion of the great arteries with pulmonary hyperten-
sion, and with repaired transposition of the great 
arteries complicated by a myocardial infarction. Of 
these patients, 2 had severe pulmonary hyperten-
sion that required prostacyclin pumps. The patients’ 
ages ranged from 6 to 17 years of age. Adherence 
to the program was high, with 85% coming to ε 
80% of the training sessions. No serious adverse 
events occurred. Of the 35 patients with complete 
follow-up data, 25 had improved exercise function 
(details awaiting publication).
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Summary of Lesions

Jonathan Rhodes

A diverse group of patients with congenital 
heart disease and other cardiovascular disorders 
may be referred for exercise testing in a pediat-
ric exercise physiology laboratory. Within each 
diagnostic category, a wide spectrum of exer-
cise function and physiologic abnormalities 
may be encountered. Although the results of 
cardiopulmonary exercise testing (CPET) are 
not diagnostic of any particular disorder, a 
number of patterns characteristic of the various 
congenital and other cardiovascular disorders 
can be identified. The picture that emerges from 
this intellectual exercise (which could only be 
imperfectly conveyed by this and the preceding 
chapters) is an awe- inspiring mosaic. It reflects 

the magnitude of the challenges and disabilities 
that patients with these diseases must confront 
and some of the physiologic adaptations that 
these challenges may engender (Table  28.1) 
[1]. An understanding of these patterns is 
invaluable to clinicians who care for these 
patients. Moreover, this knowledge, in conjunc-
tion with data from an individual’s CPET, can 
also provide clinicians with a better apprecia-
tion of where, within the spectrum of physio-
logic dysfunction associated with a particular 
lesion, a patient’s exercise function may fall. 
Undoubtedly, these insights can also be of great 
value to those who undertake to care for these 
complex patients.
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Table 28.1 Characteristic abnormalities encountered in patients congenital and other pediatric cardiovascular 
 disorders [1]

Defect ↓Peak V̇O2 ↓Peak HR ↓O2 pulse ↑ V̇E/V̇CO2 ↓VAT ↓PETCO2

Repaired TOF/truncus +++ ++ +++ +++ ++ +++
Isolated PR + + + + + +
Fontan ++++ +++ ++++ ++++ +++ ++++
Aortic valve disease ++ + ++ + ++ +
Coarctation ++ + ++ + +++ +
S/P atrial switch ++++ ++ ++++ ++ ++ ++
S/P arterial switch + + + ++ + ++
Ebstein’s anomaly +++ ++ +++ ++ ++ ++
PVOD ++++ + ++++ ++++ ++++ ++++
DCM ++++ + ++++ +++ ++++ ++
HCM ++ + ++ ++ ++ +
Mitochondrial disorder ++++ + ++++ + ++++ +
Glycogen storage disease ++++ + ++++ + NA +
Heart transplant +++ ++++ ++ ++ +++ ++
Cyanotic CHD ++++ ++ ++++ ++++ ++++ ++++

Legend: +: rarely present; ++: sometimes present; +++: often present; ++++: usually present
Cyanotic CHD unrepaired cyanotic congenital heart disease; DCM dilated cardiomyopathy; HCM hypertrophic cardio-
myopathy; NA not applicable; O2 Pulse oxygen pulse at peak exercise; Peak HR heart rate at peak exercise; Peak VȮ2 
oxygen consumption at peak exercise; PETCO2 end-tidal pCO2; PR pulmonary regurgitation, post valvuloplasty; PVOD 
pulmonary vascular obstructive disease; TOF tetralogy of Fallot; Truncus truncus arteriosus; VAT ventilatory anaerobic 
threshold; VE/VCO2 slope of the linear portion of minute ventilation vs. carbon dioxide production curve
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Syncope, Orthostatic Intolerance, 
and Exertional Symptoms

Mark E. Alexander

The vast majority of patients with syncope are 
appropriately managed with a careful history, 
physical, and electrocardiogram (EKG). This 
permits accurate identification of a well- 
characterized syndrome of typical, low-severity 
neurally mediated syncope [1]. In this setting, 
exercise testing is superfluous and adds cost and 
burden to patients.

Life-threatening causes of syncope can be rec-
ognized promptly. They have a familiar pattern of 
abrupt onset, atypical triggers (peak exertion, 
supine, as examples) with abnormal EKGs and 
echocardiograms permitting presumptive diagno-
ses in the vast majority of children [2]. For those 
children, exercise testing may be obtained as part 
of overall disease management.

Exercise testing has a critical role in the evalu-
ation of those with potential cardiac syncope 
(with mid-exertional syncope the archetype of 
that presentation) and, in our practice, an increas-
ing role in those with problematic symptoms. 
The advantages of exercise testing include the 
ability to screen for several different physiology 
responses at once, combined with rapid access to 
results. Head-up tilt testing has fallen out of favor 

in many pediatric groups [3]. Head-up tilt testing 
has a high incidence of physiologic positives [4] 
(as well has false negatives) and offers no ability 
to assess for latent arrhythmias.

Typical low-severity syncope is well recognized 
by cardiologists and in general by primary care and 
emergency physicians. In the New England 
Congenital Cardiology Association’s prospective 
evaluation of syncope, this has evolved to be 
defined as <4 episodes of syncope in the school-age 
child and adolescent with a clear prodrome, plau-
sible triggers, and generally without injury or 
incontinence. When seen by a cardiologist, the 
expectation is that patients have a careful history, an 
EKG, and cardiac examination. EKGs with clear 
ventricular hypertrophy, T-wave inversions, QTc 
>480, Wolff-Parkinson- White (WPW) syndrome, 
significant AV block, or bundle branch block pat-
terns including Brugada would obviously trigger 
disease-specific investigations that may appropri-
ately include exercise testing. Similarly those with 
siblings or parents with genetic heart disease, such 
as hypertrophic cardiomyopathy (HCM) or long 
QT syndrome (LQTS), should undergo standard 
cascade screening.

 Exercise-Associated Syncope

Exercise-associated syncope can be subclassified 
into several different presentations. These are 
mid-exertional syncope, post-exertional syncope, 
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and what may best be classified as exercise- 
related collapse. The obvious concern here is to 
identify those with potential causes of subsequent 
cardiac arrest and to engender appropriate, 
disease- specific therapy.

 Mid-exertional Syncope

Mid-exertional syncope is an accurate descrip-
tion of the most concerning presentation. In this 
context, the historical concern about identifying 
cardiac disease is completely supported by expe-
rience and data. The presentation is characterized 
by an abrupt, transient loss of consciousness in 
the midst of vigorous exercise. Classic and con-
cerning stories are mid-stride collapse during 
sprint races, or a basketball player collapsing 
while running down the court. The famous case 
of Boston Celtics player Reggie Lewis collaps-
ing mid-game is a high-profile adult example. 
Despite an abnormal tilt test, he subsequently 
had a fatal cardiac arrest after deferring the 
implantable cardioverter defibrillator (ICD) rec-
ommended by his cardiology team. Miyake [5] 
and colleagues at Stanford identified 60 children 
with that presentation. All underwent compre-
hensive evaluation that always included EKG, 
echo, and, when no diagnosis was identified, 
additional testing that generally included exer-
cise testing. They identified 32 with clear cardiac 
disease (53%). The sequence of testing was typi-
cal. Thirteen of the patients were essentially 
identified with abnormal EKGs: 8 with long QT 
syndrome (LQTS), 2 with hypertrophic cardio-
myopathy (HCM), 2 with Wolff-Parkinson-
White (WPW) syndrome, and 1 with 
catecholaminergic polymorphic ventricular 
tachycardia (CPVT). Echo confirmed the HCM 
and identified another with cardiomyopathy. Of 
the 46 remaining patients, 34 underwent exercise 
testing. This testing modality identified three 
additional patients with CPVT. The remaining 15 
patients with cardiac rhythm disorders were 
identified with extended monitoring strategies or 
EP studies.

A critical aspect of that experience is that 
nearly half of the cardiac arrhythmia diagnoses 

required additional testing, beyond EKG and 
echocardiogram. In addition, 28 (nearly half) of 
the patients had no disease identified. All had 
undergone resting EKG and echo. For these 
patients, the negative exercise test offered sub-
stantial reassurance, with highly individualized 
subsequent evaluation. For the patient with 
mid- exertional syncope, exercise testing is an 
effective early diagnostic tool where its ability 
to identify CPVT (Chap. 32) is particularly 
useful.

 Peri-exertional and Post-exertional 
Syncope

Dynamic and aerobic exercise such as running 
results in engagement of the skeletal muscle 
pump in enhancing systemic venous return. In 
addition, aerobic exercise is associated with sub-
stantial vasodilation. During exercise, those 
adaptations work together to contribute to overall 
increase in cardiac output [6]. The effects of the 
skeletal muscle pump, enhancing venous return 
and mitigating arterial dilation, combine to help 
maintain systemic blood pressure. The vasodila-
tion is mediated at multiple levels including the 
traditional baroreflex mechanisms using the 
brainstem and substantial local mediation that 
includes post-exercise hyperemia and post- 
exercise vasodilation, which in turn are mediated 
by an apparently central decrease in sympathetic 
outflow and local histamine release. Analogous 
to the physiology of typical neurally mediated 
syncope, some component of hyperventilation 
and hypocapnea can add cerebral vasoconstric-
tion to the overall physiology. The post-exercise 
vasodilation can last for up to 20 minutes in con-
trolled settings.

Real-world exercise, of course, also may 
result in both environmental stresses such as 
dehydration and heat exhaustion, as well has pro-
longed exercise past aerobic threshold. Those 
clinical realities represent additional stresses that 
can result in non-cardiac, but exercise-related 
syncope.

With that physiology background, we identify 
four different patterns of exercise response that 
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may result in symptoms (Table 29.1). In this con-
text, treadmill testing offers the advantage of pro-
viding some orthostatic stress, in addition to the 
stress of graded exercise. When feasible, expired 
gas analysis offers multiple additional advantages 
in evaluating these responses. When exercise stress 
testing is done specifically to evaluate exertional 
symptoms, the physiologists may make some 
alterations to the standard protocol. Early stages 
may be shortened or skipped, the peak stages may 
be extended, and following exercise, the patients 
may be encouraged to remain upright for several 
minutes prior to sitting down for recovery.

The patterns seen on exercise stress testing are 
summarized in Table 29.1 and accompanying fig-
ures. Exercise-induced hypotension (Fig. 29.1) is 
a clear decline in blood pressure (10–15 mm Hg) 
near peak exercise. Blunted blood pressure 
responses (Fig. 29.2) are defined as a <25 mm Hg 
rise in systolic BP during a Bruce protocol in 

adolescents. This is patterned after criteria for 
hypertrophic cardiomyopathy. (Younger children 
have lower blood pressure response to exercise 
and that threshold is therefore inappropriate in 
the school-age/early adolescent child.) Post- 
exertional hypotension is a clear (20–30 mm Hg) 
drop in blood pressure immediately post exer-
cise. Exertional collapse (Fig. 29.3) is defined as 
partial recreation of symptoms with either respi-
ratory exchange ratio >1.09 (often 1.2 or higher) 
or a sustained maximal exercise to exhaustion 
without arrhythmia. The precise cutoffs of these 
are not well established, and in the pediatric 
cohort, the range of physical development is suf-
ficient that a fair bit of judgment is required. 
There are clear overlaps between the patterns. In 
addition, the physiology can be seen without 
 subjective symptoms. The enhanced afterload 
and improved venous return that is part of tread-
mill exercise may partially mitigate the exercise 
responses that would otherwise promote syncope 
and pre-syncope. Rarely, post-exercise reflexive 
syncope can feature the typical hypotension and 
bradycardia of neurally mediated syncope.

A further advantage of exercise testing in this 
setting is that the detailed physiologic monitor-
ing may sometimes provide clues for an unusual 
but reasonable explanation of symptoms. 
Figure  29.4 represents a cross-country athlete 
who had repeated episodes of near collapse and 
confusion, with a pediatric cardiologist evaluat-
ing him on the field during these episodes and 

Table 29.1 Patterns of exercise-related syncope during 
exercise testing

Peak HR V̇O2 RER
Exercise-associated 
hypotension

NL→ ↑ ↓→ NL ↓→ NL

Blunted BP response NL→ ↑ ↓→ NL ↓→ NL
Post-exertional 
hypotension

NL→ ↑ NL NL

Exercise-related 
collapse

NL→ ↑ NL→ ↑ ↑

HR heart rate, BP blood pressure, RER respiratory 
exchange ratio

Heart Ratebpm

155
150
145
140
135
130
125
120
115
110
105
100
95
90
85

0 5 10 15 20 25 30 min

Blood Pressuremm Hg

115
110
105
100

95
90
85
80
75
70
65
60
55
50

0 5 10 15 20 25 30 min

Fig. 29.1 Exercise-induced hypotension. Pattern of exer-
tional hypotension in a 14-year-old female with mini-
mally symptomatic nonobstructive hypertrophic 
cardiomyopathy. Exercise was limited to a submaximal 

study by dizziness at just under 10  minutes. Exercise- 
associated blood pressure failed to augment, and the 
immediate post-exercise blood pressure was lower before 
recovering while supine
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Heart Rate

VO2 Max 64cc/kg/min
15:16
RER 1.2

VAT at 7 mins
36.1 cc/kg/min
HR 132

bpm

190
180
170
160
150
140
130
120
110
100
90

0 5 10 15 20 25 30 min

Blood Pressuremm Hg

195
180
165
150
135
120
105
90
75
60

0 5 10 15 20 25 30 min

Fig. 29.3 Exertional collapse. Annotated heart rate and 
blood pressure graphs from a 14-year-old male competi-
tive swimmer with repeated complaints of peak race 
fatigue. Echo, exam, and lab work were unremarkable. 
His overall aerobic capacity of 64 ml/kg/min is excellent 
and consistent with his level of athletic performance. He 
reaches his aerobic threshold at 7 minutes with a heart rate 
of 132 (36 cc/kg/min) and continues exercise for another 

8 minutes prior to test completion, which had a respiratory 
exchange ratio (RER) of at least 1.2. During exercise, he 
was asymptomatic, though he reported dizziness immedi-
ately post exercise. He reported that this “wasn’t as hard 
as a race.” The post-exertional hypotension here is inter-
preted as the result of exercising well past his anaerobic 
capacity rather than an exaggerated tendency toward 
hypotension seen in the prior examples

Heart Ratebpm
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Blood Pressuremm Hg
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100
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Fig. 29.4 Initial exercise testing on a 16-year-old male 
cross-country athlete who had recurrent physician- 
witnessed episodes of stumbling, disorientation, and 
near- syncope at races. Electrocardiogram (ECG) had 
demonstrated borderline left ventricular enlargement 
and there was mild concentric left ventricular (LV) 
enlargement on echocardiogram (maximum LV wall 
thickness 1.1 cm/Z = 3.4) and mildly elevated resting 

blood pressures of 136/53. A Bruce protocol was pre-
maturely terminated for excessive blood pressure (BP) 
response of 250/80 during stage 4. Subsequent investi-
gations demonstrated essential hypertension, which 
was effectively treated permitting return to competi-
tion. With therapy, he demonstrated a V̇O2 of 66 cc/kg/
min and completed Bruce protocols with peak BPs of  
~ 200 mm Hg
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Blood Pressuremm Hg
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Fig. 29.2 Immediate post-exercise hypotension. A 
hypermobile adolescent female with multiple exertional 
symptoms demonstrated substantial immediate post- 
exercise hypotension, which partially re-created her clini-
cal symptoms. She achieved a 90th percentile performance 

of 16:25 on a Bruce protocol with a peak blood pressure 
(BP) of 146/60 followed within a minute by a BP of 
100/60 with spontaneous recovery. Symptoms of dizzi-
ness and pre-syncopal-like visual changes were reported 
just prior to termination of active exercise
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noting no arrhythmia. With exercise, he demon-
strated  dramatic exertional hypertension to 
>250 mm Hg, which triggered effective evalua-
tion and treatment.

 Orthostatic Intolerance 
and Postural Orthostatic 
Tachycardia

Patients without syncope, but with symptoms 
suggestive of near syncope, are frequently evalu-
ated in cardiology programs. Like those with syn-
cope, the initial evaluation and management is 
well established and straightforward. Specific 
focuses of that evaluation should include evalua-
tion of hypermobility and focused coaching on 
increased sodium intake, fluid intake, and using 
isometric maneuvers to augment blood pressure 
with standing. Some clarity on diagnostic criteria 
can help in communication with families. For 
example, both head-up tilt testing and orthostatic 
vital signs will demonstrate some orthostatic find-
ings in a substantial minority of normal asymp-
tomatic adolescents. In adolescents with 
low-severity syncope, the 95th percentile for an 
orthostatic heart rate (HR) change was 35  bpm 
[1]. This is concordant with heart rate increases 
during head-up tilt testing, where 42% of asymp-
tomatic normal adolescents have a >30  bpm 
increase during a 70° head-up tilt test, corre-
sponding to a 95th percentile of a 42 bpm increase. 
These data, along with multiple other examples, 
support limiting the diagnosis of postural ortho-
static tachycardia syndrome (POTS) to those with 
repeated HR increases of 40 on 3–5-minute stand-
ing tests and classifying those with less substan-
tial changes as orthostatic intolerance.

The pathophysiology of POTS is clearly mul-
tifactorial and beyond the scope of this chapter. 
What is notable is that the physiology of POTS is 
almost completely mimicked by deconditioning 
[7] or prolonged space flight [8]. The decon-
ditioning under those circumstances results in 
decreased blood volume, decreased myocardial 
dimensions, and other changes in physiology that 
cause short-term limitations to exercise capacity, 
potentially amplifying a cycle of disability [9].

For those who are substantially disabled by 
these symptoms, exercise testing represents a 
useful adjunct. The goals of exercise testing are 
both to evaluate V

.
 O2 max and to assess the blood 

pressure responses to exercise. Our preference is 
to perform expired gas analysis and a Bruce pro-
tocol treadmill, though alternative approaches 
seem reasonable. Data are somewhat mixed in 
adults; close to 90% of those with longstanding 
symptoms will have V

.
 O2 max <90% [10, 11]. 

Excessive heart rate responses are also frequently 
found. More convincing is the role that re- training 
has in improving symptoms. Both organized and 
self-directed programs using 12–16  weeks of 
slowly increasing exercise appear to improve 
symptoms [12]. Re-training may be augmented 
with supportive medical therapy, with midodrine, 
fludrocortisone, and beta-blockers being the most 
popular medications used to support these 
patients.

 Boston Children’s Hospital 
Experience and Context

Syncope is an exceptionally common cardiac 
complaint, with 7999 distinct patients seen in the 
Boston Children’s Hospital heart center over 
12 years. Exercise testing was used in a minority 
of those patients (4%); the traditional Bruce 
treadmill protocol was usually employed. An 
additional 3237 patients were evaluated for dizzi-
ness—406 (13%) of those had exercise testing. 
Exercise-induced hypotension was coded in 391 
of those. Similar numbers had some exertional 
arrhythmia, often trivial.

Management was quite variable, and was 
based primarily on symptom severity and level of 
concern about potentially more serious condi-
tions. Management included traditional recom-
mendations for syncope/pre-syncope (hydration, 
sodium loading, and environmental precautions), 
drugs such as midodrine to augment vascular 
tone, and recommendations to focus on effective 
exercise management. Implantable loop record-
ers were particularly useful for repeated episodes 
of poorly explained syncope, resulting in positive 
or negative diagnoses in more than half.
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 Conclusion

• Patients with life-threatening conditions that 
present with syncope can be recognized 
promptly and appropriately with history, 
physical EKG, and echocardiography.

 – Once diseases are recognized, exercise 
testing may be part of disease characteriza-
tion and management.

• Exercise testing has a critical role in patients 
with high-risk histories of syncope, to evalu-
ate for CPVT and other unusual arrhythmia 
syndromes.

• Most patients with low-severity, typical syn-
cope will not benefit from exercise testing (or 
any substantial testing).

• For patients with more problematic symp-
toms, exercise testing represents a relatively 
low barrier test that can identify multiple con-
tributors to symptoms. This includes
 – Deconditioning
 – Abnormal or potentially abnormal blood 

pressure responses
 – Incidental or potentially important 

arrhythmias
• The differences between normal and abnormal 

exercise responses in those with potential 
orthostatic syndrome overlap with normal 
physiology. Testing always needs to be inter-
preted in context.
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 Introduction

Congenital long QT syndrome (LQTS), an inher-
ited disorder of ventricular repolarization, is char-
acterized by a prolonged QT interval and T-wave 
morphological changes on the surface electrocar-
diogram with associated symptoms of syncope, 
seizures, cardiac arrest, and sudden death [1, 2]. 
With an estimated prevalence of 1:2000, it is an 
important cause of sudden death in the young 
population [3, 4]. Symptoms relate to a character-
istic life-threatening ventricular arrhythmia, tors-
ades de pointes (TdP), initially termed due to an 
apparent pattern of rotating QRS complexes 
around an imaginary baseline [5]. Symptoms may 
occur at any age from fetal life onward. Although 
a significant proportion of individuals genetically 
predisposed to LQTS may never experience any 

clinical manifestations, symptomatic presentation 
in childhood typically identifies those at higher 
risk for further cardiac events [2, 6, 7]. The clini-
cal diagnosis is based on multiple electrocardio-
graphic parameters, as well as personal and 
family history [8]. However, due to the low pen-
etrance of the disorder, exercise testing has been 
increasingly recognized as part of the diagnostic 
algorithm to unmask cases of latent LQTS.

 Genetics

The biological underpinning of LQTS is geneti-
cally encoded abnormalities in cardiac ion chan-
nels or associated cellular proteins. To date, 
sequence variants in 17 genes encoding varying 
cardiomyocyte proteins have been identified in 
patients with LQTS, designated LQT1 through 
LQT17 [9]. LQTS type 1 (LQT1), LQTS type 2 
(LQT2), and LQTS type 3 (LQT3) associated with 
genes encoding potassium (KCNQ1  – KvLQT1; 
KCNH2 – hERG) and sodium (SCN5A – NaV1.5) 
cellular channels, respectively, account for 90% of 
patients with an identifiable genetic etiology [10].

 Exercise Testing and Long QT Syndrome

The diagnostic workup for LQTS includes a com-
prehensive personal and family history, including 
the nature and triggers of any symptoms in the 
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patient or family members. The  resting 12-lead 
electrocardiogram (EKG) is used to determine 
the QT interval, which defines cardiac repolariza-
tion, and the T-wave morphology [8]. The QT 
interval should be measured in lead II or V5, from 
the onset of the Q wave to the intersection of the 
steepest downslope of the T-wave with the iso-
electric baseline, and corrected for heart rate 
using Bazet’s formula (QTc). Although there is 
no clear relationship between QT interval dura-
tion and genotype, ST segment and T-wave mor-
phological abnormalities have been associated 
with particular genotypes [11]. An analysis of 
248 genetically sequenced LQT patients high-
lighted some typical electrocardiographic pat-
terns: LQT1 carriers demonstrated normal or 
broad-based T-wave pattern consistent with the 
homogenous action potential prolongation caused 
by affecting Iks cells. LQT2 carriers demonstrated 
a bifid T-wave pattern secondary to increased 
transmural dispersion due to greater increase in 
action potential duration in the M cells of the 
myocardium. Finally, LQT3 patients had a late 
peaked T-wave thought to be due to delay in 
opening of the sodium channels and hence pro-
longation of depolarization [12].

In patients with overt QT prolongation and 
classical symptoms, the diagnosis is evident [13, 
14]. Similarly, in patients with a normal EKG and 
no family history of LQTS or sudden death, there 
may be little reason to consider the diagnosis. 
However, given the recognized low penetrance 
of these mutations, further diagnostic investiga-
tions are frequently necessary if the initial testing 
is ambiguous. Electrocardiographically, there is 
significant overlap in QT duration between those 
with concealed LQTS and unaffected individu-
als. Several studies of families affected by LQTS 
using genetic analysis have shown that as many 
as 75% of individuals with the familial variant 
have QT intervals within the normal range, likely 
related to a combination of variable penetrance, 
the effect of modifying genes, and individual 
variability in QT duration [15–20]. Exercise 
stress testing (EST) therefore has become an 
important diagnostic tool [2, 21, 22]; and in those 
old enough to cooperate, EST should be part of 
the diagnostic work-up, looking specifically for 

a maladaptive QT response during the recovery 
phase from exercise. EST—be it on a treadmill 
or bicycle—has been demonstrated to be useful 
in both pediatric and adult patients. Genotype- 
specific repolarization responses to EST in 
patients with LQT1 and LQT2 have emerged 
[22–29].

Prior to EST, brisk standing may also demon-
strate limited QT accommodation in patients 
with LQTS. Studies in adult patients have dem-
onstrated significant QT prolongation and T-wave 
morphological changes when compared to con-
trols. However, in children, there may be signifi-
cant QT prolongation, even in normal subjects, to 
a level that may lead to an inappropriate diagno-
sis of LQTS [8, 17, 30–35]. This QTc prolonga-
tion in unaffected children may be substantial 
and arises primarily from a posture-related 
increase in heart rate; the absolute QT does not 
change significantly (Fig. 30.1).

Several investigators have systematically 
examined the response of normal subjects to 
exercise. In one of the largest studies, Berger 
et  al. evaluated 94 healthy volunteers aged 
8–17 years with resting EKG and exercise testing 
to assess normal ranges for QT and corrected QT 
interval in recovery phase. These authors reported 
a nearly linear inverse relationship between heart 
rate and QT interval in recovery with a mean 
increase of 15 ms in the QT interval per 19 beat 
decrease in heart rate, with the 98th percentile for 
corrected QT intervals during 4–6  minutes of 
recovery ranging from 482 to 491 ms. [36] These 
findings supported other earlier observations 
with albeit smaller patient numbers [25, 37]. In 
the normal heart, the QT interval shortens in 
response to adrenergic stimulation. This shorten-
ing is determined by the depolarizing effects of 
voltage-gated (L-type) calcium channel stimula-
tion, opposed by cyclic-AMP-induced phosphor-
ylation of Iks that enhances K+ efflux and 
repolarization. In LQT1 where KvLQT1 function 
is impaired, the offsetting of L-type Ca++ depo-
larization is reduced, leading to pathologic QT 
prolongation [35]. Experimental data in canine 
wedge preparations found that drug-induced Iks 
blockade alone (as would be expected in LQT1 
patients) did not induce transmural dispersion of 
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repolarization (TDR) between cell types. 
Addition of catecholaminergic stress with isopro-
terenol, however, induced action potential dura-
tion (APD) shortening in epicardial and 
endocardial but not M cells, leading to significant 
transmural dispersion of repolarization and tors-
ades des pointes (TdP). This cellular electrophys-
iology could be successfully blocked by 
propranolol. These data would appear to explain 
the adrenergic basis of arrhythmia in LQT1 and 
the successful effect of beta-blockers [30]. 
However, in comparison to animal modeling, 
human subjects with LQTS may demonstrate a 
variety of maladaptive responses to exercise: The 
QT interval may fail to shorten, may lengthen 
with exertion and at increased heart rates, and 
may be prolonged during the recovery phase after 
exercise.

In 1995, as the genetic basis for LQTS was 
discovered, several studies reported an associa-
tion of certain T-wave morphological patterns 
with the 3 LQTS types [32, 38]. In addition, 
studies in both adult and pediatric patients have 
demonstrated genotype-specific repolarization 
responses with EST [2, 21, 22, 28]. For instance, 
in a study of 82 patients genetically predis-
posed to LQTS, Takenaka et  al. [27] demon-

strated that a modified Bruce protocol used in 
combination with qualitative assessment of 
T-wave morphology was useful in identifying 
patients with LQT1, who experienced marked 
QTc prolongation during exercise. The struc-
tural or functional anomalies of KvLQT1, the 
potassium channel protein associated with 
LQT1, resulted in decreased potassium conduc-
tance (Iks), which, during sympathetic activa-
tion, led to attenuated shortening of the QT 
interval [24], in addition to decreased chrono-
tropic response during exercise, followed by 
augmented lengthening of the QT interval as 
the heart rate declined during early and late  
(1 and 4  minutes) recovery after exercise 
(Figure 30.2a, b) [27, 29]. In adult patients with 
LQT1, there is decreased accommodation of 
the QT interval during exercise compared to 
LQT2 patients, with marked QTc prolongation 
by virtue of higher heart rates. In comparison, 
only a modest change in the QTc interval was 
observed in LQT2 and LQT patients with no 
identified genotype [22]. Horner et  al. found 
that paradoxical QTc prolongation during the 
recovery phase (QTc ≥  460 ms) distinguishes 
LQT1 patients from controls even when the 
resting QTc is within normal limits with a 

STANDING HR - 119bpm - QTc 558

STANDING HR - 80bpm - QTc 588

RECOVERY 4min - QTc 417

SUPINE HR - 80bpm - QTc 404 RECOVERY 2min - QTc 410Fig. 30.1 Abnormal QT 
response to standing. 
Electrocardiographic 
images (lead V5) from a 
13-year-old male were 
investigated following 
the sudden death of his 
mother, who had no 
prior symptoms or 
diagnosis and a negative 
autopsy. On standing, 
there was marked QT 
prolongation of the QT 
interval with 
morphological changes, 
although at baseline and 
in recovery from 
exercise, his corrected 
QT intervals were 
normal. This was not felt 
to represent long QT 
syndrome
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 sensitivity of 90%, specificity of 92%, positive 
predictive valve of 74%, and negative predic-
tive value of 97% [21]. Additionally, a Δ(Delta)
QTc ≥ 30 ms defined as QTc 3 minute recov-
ery – QTc baseline supine reveals LQTS1 with 
a sensitivity of 83%, specificity of 93%, posi-
tive predictive valve of 76%, and negative pre-
dictive value of 95% [21]. In children, late 

recovery phase at 7 minutes has been suggested 
to better predict the LQTS and a recovery 
Δ(Delta)QTc (7  minutes  – 1  minute) >30  ms 
differentiated LQT2 versus LQT1 [2].

Patients with LQT2 can have notable QT 
interval shortening and a normal chronotropic 
response during exercise [28, 39]. However, 
they typically display an exaggerated QT hys-
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Fig. 30.2 The QT response in recovery from exercise in 
a patient with long QT syndrome type 1. The corrected 
QT interval at baseline and in recovery from exercise is 
shown for a 14-year-old investigated for a family history 
of long QT syndrome, with a variant KCNQ1 A344A seg-
regating in the family. A344A is a synonymous mutation, 
with a nucleotide substitution at the last position in exon 
within the canonical splice region, which results in exon- 
skipping and likely haploinsufficiency by nonsense- 
mediated mRNA decay of the mutant transcript. (a) The 

patient’s values are shown (red line) together with the 2nd 
and 98th percentiles for controls (black dashed line) 
derived from Berger et  al. [35]. At baseline, his QTc is 
normal (427 ms), but in early recovery, there is significant 
prolongation with a gradual return to the normal range 
over 6  minutes, consistent with KCNQ1-mediated long 
QT 1 syndrome. (b) The topology of KCNQ1 is depicted 
together with the position of A344A in S6 transmembrane 
domain
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teresis, defined as the QT interval difference 
between exercise and 2 minutes into recovery at 
similar heart rates (within 10 bpm) (Figure 30.3a, 
b) [22, 33]. In LQT2 and LQT3, both QTc and 
Δ(Delta)QTc may decrease during exercise 
[21]. In younger patients, although the QTc 
intervals shortened with exercise and in early 
recovery, in patients with LQT2, the QTc pro-
longs in later recovery (defined as 7 and 9 min-

utes) and values converge with those of patients 
with LQT1 [2].

These, largely concordant observations in 
LQT1 and LQT2, are distinct from LQT3. 
Persistent sodium conductance secondary to 
SCN5A sequence variants underlie LQT3, which 
account for approximately 10% of LQTS [40]. 
Clinically, events in patients with LQT3 are more 
frequent with sleep and rest, as opposed to 
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Fig. 30.3 The QT response in recovery from exercise in 
a patient with long QT syndrome type 2. The corrected 
QT interval at baseline and in recovery from exercise is 
shown for a 25-year-old investigated for a recent history 
of syncope and seizures. (a) The patient’s values are 
shown (blue line) together with the 2nd and 98th percen-
tiles for controls (black dashed line) derived from Berger 
et al. [35]. At baseline, his QTc is normal (457 ms) and 
remains within normal limits at 1 minute in recovery but 
shows marked prolongation in later recovery, consistent 
with KCNH2-mediated long QT 2 syndrome. Genetic 
testing identified a frameshift variant in KCNH2, 

c.2775dupG; p.Pro926AlafsX14, a single-nucleotide 
duplication leading to a change in the reading frame and 
premature stop codon. KCNH2 shows considerable con-
straint and intolerance to loss of function. This variant has 
been reported in multiple families with long QT syndrome 
with significant segregation. Functional studies have 
shown a reduction of hERG current in channels with this 
mutation, related to haploinsufficiency secondary to 
nonsense- mediated decay of the mutant transcript. This 
variant is absent from control populations in the gnomAD 
database. (b) The topology of KCNH2 is depicted together 
with the position of A344A in S6 transmembrane domain
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 emotion/startle and exercise with LQT1 and 
LQT2 [41]. Studies with LQT3 are smaller, but 
 consistently demonstrate both more QTc shorten-
ing with exercise and less QTc prolongation with 
recovery. In addition, although at baseline cor-
rected QT measurements had similar average val-
ues between the three subtypes (LQT1, LQT2, 
LQT3) as demonstrated by Schwartz et  al. in a 
series of 517 patients, [41] in a small series of 16 
genotyped LQTS patients compared to 21 unre-
lated healthy subjects, the QTc at 4  minutes in 
recovery in patients with LQT3 were not signifi-
cantly higher than in age-matched controls 
(Figure 30.2a, b).

Questions regarding the effects of beta- 
blockade on QTc during exercise testing are often 
raised. Multiple studies have found that the pat-
terns of QT interval response during exercise and 
recovery are not significantly altered by treat-
ment with beta-blockers [2, 21, 28, 42]. However, 
EST is routinely employed in patients with estab-
lished LQTS to assess the heart rate response to 
exercise and objectively evaluate the adequacy of 
beta-blocker therapy.

In summary, multiple studies in adults and a 
few in pediatric patients have demonstrated the 
value of performing EST as a diagnostic tool in 
the evaluation of patients with suspected 
LQTS.  As LQTS demonstrates reduced pene-
trance and many patients are asymptomatic, 
affected individuals with LQTS can be errone-
ously considered unaffected if only clinical fea-
tures and resting EKG are utilized for diagnostic 
purposes. EST and—specifically—QTc interval 
prolongation during recovery after EST has been 
demonstrated to be a sensitive screening test for 
LQTS [43]. Genotype-specific responses to EST 
have been demonstrated; prior work has shown 
that there exists a paradoxical increase in cor-
rected QT interval during the recovery phase of 
treadmill stress testing that can distinguish 
LQTS—particularly those patients with LQT1—
from others including controls [2, 21, 22]. Patients 
with LQT1 often display a longer QT interval at 
maximum heart rate when compared to LQT2 
patients, while LQT3 patients appear to shorten 
their corrected QT intervals at maximum heart 
rates and are at higher risk at longer cycle lengths 

[41]. Even with a nondiagnostic QTc at rest, pro-
longation of the QTc in recovery from exercise, in 
addition to a Δ(Delta) QTc ≥ 30 ms during recov-
ery periods may help distinguish LQT1 from oth-
ers [2, 21]. In children, late recovery phase at 
7 minutes—as children often have a more gradual 
deceleration in their heart rates during the recov-
ery phase of EST—has been suggested to better 
predict the LQTS, and a recovery Δ(Delta) QTc 
(7  minutes  – 1  minute) >30  ms differentiated 
LQT2 from LQT1 [2]. Finally, while EST proto-
cols for the evaluation of LQTS in adult cohorts 
are often limited to the first 5 minutes of recovery, 
as previously stated, children often have a more 
gradual heart rate deceleration during the recov-
ery phase of the EST. An extended recovery phase 
may therefore be preferable to assess the repolar-
ization response after exercise in children [2].

 Conclusion

Take-Home Points
 1. Our approach to evaluating the patient with 

suspected congenital LQTS involves multiple 
steps including clinical and family history, 
resting EKG for evaluation of corrected QT 
intervals in addition to T-wave morphology 
and exercise stress testing. For those patients 
with combinations of markedly prolonged 
QTc at rest and family history of LQTS, exer-
cise testing may offer further phenotypic 
 characterization, but is not part of confirming 
the diagnosis.

 2. For those patients in whom the diagnosis is in 
question, EST is a helpful adjunct to better 
define the phenotype and help differentiate 
between LQT1 and LQT2.

 3. While QT intervals can increase with brisk 
standing in adult patients with LQTS, in pediat-
ric patients, the QT interval increases with 
standing in healthy unaffected children, limiting 
the utility of this test in distinguishing between 
affected and unaffected pediatric patients.

 4. Although the QT interval response during 
exercise and recovery has not been found to 
be significantly altered by beta-blocker treat-
ment, peak exercise heart rate is evaluated 
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routinely in patients with established LQTS to 
help assess adequacy of beta-blocker.

 5. Both treadmill and cycle exercise are reason-
able approaches to EST in potential LQTS.

 6. Final conclusions regarding a diagnosis of 
LQTS will always require a combination of 
resting EKG, personal and family history, 
genetic testing (when applicable), and EST 
results.
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Wolff-Parkinson-White Syndrome

Tam Dan N. Pham and Mark E. Alexander

 Introduction

Wolff-Parkinson-White (WPW) syndrome is a 
ventricular pre-excitation syndrome affecting 
approximately 1–3  in 1000 individuals and car-
ries a low, but clinically important, risk of sudden 
cardiac death. The clinical presentation can vary 
from asymptomatic WPW to cardiac arrest as the 
sentinel event. As more electrocardiograms 
(EKGs) are obtained as part of stimulation medi-
cation clearance and screening for sports, the 
incidental finding of isolated ventricular pre- 
excitation, or WPW pattern, increasingly leads to 
referral of patients for evaluation of WPW.  In 
response, practice guidelines have been devel-
oped for the management of patients with asymp-
tomatic WPW.  These guidelines include 
noninvasive and invasive testing and have 
ascribed an important role to exercise testing 
[1–3].

 Electrocardiogram Findings 
in Wolff-Parkinson-White

The core physiology of WPW is an accessory 
pathway that permits atrioventricular (AV) con-
duction independent of the AV node. WPW syn-
drome is characterized by atrioventricular 
reciprocating tachycardia with a sinus EKG pat-
tern of bundle branch block (BBB) and a short PR 
interval. Some cardiologists make the distinction 
between a WPW pattern on EKG and WPW syn-
drome with the WPW pattern used to describe the 
EKG findings without clinical manifestations. The 
term “pre-excitation” is defined by early ventricu-
lar activation occurring ahead of normal AV nodal 
conduction. As the atrial depolarization wavefront 
approaches the ventricles, it may advance over the 
accessory pathway, normal AV node, or both. 
Conduction over the accessory pathway is rapid 
and pre-excites a focal ventricular segment. This 
region of early activation generates activated ven-
tricular myocardium without the typical delays 
associated with His-Purkinje conduction. This cre-
ates the short PR interval and characteristic delta 
wave seen on EKGs. For most patients, some por-
tion of ventricular activation will still occur over 
the normal AV nodal-His pathway with the resting 
EKG manifesting a fusion between pre-excitation 
and normal depolarization sequence [4, 5].

Depending on the location of the accessory 
pathway along the tricuspid or mitral valve  annulus, 
EKG patterns in WPW syndrome can be variable. 

T. D. N. Pham 
Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA 

M. E. Alexander (*) 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Exercise Physiology, Arrhythmia Service, 
Department of Cardiology, Boston Children’s 
Hospital, Boston, MA, USA
e-mail: mark.alexander@cardio.chboston.org

31

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-16818-6_31&domain=pdf
mailto:mark.alexander@cardio.chboston.org


228

Several algorithms have been developed to provide 
more exact estimates of accessory pathway loca-
tion based on delta wave polarity or QRS shape, 
such as the Arruda et al. algorithm [6]. At the most 
simplistic level, the activation vector in left-sided 
APs travels away from the left and toward the right, 
resulting in negative delta waves in left-sided EKG 
leads (I, aVL, V5-V6) and positive delta waves in 
right-sided leads (aVR, V4R-V1). The right ven-
tricle is still activated over the normal AV node, but 
only after the usual nodal time delay; thus, the 
QRS morphology is reminiscent of right BBB, 
though it is often remarkably normal. The opposite 
is true for right-sided APs, which can mimic a left 
bundle branch pattern [4, 6].

Fasciculoventricular pathways (FVPs) are 
defined as an atypical accessory connection 
between the His bundle and the upper ventricular 
septum, and can cause subtle pre-excitation on 
EKG.  FVPs exhibit antegrade-only conduction 
with a fixed short HV interval, and do not have 
the ability to support a reciprocating tachycardia 
or rapid conduction of atrial fibrillation. These 
pathways are benign and, according to Josephson, 
can be considered as merely an electrocardio-
graphic curiosity [7, 8]. They are antegrade-only 
connections that are completely dependent upon 
effective AV node conduction. Hence, they nei-
ther can support AV reciprocating tachycardia, 
nor can they permit rapidly conducting pre- 
excited atrial fibrillation. Further, their anatomic 
linkage to the AV node makes ablation of them 
unwise. They are important largely because con-
fident recognition of an FVP may permit clini-
cians to forego further diagnostic testing.

Atrioventricular pathways, previously called 
Mahaim pathways, are slowly conducting, 
antegrade- only, pre-excitation syndromes that 
are typically associated with normal PR intervals. 
While they are important to recognize, they are 
not typically confused with the more common 
WPW patterns.

 Accessory Pathway Characteristics 
and Clinical Manifestation

Accessory pathways are thought to be embryolog-
ical remnants resulting from failure of  resorption 

of the myocardial syncytium at the annulus fibro-
sis of the AV valves during fetal development. 
They are located along the AV groove and typi-
cally conduct electrical impulses more rapidly 
than the AV node, leading to the characteristic 
EKG findings in WPW. Accessory pathways that 
have retrograde conduction properties can support 
supraventricular tachycardia (SVT) by providing a 
reentrant circuit involving both the AV node-His 
axis and the accessory pathway. SVT can be ortho-
dromic (narrow, or “usual complex”) or, less com-
monly, antidromic (wide complex). Orthodromic 
SVT results from normal antegrade conduction 
over the AV node-His axis and retrograde conduc-
tion over the accessory pathway. Alternatively, 
antidromic SVT results from antegrade conduc-
tion over the accessory pathway and retrograde 
conduction over the AV node [4].

 Clinical Presentation

Although many patients seek therapy for symp-
toms of supraventricular tachycardia (SVT) 
related to WPW, an estimated 50% of pediatric 
WPW patients are asymptomatic when identi-
fied. Presenting symptoms, when present, include 
palpitations, chest pain, dizziness, or presyncope. 
The most worrisome presentation is syncope or 
aborted sudden cardiac death (SCD) as the first 
manifestation of WPW syndrome. The risk of 
SCD, including resuscitated sudden death, is esti-
mated to be between 0.05% and 0.5% per year. 
The mechanism of SCD is thought to be rapid 
antegrade accessory pathway conduction of atrial 
fibrillation (AF) (Fig. 31.1), provoking ventricu-
lar fibrillation (VF) [1, 2].

 Risk Stratification

Ideally, the management of school-age children, 
adolescents, and young adults with WPW should 
be guided by risk stratification [2, 3, 5]. For those 
with documented SVT and pre-excitation, risk 
stratification usually occurs as part of an invasive 
electrophysiology (EP) study where the goal is 
effective elimination of the pathway. There are 
alternative approaches to those without symptoms.
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Any comprehensive evaluation of the “risk” of 
WPW needs to take into account symptoms, the 
ability to have SVT, antegrade risk characteristics 
(within the limitations of confidence that modern 
analysis has demonstrated), and the risk of ther-
apy. A history of documented SVT, plausible 
symptoms of palpitations, and potential cardiac 
syncope are all critical parts of the symptomatic 
risk profile.

 Anatomic Risk

Anatomic risk relates to the risks that are accrued 
during ablation. This can be broadly divided into 
the low-risk right posterior to right anterior- 
lateral tricuspid annulus where there is virtually 
no risk of injury to the AV node, no risk of stroke, 
and no significant risk of coronary injury. 
Common left lateral locations involve ablation 
within the systemic circulation and the need for 
transeptal puncture or retrograde approaches. 
These procedures carry a small but clear risk of 
cerebral vascular events and anatomic injury; 

these anatomic risks can be categorized as mildly 
increased. Septal pathway ablations have variable 
risks of injury to the AV node, coronary sinus, 
and coronary arteries. While the risks are low, 
septal pathways represent higher-risk ablation 
targets. Exercise testing does not inform those 
risks. Algorithms, such as Arruda’s [6], may pro-
vide some noninvasive information regarding 
anatomic risk, but are reliable  in younger chil-
dren with more rapid AV nodal conduction.

 Electrophysiologic Risk

Exercise testing can help inform the assessment 
of electrophysiologic antegrade risk characteris-
tics. The intent of risk stratification in patients 
with asymptomatic WPW is to identify which 
individuals are at risk for a lethal cardiac arrhyth-
mia by assessing the antegrade conduction prop-
erties of the accessory pathway. The critical and 
obligate condition for VF is the presence of a 
short antegrade accessory pathway effective 
refractory period (APERP), which would allow 

Fig. 31.1 12-lead EKG at ½ and ¼ standard of rapid pre- 
excited atrial fibrillation in a 14-year-old with previously 
asymptomatic WPW. The shortest pre-excited RR interval 
is 211  msec. Exercise testing showed persistent pre- 

excitation to a maximal heart rate of 184. At subsequent 
EP study, his accessory pathway effective refractory 
period was 800/390 with a shortest pre-excited RR inter-
val in pacing of 290 msec
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for rapid conduction of AF. The EKG measuring 
the shortest pre-excited R-R interval during clini-
cal AF is a “true” assessment of the anterograde 
characteristics of the accessory pathway, though 
the measurement of the Shortest Pre-Excited R-R 
Interval (SPERRI or SPRRI) has long been used 
as an operational proxy for that clinical finding. 
An SPERRI of 220–250  msec has been more 
commonly seen in patients who have experienced 
cardiac arrest [2]. We have generally classified 
electrophysiological antegrade risk as high or 
low based on a SPERRI of ≤250  msec, and 
>350 msec, respectively, with those in between 
considered intermediate. Because clinical cardiac 
arrest and clinical pre-excited atrial fibrillation 
are uncommon, most of the literature has been 
based on invasive testing. Thus, the primary goal 
of noninvasive testing is to determine which 
asymptomatic patients will need to have an inva-
sive EP study.

 Exercise Testing

The simplest form of risk stratification utilizes 
noninvasive testing with a Holter monitor (for 
younger patients), or exercise testing to observe 
for loss of pre-excitation. Loss of pre-excitation 
during exercise has been proposed as a surrogate 
method of assessing the antegrade APERP. This 
is a relatively rare phenomenon, occurring in 
only ~15% of patients with WPW who undergo 
exercise testing. Patients who demonstrate abrupt 
loss of pre-excitation during exercise may be 
classified as “low risk,” and potentially avoid the 
need for invasive testing. The notion is that an 
abrupt loss at a heart rate of 150 correlates with 
an SPRRI of 400 msec and an abrupt loss at even 
180  bpm would be an SPRRI of 320  msec. 
However, several limitations exist with exercise 
testing alone.

Systematic reviews correlating EP studies 
with exercise testing have shown that the clinical 
implications of an abrupt loss of the delta wave 
are not straightforward. A prospective study con-
ducted by Gaita et al. studied exercise and phar-
macologic testing as methods to identify patients 
with WPW syndrome who otherwise met criteria 

for electrophysiological high-risk accessory 
pathway by invasive testing (SPERRI during AF 
≤250 or APERP ≤250). Persistence of pre- 
excitation on exercise test showed a sensitivity of 
96%, but specificity of only 17% in identifying 
high-risk patients. The positive predictive value 
was 40%, and the negative predictive value was 
88%. Interestingly, the patient who had the short-
est SPERRI in this series (180  msec) was the 
only “high-risk” patient to demonstrate loss of 
pre-excitation on exercise testing [9]. In 90 con-
secutive patients who underwent both exercise 
testing and invasive EP studies at Boston 
Children’s Hospital, abrupt disappearance of pre- 
excitation during exercise testing occurred in 
only about 15% of patients (Fig.  31.2). These 
individuals had a statistically longer APERP 
(348 msec ±47 msec range 260–420 msec) com-
pared to those with persistent pre-excitation 
(322 ± 56, range 200–540). Hence, abrupt loss of 
pre-excitation was noted in children whose 
APERP was noted to be as short as 260  msec 
[10]. Moreover, a blinded review in 57 patients in 
the ETT-EPS group found an 86–91% interob-
server agreement between the pairs of blinded 
and clinical reviews (p  <  0. 001 for all paired 
comparisons). Despite this high agreement, the 
independent reviewers either disagreed or classi-
fied the results as uncertain in 9 (16%) of these 
studies. Of the tests that were discordant or 

aVF

II

V5

Fig. 31.2 Obvious and abrupt loss of pre-excitation at an 
HR of 180
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uncertain to at least one reader, 8 (89%; p = 0. 
001) were left sided (Fig. 31.3). Taken together, 
these data support using clear unambiguous loss 
of pre-excitation, such as intermittent pre- 
excitation at rest, as a statistical marker of lower 
risk, but not an absolute marker (Table  31.1). 
Sharing the uncertainty can permit families who 
have a child with WPW to make informed deci-
sions about the risk/benefits of invasive EP study 
and ablation and the risk/benefits of observation. 
It must also be noted that, although loss of pre- 
excitation may have implications regarding the 
risk for SCD, it does not imply that a patient is 
not at risk for SVT.

These limitations are very similar to those that 
are encountered with every measure of antegrade 

risk assessment. Intermittent pre-excitation on 
Holter monitoring is seen in ~13% of patients 
with WPW. While those patients had longer mean 
refractory periods (340 msec) compared to those 
with persistent pre-excitation at rest (310 msec), 
in both groups, approximately 10–12% of 
patients had short refractory periods, defined as 
≤250  msec [11]. Even invasive EP studies, the 
“gold standard,” have substantial limitations. In a 
case-control study of 96 patients with life- 
threatening events, 22 of 60 who underwent 
effective assessment prior to ablation (37%) did 
not meet the accepted criteria of rapid conduction 
<250 msec [12].

The reality is that loss of pre-excitation with 
exercise testing, intermittent pre-excitation, and 
EP study-based refractory periods each predict a 
group with longer refractory periods. At the same 
time, these tests are incomplete at assessing the 
“at-risk” physiology, and a substantial minority 
(10–12% for exercise testing) will have potentially 
dangerous pathways, despite reassuring testing.

Fasiculoventricular pathways are increasingly 
recognized during EP study and represent an 
innocent physiology that carries no risk of either 
SVT or cardiac arrest. The delta wave is gener-
ally subtle (Fig.  31.4). There is no anticipated 
change during exercise testing (though that can 
be a challenging conclusion in some patients 
given the narrow QRS). Consultation with an 

Baseline HR 153 HR 202

II

V6

Fig. 31.3 More subtle pre-excitation in a 12-year-old 
with SVT who was judged to have loss of pre-excitation 
by an HR of 150 by 2 examiners and uncertain by 1 exam-
iner. At EPS, a single left-sided accessory pathway with 
an APERP of 500/260 was identified

Table 31.1 Test characteristics of exercise findings in predicting antegrade accessory pathway effective refractory 
period (APERP); 90 patients with graded exercise testing and intracardiac electrophysiological (EP) studies. APERP 
measured at baseline conduction. Persistent pre-excitation has a 100% sensitivity in identifying APERP ≤250 msec, 
11% of those children with persistent pre-excitation will have APERP ≤250 msec. Abrupt loss of pre-excitation was 
reassuring with a positive predictive value of 100% to identify those with refractory periods ≥250 msec. Using a more 
stringent definition of low antegrade risk, abrupt loss of pre-excitation had a 67% positive predictive value for effective 
refractory periods

Utility of persistent pre-excitation
APERP N Persistent Loss Sensitivity Specificity PPV NPV LR+
≤320 45 41 4 91% 18% 53% 67% 1.1

≤250 8 8 0 100% 15% 10% 100% 1.2

≤220 4 4 0 100% 5% 14% 100% 1.0

Utility of loss of pre-excitation
APERP N Persistent Loss Sensitivity Specificity PPV NPV LR+
>320 45 37 8 18% 91% 67% 53% 2.0
≥250 82 70 12 15% 100% 100% 10% ∞
>220 86 79 12 14% 100% 100% 5% ∞

PPV positive predictive value; NPV negative predictive value; LR+ likelihood ratio positive
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electrophysiologist can help develop strategies 
for confirming that diagnosis [13].

 Symptomatic Patients and Exercise 
Testing

The current recommendations are that symptom-
atic patients with WPW undergo catheter abla-
tion if they have life-threatening symptoms, or if 
these symptoms are refractory to age-appropriate 
medical management [2]. Additionally, as abla-
tion confers a high success rate with relatively 
low risk, older symptomatic patients should be 
considered for an ablation soon after diagnosis. 
For these symptomatic patients, exercise testing 
offers little advantage as it does not provide addi-
tional diagnostic data. For symptomatic patients 
without low-risk characteristics on exercise test-
ing, medical management is unattractive, even if 
effective in controlling SVT symptoms. Further, 
data do not support medical management, par-
ticularly with beta-blockers, limiting the risk of 
pre-excited atrial fibrillation or cardiac arrest.

 Conclusion

The clinical presentation of WPW syndrome 
varies from asymptomatic WPW to sudden car-
diac death. Practice guidelines have been devel-
oped for WPW syndrome, primarily for the 
management of asymptomatic WPW.  These 
guidelines focus on sequential risk stratification 
and aim to assess antegrade conduction proper-
ties of the accessory pathway, with the goal of 
identifying those who may be at risk for sudden 
death. Abrupt loss of pre-excitation at physio-
logic heart rates or intermittent pre-excitation at 
those same rates identifies a group of patients 
more likely to be at lower risk of rapidly con-
ducting pre-excited atrial fibrillation. However, 
limitations related to the physiology of this dis-
order, interobserver reliability, and the inability 
of exercise testing to provide information on 
retrograde pathway conduction all lead to only 
a minority (10–20%) of patients having invasive 
EP studies deferred on the basis of exercise 
data, patient history, and clinician and patient 
choice.

Fig. 31.4 Subtle pre-excitation associated with a documented fasiculoventricular pathway with obligate AV node 
conduction
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 Conclusions Include

 1. Older symptomatic patients should undergo 
invasive EP study and consideration of abla-
tion. Exercise testing for symptomatic patients 
offers little additional information.
 (a) Deferring procedures is appropriate in 

infants and younger children.
 (b) Those with life-threatening symptoms 

should be referred for EP consultation at 
any age.

 2. Abrupt loss of pre-excitation during exercise 
is a relatively rare phenomenon. Although it 
implies a lower-risk cohort in some of these 
patients, SPERRI may be as low as ~260 msec, 
at/near the margin of high risk. While the clas-
sification of patients as low risk is imperfect, 
this finding can contribute to deferring more 
formal EP study and ablation.

 3. There are significant limitations of exercise 
testing, which include:
 (a) Variability on what heart rates can be reli-

ably viewed as “low risk.”
 (b) Interobserver variability and difficulty in 

interpreting “loss of pre-excitation” at 
higher heart rates. This is particularly true 
of left-sided accessory pathways.

 (c) Response to exercise testing does not give 
data to predict the likelihood of develop-
ing SVT.

 (d) Patients with fasciculoventricular path-
ways (FVPs) will persist with subtle pre- 
excitation throughout the study. Exercise 
testing offers no useful information with 
this physiology.

 (e) Though exercise testing may allow some 
patients to be identified as “low risk,” low 
positive predictive value renders exercise 
testing a poor way of assessing for “high- 
risk” pathways.

Patients who cannot be clearly classified as 
“low risk” on exercise testing should consider a 
more formal EP study, which is often combined 
with an attempt at catheter ablation.
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 Overview

Exercise stress testing (EST) is an attractive tool 
in the ongoing management of patients either 
with suspicion or established diagnosis of 
arrhythmias, cardiomyopathies, and genetic dis-
eases with specific arrhythmia risks. Rapid access 
to 12-lead electrocardiogram (EKG), the ability 
to correlate rhythm, and, for many patients, the 
ability to encourage exercise beyond their usual 
activities are substantial advantages. Those 
advantages are tempered by generally marginal 
test characteristics, which, as always, are 
informed by the remainder of the clinical sce-
nario. At the clearest end of the spectrum, for 
patients with supraventricular tachycardia (SVT), 
exercise testing has low sensitivity, low specific-

ity, and rarely offers useful information. The 
other end is patients with catecholaminergic 
polymorphic ventricular tachycardia (CPVT) for 
whom exercise testing is a controlled way to con-
firm the clinical phenotype and assess therapy. 
While suspected based on history and normal 
EKG and echocardiogram, the diagnosis is con-
firmed by exercise testing. For virtually every 
other question, EST is part of characterizing a 
patient’s physiology.

There are relatively clear trade-offs in techni-
cal choices with EST. Bicycle ergometry will 
reliably produce EKG tracings with less artifact; 
however, peak heart rate (HR) and peak blood 
pressure (BP) are lower. At Boston Children’s 
Hospital, when the primary indication is evalua-
tion of arrhythmia, standard Bruce protocols are 
used in the overwhelming majority of cases. 
Local equipment and practice may vary, with no 
compelling data to argue against practice 
variation.

 Evaluation of Bradycardia

 Sinus Node Dysfunction

Sinus node dysfunction (SND) refers to abnor-
mal impulse generation and/or conduction out of 
the sinoatrial node manifested on the surface 
EKG as sinus bradycardia, sinus pauses, sinus 
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arrest, sinus node exit block, or inadequate escape 
rhythms. When SND is accompanied by clinical 
symptoms such as fatigue, lightheadedness, 
 dyspnea on exertion, and/or syncope, it is referred 
to as sick sinus syndrome. In addition to a 
 comprehensive history, physical examination, 
and ambulatory heart rate monitoring, exercise 
testing can assist in identifying SND, particularly 
chronotropic incompetence, in patients without 
symptoms at rest.

In children and adolescents, congenital heart 
disease (CHD) is a major cause of SND, which 
can present primarily as an anatomic anomaly or 
more commonly postoperative sequelae. 
D-looped transposition of the great arteries 
(D-TGA) repaired via the Mustard or Senning 
atrial switch procedure is the archetypal lesion 
associated with SND, with more than half of the 
patients affected and 13% of patients requiring a 
permanent pacemaker by the tenth postoperative 
year [1, 2]. Patients with D-TGA who have 
undergone atrial switch procedures have reduced 
exercise capacity, primarily driven by chrono-
tropic incompetence, when compared not only to 
healthy controls but also to contemporary cohorts 
who had an arterial switch procedure [3, 4]. 
While atrial switch procedures have since largely 
been abandoned for the treatment of D-TGA, it is 
still used in the treatment of other CHDs and 
there are numerous adults with that surgical anat-
omy. SND affects at least 9% of patients with 
single ventricle heart disease and Fontan pallia-
tion. Permanent pacemaker implantation is the 
most common cardiac procedure in this popula-
tion of patients [5, 6]. Superior sinus venosus 
defects are also commonly associated with post-
operative SND, with 5% of patients requiring a 
permanent pacemaker following repair [7]. Serial 
exercise testing can provide objective evidence of 
SND and thus should be considered in the long- 
term follow-up of these patients. Exercise testing 
should primarily focus on the peak HR response, 
and can inform sources of exercise limitation 
when combined with expired gas analysis. 
Exercise testing should be combined with other 
monitoring strategies, such as Holter, to evaluate 
for long pauses and low resting heart rates. Either 
physiology can produce symptoms and be an 
indication for pacing. In the absence of symp-

toms, limited exercise heart rate responses are 
not an indication for pacing [8].

Patients with symptomatic SND can be man-
aged with atrial or dual-chamber pacing depending 
on the primary electrophysiologic manifestation 
of their sinus node disease and the status of their 
intrinsic atrioventricular (AV) conduction. In the 
setting of normal AV conduction, a single-cham-
ber atrial demand pacing system (AAI) is an 
appropriate choice with the addition of rate 
responsiveness (AAIR) if chronotropic incompe-
tence is also present. Rate responsiveness (also 
termed rate adaptation or rate modulation) pro-
vides physiologic chronotropy, leading to aug-
mented cardiac output during periods of increased 
physical activity. Standardized exercise testing 
protocols are used for optimization of rate-
responsive pacing, capable of delineating appro-
priate chronotropic responses at the onset of 
exercise, during moderate exertion, at peak exer-
tion, and during recovery. Rate-responsive sys-
tems utilize artificial sensors that modulate the 
pulse generator pacing rate by measuring various 
surrogate parameters for metabolic demand. 
Activity sensors comprised of piezoelectric crys-
tals or accelerometers respond rapidly to move-
ment and thus are effectively programmed during 
exercise testing. They are limited, however, by 
both their inability to sense the oxygen debt 
accrued during sustained aerobic exercise and by 
oversensing movements that should not warrant 
increased cardiac output, such as laughing and 
coughing. These limitations would result in either 
inappropriately slow or fast chronotropic 
responses, respectively. Similarly piezoelectric 
sensors will underestimate activity during indoor 
cycling or other activities with no movement 
where the pacemaker is located (abdomen/upper 
chest). Metabolic sensors that sense minute ven-
tilation, central venous temperature, venous pH, 
or QT interval are available and can help avoid 
abrupt decreases in paced heart rates following 
cessation of exercise. However, how important 
these distinctions are in clinical practice is 
unclear. Virtually, all pacemakers and standard 
defibrillators have some rate-response features 
built in. The clinical data to support these some-
what proprietary choices for rate response are, 
not surprisingly, limited.
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Programming rate-responsive therapy in 
patients with SND following an atrial switch pro-
cedure for D-TGA can present unique challenges 
due to their anatomic and electrophysiologic abnor-
malities. Transitioning to an accelerated junctional 
rhythm during exercise can be detrimental due to 
the loss of AV synchrony. Accelerated junctional 
rhythm may be associated with atrial undersens-
ing, resulting in apparently random atrial output 
that is seen during EST. Moreover, the transvenous 
pacing site is the morphologic left atrium, which 
in combination with extensive atrial scarring often 
causes substantial intra-atrial conduction delay. 
This frequently results in intra-atrial block and a 
pseudo-Wenckebach effect at elevated heart rates, 
effectively producing symptoms consistent with 
pacemaker syndrome, and thereby obviating the 
benefit of AAIR programming with high upper 
rates [9]. Pacemaker syndrome refers to signs 
and symptoms caused by inadequate timing of 
atrial and ventricular contractions in pacemaker 
patients and is discussed in further detail below. 
Programming a high activity threshold and rapid 
rate responsiveness, with the aid of formal exer-
cise testing, can often overcome this problem and 
result in maintaining a paced rhythm at maximal 
exercise.

Clinical decision-making to place a pace-
maker for bradycardia focuses first and foremost 
on symptoms, followed by the presence of 
bradycardia- facilitated tachycardia. The newest 
guidelines emphasize that there is no lower rate 
or pause duration that is an absolute indication 
for pacing [10]. Ambulatory monitoring is typi-
cally the first line of surveillance, but exercise 
testing can be particularly useful in evaluating 
complaints of exercise intolerance in at-risk 
patients, and in evaluating the programming 
choices in response to symptoms.

 Atrioventricular Block

Atrioventricular block (AVB) is defined as abnor-
mally prolonged or interrupted transmission of 
an atrial impulse to the ventricles secondary to 
functional or anatomic disease within the con-
duction system. It is further categorized by 
whether all (first-degree AVB), some (second- 

degree AVB), or no (third-degree AVB) atrial 
impulses conduct to the ventricles. First-degree 
AVB and second-degree Mobitz 1 AVB are typi-
cally localized to the AV node and can frequently 
be seen in healthy children and adolescents, par-
ticularly in highly conditioned athletes with 
increased vagal tone. Pathologic causes of higher- 
grade AVB include Lyme carditis, cardiomyopa-
thy, certain types of muscular dystrophy, 
ischemia, myocarditis, endocarditis, and surgical 
trauma following repair of congenital heart dis-
ease. The role of exercise testing in the evaluation 
of the various degrees of AVB is discussed below.

In first-degree AVB, there is delayed but not 
interrupted conduction between the atria and 
ventricles. Some atrial impulses are not con-
ducted to the ventricles in second-degree AVB, 
which is further classified as Mobitz 1 
(Wenckebach) and Mobitz 2. Mobitz 1 AVB con-
sists of progressive PR interval prolongation with 
an eventual nonconducted P wave, followed by 
resumption of sinus rhythm with the first PR 
interval being shorter than the previously con-
ducted P wave prior to block. Both first-degree 
AVB and Mobitz 1 AVB are most often caused by 
vagally mediated functional conduction delay or 
block at the level of the AV node. Exercise testing 
can assist in the differentiation between benign 
first-degree AVB or Mobitz 1 AVB due to 
increased vagal tone, from that caused by true 
injury to the AV node. In the case of first-degree 
AVB or Mobitz 1 AVB, there is normalization of 
AV conduction with PR interval shortening, 
while in AV nodal injury, there is progression to 
higher-degree AVB at increasing sinus rates. 
Rarely, marked AV nodal delay with PR intervals 
exceeding 300 milliseconds can produce a pseu-
dopacemaker syndrome that shares the similar 
pathophysiology to that seen with VVI pacing 
and retrograde VA conduction. Exercise testing 
can be used to demonstrate symptoms consistent 
with pacemaker syndrome in the setting of 
severely prolonged PR intervals, which is a class 
II indication for permanent pacemaker implanta-
tion [8]. Patients with Mobitz 1 AVB that normal-
izes during exercise are rarely symptomatic and 
thus do not require permanent pacing. EST in 
those patients is an effective and reassuring tool 
to evaluate the physiology.
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Unlike first-degree AVB and Mobitz 1 AVB, 
Mobitz 2 AVB is rarely present in patients with-
out underlying cardiac disease and is almost 
always secondary to conduction system injury 
within the His-Purkinje system. This manifests as 
a nonconducted P wave preceded by stable PR 
intervals, with high-grade AVB defined as two or 
more consecutive nonconducted P waves. Often, 
there is concomitant bundle branch block. Third- 
degree AVB is defined by AV dissociation where 
no atrial impulses are transmitted to the ventri-
cles. Decisions surrounding permanent pace-
maker implantation in second-degree (both 
Mobitz 1 and 2), high-grade AVB, and third- 
degree AVB are made in accordance with pub-
lished societal guidelines and rarely require 
exercise testing as part of their diagnostic workup 
[8]. A notable exception will be the asymptom-
atic patient with well-established congenital 2nd 
or 3rd degree block. For those patients, a reason-
able exercise response, combined with minimal 
dilation and normal valve and ventricular func-
tion on echocardiogram, can permit deferring 
permanent pacemaker implant (Fig. 32.1a, b).

Pacing options in patients with significant AV 
node disease include ventricular demand (VVI) 
and dual-chamber (DDD) devices, with or with-
out the addition of rate responsiveness if chrono-
tropic incompetence is also present. While VVI 
systems require only a single lead and provide 
emergency backup pacing from intermittent 
severe bradycardia, they do not maintain AV syn-
chrony and thus risk the development of pace-
maker syndrome. Pacemaker syndrome occurs 
due to inappropriate timing of atrial and ventricu-
lar contractions and may manifest as dizziness, 
neck pulsations, palpitations, syncope, and con-
gestive heart failure. Lack of AV synchrony 
results in reduction of cardiac output by as much 
as 20% due to the loss of contribution from atrial 
systole. Cannon A waves result from atrial con-
traction against closed AV valves with subse-
quent abrupt increases in central venous pressure, 
blunting the usual baroreceptor-mediated vaso-
pressor response and producing systemic hypo-
tension. Continuous EKG monitoring with 
simultaneous blood pressure measurements dur-
ing exercise testing can capture these abrupt 

decreases in systemic blood pressure associated 
with the onset of AV asynchrony. Pacemaker syn-
drome in the setting of VVI pacing can occur due 
to either complete AV dissociation with random 
AV asynchronous events, or more commonly 1:1 
retrograde ventriculoatrial (VA) conduction with 
fixed AV asynchrony [11]. Given the risk of pace-
maker syndrome in patients with VVI pacing and 
1:1 VA conduction, dual-chamber pacing modes 
are often preferable in the absence of chronic 
atrial tachycardias.

DDD pacing systems carry their own risk of 
programming complications. Sudden 2:1 AVB 
with an abrupt decrease in the ventricular rate can 
occur during peak exercise if the programmed 
upper rate interval (URI or URL- upper rate limit) 
equals the total atrial refractory period (TARP). A 
Wenckebach upper rate response can prevent this 
issue but requires the URI to be programmed lon-
ger than the TARP. This can be accomplished by 
decreasing the sensed AV delay or postventricular 
atrial refractory period (PVARP), either at rest or 
adaptively with increasing atrial rates. Ideally, 
these issues are considered prior to exercise testing, 
but practically, many are uncovered by testing.

Both DDD and VVIR pacing modes improve 
hemodynamics and exercise capacity compared 
to VVI pacing alone. VVIR systems are simpler 
to insert, require less intensive follow-up, and are 
less expensive than their DDD counterparts, 
though they carry the physiologic cost of losing 
AV synchrony and a higher risk of developing 
pacemaker syndrome. The maintenance of AV 
synchrony with DDD pacing has not been dem-
onstrated to improve survival in adults with high- 
degree AVB without preexisting congestive heart 
failure [12]. Exercise capacity and quality-of-life 
metrics are reduced in adults paced VVIR com-
pared to those paced DDD, likely due to the 
development of pacemaker syndrome; exercise 
performance and symptoms are no different 
between these 2 pacing modes when complete 
AV and VA blocks are present [13–15]. In patients 
with otherwise favorable physiology, VVIR 
 pacing can permit outstanding exercise capacity 
and simplify care (Fig. 32.2).

Congenital complete heart block (CCHB) in a 
structurally normal heart is a rare condition 
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Fig. 32.1 Exercise testing in heart block without perma-
nent pacing. (a) Peak heart rate EKG of a patient with 
long-standing idiopathic AVB who has a brisk resting 
junctional escape, runs 5Ks without difficulty, and demon-
strates normal left ventricular echocardiogram parameters. 

She demonstrates a junctional escape mechanism with 
scattered ventricular premature beats. (b) Accompanying 
heart rate trends and expired gas analysis of the same 
patient demonstrating compensatory increases in O2 pulse 
and effective V̇O2 max
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occurring in one in 15,000–20,000 live births, 
caused by injury to the fetal conduction system 
by placental transmission of maternal anti-SS-A/
Ro and anti-SS-B/La antibodies [16]. The need 
for and timing of permanent pacemaker insertion 
in neonates and children with CCHB is depen-
dent on age, escape rate, QRS duration, and the 
presence of symptoms attributable to bradycar-
dia. Although children with unpaced CCHB 
compensate for their subnormal ventricular rates 
with augmented stroke volume and increased 
oxygen extraction, peak V

.
 O2 and peak work rates 

on average remain significantly lower than in 
age-matched normal subjects. The ventilatory 
anaerobic threshold (VAT) is depressed and 
reached sooner during exercise protocols than in 
healthy controls, providing further evidence of 
impaired tissue oxygenation [17]. Restoring 

chronotropic competence with dual-chamber 
pacing may not normalize exercise capacity, as 
the peak V

.
 O2 and anaerobic threshold remains 

depressed in clinically asymptomatic patients. 
Unlike their unpaced counterparts who augment 
stroke volume during exercise, CCHB patients 
with dual-chamber pacemakers do not increase 
their ventricular ejection fraction during exercise 
[18]. Adverse ventricular remodeling from 
chronic right ventricular pacing is seen in some 
of these patients (and may be subclinical in oth-
ers). How much this can be improved with car-
diac resynchronization therapy requires further 
study [19, 20].

In summary, even patients with isolated con-
genital or idiopathic complete heart block have 
different compensatory mechanism to exercise in 
native rhythm or when paced. They may have 
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Fig. 32.2 Rate-responsive ventricular pacing with effec-
tive exercise performance. VVIR pacing using a standard 
piezoelectric crystal in an adolescent with idiopathic heart 
block who had an atrial lead fracture. While the heart rate 
response is mildly delayed, he reaches a peak heart rate of 
150 beats per minute and with that achieves a V̇O2 max of 

56 cc/kg/min with compensatory increase in his O2 pulse. 
Exercise blood pressure response is normal with no evi-
dence of pacemaker syndrome. Despite the atrial lead fail-
ure, this programming change was sufficient to produce 
no subjective change and permit continued varsity level 
athletics
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concomitant chronotropic limitations that at times 
require rate-responsive pacing. All of these clini-
cal issues are amplified in cardiomyopathy and 
structural heart disease. Exercise testing likely 
provides a useful tool for refining programming 

and clarifying exercise limitations. Upper rate 
response in dual-chamber pacing requires clinical 
judgment. For the patient with essentially normal 
anatomy and presumably low filling pressures, 
permitting paced rates up to 200 beats per minute 
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Fig. 32.3 Pacemaker-mediated 2:1 AV block in con-
genital heart disease. Dual-chamber pacing in a young 
adult with L-transposition, moderate-to-severe systemic 
atrioventricular valve insufficiency, and excessive sinus 
rate response to exercise. She has episodic atrial tachy-
cardia and nonsustained ventricular tachycardia with 
one episode of ventricular fibrillation. The pacemaker 
rapidly develops pacemaker-mediated Wenckebach and 
then 2:1 block, which is demonstrated on the heart rate 
graph (a). While the mathematical analysis of her 
depressed exercise tolerance includes the substantial 

decrease in peak heart rate, her tolerance with this pro-
gramming is comparable to a decade earlier when the 
upper rate was permitted to 150 beats per minute. The 
lower rate limit is programmed to 70 beats per minute to 
limit bradycardia during this high-rate behavior. (b) At 
peak exercise, she demonstrates a typical mix of 2:1 
pacemaker-mediated block with untracked P waves both 
buried and visible within the QRST complex. In addi-
tion, there is complex ventricular or junctional ectopy 
above her lower rate limits and appropriately inhibiting 
pacing
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may well maximize exercise capacity. In contrast, 
combinations of restrictive physiology, AV valve 
stenosis, and ventricular dysfunction, particularly 
with known atrial arrhythmias, require lower 
upper rate limits to permit effective diastolic fill-
ing (Figs. 32.3a, b and 32.4).

 Implantable Cardiac Defibrillators

Implantable cardiac defibrillators (ICDs) are used 
as primary or secondary prevention against unsta-
ble ventricular tachyarrhythmias in patients with 
structural heart disease, cardiomyopathy, or chan-
nelopathies. An effective ICD should only deliver 
a shock when a potentially life- threatening ven-
tricular arrhythmia meets programmed detection 
criteria. While morphology discrimination algo-
rithms exist, ICDs still struggle to differentiate 
between wide and narrow QRS complexes and 
thus are dependent on the absolute ventricular 
rate to discriminate ventricular from supraven-
tricular and sinus tachycardia [21]. This limita-
tion becomes especially pertinent in the pediatric 

population, because (1) sinus rates in children can 
exceed 200 beats per minute in the setting of 
extreme physical activity, agitation, and fever and 
(2) atrial tachycardias are highly prevalent in 
patients with repaired or palliated congenital 
heart disease. Moreover, the robust AV node con-
duction seen in normal children can allow for 1:1 
AV transmission of sinus or nonsinus atrial tachy-
cardias that would otherwise likely be blocked in 
adults. It is not surprising, therefore, that the fre-
quency of inappropriate therapies (21%) in chil-
dren with ICDs nears that of appropriate therapies 
(26%) [22]. In addition to earlier battery deple-
tion and psychological consequences, inappropri-
ate therapies have been associated with increased 
overall mortality in adult cohorts [23]. Attempts 
should be made not to overlap programmed detec-
tion rates with maximal sinus rates (which can be 
determined with formal exercise testing) or docu-
mented atrial tachycardia rates. If overlap cannot 
be avoided, exercise testing at least allows for 
informed, shared decision-making to occur 
between families and clinicians with regard to 
risk-benefit profiles of ongoing ICD use.

Fig. 32.4 Typical pacemaker-mediated Wenckebach 
with exercise: at 150 beats per minute with relatively typi-
cal high-rate behavior. There are some pauses from sinus 

beats that are not tracked and, in the middle of the tracing, 
an accelerated junctional or ventricular beat with a differ-
ent QRS morphology
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Practically, exercise testing with ICDs can be 
done safely with a clear set of precautions. The 
exercise physiologists and physicians need to 
know the parameters for therapy and terminate 
the test prior to reaching the VT therapy heart 
rate (typically stopping 20 beats per minute 
below the detection zone). The standard practice 
at Boston Children’s Hospital is to interrogate the 
ICD prior to testing, to always perform exercise 
testing in ICD patients at the main campus, and to 
have a physician in the room to assist with super-
vision and, if needed, management. Exercise test-
ing is a relatively routine part of the management 
of patients with ICD, with 90 of 244 patients with 
ICD followed at Boston Children’s Hospital hav-
ing had exercise testing during follow-up.

 Evaluation of Tachycardia

 Supraventricular Arrhythmias

Supraventricular tachycardia (SVT) is the most 
common arrhythmia in children. Due to its inter-
mittent symptoms, assessment and documenta-
tion of the rhythm at time of symptoms can be 
difficult. For the patient with Wolf-Parkinson- 
White syndrome on EKG, there is a relatively 
clear management approach (see Chap. 31). For 
those with normal EKGs, the clinician and patient 
often need a variety of tools to clarify the diagno-
sis. Patients frequently report symptoms consis-
tent with SVT during exercise. With exercise, 
there is an increase in circulating catecholamines 
associated with a decrease in parasympathetic 
tone, which leads to an increase in myocardial 
cell excitability and a decrease in the refractory 
period of the myocardium and His-Purkinje sys-
tem. Those changes may make patients more vul-
nerable to supraventricular arrhythmias during 
exercise. However, EST has a poor sensitivity 
(0.1–19%) to diagnose SVT, even in patients 
with exertional symptoms [24–26]. Most epi-
sodes of SVT during exercise testing are short, 
self-resolving, asymptomatic, and only very 
rarely require intervention [24, 25]. When SVT 
occurs during exercise testing, the majority of 
patients have it during peak exercise, but up to 

one-third of patients will not demonstrate their 
tachycardia until recovery [24, 25].

All types of atrial arrhythmias can be seen 
during exercise testing. The distribution of mech-
anisms broadly reflects the age-expected find-
ings, with atrioventricular reentry tachycardia 
and atrioventricular nodal reentry tachycardia 
more frequent in younger patients, while ectopic 
atrial tachycardia, atrial flutter, and atrial fibrilla-
tion are more frequent in older patients. The pres-
ence of artifact during exercise testing can make 
assessment of the mechanism of SVT difficult. 
The prevalence of atrial arrhythmias during exer-
cise increases with age, suggesting a potential 
role for age-related increase in left atrial size and/
or exaggerated catecholamine response to exer-
cise. The presence of atrial arrhythmia during 
EST is not associated with exercise capacity or 
major adverse cardiac event during follow-up, 
but is associated with an increased risk of atrial 
arrhythmias during follow-up [25–27].

 Ventricular Arrhythmias

 Overview
Ventricular arrhythmias refer to arrhythmias 
originating from the ventricular myocardium and 
the His-Purkinje system. They can be hemody-
namically stable, result in hemodynamic instabil-
ity (presyncope, syncope, sudden cardiac arrest) 
or sudden cardiac death. The clinical presentation 
of these arrhythmias includes isolated ventricular 
ectopy, nonsustained ventricular tachycardia 
(NSVT) (3 or more consecutive ventricular com-
plex lasting for less than 30  seconds and faster 
than age-based sinus rhythm), and sustained ven-
tricular tachycardia (lasting for greater than 
30 seconds or causing hemodynamic instability) 
[28]. Monomorphic ventricular arrhythmia refers 
to those with a single QRS morphology, while 
polymorphic ventricular arrhythmia refers to 
those with multiple QRS morphology. 
Monomorphic ventricular tachycardia (VT) can 
be further classified as outflow tract or idiopathic 
left ventricular VTs [29, 30]. Ventricular escape 
rhythms and minimally accelerated 
 idioventricular rhythms occurring within resting 
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physiologic rates are not included in most discus-
sions of clinically important ventricular ectopy; 
however, they need to be confidently recognized. 
There is no question that the classifications can 
shift over time and with additional data.

The spectrum, frequency, and prognosis of 
pediatric ventricular arrhythmias differ signifi-
cantly between those with a structurally normal 
heart and among those with CHD, cardiomyopa-
thy, and channelopathy [29]. Hence, evaluation 
and management of ventricular arrhythmia needs 
to be tailored based on the underlying myocardial 
substrate. While ventricular ectopy can be a com-
mon occurrence, sustained ventricular arrhyth-
mias are relatively rare in the pediatric population 
even among those with congenital heart disease. 
However, sustained ventricular arrhythmias asso-
ciated with either recognized or incompletely 
expressed CHD or cardiomyopathy can be 
directly correlated with the risk of sudden cardiac 
death. Assigning a short- or medium-term prog-
nosis to ventricular arrhythmias can only be done 
after a full clinical evaluation.

 Isolated Ventricular Ectopy
Premature ventricular contractions (PVCs) are 
common in children. About 10–50% of children 
with structurally normal hearts have PVCs during 
ambulatory monitoring, with higher frequency 
among neonates and adolescents [29, 31]. The 
frequency and complexity of those arrhythmias 
then increases steadily with maturity. Patients 
with known heart disease usually have a higher 
frequency of ectopy than those with structurally 
and functionally normal hearts. When evaluating 
ventricular ectopy in the exercise laboratory, a 
somewhat simplified approach is to classify it as 
incidentally identified ectopy in a test done for 
other indications, suppressed ventricular ectopy 
during exercise and exercise-induced ventricular 
ectopy.

There is ample experience that isolated ven-
tricular (and atrial) ectopy is common during 
exercise testing. Our recent review identified 
isolated ventricular ectopy in 30% of studies. In 
a more pediatric-focused cohort, Ghosh reported 
exercise-induced arrhythmias in 28% of chil-
dren [32]. In both series, clinically important 

arrhythmias were identified in less than 5% of 
patients. The overwhelming majority of data 
over the past decades support using criteria other 
than isolated ventricular ectopy to establish pri-
mary diagnoses and refine the risk of known 
heart disease. The clear exception to that is the 
identification of catecholaminergic ventricular 
tachycardia outlined later in this chapter.

In adults, increased PVCs during exercise 
testing, especially during the recovery period, are 
associated with increased all-cause and cardio-
vascular mortality [33]. That increase in risk is 
relatively small (odds ratios <2) and is observed 
over nearly a decade of follow-up. In young 
adults without symptoms, with a normal echocar-
diogram and ventricular ectopy that is suppressed 
on EST, there were no significant events over a 
3–10-year follow-up period, and repeat testing 
showed a reduction in the arrhythmia burden 
[34]. When ventricular ectopy fails to suppress or 
increases with exercise, the risk of later cardio-
myopathy appears to be increased; however, the 
frequency of this finding is widely variable. 
Suppression of ventricular ectopy with exercise 
testing has been suggested to be a marker of 
benign prognosis, although this has not been sys-
tematically evaluated in children [29]. The most 
recent systematic review suggests that more than 
80% of children who undergo exercise testing for 
ventricular arrhythmias will have those sup-
pressed at peak exercise [32]. Ventricular ectopy 
during childhood tends to regress when not asso-
ciated with underlying cardiac disease; however, 
this might be less likely with PVCs of right ven-
tricular origin [35].

While isolated ectopy has generally been 
viewed as a nuisance or essentially incidental 
finding, recent experience showing improved 
ventricular function after PVC ablation in 
patients with both decreased ventricular function 
and a high burden of isolated ectopy has raised 
the profile of frequent ectopy, causing cardiomy-
opathy. An ectopy burden of >10% and typically 
more than 20–30% is associated with left ven-
tricular (LV) dysfunction in adults and has been 
suggested as a cut-off for further evaluation in 
children [29]. However, the risk of LV dysfunc-
tion in children with ventricular ectopy is more 
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convoluted with studies showing mixed results. 
While one of the studies demonstrated no risk of 
LV dysfunction with any degree of ectopy 
(monomorphic and polymorphic PVC, couplets, 
and nonsustained VT) in children with structur-
ally normal hearts, another suggested that chil-
dren with ectopy burden of approximately 50% 
and those with couplets had higher risk for LV 
dysfunction [36, 37]. The mixed data may reflect 
consequences of referral bias, with asymptom-
atic patients and lower ectopy burdens not being 
referred to centers with expertise in ablation. A 
reasonable conclusion is that patients demon-
strating a modest burden, maybe >15–20% of 
their daily beats, warrant regular follow-up. In 
this setting the role of exercise testing is unclear. 
Stress echocardiogram may permit assessing left 
ventricular function without the confusion of 
variable loading conditions and the asynchrony 
of the PVCs.

 Idiopathic Ventricular Tachycardias
Ventricular tachycardia is rare in childhood [38]. 
Outflow tract VTs account for the majority of the 
idiopathic VT in children and young adults. The 
underlying pathogenesis is triggered automatic-
ity, usually in the right ventricular outflow tract, 
but can arise in the left ventricular outflow tract or 
the aortic cusps as well [29]. Patients typically 
present at around 5–8 years of age, with an inci-
dental diagnosis, although up to a third of the 
patients can be symptomatic at presentation [39, 
40]. Symptoms typically occur at rest or during 
the recovery period after exercise, with a small 
subset having exercise-induced symptoms. On 
evaluation, the ventricular ectopy typically has a 
left bundle branch block morphology with an 
inferior axis (Fig.  32.5). Practically, there is a 
continuum of presentations between isolated ven-
tricular ectopy and more sustained runs of 
arrhythmia. Idiopathic left ventricular tachycardia 

Fig. 32.5 Ectopy in outflow tract ventricular tachycardia. 
Repetitive ventricular ectopy and nonsustained VT with a 
left bundle branch block/inferior axis morphology sup-
porting an outflow tract origin. The baseline EKG dis-
plays the VT morphology effectively in many leads. At 
peak exercise, this is completely suppressed with a normal 

EKG. Persistent symptoms of palpitations and arrhythmia 
density motivated an electrophysiology study with abla-
tion in the left coronary cusp. The case study emphasizes 
the limitations of both EKG findings and exercise testing 
in correlating with subsequent clinical decision-making 
and the anatomic limitation of VT morphology analysis
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(fascicular tachycardia), which may represent a 
microentrant circuit, is an alternative mechanism 
of sustained VT in normal hearts. Both practically 
and by definition, these syndromes are defined by 
the lack of underlying cardiac disease and a low 
suspicion of familial arrhythmia or cardiomyopa-
thy syndromes.

While there are small older series reporting up 
to 50% ability to “reproduce” ventricular arrhyth-
mias, those series were really conducted prior to 
modern classifications schemes and in >70% 
were reproducing nonsustained tachycardia that 
has previously been documented by other mecha-
nisms. Exercise testing rarely induces sustained 
VT in children without established heart disease 
and even then rarely requires acute therapy [41, 
42]. In one study of children with idiopathic VT, 
an equal number of patients had inducible VT 
and suppression of VT with exercise testing [39]. 
Most series demonstrate that the majority of 
patients have suppression of their arrhythmia on 
exercise testing [43]. The majority of the cases 
tend to have spontaneous resolution, especially 
among those with an early onset. Among patients 
requiring treatment, there is a good response to 
beta-blockers or calcium-channel blockers. 
Catheter ablation of outflow tract tachycardia can 
be done by activation or pace-mapping with reli-
able accuracy and limited complications [44]. 
Such ablations are typically reserved for symp-
tomatic patients, those with ventricular dysfunc-
tion, and those who present with hemodynamically 
unstable VT.

 Ventricular Arrhythmias in Congenital 
Heart Disease
As in patients without structural heart disease, 
ventricular ectopy and nonsustained VT are not 
rare among older patients with congenital heart 
disease. Sustained ventricular arrhythmias are 
relatively rare [45]. VT in patients with CHD can 
be classified as polymorphic (really myopathic 
ventricular arrhythmias) and scar-based macro- 
re- entrant tachycardia as in tetralogy of Fallot. 
The mortality risk may be higher in patients with 
polymorphic VT who frequently have substantial 
hemodynamic issues. ICDs should be strongly 
considered in this group of patients, with catheter 

ablation reserved for those with monomorphic 
tachycardia and as an adjunct to ICD placement. 
The primary role of exercise testing in most CHD 
is defining the overall exercise capacity with the 
arrhythmia and conduction disease an important, 
readily observed, additional data point in evaluat-
ing symptoms. This more modern formulation 
acknowledges that isolated or more complex ven-
tricular ectopy may be seen during exercise test-
ing, but keeps the focus on the overall 
hemodynamic function and specific arrhythmia 
symptoms.

 Catecholaminergic Polymorphic 
Ventricular Tachycardia
Catecholaminergic polymorphic ventricular 
tachycardia (CPVT) is an inherited arrhythmia 
disorder characterized by recurrent episodes of 
atrial and ventricular arrhythmias during exercise 
or periods of stress [46]. Commonly presenting 
in late childhood, as many as 30% of patients will 
present with a cardiac arrest or aborted sudden 
cardiac death [47]. At baseline without provoca-
tion, there are no obvious electrocardiographic or 
echocardiographic abnormalities, often delaying 
the diagnosis. Family histories are also often neg-
ative as many mutations that cause CPVT are de 
novo without large family kindreds [48].

The clinical presentation often occurs in pre-
viously healthy individuals who experience atyp-
ical syncope during peak exercise or during 
strong emotional events. Evaluation with echo-
cardiogram and baseline EKG will be normal. 
However, formal exercise testing will often reveal 
the presence of intermittent PVCs, couplets, trip-
lets, and higher-order ectopy with increasing 
heart rate and exercise intensity. The presence of 
bidirectional ventricular tachycardia, although 
not occurring in all cases, is pathognomonic for 
CPVT and should immediately trigger an investi-
gation for genetic causes of CPVT (Fig. 32.6a–d).

Over the last several years, genetic sequenc-
ing of individuals presenting with exercise or 
stress- induced arrhythmias has led to an 
increasingly complete picture of the genetic 
landscape of CPVT [48]. The vast majority of 
patients with CPVT (60–70%) will have a gain-
of-function or loss-of-function mutations in the 
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a

b

Fig. 32.6 Exercise testing in catecholaminergic ventricular 
tachycardia. Sequence of arrhythmia during an exercise test 
in an adolescent with RyR2-mediated catecholaminergic 
ventricular tachycardia (CPVT). (a) In early exercise with a 
heart rate of ~120 beats per minute, there is development of 
essentially monoform isolated ectopy, though some beats on 
the right side of the tracing display a second morphology. 

(b) At peak exercise, the overall arrhythmia density is 
increased, with examples of bidirectional couplets (arrow) 
and high-frequency baseline noise, which is typical in these 
tracings. (c) Early recovery with a transition to nearly mono-
form ventricular ectopy. (d) Late recovery, with the sinus 
rate back to essentially baseline where she continues with 
infrequent bidirectional ventricular couplets
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d

c

Fig. 32.6 (continued)
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intracellular calcium release channel or ryano-
dine receptor 2 (RYR2). Interestingly, many of 
these mutations are de novo and are not present 
in related family members. While there are 
more than 160 reported mutations in the RYR2 
gene associated with CPVT, almost all occur in 
4 canonical “hotspot” regions corresponding to 
protein interaction domains, areas for channel 
stability, or pore formation [49]. Several other 
forms of CPVT have been described, including 
homozygous loss of the sarcoplasmic reticulum 
calcium (Ca2+) binding protein Calsequestrin 2 
(Casq2), although this is rare and accounts for 
only 1–2% of clinical cases. Importantly, 
because many mutations are de novo and occur 
in probands without a positive family history 
for sudden death, there is often limited confir-
matory information demonstrating pathogenic-
ity for an individual mutation. Therefore, 
careful individualized patient phenotyping is 
critical to establish causation of mutations 
obtained through clinical genetics.

EST for patients suspected to carry the diag-
nosis of CPVT remains a mainstay for establish-
ing the diagnosis. It is especially true for any 
patient that presents with atypical syncope or car-
diac arrest during exercise without a structural or 
functional abnormality. While exercise stress 
testing can demonstrate abnormalities including 
PVCs, couplets, bidirectional triplets, nonsus-
tained VT, and even atrial tachycardias, there is 
no established criterion for what constitutes a 
positive test. In an effort to establish the sensitiv-
ity and specificity of EST for the diagnosis of 
CPVT, Hayashi and colleagues [50] examined a 
cohort of asymptomatic family members of 17 
CPVT probands. Using the presence of PVCs, 
couplets, or nonsustained VT in previously 
asymptomatic individuals established the diagno-
sis in 16 of 17 relatives subsequently confirmed 
by genetic diagnosis, giving a specificity of 94%. 
However, the sensitivity was only 50% in the 
same cohort after genetic confirmation and sub-
sequent follow-up, demonstrating clinical tachy-
cardia. Therefore, serial EST may be necessary to 
establish a diagnosis and is recommended when 
the clinical suspicion for CPVT is sufficiently 
elevated.

The typical presentation of arrhythmia during 
exercise testing in CPVT patients is often pro-
gressive escalation of ectopy starting with single 
PVCs, followed by couplets and even salvos of 
NSVT as the heart rate increases. Ventricular 
ectopy in CPVT stereotypically occurs as the 
patient’s heart rate approaches between 100 and 
120 beats per minute. As exercise intensity 
increases, single PVCs can increase in frequency 
and commonly will occur in a bigeminal pattern. 
Both monomorphic and polymorphic ectopies 
are commonplace, with some patients demon-
strating an atrial phenotype with frequent bursts 
of atrial ectopy and atrial tachycardia. Upon ces-
sation of exercise, the presence of ectopy, regard-
less of severity and frequency, resolves 
immediately without any significant arrhythmia 
in recovery. In addition to establishing a diagno-
sis of CPVT, serial exercise stress testing has 
become invaluable in long-term follow-up and 
management of patients with CPVT [51]. This is 
particularly important with initiation of anti- 
arrhythmics, such as flecainide, where the mini-
mal effective dose is selected by demonstration 
of arrhythmia suppression after achieving steady- 
state drug levels (Fig. 32.7).

 Arrhythmogenic Cardiomyopathy

Arrhythmogenic cardiomyopathy is an important 
cause of exertional sudden death in otherwise 
healthy young individuals. Children can be 
referred for evaluation of arrhythmogenic cardio-
myopathy due to the presence of exertional palpi-
tation or syncope, EKG abnormalities (T wave 
inversion), PVC, ventricular tachycardia, family 
history of arrhythmogenic cardiomyopathy, and/
or sudden cardiac death. Diagnosis can be chal-
lenging, especially in young children, and is 
based on the task force diagnostic criteria for 
arrhythmogenic cardiomyopathy [52]. EST is 
often used in the evaluation of those patients, 
despite limited evidence of its utility in the diag-
nosis of patients with arrhythmogenic cardiomy-
opathy. Almost all patients with arrhythmogenic 
cardiomyopathy and a history of sustained ven-
tricular tachycardia or cardiac arrest have PVCs 
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during exercise testing (92%) [53]; however, that 
number is much lower in patients without a 
 history of sustained arrhythmia (61%) [54]. 
Similarly, approximately half of asymptomatic 
gene carriers who do not meet task force criteria 
for arrhythmogenic cardiomyopathy have PVCs 
during exercise testing [53]. PVCs with a supe-
rior axis may be more specific for arrhythmo-
genic cardiomyopathy and are not usually seen in 
healthy controls [53]. In most patients, PVCs and 
ventricular arrhythmia occur at peak exercise, or 
immediately during post-exercise recovery [54, 
55]. However, the presence of PVCs or higher- 
grade ventricular arrhythmia during exercise test-
ing is very variable, and not reproducible on 
follow-up exercise testing [54]. Also, a signifi-
cant proportion of patients with arrhythmogenic 
cardiomyopathy have suppression of PVCs at 
peak exercise, making distinction between 
arrhythmogenic cardiomyopathy and benign ven-
tricular ectopy difficult (Fig. 32.8a, b) [55]. Other 
anomalies occasionally seen in patients with 
arrhythmogenic cardiomyopathy during exercise 
include new epsilon waves (14%) and prolonged 
QRS terminal activation duration (32%). New T 

wave inversion or ST-segment elevation during 
exercise testing is not specific for arrhythmo-
genic cardiomyopathy, and seen in a similar pro-
portion of healthy controls [53]. Moreover, the 
presence of arrhythmia on exercise testing is not 
predictive of the risk of ventricular arrhythmia on 
follow-up [54]. Thus, caution should be applied 
in the interpretation of exercise stress test in 
patients with a suspicion of arrhythmogenic car-
diomyopathy due to the wide variation of find-
ings, and a normal exercise test should not be 
considered reassuring, especially in young 
children.

 T-Wave Alternans

T-wave alternans visible on surface EKG is a 
hallmark of severe prolonged QT syndrome. 
Microvolt T-wave alternans (MTWA) is the find-
ing of microvolt level oscillations in the T-wave 
amplitude and represents a strong univariate pre-
dictor of ventricular arrhythmias in adults [56]. 
Several software techniques have been developed 
that permit assessment of T-wave alternans with 
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Fig. 32.7 Serial exercise testing for monitoring of therapy 
in CPVT.  A 9-year-old female with a pathogenic RyR2 
mutation (RYR@-G3946S) and a history of recurrent ven-
tricular tachycardias with syncope was admitted to the hos-
pital for initiation of flecainide. The far left panel 
demonstrates frequent ventricular ectopy during her baseline 

exercise stress test on high-dose nadolol, prior to flecainide 
initiation. The middle panel shows a significant reduction in 
ectopy on low-dose flecainide (50 mg BID), which is nearly 
entirely suppressed on high-dose (100 mg BID) flecainide. 
Note the decrease in maximal heart rate with increasing fle-
cainide dosing despite similar efforts on each exercise test
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a

b

Fig. 32.8 Exercise testing in arrhythmogenic cardiomyop-
athies. Exercise test in the 14-year-old daughter of a parent 
with clinical arrhythmogenic cardiomyopathy who had mid 
exertional syncope. She had normal EKG, echocardiogram, 
and MRI, and, at the time, there was no genetic marker. 
Subsequent evaluation demonstrated a PKP2 mutation in 

both. (a) With mid exercise, there is complex ectopy with 
couplets and fused beats, probably with a later precordial 
transition than the pattern seen in Fig. 32.4. With peak exer-
cise, this was suppressed. (b) Subsequent course was notable 
for increased phenotypic expression including sustained 
monomorphic VT on implantable loop recording
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exercise. Pediatric data are limited, but MTWA is 
seen in only 11% of normal children though not 
at heart rates <120 beats per minute [57]. In ado-
lescents with repaired tetralogy of Fallot, MWTA 
is reliably identified in a higher percentage (23%) 
of patients and at lower heart rates. However, in 
this group of patients with a low risk of life- 
threatening arrhythmias, MWTA had no predic-
tive value [58]. Early-onset MWTA was shown to 
be a predictor of ventricular arrhythmias in 
patients with CHD, cardiomyopathy, myocardial 
ischemia, syncope, or cardiac arrest. When we 
examined the Boston Children’s Hospital experi-
ence, we demonstrated early onset in 7% of a 
relatively high-risk heterogeneous cohort. While 
the relative risk associated with early-onset 
MWTA was 8.1, the overall positive predictive 
values ranged from 58% to 82% for ventricular 
arrhythmia or a “high-risk” clinical situation. The 
negative predictive value was high, ranging from 
94% for cardiac arrest to 81% for ventricular 
arrhythmia. However, including MWTA in an 
analysis of traditional risk factors added little 
information [59]. Based on this analysis, while 
some groups have continued to collect MWTA 
regularly as part of exercise testing, Boston 
Children’s Hospital has abandoned this test in 
favor of an evolving risk formulation that focuses 
on arrhythmia symptoms, underlying disease, 
and ventricular function. This analysis mirrors a 
number of observations in the adolescent and 
young adults with CHD or arrhythmia where the 
overall incidence of life-threatening complica-
tions is relatively low and predictive tools are 
often quite limited.

 Conclusion

• Exercise testing is a routine part of the assess-
ment of many forms of heart disease. EST- 
related arrhythmia data must be interpreted in 
the context of the high incidence of clinically 
unimportant, low-grade atrial and ventricular 
ectopy that may be encountered during 
EST.  Comprehensive assessment of patients 

with AVB and pacemakers using EST, includ-
ing expired gas analysis when feasible, can 
help define their functional capacity and 
inform decision-making about programming, 
lead revisions, or deferring therapy.

• While atrial and ventricular arrhythmias are 
commonly seen with EST, these are almost 
always nonsustained [41] and the significance 
of those findings is, at best, modest. Most 
decision-making focuses on symptoms and 
underlying disease.

• Exercise testing has variable roles in the eval-
uation of ventricular arrhythmias.
 – For patients with structurally normal hearts 

and combinations of isolated and repetitive 
ventricular ectopy, EST offers some mech-
anistic data and some marginal long-term 
prognostic data.

 ◦ Patients with increased ectopy during 
exercise or immediately post-exercise 
deserve enhanced follow-up.

 ◦ Decisions about therapy are primarily 
focused on symptoms and the presence 
of ventricular dysfunction [29, 30].

 – Catecholaminergic polymorphic VT is a 
specific genetic and clinical disorder that is 
defined by the exercise arrhythmia 
response. Repeated EST is one part of 
sequential assessment of therapy.

 – For arrhythmogenic cardiomyopathies, 
while exercise testing is part of their over-
all clinical and phenotypic characteriza-
tion, the response to EST will generally be 
only part of the overall decision-making.

• For SVT and sustained atrial or ventricular 
arrhythmias in patients with CHD, there are 
little additional arrhythmia data that EST 
offers.
 – In CHD, exercise testing is primarily help-

ful in assessing the overall risk profile of 
patients. Focusing on the hemodynamic 
and the associated disease-specific risks for 
ventricular arrhythmias is appropriate.

• Exercise testing can help refine both ICD pro-
gramming and medical therapy to limit inap-
propriate and appropriate therapies.
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Part VI

Interesting/Instructive Cases

An illustrious endocrinologist is alleged to have said, “Don’t tell me if the 
calcium is high or low, I can explain it either way!”. Similarly, data from exer-
cise tests may be open to multiple, valid interpretations. Indeed, the exchange 
of ideas that accompanies the analysis and interpretation of these tests consti-
tutes one of the most appealing features of our discipline. In this section, we 
will present data drawn from a number of interesting and informative cases. 
We will provide our interpretation of the data, but recognize that others may 
have different interpretations and reach different conclusions.
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Patients with Physiologically 
Normal Hearts and Lungs

Jonathan Rhodes

 Case 33.1: “Fatigue” (Normal Study)

This was an 11-year-old girl who was referred for 
cardiologic evaluation on account of fatigue. She 
was diagnosed with mononucleosis about a year 
prior to her cardiologic evaluation. She experi-
enced extreme fatigue during that illness and con-
tinued to experience some fatigue in the months 
thereafter. Her family had consulted with a sports 
medicine physician, who had recommended an 
exercise regimen. Despite increasing her level of 
physical activity, she and her family continued to 
feel that her ability to exercise was impaired. She 
had been to specialists in otolaryngology, pulm-
onology, and sleep medicine, without a diagnosis. 
She had also consulted with a pediatric cardiolo-
gist who detected no abnormalities on physical 
examination or on echocardiography. She came 
to Boston Children’s Hospital for a second opin-
ion. A cardiopulmonary exercise test (CPET) was 
obtained to further assess her symptoms.

The CPET was performed on a cycle ergome-
ter with a 12  W/min ramp (Fig.  33.1 and 
Table  33.1). She achieved a peak respiratory 

exchange ratio (RER) of 1.14, indicating that she 
expended an adequate effort. Her peak V̇O2, work 
rate, oxygen pulse, and heart rate were normal. 
Her V̇O2 at the ventilatory anaerobic threshold 
(VAT) was also normal. She had an ample breath-
ing reserve at peak exercise. Her baseline spirom-
etry and gas exchange during exercise were 
normal. No arrhythmias or STT changes were 
detected during the study. Her blood pressure 
response to exercise was normal. Exercise was 
terminated on account of “leg fatigue.” In short, 
the CPET was completely normal.

The patient and her family appeared to be 
reassured by the results of the CPET and no lon-
ger sought consultations from subspecialists.

This case illustrates the fact that a child’s 
(and/or the child’s family’s) perception of his/
her exercise function may be unreliable [1]. 
Under these circumstances, objectively assess-
ing the child’s exercise function can be enlight-
ening and, when normal, enormously reassuring 
to the patient and/or the family. Indeed, in some 
cases an exercise test can be both diagnostic and 
therapeutic!

J. Rhodes (*) 
Department of Pediatrics, Harvard Medical School, 
Boston, MA, USA 

Department of Cardiology, Boston Children’s 
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Fig. 33.1 Nine-panel graph of data from cardiopulmo-
nary exercise test from patient 33.1: fatigue (normal 
study). Abbreviations: AT ventilator anaerobic threshold, 
BTPS body temperature and pressure, saturated, Exer 

exercise, PETCO2 end-tidal pCO2, PETO2 end-tidal 
pO2, Rec recovery, RER respiratory exchange ratio, V̇CO2 
carbon dioxide production, V̇E minute ventilation, V̇O2 
oxygen consumption, V̇O2/HR oxygen pulse

J. Rhodes
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 Case 33.2: Anxiety-Related 
Hyperventilation

The patient was an 8-year-old boy who was status 
post of a coarctation of the aorta and subsequent 
modified Konno procedure for subaortic stenosis. 
He had an excellent result from these procedures, 
with only mild residual aortic stenosis, no arch 
obstruction, and normal ventricular function. He 
was asymptomatic. He was referred for a CPET to 
further assess his current cardiopulmonary status.

He performed the exercise test on a cycle 
ergometer with a 10 W/min ramp (Table 33.2 and 
Fig.  33.2). His peak RER was 1.12, indicating 
that he expended a good effort. His peak work 
rate and peak V̇O2 were normal. His peak heart 
rate was slightly low (84% predicted), suggesting 

that mild sinus node dysfunction may have been 
present. However, he was able to compensate for 
this chronotropic defect by increasing his oxygen 
pulse to supranormal levels (131% of predicted). 
His blood pressure response to exercise was nor-
mal, and there was no significant upper-lower 
extremity blood pressure gradient at rest or post- 
exercise. His V̇E/V̇CO2 slope was elevated 
(Fig.  33.2, left middle panel) and his end-tidal 
pCO2 was low, never exceeding 36  mm Hg 
throughout the study. His respiratory pattern was 
abnormal, characterized by rapid (respiratory 
rate = 83 breaths/min at peak exercise) and shal-
low (tidal volume at peak exercise only 25% of 
baseline vital capacity) breaths (Fig.  33.2, left 
lower panel). His baseline and post-exercise spi-
rometric measurements, however, were com-
pletely normal.

No cardiologic or pulmonologic condition 
was identified that could plausibly explain the 
patient’s unusual respiratory pattern during 
exercise. The most likely explanation for the 
respiratory findings was anxiety, which caused 

Table 33.1 Patient 33.1. Selected data from cardiopul-
monary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 44.0
Peak V̇O2 (%predicted) 102
Peak work rate (W) 133
Peak work rate (%predicted) 118
Peak RER 1.14
Peak O2 pulse (%predicted) 104
Peak heart rate (bpm) 190
Peak heart rate (%predicted) 98
Heart rate increase Normal
V̇O2 at VAT (% of predicted peak 
V̇O2)

49

End-tidal pCO2 at VAT (mm Hg) 39
End-tidal pCO2 during exercise Normal
V̇E/V̇CO2 slope 25
Forced vital capacity (%predicted) 88
FEV1 (%predicted) 99
FEF 25–75 (%predicted) 92
Breathing reserve (%) 38
Rhythm Sinus rhythm 

throughout study
Blood pressure response Normal
Oxygen saturation at rest (%) 98
Oxygen saturation at peak  
exercise (%)

97

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold, FEV1 volume 
exhaled in the first second of forced expiration, FEF 
forced expiratory flow

Table 33.2 Patient 33.2: anxiety-related hyperventila-
tion. Selected data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 44.9
Peak V̇O2 (%predicted) 110
Peak work rate (W) 63
Peak work rate (%predicted) 89
Peak RER 1.12
Peak O2 pulse (%predicted) 131
Peak heart rate (bpm) 164
Peak heart rate (%predicted) 84
V̇O2 at VAT (% of predicted peak 
V̇O2)

53

End-tidal pCO2 at VAT (mm Hg) 36
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 39
Forced vital capacity (%predicted) 102
FEV1 (%predicted) 97
FEF 25–75 (%predicted) 85
Breathing reserve (%) 37
Rhythm Sinus rhythm 

throughout study
Blood pressure response Normal
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him to hyperventilate (hence the low end-tidal 
pCO2) and pant (hence the elevated respiratory 
rate and low tidal volume). When an individual 
pants, the dead space/tidal volume ratio is ele-
vated, because tidal volume is low and physio-
logic dead space is unchanged. This causes gas 
exchange to be inefficient (i.e., one has to venti-
late more in order to excrete a given quantity of 

CO2) and explains why the V̇E/V̇CO2 slope is 
elevated.  Anxiety- related hyperventilation is 
common among young children undergoing 
their first CPET study.

Of note, a similar pattern was also observed 
during Dr. Rhodes first CPET, which affirmed 
his wife’s assertion that he often behaves like a 
child.

Fig. 33.2 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.2: anxiety-related hyperventilation

J. Rhodes
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Table 33.3 Patient 33.3: chronic metabolic alkalosis. Selected data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 44.9
Peak V̇O2 (%predicted) 110
Endurance time 25th–50th percentile
Peak RER 1.24
Peak O2 pulse (%predicted) 101
Peak heart rate (bpm) 181
Peak heart rate (%predicted) 90
V̇O2 at VAT (% of predicted peak V̇O2) 49
End-tidal pCO2 at VAT (mm Hg) 46
End-tidal pCO2 during exercise Slightly high
V̇E/V̇CO2 slope 21
Forced vital capacity (%predicted) 96
FEV1 (%predicted) 91
FEF 25–75 (%predicted) 85
Breathing reserve (%) 38
Rhythm Sinus rhythm throughout study
Blood pressure response Normal

 Case 33.3: Chronic Metabolic 
Alkalosis

The patient was a 19-year-old woman with a 
history of an eating disorder, characterized by 
binge eating and purging. She was referred for 
cardiologic evaluation on account of bradycar-
dia at rest, and one episode of brief, self-resolv-
ing palpitations when her eating disorder was 
active. She was physically active, typically run-
ning 3–4 miles per day. She also participated in 
dance.

Her physical examination was normal except 
for a low heart rate. Her body mass index was 
24.9  kg/m2. Her electrocardiogram (EKG) 
revealed sinus bradycardia at a rate of 45 bpm 
but was otherwise within normal limits. An 
echocardiogram revealed normal cardiac struc-
ture and function. An exercise test was obtained 
to further assess her cardiopulmonary status and 

to evaluate for exercise-induced rhythm 
disturbances.

She performed a treadmill test using the 
Standard Bruce Protocol (Table  33.3 and 
Fig. 33.3). Her respiratory exchange ratio at peak 
exercise was 1.24, indicating that she expended a 
good effort. Her endurance time, peak V̇O2, and 
V̇O2 at the VAT were normal, as were her peak 
heart rate and oxygen pulse. Although her spiro-
metric measurements were normal, her end-tidal 
pCO2 was elevated to ~45–46 mm Hg throughout 
most of exercise (Fig. 33.3, right lower panel).

No cardiopulmonary condition was identified 
that could plausibly account for the mild end- 
tidal pCO2 elevation. The most likely explanation 
for this phenomenon was a mild chronic meta-
bolic alkalosis secondary to the patient’s bulimia. 
This impression was supported by the observa-
tion that her serum HCO3

− was mildly elevated 
(29 mM/L).

33 Patients with Physiologically Normal Hearts and Lungs
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Fig. 33.3 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.3: chronic metabolic alkalosis

J. Rhodes
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Table 33.4 Patient 33.4: anemia. Selected data from car-
diopulmonary exercise test

Parameter Value

Peak V̇O2 (ml/kg/min) 26.0

Peak V̇O2 (%predicted) 59
Peak work rate (W) 80
Peak work rate (%predicted) 65
Peak RER 1.27
Peak O2 pulse (%predicted) 65
Peak heart rate (bpm) 171
Peak heart rate (%predicted) 90
Heart rate increase Excessive
V̇O2 at VAT (% of predicted peak V̇O2) 34
End-tidal pCO2 at VAT (mm Hg) 36
End-tidal pCO2 during exercise Slightly low
V̇E/V̇CO2 slope 30
Forced vital capacity (%predicted) 65
FEV1 (%predicted) 68
FEF 25–75 (%predicted) 73
Breathing reserve (%) 54
Rhythm Sinus rhythm 

throughout 
study

ST changes None
Blood pressure response Normal
Oxygen saturation at rest (%) 99
Oxygen saturation at peak exercise (%) 98

 Case 33.4: Anemia

The patient was a 15-year-old adolescent male 
with a history of sickle cell anemia (hemoglobin 
SS) who was referred for exercise testing on 
account of a history of chest pain. His past medi-
cal history was also significant for several 
(remote) episodes of acute chest syndrome as 
well as mild asthma.

His echocardiogram revealed no structural 
abnormalities. The left ventricle was mildly 
dilated but functioned well. There was no evi-
dence of pulmonary hypertension. His hemo-
globin at the time of the study was 8.8 gm/dl. A 
CPET was performed on a cycle ergometer with 
an 18 W/min ramp (Table 33.4 and Fig. 33.4).

The respiratory exchange ratio at peak exercise 
was 1.27, indicating that the patient expended a 
good effort. The peak work rate, peak V̇O2, and V̇O2 
at the VAT were depressed. These abnormalities 
appeared to be due to an inability to increase the 
oxygen pulse appropriately. His heart rate increased 
more rapidly than normal during exercise, but his 
peak heart rate was normal (Fig.  33.4, middle 
panel). He did not experience chest pain during the 
study. No ST changes developed. His V̇E/V̇CO2 
slope was slightly elevated and his end-tidal pCO2 
during exercise was slightly low. Exercise was ter-
minated on account of general fatigue.

In this case, the low oxygen pulse at peak exer-
cise was likely due to the low hemoglobin (rather 
than a low stroke volume), which reduced the 
blood’s oxygen carrying capacity and, conse-
quently, the delivery of oxygen to the tissues. 
This conjecture is based upon the fact that his 
hemoglobin was ~2/3 of the normal value for an 

adolescent male (comparable to the magnitude of 
the peak oxygen pulse depression), whereas his 
cardiac anatomy and function were documented 
to be normal. The excessive heart rate response to 
exercise reflected a compensatory response to the 
reduced oxygen delivery that resulted from the 
anemia. The mildly elevated V̇E/V̇CO2 slope and 
low end-tidal pCO2 may have been due to resid-
ual ventilation/perfusion mismatch resulting from 
the patient’s past episodes of acute chest 
syndrome.
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 Case 33.5: Mitochondrial Myopathy 
s/p Heart Transplant

The patient was a 25-year-old woman s/p heart 
transplant 9  years earlier for a dilated cardio-
myopathy associated with a mitochondrial dis-
order affecting the function of cytochrome c in 
the electron transport chain. She had done well 
from a cardiologic perspective following her 
transplant, without episodes of significant 
rejection. At the time of the exercise test, she 
denied recent cardiopulmonary symptoms. 
Although she was not engaging in formal exer-

cise, she did do yoga at least once a week. She 
also worked full time as a fifth grade teacher, 
walked over a mile to and from work, and would 
regularly participate with her students during 
gym class and recess.

A recent cardiac catheterization detected no 
evidence of coronary artery disease. Her cardiac 
index was normal (3.7  l/min/m2), but her mean 
pulmonary artery pressure and mean pulmonary 
capillary wedge pressure were mildly elevated (20 
and 14 mm Hg, respectively). An endomyocardial 
biopsy detected no evidence of rejection. A CPET 
with stress echocardiography was obtained 
(Table 33.5 and Fig. 33.5) to further characterize 

Fig. 33.4 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.4: anemia
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Table 33.5 Patient 33.5: mitochondrial myopathy s/p 
heart transplant. Selected data from the cardiopulmonary 
exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 19.7
Peak V̇O2 (%predicted) 52
Endurance time (percentile) <10th
Peak RER 1.20
Peak O2 pulse (%predicted) 57
Peak heart rate (bpm) 181
Peak heart rate (%predicted) 93
Heart rate increase Excessive
V̇O2 at VAT (% of predicted peak 
V̇O2)

37

End-tidal pCO2 at VAT (mm Hg) 36
End-tidal pCO2 during exercise Slightly low

Fig. 33.5 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.5: mitochondrial myopathy s/p 
heart transplant

Parameter Value
V̇E/V̇CO2 slope 34
Forced vital capacity (%predicted) 98
FEV1 (%predicted) 110
FEF 25–75 (%predicted) 118
Peak tidal volume (%FVC) 41
Peak respiratory rate (breaths/min) 31
Breathing reserve (%) 67
Rhythm Sinus rhythm 

throughout study
ST changes Non-specific
Blood pressure response Normal
Oxygen saturation at rest (%) 99
Oxygen saturation at peak exercise 
(%)

99

Table 33.5 (continued)
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her current cardiopulmonary status. The Bruce 
treadmill protocol was used for the study.

The respiratory exchange ratio at peak exer-
cise was 1.20, indicating that a good effort was 
expended. Her endurance time, peak V̇O2, and 
V̇O2 at the VAT were low. The oxygen pulse at 
peak exercise was also quite low. Her peak heart 
rate was normal, and her heart rate increased 
excessively for her level of oxygen consumption 
during exercise (Fig.  33.5, middle panel). Her 
V̇E/V̇CO2 slope was elevated and her end-tidal 
pCO2 during exercise was slightly low. She nev-
ertheless had a large breathing reserve at peak 
exercise, and her tidal volume and respiratory 
rate at peak exercise were slightly low. Stress 
echocardiography revealed normal baseline val-
vular and ventricular systolic function. The 
right ventricular pressure, based upon a small 
tricuspid insufficiency jet, was estimated to be 
26 mm Hg plus the right atrial v-wave. The ven-
tricular function enhanced appropriately post-
exercise and became hyperdynamic. There were 
no wall motion abnormalities. The tricuspid 
insufficiency jet estimated a right ventricular 
pressure or 35  mm Hg plus the right atrial 
v-wave. No left ventricular outflow tract 
obstruction was detected.

In light of the normal ventricular systolic 
function documented by the stress echocardiog-
raphy, it is likely that the low endurance time, 
peak V̇O2, and peak oxygen pulse were primarily 
due to decreased peripheral oxygen extraction 
secondary to the mitochondrial myopathy, rather 
than an impairment of the stroke volume response 
to exercise. (Although neither invasive blood 
sampling nor near infrared spectroscopy was 
employed in this study, based upon the echocar-
diographic and CPET data, one would expect 
that the normal exercise-related decline in mixed 
oxygen saturation would not have been 
observed.) The low VAT reflected the skeletal 
muscles’ (but not the transplanted heart’s!) early 
and excessive reliance upon anaerobic metabo-
lism, because of the impaired synthesis of ATP 
via aerobic metabolism. The excessive heart rate 
response to exercise probably reflected her 
body’s attempt to compensate for her inability to 

extract oxygen from the blood. The elevated 
breathing reserve and relatively low peak-exer-
cise tidal volume and respiratory rate probably 
reflected the fact that the patient was unable to 
increase her metabolic rate to normal levels at 
peak exercise, because her mitochondrial defect 
prevented her muscles from generating the ATP 
required to support more intense physical activ-
ity. Mild diastolic dysfunction, common in 
patients 9 years after cardiac transplant, was also 
probably present and was reflected by the mildly 
elevated pulmonary capillary wedge pressure. 
Ventilation/perfusion mismatch secondary to this 
phenomenon also probably accounted for the 
elevated V̇E/V̇CO2 slope and low end-tidal pCO2.

It is interesting to note that the patient was 
asymptomatic, despite the profound abnormali-
ties detected on formal CPET.  This probably 
reflected the fact that, although the heart trans-
plant had restored her cardiac function, the 
patient’s skeletal muscles continued to be, and 
had always been, afflicted by the mitochondrial 
myopathy, both before and after the transplant. 
She therefore never knew what it was like to have 
normal exercise function.

 Case 33.6: Complete Heart Block

The patient was a 25-year-old woman with con-
genital complete heart block with a narrow com-
plex junctional escape rhythm. She was well 
adapted and had played collegiate hockey. She 
continued to be physically active after graduation 
from college and was managed with yearly sur-
veillance that included Holter monitoring, echo-
cardiography, and periodic exercise tests. At the 
time of the exercise test, she was asymptomatic. 
However, her Holter monitor revealed that her 
escape rhythm had had at times declined to as 
low as 30  bpm. Her echocardiogram revealed 
stable, mild left ventricular dilation (end diastolic 
volume Z-score 2.4) with normal, stable function 
(ejection fraction 0.63).

A cardiopulmonary exercise test was per-
formed (Table  33.6) using the Bruce treadmill 
protocol. She achieved a peak respiratory 
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exchange ratio of 1.25 and was able to complete 
the protocol. Her peak V̇O2 was excellent 
(119%predicted). Her cardiac rhythm was com-
plete heart block with a narrow complex, junc-
tional escape rhythm throughout the study. Her 
peak heart rate was depressed (74%predicted). 
Her oxygen pulse at peak exercise was supranor-
mal (162%predicted), indicating that her heart’s 
ability to compensate for the chronotropic defect 
was excellent. Her gas exchange during exercise 
was normal. Stress echocardiography revealed 
normal augmentation of cardiac function.

On account of the Holter monitor results and 
concern for long-term prevention of Stokes- 
Adams attacks, mitral valve deterioration, and 
cardiac arrest, she had implantation of a transve-
nous dual-chamber pacemaker. On a follow-up 
treadmill exercise test following pacemaker 
implantation (Table 33.6), she once again com-
pleted the Bruce protocol. Her respiratory 
exchange ratio at peak exercise was 1.11, sug-

gesting that she expended an adequate effort, but 
perhaps not quite as good as on her pre- pacemaker 
study. Her peak V̇O2 was slightly higher than on 
her previous study. Her pacemaker functioned 
appropriately. Her rhythm was A-sensed/V-paced 
throughout the study, and her peak heart rate was 
181  bpm (93%predicted). Her oxygen pulse at 
peak exercise was correspondingly lower than it 
had been on her pre-pacemaker study.

This case demonstrates that patients can 
sometimes compensate for significant chrono-
tropic impairment by increasing their stroke 
volume (as reflected by the supranormal oxygen 
pulse). It is likely that the patient’s athletic life-
style contributed to this phenomenon. 
Implantation of a pacemaker allowed the patient 
to have a more normal heart rate response to 
exercise and restored atrial-ventricular syn-
chrony. However, because the ventricles had 
less time to fill at the higher heart rate, the stroke 
volume at peak exercise was lower than it had 
been for pre-pacemaker implantation, and the 
patient’s peak V̇O2 was minimally increased. It 
should also be acknowledged that the peak-
exercise  respiratory exchange ratio was higher 
on the pre- pacemaker study. This fact suggests 
that exercise termination on that study may have 
been closer to the patient’s true maximal capac-
ity and that the beneficial hemodynamic effects 
of the pacemaker implantation may not have 
been fully exposed in the post-pacemaker study.

 Case 33.7: Obesity

The patient was a 16-year-old woman with a his-
tory of asthma and obesity. She presented on 
account of a recent history of chest pain and 
worsening dyspnea on exertion. A cardiopulmo-
nary exercise test (Table 33.7 and Fig. 33.6) was 
undertaken to further assess her symptoms. 
Exercise was performed on a cycle ergometer 
with a 20 W/min ramp. At the time of the test, the 
patient weighed 120 kg with a body mass index 
of 44.1 kg/m2.

The respiratory exchange ratio at peak exer-
cise was 1.24, indicating that an adequate effort 

Table 33.6 Patient 33.6: complete heart block. Selected 
data from the pre and post-pacemaker cardiopulmonary 
exercise tests

Parameter Pre-pacemaker
Post- 
pacemaker

Peak V̇O2 (ml/kg/min) 42.8 46.7
Peak V̇O2 (%predicted) 119 122
Endurance time (min) 21:00 21:00
Endurance time (%ile) >90th >90th
Peak RER 1.25 1.11
Peak O2 pulse 
(%predicted)

162 131

Peak heart rate (bpm) 144 181
Peak heart rate 
(%predicted)

74 93

Heart rate increase Depressed Normal
V̇O2 at VAT (% of 
predicted peak V̇O2)

71 72

End-tidal pCO2 at VAT 
(mm Hg)

42 40

End-tidal pCO2 during 
exercise

Normal Normal

V̇E/V̇CO2 slope 26 28
Breathing reserve (%) 40 43
Rhythm CHB with 

junctional escape
A-sensed/
V-paced

Blood pressure 
response

Normal Normal
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was expended. Although her weight-normalized 
peak V̇O2 was low, her %predicted peak V̇O2 was 
normal. Her peak work rate was only mildly 
depressed, and the V̇O2 at the VAT was normal. 
Her oxygen pulse at peak exercise was normal, 
and although she had mild sinus tachycardia at 
rest, her heart rate increased appropriately dur-
ing exercise. Her V̇E/V̇CO2 slope was normal, but 
her end-tidal pCO2 at peak  exercise was elevated. 

She had a normal breathing reserve at peak exer-
cise. The expected decline in end-tidal pCO2 at 
higher levels of exercise was not observed. Her 
tidal volume at peak exercise was slightly low. 
Her baseline spirometry revealed a mild obstruc-
tive pattern, which improved and normalized 
post-exercise. Her blood pressure increased 
appropriately during exercise. She developed 
her typical symptoms during exercise. There 
were no EKG or hemodynamic correlates.

The disproportionately low weight- normalized 
peak V̇O2 reflects the fact that obesity is associ-
ated with a large amount of adipose tissue, which 
does not consume much oxygen during exercise. 
Under these circumstances, merely normalizing 
V̇O2 for weight may be misleading, as the result-
ing value does not accurately reflect the cardio-
pulmonary system’s ability to provide oxygen to 
the skeletal muscles during exercise or the skele-
tal muscles’ capacity to consume oxygen. The 
discrepancy between her %predicted peak work 
rate and %predicted peak V̇O2 probably reflects 
the fact that she must expend an abnormally large 
amount of energy moving her heavy legs and 
chest wall during exercise and therefore can 
devote less energy to the work of moving the ped-
als. This discrepancy would likely be magnified 
if she were to have performed treadmill exercise 
and had to bear her entire weight throughout the 
study (on the cycle ergometer, most of her weight 
is borne by the bicycle seat). Similarly, the CO2 
retention at higher levels of exercise probably 
reflects the fact that moving her heavy chest wall 
at higher levels of exercise is difficult. It is there-
fore energetically more favorable to employ a 
breathing strategy characterized by a low tidal 
volume, less ventilation, and mild CO2 retention. 
These findings and adaptations are typical of 
patients with obesity.

Table 33.7 Patient 33.7: obesity. Selected data from car-
diopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 15.0
Peak V̇O2 (%predicted) 96
Peak work rate (W) 129
Peak work rate (%predicted) 77
Peak RER 1.24
Peak O2 pulse (%predicted) 99
Peak heart rate (bpm) 184
Peak heart rate (%predicted) 97
Heart rate increase Normal
V̇O2 at VAT (% of predicted peak 
V̇O2)

71

End-tidal pCO2 at VAT (mm Hg) 43
End-tidal pCO2 during exercise Slightly elevated 

at peak
V̇E/V̇CO2 slope 23
Baseline spirometry Mild obstructive 

pattern
Post-exercise spirometry Normal
Tidal volume at peak exercise 
(%FVC)

38

Respiratory rate at peak exercise 
(breaths/min)

39

Breathing reserve (%) 52
Rhythm Sinus
ST changes None
Blood pressure response Appropriate
Oxygen saturation at rest (%) 98
Oxygen saturation at peak  
exercise (%)

98
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 Case 33.8: An Athlete 
with Shortness of Breath

The patient was a 22-year-old college senior 
who was referred for evaluation of dyspnea on 
exertion and resting bradycardia. He was a com-
petitive long-distance runner (usually 3  K and 
5  K races) but complained that over the past 
year, he had been developing shortness of breath 
during his runs. He was able to finish the races 

but tended to be short of breath throughout and 
was sometimes dizzy upon completing the race. 
He denied any symptoms of chest pain and pal-
pitations and had never experienced syncope. 
His EKG revealed sinus arrhythmia/sinus brady-
cardia but was otherwise within normal limits. 
His echocardiogram revealed mild left ventricu-
lar dilation and mild eccentric ventricular hyper-
trophy (increased left ventricular mass with 
normal mass/volume ratio) with normal ventric-
ular function. A Holter monitor documented 

Fig. 33.6 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.7: obesity
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sinus bradycardia to as low as 31  bpm during 
sleep; no significant ectopy was detected. A car-
diopulmonary exercise test was obtained 
(Table 33.8 and Fig. 33.7) to further assess his 
symptoms.

The patient exercised on a treadmill using 
the standard Bruce protocol. The first two stages 
were electively abbreviated on account of his 
high level of fitness. He completed the proto-
col and ran for an additional 31 s at a speed of 
6.5 mph and a grade of 22%. He developed his 
typical symptoms of shortness of breath in mid 
exercise. These symptoms worsened as the test 
progressed. Exercise was terminated on account 
of shortness of breath and leg fatigue. His respi-
ratory exchange ratio at peak exercise was 1.10, 
indicating that he expended an adequate effort. 
His peak V̇O2, peak oxygen pulse, and V̇O2 at the 
VAT were excellent. His peak heart rate was in 
the normal range, but his heart rate during exer-
cise was low relative to his V̇O2 (Fig. 33.7, middle 
panel). His tidal volume increased appropriately 
during exercise and his gas exchange during exer-
cise was normal. His breathing reserve at peak 
exercise was low, however. Baseline spirometry 
reproducibly revealed a mild obstructive pat-
tern. Post-exercise spirometry was considerably 
improved, with normalization of all parameters.

Despite the patient’s presenting symptoms, 
the CPET documented that the he was capable of 
exercising to extremely high levels of aerobic 
function. (Based upon his peak RER and peak 
heart rate, it is likely that he could have gone 
even further!) He was able to achieve the high 
levels of exercise by increasing his oxygen pulse 
to levels far beyond expected values. This phe-
nomenon is commonly encountered in endur-
ance athletes and is due primarily to an above 
average stroke volume during exercise. The 
increased left ventricular volume on his resting 
echocardiogram also reflects this physiology. 
(His resting bradycardia is another manifestation 
of this phenomenon. His stroke volume is higher 
than normal, even at rest, and he can therefore 
maintain a normal cardiac output at a lower heart 

rate.) Increased oxygen extraction at peak exer-
cise (compared to normal individuals) is also 
encountered in endurance athletes and probably 
also contributed to the patient’s high oxygen 
pulse at peak exercise.

The abnormal baseline spirometry was consis-
tent with a degree of bronchoconstriction. On the 
day of the CPET, exercise appeared to relieve the 
baseline bronchoconstriction (as is commonly 
the case). Under other circumstances and in dif-
ferent environments (e.g., in cold air or in the 
presence of high pollen concentrations or other 
pulmonary irritants), it is possible that the bron-
choconstriction would not be relieved or, indeed, 
might worsen with exercise. This physiology 

Table 33.8 Patient 33.8: An athlete with shortness of 
breath. Selected data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 71.3
Peak V̇O2 (%predicted) 140
Endurance time (%ile) >90th
Peak RER 1.10
Peak O2 pulse (%predicted) 148
Peak heart rate (bpm) 187
Peak heart rate (%predicted) 94
V̇O2 at VAT (% of predicted peak V̇O2) 84
End-tidal pCO2 at VAT (mm Hg) 40
End-tidal pCO2 during exercise Normal
Breathing reserve (%) 7
V̇E/V̇CO2 slope 25
Baseline forced vital capacity 
(%predicted)

87

Baseline FEV1 (%predicted) 80
Baseline FEV1/FVC (%) 78
Baseline FEF 25–75 (%predicted) 63
Post-exercise forced vital capacity 
(%predicted)

97

Post-exercise FEV1 (%predicted) 97
Post-exercise FEV1/FVC (%) 84
Post-exercise FEF 25–75 (%predicted) 105
Baseline arterial O2 saturation (%) 99
Peak-exercise arterial O2 saturation 
(%)

98

Rhythm Rare PVC near 
peak exercise

ST abnormalities None
Blood pressure response Normal
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could certainly account for his symptoms of 
dyspnea.

The low breathing reserve at peak exercise is 
(paradoxically) commonly encountered in 
endurance athletes, even in the absence of lung 
disease. It arises because their cardiovascular 
function is supranormal and they can increase 
their metabolic rate (and CO2 production) to 

very high levels. They therefore must ventilate 
more at peak exercise and use a greater fraction 
of their breathing reserve. In this patient, the 
breathing reserve was low (~20%) even when 
the post-exercise volume exhaled in the first 
second of forced expiration (FEV1) was used to 
calculate the maximum voluntary ventilation 
and breathing reserve (see Chap. 11).

Fig. 33.7 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.8: athlete with shortness of breath
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 Case 33.9: Athlete with Post-viral 
Chronic Fatigue Syndrome

The patient was a 17-year-old adolescent female 
who was diagnosed with chronic fatigue syn-
drome and orthostatic dizziness following a viral 
illness approximately 1 year prior to this evalua-
tion. She responded well to psychotherapy and 
low-dose antidepressant medications. She had 
become captain of her high school’s basketball 
team and her symptoms had virtually resolved. 
A cardiopulmonary exercise test was obtained to 
further assess her current status. A cycle ergom-
eter with a 25 W/min ramp was employed for the 
study (Table 33.9 and Fig. 33.8).

The patient’s respiratory exchange ratio at 
peak exercise was 1.11, indicating that an ade-
quate effort was expended. Her %predicted peak 
work rate, peak V̇O2, and peak oxygen pulse were 
exceptionally high. The V̇O2 at the ventilatory 
anaerobic threshold was also high. Her peak heart 
rate was normal, but her heart rate tended to be 
low for her level of V̇O2 during exercise (Fig. 33.8, 
middle panel). Her end-tidal pCO2 was mildly 

elevated at higher levels of exercise but declined 
appropriately near peak exercise (Fig. 33.8, right 
lower panel).

The patient’s excellent aerobic function was 
characteristic of endurance athletes (e.g., bas-
ketball team captains). She was able to achieve 
the high levels of exercise by increasing her 
oxygen pulse to levels far beyond expected val-
ues. The robust oxygen pulse at peak exercise 
was probably due primarily to a large stroke 
volume at peak exercise (also characteristic of 
endurance athletes). Increased oxygen extrac-
tion at peak exercise may also have contributed 
to the large oxygen pulse. Because of her large 
stroke volume, she was able to increase her car-
diac output during exercise without raising her 
heart rate as much as a normal, nonathlete 
would, and her heart rate for any given level of 
V̇O2 therefore tended to be low.

The elevated end-tidal pCO2 at higher levels 
of exercise was probably due to the large quantity 
of CO2 that was being delivered to the alveoli, 
which resulted in a gradient between the end- 
tidal pCO2 and the arterial pCO2 (see Chap. 12). 

Table 33.9 Patient 33.9: athlete with post-viral chronic fatigue syndrome. Selected data from cardiopulmonary exercise test

Parameter Value

Peak V̇O2 (ml/kg/min) 44.7

Peak V̇O2 (%predicted) 151
Peak work rate (W) 267
Peak work rate (%predicted) 178
Peak RER 1.11
Peak O2 pulse (%predicted) 156
Peak heart rate (bpm) 182
Peak heart rate (%predicted) 97
Blood pressure response Normal
V̇O2 at VAT (% of predicted peak V̇O2) 88
End-tidal pCO2 at VAT (mm Hg) 46
End-tidal pCO2 during exercise Normal
Peak respiratory rate (breaths/min) 46
Peak tidal volume (%FVC) 49
Breathing reserve (%) 39
V̇E/V̇CO2 slope 21
Baseline forced vital capacity (%predicted) 92
Baseline FEV1 (%predicted) 99
Baseline FEV1/FVC (%) 92
Baseline FEF 25–75 (%predicted) 113
Rhythm Sinus throughout
ST abnormalities None
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The decline in end-tidal pCO2 near peak exer-
cise (i.e., above the respiratory compensation 
point) probably reflected the fact that the 
patient generated a respiratory alkalosis in 
response to the lactic (metabolic) acidosis that 
accumulated at high exercise intensity. This 
decline would be uncharacteristic of patients 
who develop CO2 retention due to respiratory 
disease. The patient’s normal baseline spirom-
etry, breathing reserve, peak respiratory rate, 

and tidal volume at peak exercise also suggest 
that the elevated end-tidal pCO2 levels were 
not related to respiratory disease.

Reference
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Fig. 33.8 Nine-panel graph of data from cardiopulmonary exercise test from patient 33.9: athlete with post-viral 
chronic fatigue syndrome
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 Case 34.1: Fontan Patient with Sinus 
Node Dysfunction

The patient was a 12-year-old girl who was born 
with tricuspid atresia/pulmonary atresia. She 
underwent surgical implantation of a 3.5  mm 
modified Blalock–Taussig shunt when she was 
2  days old followed by a bidirectional Glenn 
shunt when she was 7 months old and lateral tun-
nel fenestrated Fontan procedure when she was 
20 months old. Following this surgery, she also 
required transcatheter left pulmonary artery dila-
tion/stenting for pulmonary artery stenosis. Her 
fenestration was electively occluded at that time. 
On a cardiac catheterization performed 1  year 
prior to the exercise test, she had excellent hemo-
dynamics, with Fontan pathway pressure of 
14 mm Hg and ventricular end diastolic pressure 
of 6–7  mm  Hg. No significant residual pulmo-
nary artery stenoses were present. Some veno- 
venous collaterals (from innominate vein to left 
upper pulmonary vein) were occluded at that 
time. She did well thereafter, with normal exer-
cise capacity and no cardiopulmonary symptoms. 
She was maintained only on aspirin and an 

angiotensin- converting enzyme inhibitor. She 
was referred to the exercise laboratory to further 
assess her current cardiopulmonary status.

The exercise test was performed on a cycle 
ergometer with an 18 W/min ramp (Table 34.1 and 
Fig.  34.1). She achieved a peak respiratory 
exchange ratio of 1.10, indicating that an  adequate 
effort was expended. Her peak work rate was nor-
mal and her peak V̇O2 was only mildly depressed. 
Her peak heart rate was only  73%predicted, and 
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Table 34.1 Patient 34.1: Fontan patient with sinus node 
dysfunction. Selected data from cardiopulmonary exer-
cise test

Parameter Value
Peak V̇O2 (ml/kg/min) 22.0
Peak V̇O2 (%predicted) 81
Peak work rate (W) 191
Peak work rate (%predicted) 111
Peak RER 1.10
Peak O2 pulse (%predicted) 110
Peak heart rate (bpm) 141
Peak heart rate (%predicted) 73
Heart rate increase Depressed
V̇O2 at VAT (% of predicted peak V̇O2) 47
End-tidal pCO2 at VAT (mm Hg) 36
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 34
Rhythm See text
Blood pressure response Normal
Oxygen saturation at rest (%) 90
Oxygen saturation at peak exercise (%) 87

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold
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her heart rate increase during exercise was blunted 
(middle panel and upper middle panel of Fig. 34.1). 
Her oxygen pulse at peak exercise was excellent 
(110%predicted). Mild arterial desaturation was 
present at rest and worsened slightly at peak 
exercise. Her baseline rhythm was ectopic atrial at 
~75 bpm. Sinus rhythm emerged by mid-exercise. 
The ectopic atrial rhythm returned by ~2 min of 
recovery. No other ectopy was detected. The V̇E/
V̇CO2 slope was elevated, and end-tidal pCO2 during 

exercise was low (left middle panel and right lower 
panel of Fig.  34.1). The exercise test was termi-
nated due to shortness of breath.

The low peak heart rate and the atrial escape 
rhythm present at rest are consistent with a degree 
of sinus node dysfunction—a condition com-
monly encountered among Fontan patients. The 
patient was able to compensate for the low peak 
heart rate by increasing her stroke volume to 
above-average levels. Consequently, her peak 

Fig. 34.1 Nine-panel graph of data from cardiopulmo-
nary exercise test from patient 34.1: Fontan patient with 
sinus node dysfunction. Abbreviations: AT ventilator 
anaerobic threshold, BTPS body temperature and pressure, 

saturated, Exer exercise, PETCO2 end-tidal pCO2, PETO2 
end-tidal pO2, Rec recovery, RER respiratory exchange 
ratio, V̇CO2 carbon dioxide production, V̇E minute ventila-
tion, V̇O2 oxygen consumption, V̇O2/HR oxygen pulse
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work rate was normal and her peak V̇O2 only 
mildly depressed. This accommodation was 
probably the result of the Starling mechanism; 
i.e., the ventricle had more time to fill at the lower 
heart rate and therefore was able to eject a larger 
volume of blood with each beat. The low arterial 
saturation at rest was probably the result of phys-
iologic right-to-left shunting across residual 
veno-venous collaterals (also common in Fontan 
patients). The decline in arterial oxygen satura-
tion with exercise was probably the result of 
increased extraction of oxygen from the blood 
during exercise. The blood that was shunted right 
to left via the venovenous collaterals therefore 
had a lower oxygen saturation and lowered the 
arterial oxygen saturation further (compared to at 
rest) when it mixed with the blood returning from 
the lungs. It is also possible that the magnitude of 
the right-to-left shunting across the veno-venous 
collaterals increased as the Fontan pressures 
increased (and the left atrial pressures probably 
decreased) during exercise. The elevated V̇E/V̇CO2 
slope and low end-tidal pCO2 were probably the 
result of the right-to-left shunting and/or the pul-
monary blood flow maldistribution and conse-
quent ventilation/perfusion mismatch commonly 
encountered in Fontan patients (see Chap. 15). 
The patient’s disproportionately low weight- 
normalized V̇O2 was due to mild obesity (body 
mass index [BMI] 94th percentile).

 Case 34.2: Hypoplastic Left Heart 
Syndrome, s/p Fontan,  
and Second- Degree Heart Block

The patient was a 12-year-old boy who was born 
with hypoplastic left heart syndrome. He had 
undergone a Stage 1 procedure when he was a 
neonate, followed by a bidirectional Glenn pro-
cedure when he was 8 months old and a fenes-
trated Fontan procedure when he was 4 years old. 
His fenestration was electively closed in the cath-
eterization laboratory when he was 7 years old. 
He did well following these procedures. At the 
time of his evaluation, he denied any cardiopul-
monary symptoms and claimed to be active with-
out exercise intolerance. His echocardiogram 

revealed good right ventricular function and only 
mild tricuspid regurgitation. His Fontan pathway 
appeared unobstructed. No residual shunt was 
identified. A cardiopulmonary exercise test was 
obtained to further assess his current status 
(Table 34.2 and Fig. 34.2).

The CPET was performed on a cycle ergome-
ter with a 10  W/min  ramp. His respiratory 
exchange ratio at peak exercise was 1.11, indicat-
ing that an adequate effort was expended. His 
peak V̇O2 and peak work rate were significantly 
depressed. Although he was in sinus rhythm with 
first-degree atrioventricular (AV) block at rest, 
when his sinus rate rose above 95 bpm, he devel-
oped Mobitz type 1, second-degree heart block 
and shortly thereafter developed 2:1 heart block 
(Fig. 34.2, top middle panel). His blood pressure 
remained stable and he denied any symptoms 
when the heart block developed. He was there-
fore allowed to continue to exercise. He eventu-
ally stopped exercising due to leg fatigue. His 
ventricular rate at peak exercise was only 81 bpm 
(with an atrial rate of 162 bpm). During recovery, 
1:1 conduction returned once his sinus rate fell 
below 110  bpm. His oxygen pulse at peak 
exercise was supranormal. His V̇E/V̇CO2 slope was 
high and his end-tidal pCO2 during exercise was 

Table 34.2 Patient 34.2: hypoplastic left heart syn-
drome, s/p Fontan, and second-degree heart block. 
Selected data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 26.7
Peak V̇O2 (%predicted) 57
Peak work rate (W) 64
Peak work rate (%predicted) 59
Peak RER 1.19
Peak O2 pulse (%predicted) 134
Peak heart rate (bpm) 81
Peak heart rate (%predicted) 42
Heart rate increase Depressed
V̇O2 at VAT (% of predicted peak V̇o2) 28
End-tidal pCO2 at VAT (mm Hg) 35
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 45
Rhythm Sinus→2:1 

block
Blood pressure response Normal
Oxygen saturation at rest (%) 97
Oxygen saturation at peak exercise (%) 97
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low. His arterial oxygen saturation remained 
within normal limits throughout the study.

In this case, the patient’s poor exercise func-
tion was due primarily to the second-degree heart 
block and the consequent abnormal chronotropic 
response to exercise. He was able to partially 
compensate for the chronotropic deficit by 
increasing his stroke volume (as reflected by his 
oxygen pulse) to above normal values, probably 
as a result of the Starling mechanism. However, 
even with the increased stroke volume, he could 

not fully compensate for the profound bradycar-
dia at higher levels of exercise, and his aerobic 
function was quite low, even for a patient with a 
Fontan circulation. The elevated V

.
 E/V

.
 CO2 slope 

and low end-tidal pCO2 were probably the result 
of the ventilation/perfusion mismatch and 
 consequent inefficient gas exchange commonly 
encountered in Fontan patients.

It is notable that this patient denied exercise 
intolerance. This phenomenon is likely attribut-
able to the fact that, having been born with severe 

Fig. 34.2 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.2: hypoplastic left heart syn-
drome, s/p Fontan, second-degree heart block
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cyanotic congenital heart disease, he had never 
known what it is like to have a normal heart. It is 
also unclear how longstanding the second-degree 
heart block might have been. The fact that he was 
asymptomatic and did not acknowledge any 
recent deterioration in exercise function suggests 
that it had not developed recently.

 Case 34.3: Complex/Failing Fontan

The patient was a 36-year-old man who was born 
with a hypoplastic left ventricle, mitral atresia, 
and ventricular septal defect. He underwent ini-
tial pulmonary artery banding, coarctation repair, 
and atrial septectomy when he was an infant, fol-
lowed by a classic Glenn shunt (i.e., superior 
vena cava to right pulmonary artery) when he 
was 6 years old. At 11 years of age, he underwent 
a modified Fontan procedure in which his inferior 
vena cava was baffled to his left pulmonary 
artery. A Damus–Kaye–Stansel procedure and 
subaortic resection were also performed at that 
time. He subsequently developed sinus node dys-
function and received an epicardial atrial pace-
maker. He also was known to have developed 
pulmonary arteriovenous malformations (AVMs) 
in his right lung (a common complication of clas-
sic Glenn shunts). In addition, he struggled with 
protein-losing enteropathy, venous stasis disease 
in his lower extremities, and recurrent atrial 
arrhythmias. At the time of his evaluation, how-
ever, he denied shortness of breath, chest pain, 
palpitations, paroxysmal nocturnal dyspnea, and 
orthopnea. Although he was able to work as a 
computer programmer, he led a very sedentary 
lifestyle and engaged in very little physical activ-
ity. He was maintained on digoxin, amiodarone, 
furosemide, and aspirin. His echocardiogram 
revealed good ventricular function and only mild 
valvular insufficiency. A cardiopulmonary exer-
cise test (Table  34.3 and Fig.  34.3) was under-
taken to further characterize his current clinical 
status.

The test was performed on a cycle ergometer 
using a 20  W/min  ramp. His peak respiratory 
exchange ratio was 1.26, indicating that he 
expended a good effort. His peak work rate, peak 

V̇O2, and V̇O2 at the ventilatory anaerobic threshold 
were severely depressed. His oxygen pulse at 
peak exercise was also severely depressed. His 
heart rate increased excessively for his level of 
V̇O2 during exercise, and his peak heart rate was 
normal. His V̇E/V̇CO2 slope was elevated and his 
end-tidal pCO2 during exercise was abnormally 
low. His rhythm was atrially paced at rest. Sinus 
rhythm emerged during exercise. Occasional 
atrial premature beats were detected, especially 
near peak exercise. No more complex ectopy was 
seen. His baseline oxygen saturation was 81%, 
and it rose to 86% at peak exercise.

This patient presented with the clinical picture 
of failing Fontan physiology. This picture was 
affirmed by the exercise test. The factor primarily 
responsible for his poor exercise function was an 
inability to increase his effective stroke volume 
(as reflected by the low oxygen pulse at peak 
exercise) during exercise. The relatively mild 

Table 34.3 Patient 34.3: complex/failing Fontan. 
Selected data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 16.1
Peak V̇O2 (%predicted) 42
Peak work rate (W) 117
Peak work rate (%predicted) 54
Peak RER 1.26
Peak O2 pulse (%predicted) 47
Peak heart rate (bpm) 150
Peak heart rate (%predicted) 88
Heart rate increase Excessive
V̇O2 at VAT (% of predicted peak 
V̇O2)

23

End-tidal pCO2 at VAT (mm Hg) 33
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 37
Baseline spirometry Mild restrictive 

pattern
Tidal volume at peak exercise 
(%FVC)

50

Respiratory rate at peak exercise 
(breaths/min)

34

Breathing reserve (%) 46
Rhythm A-paced →sinus, 

frequent PACs
Blood pressure response Blunted
Oxygen saturation at rest (%) 81
Oxygen saturation at peak  
exercise (%)

86
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arterial desaturation at peak exercise probably 
made only a minor contribution to the low peak- 
exercise oxygen pulse. The discrepancy between 
his exercise function (in particular his peak V̇O2 
and oxygen pulse) and his echocardiographic 
findings once again illustrates the fact that for 
many Fontan patients, the factor limiting exercise 
function is not the cardiac function but (proba-
bly) the pulmonary vascular function.

The elevated V̇E/V̇CO2 and low end-tidal pCO2 
are typical of patients with Fontan physiology 
and were probably due, to a large extent, to the 

pulmonary blood flow maldistribution and conse-
quent ventilation/perfusion mismatch that results 
from the absence of pulsatile pulmonary blood 
flow. The pulmonary AVMs and associated phys-
iologic right-to-left shunting also contributed to 
these abnormal findings. The increase in oxygen 
saturation during exercise was quite unusual, 
however. This phenomenon probably reflected 
the fact that cycle exercise disproportionately 
increased the blood flow to, and venous return 
from, the lower extremities. The patient’s surgi-
cally modified anatomy caused this venous return 

Fig. 34.3 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.3: complex/failing Fontan
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to be selectively directed to the patient’s left lung 
(i.e., the lung without pulmonary AVMs). 
Consequently, the saturation of the mixture of 
blood returning from his lungs (and then being 
pumped to his body) was higher than it was at 
rest.

 Case 34.4: A 1.5 Ventricle Repair

The patient was a 12-year-old girl who was born 
with critical pulmonic stenosis with an intact 
ventricular septum and a hypoplastic right ven-
tricle (RV) and tricuspid valve. She underwent a 
balloon valvuloplasty procedure at 2 days of age. 
She remained cyanotic and prostaglandin depen-
dent following this procedure and therefore 
underwent surgical implantation of a 3.5  mm 
right Blalock–Taussig shunt and ligation of the 
ductus arteriosus when she was 6 days old. When 
she was 10 months old, she underwent surgical 
takedown of the Blalock–Taussig shunt, a bidi-
rectional Glenn procedure (division of the supe-
rior vena cava and end-to-side anastomosis of the 
distal end of the superior venacava to the right 
pulmonary artery), restriction of the atrial sep-
tum, a tricuspid valvuloplasty, and resection of 
RV muscle bundles, due to progressive cyanosis 
and ongoing hypoplasia of the RV and tricuspid 
hypoplasia/stenosis. Right ventricle to pulmo-
nary artery continuity was left intact. She did 
well following this procedure, and it was possible 
to electively close the residual atrial septal com-
munication in the cardiac catheterization labora-
tory when she was 4 years old. Her subsequent 
clinical course was uneventful.

At the time of her exercise test, she was 
asymptomatic and denied exercise intolerance. 
Her physical examination was remarkable only 
for a 2/6 systolic ejection murmur at the left 
upper sternal border. Her echocardiogram 
revealed mild pulmonary regurgitation and no 
pulmonary stenosis. The tricuspid valve remained 
moderately hypoplastic, but there was no dia-
stolic gradient across the valve and there was 
only trivial tricuspid regurgitation. The right 
atrium was dilated but no residual atrial commu-
nication was detected. The RV remained mildly 

hypoplastic. The bidirectional Glenn shunt was 
patent and unobstructed. A CPET was obtained 
(Table 34.4 and Fig. 34.4) to further characterize 
her current cardiologic status.

The test was performed on a cycle ergometer 
with an 18 W/min ramp. Her respiratory exchange 
ratio at peak exercise was 1.15, indicating that 
she expended an adequate effort. Her peak work 
rate and peak heart rate were normal. The heart 
rate increase was slightly excessive for the level 
of V̇O2 during exercise (Fig. 34.4, middle panel). 
Her peak V̇O2 and oxygen pulse were in the low- 
normal/borderline-depressed range. Her V̇E/V̇CO2 
slope was elevated and her end-tidal pCO2 during 
exercise was low (Fig. 34.4, left middle panel and 
right lower panel, respectively). No significant 
arterial desaturation was detected.

The borderline depression of the peak V̇O2 and 
oxygen pulse probably reflected the fact that the 
persistently hypoplastic RV, burdened by its 

Table 34.4 Patient 34.4: 1.5 ventricle repair. Selected 
data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 25.0
Peak V̇O2 (%predicted) 82
Peak work rate (W) 90
Peak work rate (%predicted) 98
Peak RER 1.15
Peak O2 pulse (%predicted) 86
Peak heart rate (bpm) 184
Peak heart rate (%predicted) 95
Heart rate increase Slightly excessive
V̇O2 at VAT (% of predicted peak 
V̇O2)

42

End-tidal pCO2 at VAT (mm Hg) 34
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 32
Forced vital capacity (%predicted) 89
FEV1 (%predicted) 93
FEF 25–75 (%predicted) 115
Breathing reserve (%) 49
Rhythm Sinus throughout 

study
Blood pressure response Normal
Oxygen saturation at rest (%) 96
Oxygen saturation at peak  
exercise (%)

96

RER respiratory exchange ratio, bpm beats per minute, VAT 
ventilatory anaerobic threshold, FEV1 Volume exhaled in the 
first second of forced expiration, FEF forced expiratory flow
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hypoplastic tricuspid valve, was unable to aug-
ment forward stroke volume adequately during 
exercise. The heart rate increased excessively 
during exercise to compensate for the stroke 
volume deficit. The elevated V̇E/V̇CO2 slope and 
low end-tidal pCO2 probably reflected the fact 
that pulmonary blood flow maldistribution and 
ventilation/perfusion mismatch were present in 
this patient with a bidirectional Glenn and a 1.5 
ventricle repair, in a manner analogous to that 
seen in most patients with Fontan physiology 
(see Chap. 15).

 Case 34.5: Corrected Transposition 
with Second-Degree AV Block

The patient was a 35-year-old man with {I,D,D} 
transposition of the great arteries (corrected trans-
position in the setting of situs inversus) with a 
ventricular septal defect (VSD) and  subpulmonary 
stenosis. He had undergone surgical repair of his 
VSD and resection of the subpulmonary stenosis 
when he was 12 years old. He had been doing well 
following this surgery, with mild residual subpul-
monary and branch pulmonary artery stenosis, 

Fig. 34.4 –Nine-panel graph of data from cardiopulmonary exercise test from patient 34.4: 1.5 ventricle repair
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until several months prior to his exercise test, 
when he began to notice decreased exercise toler-
ance. A cardiopulmonary exercise test (Table 34.5) 
was performed to further evaluate his symptoms.

The patient achieved a peak respiratory 
exchange ratio of 1.15, indicating an adequate 
effort was expended. Despite his good effort, his 
peak V̇O2 and endurance time were quite low. His 
anaerobic threshold was also depressed. At rest, 
the patient was in a sinus-like rhythm with 1:1 
AV conduction. About 20 s after the initiation of 
exercise, at a sinus rate of 110 bpm, he developed 
Mobitz type I second-degree AV block, which 
progressed to 2:1 block as exercise continued. 
His ventricular rate at peak exercise was there-
fore quite low (87  bpm). His oxygen pulse at 
peak exercise was high (117%predicted). Normal 
AV conduction returned in recovery.

The results of the CPET indicated that the 
patient’s profound chronotropic insufficiency, due 
to the second-degree AV block, was the  primary 
factor responsible for his exercise intolerance. 

(AV node dysfunction is common in patients with 
atrioventricular discordance.) The low ventricular 
rate did allow more time for ventricular filling and 
permitted the ventricle to move up its Starling 
curve. The stroke volume (reflected by the oxygen 
pulse at peak exercise) was therefore supranor-
mal. This adaptation partially compensated for 
the chronotropic defect (his exercise function 
would have been even worse without it). The 
elevated V̇E/V̇CO2 slope and low end-tidal pCO2 
were probably the result of ventilation/perfusion 
mismatch secondary to residual pulmonary artery 
stenoses. The high breathing reserve reflected the 
fact that the patient’s cardiovascular problems 
limited his ability to increase his metabolic rate.

Following the exercise test, the patient under-
went implantation of a transvenous dual chamber 
pacemaker. A subsequent exercise test 
(Table  34.5) revealed substantial improvements 
in endurance time and peak V̇O2, associated with a 
much more normal chronotropic response to 
exercise and a much higher (near normal) peak 
heart rate. His rhythm during exercise was pre-
dominantly A-sensed/V-paced (pacemaker- 
mediated Wenckebach developed near peak 
exercise). With the higher peak heart rate, the 
oxygen pulse (and presumably the stroke volume 
at peak exercise) declined to the low-normal 
range. This change probably reflected the fact that 
the higher ventricular rate resulted in a shorter 
period for ventricular filling and unmasked a mild 
degree of systemic ventricular dysfunction related 
to the presence of a systemic right ventricle.

It is instructive to compare this patient to the 
patient from Case 33.6 (see Chap. 33). The indi-
cation for pacemaker implantation in this case 
was profound bradycardia during exercise due to 
second-degree AV block. It is therefore not sur-
prising that the pacemaker produced a substantial 
improvement in exercise function. In contrast, the 
indication for pacemaker implantation in Case 
33.6 was profound bradycardia at rest and con-
cern regarding the patient’s risk for Stokes–
Adams attacks, mitral valve deterioration, and 
cardiac arrest. In fact, that patient’s chronotropic 
response to exercise was only mildly depressed. 
Moreover, that patient had a structurally normal 
heart and was more capable of increasing her 

Table 34.5 Patient 34.5: corrected transposition with 
second-degree AV block. Selected data from cardiopul-
monary exercise test

Parameter
Pre- 
pacemaker

Post- 
pacemaker

Peak V̇O2 (ml/kg/min) 21.0 24.3
Peak V̇O2 (%predicted) 55 73
Endurance time (min) 6:00 9:15
Endurance time (%ile) <10th 25–50th
Peak RER 1.15 1.14
Peak O2 pulse 
(%predicted)

117 87

Peak heart rate (bpm) 87 151
Peak heart rate 
(%predicted)

47 84

Heart rate increase Severely 
depressed

Mildly 
depressed

V̇O2 at VAT (% of predicted 
peak V̇O2)

37 46

End-tidal pCO2 at VAT 
(mm Hg)

35 36

End-tidal pCO2 during 
exercise

Low Low

V̇E/V̇CO2 slope 35 36
Breathing reserve (%) 58 44
Rhythm Sinus→2:1 

AV block
A-sensed/ 
V-paced

Blood pressure response Normal Normal
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stroke volume to compensate for her chronotropic 
insufficiency. Consequently, the pacemaker had a 
much smaller impact upon her exercise function.

 Case 34.6: l-TGA with Heart Block

The patient was a young man who was born with 
l-transposition of the great arteries (TGA) and 
high-grade AV block. He remained asymptom-
atic throughout childhood, adolescence, and 
early adulthood. He never required an 
 intervention. At an evaluation when he was 
28 years old, he reported that he was able to run a 
10 K race and was training to run a marathon. A 
cardiac magnetic resonance image (MRI) 
revealed good ventricular function and only mild 
systemic (tricuspid) AV valve regurgitation. A 
cardiopulmonary exercise test at that time 
(Table 34.6 and Fig. 34.5a) revealed that his exer-
cise capacity was good. His gas exchange during 
exercise was normal. Although he had second-
degree AV block with junctional escape beats at 
rest, he developed 1:1 conduction (with first-
degree AV block) with exercise. His peak heart 
rate was low, consistent with a degree of coexis-
tent sinus node dysfunction, but he was able to 
compensate for this chrontropic defect by 
increasing his stroke volume (as reflected by his 
oxygen pulse) to supranormal levels. Second-
degree AV block returned during recovery.

He continued to do well thereafter, without sig-
nificant symptoms. Over the years, however, he 
did not (or could not) exercise as much as he had 
in the past. A repeat CPET at age 35 (Table 34.6 
and Fig.  34.5b) revealed that his peak exercise 
parameters had deteriorated significantly and that 
he now had complete heart block with a ventricu-
lar escape rhythm. Although his peak heart rate 
was similar to that present on his previous study, 
no evidence of AV conduction was detected. The 
robust compensatory increase in stroke volume 
present on the previous exercise test was not 
observed. Indeed, the oxygen pulse at peak exer-
cise was significantly depressed, despite the low 
peak heart rate. His V

.
 E/V

.
 CO2 slope had become 

quite elevated and his end-tidal pCO2 during exer-
cise was low. Of note, a repeat cardiac MRI 
revealed no significant change in his  ventricular 
function, although the tricuspid regurgitation had 
worsened somewhat.

Following this CPET, a dual-chamber rate- 
modulated (DDDR) pacemaker was implanted. A 
CPET was performed following this procedure 
(Table 34.6 and Fig. 34.5c) and revealed signifi-
cant improvement in his peak exercise parame-
ters. His gas exchange during exercise had 
normalized. His rhythm was A-paced/V-paced 
throughout the study, and his peak heart rate was 
normal. The oxygen pulse at peak exercise was 
higher than it had been on the previous study, 
despite the substantially higher peak heart rate. 

Table 34.6 Patient 34.6: l-TGA with heart block. Selected data from cardiopulmonary exercise tests (CPETs)

Parameter CPET 1 CPET 2 CPET 3
Peak V̇O2 (ml/kg/min) 31.7 15.3 24.7
Peak V̇O2 (%predicted) 83 40 65
Peak work rate (W) 252 203 239
Peak work rate (%predicted) 92 70 84
Peak RER 1.14 1.13 1.18
Peak O2 pulse (ml/beat) 23.1 11.9 13.2
Peak O2 pulse (%predicted) 119 57 63
Peak heart rate (bpm) 123 121 176
Peak heart rate (%predicted) 69 71 104
V̇O2 at VAT (% of predicted peak 
V̇O2)

41 26 30

End-tidal pCO2 at VAT (mm Hg) 42 26 45
V̇E/V̇CO2 slope 23 42 26
End-tidal pCO2 during exercise Normal Low Normal
Rhythm 20 AVB→10 AVB CHB; ventricular escape rhythm A-paced/V-paced
Blood pressure response Normal Normal Normal
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a

Fig. 34.5 (a) At age 28, a nine-panel graph of data from cardiopulmonary exercise test from patient 34.6: l-TGA with 
heart block. (b) Repeat of test at age 35. (c) CPET following implantation of DDDR pacemaker

The heart rate during exercise was in fact some-
what elevated for the level of oxygen consump-
tion during exercise.

The decline in exercise function between the 
first and second exercise tests, despite the simi-
lar peak heart rates, probably reflected the loss 
of AV synchrony and consequent decline in 
stroke volume, as well as the time-related 
decline in tricuspid valve and systemic right 
ventricular function (not readily detectable on 
MRI studies at rest) that is often encountered in 
patients with l- transposition. The elevated V̇E/
V̇CO2 slope and low end-tidal pCO2 on the sec-
ond study were probably the result of ventila-
tion/perfusion mismatch secondary to left atrial 

hypertension that resulted from the loss of AV 
synchrony as well as the ventricular dysfunction 
and tricuspid regurgitation. The improvement in 
exercise function following the pacemaker 
implantation was probably the result of the more 
physiologic heart rate response to exercise, as 
well as a better stroke volume response to exer-
cise following the restoration of AV synchrony. 
These favorable physiologic changes also prob-
ably reduced the left atrial hypertension during 
exercise and thereby reduced V/Q mismatch and 
improved gas exchange. The peak oxygen pulse 
did not return to normal, however, because a 
degree of tricuspid and right (systemic) ventric-
ular dysfunction probably persisted.
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b

Fig. 34.5 (continued)
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c

Fig. 34.5 (continued)

This case also illustrates once again that 
patients often do not recognize (or subcon-
sciously deny) a gradual decline in exercise func-
tion. These changes are readily appreciated on 
formal CPET, however.

 Case 34.7: d-TGA, s/p Atrial Switch, 
and Progressive Right Ventricular 
Dysfunction

The patient was a 32-year-old man with 
d- transposition of the great arteries. Initially, he 
was palliated with a balloon atrial septostomy. 
Other medical problems (necrotizing enterocoli-
tis and multi-organ system failure) had made him 

a poor candidate for a neonatal arterial switch. A 
two-stage arterial switch strategy was therefore 
pursued, and he underwent a pulmonary artery 
band and Blalock–Taussig shunt to “prepare” his 
left ventricle when he was 5  months old. One 
year later, he was brought to the operating room 
for an arterial switch procedure. However, in the 
operating room, he was found to have an intra-
mural coronary artery. Because of this unfavor-
able coronary artery anatomy, an atrial switch 
(Senning) procedure (with take down of the pul-
monary artery band and Blalock–Taussig shunt) 
was performed instead. Postoperatively, he had 
markedly depressed systemic RV function and a 
degree of systemic tricuspid valve regurgitation. 
When he was 11 years old, he developed high- 
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grade atrioventricular block and underwent 
implantation of a DDDR pacemaker.

Despite this complicated history, he did sur-
prisingly well during childhood and adoles-
cence. As an adult, he was able to work full-time. 
He claimed to be asymptomatic and worked out 
regularly at a gym. He was maintained on 
carvedilol, enalapril, and aspirin. His echocar-
diogram continued to demonstrate severe right 
ventricular dysfunction as well as moderate tri-
cuspid regurgitation (perhaps slightly worse than 
on his previous study 17  months earlier). His 
mean dP/dt during isovolumetric contraction (an 
index of ventricular systolic function that is 
independent of anatomic or geometric factors [1, 
2]) fell from 397 mm Hg/s to 340 mm Hg/s. A 
CPET was obtained to further assess his current 
cardiopulmonary status (Table  34.7 and 
Fig.  34.6). A cycle ergometer with a 20  W/
min ramp was employed.

Despite achieving an adequate RER at peak 
exercise, his peak V̇O2, work rate, heart rate, and 
oxygen pulse were all quite low. The V̇O2 at the 
VAT was also low. He had an elevated V̇E/V̇CO2 
slope and a low end-tidal pCO2 during exercise. 
His breathing reserve at peak exercise was high. 
His baseline spirometry revealed a mild obstruc-
tive pattern at rest, which worsened slightly post- 
exercise. His peak V̇O2 had declined 28% and his 
peak work rate had declined 15% compared to a 
study obtained 17  months earlier. The decline 
was associated with a 26% decline in his peak- 
exercise oxygen pulse. His peak heart rate was 
similar (96 vs. 98 bpm). His V̇E/V̇CO2 slope was 
6% higher.

The patient’s poor exercise function was due 
to a combination of chronotropic impairment 
(probably related to the beta-blocker therapy ± 
the intrinsic sinus node dysfunction commonly 
encountered in patients who have had atrial 
switch procedures) and right (systemic) ventricu-
lar dysfunction. In the presence of the significant 
chronotropic defect, the patient should have had a 
supranormal stroke volume at peak exercise. 
Hence, the magnitude of the stroke volume defi-
ciency was even worse than that conveyed by the 
oxygen pulse data. The elevated V̇E/V̇CO2 slope 

may have been due to inefficient gas exchange 
secondary to elevated pulmonary venous  pressure 
and/or pulmonary blood flow maldistribution 
related to subtle pulmonary venous baffle obstruc-
tion. Although the patient also had coexistent 
obstructive lung disease, the substantial breathing 
reserve at peak exercise indicated that his exer-
cise function was not limited by respiratory 
factors.

The CPET also revealed a significant deterio-
ration in exercise function that, based upon the 
decline in the oxygen pulse, appeared to be due to 
a decline in his stroke volume response to exer-
cise. This decline could not be appreciated on the 
basis of the patient’s symptomatology or on the 
basis of qualitative echocardiographic assess-
ments of his baseline right ventricular function 

Table 34.7 Patient 34.7: d-TGA, s/p atrial switch, and 
progressive right ventricular dysfunction. Selected data 
from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 16.2
Peak V̇O2 (%predicted) 39
Peak work rate (W) 125
Peak work rate (%predicted) 57
Peak RER 1.24
Peak O2 pulse (%predicted) 71
Peak heart rate (bpm) 96
Peak heart rate (%predicted) 55
Peak respiratory rate (breaths/min) 35
Peak tidal volume (%FVC) 38
Breathing reserve (%) 52a

V̇O2 at VAT (% of predicted peak V̇O2) 23
End-tidal pCO2 at peak exercise (mm  Hg) 30
V̇E/V̇CO2 slope 38
Pre-forced vital capacity (%predicted) 88
Pre-FEV1 (%predicted) 77
Pre-FEV1/FVC (%) 72
Pre-FEF 25–75 (%predicted) 55
Post-forced vital capacity (%predicted) 91
Post-FEV1 (%predicted) 72
Post-FEV1/FVC (%) 66
Post-FEF 25–75 (%predicted) 48
Baseline arterial O2 saturation (%) 98
Peak-exercise arterial O2 saturation (%) 97
Rhythm A-sensed/ 

V-paced
Blood pressure response Blunted

aBased on post-exercise spirometric measurements
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(which were limited on account of the patient’s 
complex anatomy and poor echocardiographic 
windows). It was associated with a significant 
decline in the mean dP/dt during isovolumetric 
contraction as well as slight (qualitative) worsen-
ing of the tricuspid insufficiency, findings that 
suggest that the systemic right ventricle’s systolic 
function had indeed declined over the past 
17 months.

 Case 34.8: Tricuspid Atresia and s/p 
Bidirectional Glenn Shunt

The patient was a 40-year-old woman who was 
born with tricuspid atresia type 1B (small ventric-
ular septal defect with normally related great 
arteries). Over the course of her life, she had 
undergone multiple palliative surgical procedures. 
Two attempts to complete a Fontan palliation were 

Fig. 34.6 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.7: d-TGA, s/p atrial switch, 
progressive right ventricular dysfunction
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unsuccessful due to prohibitively high pulmonary 
artery pressures. At the time of her evaluation, her 
pulmonary blood flow was provided by a bidirec-
tional Glenn shunt and a 6 mm Gore–Tex shunt 
between the aorta and the superior vena cava. In 
the 6 years that had elapsed since the construction 
of the latter shunt,  however, it had become almost 
completely obstructed. She also had a history of 
sinus node dysfunction palliated with a dual-
chamber epicardial pacemaker. Despite these seri-
ous cardiovascular issues, the patient nevertheless 
claimed to be relatively asymptomatic (New York 
Heart Association [NYHA] Class II). A cardiopul-
monary exercise test was obtained to further asses 
her current status (Table 34.8 and Fig. 34.7). At 
the time of her exercise test, her hemoglobin was 
19.9 g/dl and hematocrit was 61.8%. Her echocar-
diographic windows were limited but her ventric-
ular function was thought to be normal.

A cycle ergometer with a 10 W/min ramp was 
used for the CPET.  The test revealed severely 
depressed aerobic function, despite achieving an 
adequate RER. Both the peak heart rate and the 
oxygen pulse at peak exercise were low. The arte-

rial oxygen saturation, which was low at rest, 
declined precipitously with exercise. The  V̇E/V̇CO2 
slope was quite high and the end-tidal pCO2 dur-
ing exercise was quite low.

The low peak heart rate reflected the patient’s 
sinus node dysfunction—a condition commonly 
encountered among patients who have had a bidi-
rectional Glenn procedure. The precipitous 
decline in oxygen saturation probably can be 
explained by the fact that cycling disproportion-
ately increases the blood flow to the lower extrem-
ities and the venous return from the lower 
extremities to the inferior vena cava. In this 
patient, the inferior vena caval return shunted right 
to left across the atrial septum, where it mixed 
with the blood returning from the lungs. The flow 
to the lungs, however, was derived almost exclu-
sively from the bidirectional Glenn shunt, which 
drained the venous blood from the head and upper 
body. Blood flow to these areas does not increase 
much during lower extremity exercise. Hence, 
during exercise, deoxygenated blood returning 
from the lower extremities comprised a progres-
sively greater proportion of the blood entering the 
left atrium (and thereafter, the left ventricle and 
aorta). Moreover, the saturation of the blood 
returning from the exercising muscles in the lower 
extremities was lower during exercise, as the mus-
cles extracted a greater percentage of oxygen from 
the blood during exercise.

Several factors may have accounted for the 
low oxygen pulse at peak exercise, the most 
important of which was probably the profound 
arterial desaturation. This physiologic abnormal-
ity was partially mitigated, however, by the 
patient’s elevated hemoglobin. It is hard to know 
to what degree a low stroke volume may have 
contributed to the low oxygen pulse. Given the 
normal baseline LV function, and the fact that 
increased venous return from the lower extremi-
ties was able to flow unimpeded to the LV, it is 
possible that the increase in forward stroke vol-
ume during exercise was relatively normal. 
However, increasing the stroke volume with 
deoxygenated blood will not increase the oxygen 
pulse (see Chap. 11). In this case, it is better to 
think of the oxygen pulse as the amount of oxy-
gen added to the blood with each heart beat (see 

Table 34.8 Patient 34.8: tricuspid atresia and s/p bidi-
rectional Glenn shunt. Selected data from cardiopulmo-
nary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 8.7
Peak V̇O2 (%predicted) 32
Peak work rate (W) 45
Peak work rate (%predicted) 26
Peak RER 1.17
Peak O2 pulse (%predicted) 54
Peak heart rate (bpm) 97
Peak heart rate (%predicted) 58
V̇O2 at VAT (% of predicted peak V̇O2) 26
End-tidal pCO2 at VAT (mm Hg) 29
End-tidal pCO2 during exercise Very low
V̇E/V̇CO2 slope 56
Rhythm Sinus
Blood pressure response Blunted
Oxygen saturation at rest (%) 75
Oxygen saturation at peak exercise (%) 58
Forced vital capacity (%predicted) 44
FEV1 (%predicted) 38
FEV1/FVC (%) 86
FEF 25–75 (%predicted) 24
Breathing reserve (%) 25
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Chap. 15). With that conceptual framework, one 
can appreciate that, in this patient, because the 
blood flow to the lungs does not increase signifi-
cantly during lower extremity exercise, the oxy-
gen pulse at peak exercise (which is closely 
related to pulmonary blood flow divided by heart 
rate at peak exercise) is also depressed.

The elevated V̇E/V̇CO2 slope and low end-tidal 
pCO2 were the result of the obligate right-to-left 
shunting associated with this patient’s anatomy. 
Ventilation/perfusion mismatch secondary to 

pulmonary blood flow maldistribution and/or 
pulmonary arteriovenous malformations (which 
commonly develop in patients with bidirectional 
Glenn shunts) may also have contributed to these 
anomalies.

Based upon the spirometric measurements, 
this patient also had significant restrictive/
obstructive lung disease. This phenomenon is 
common among patients with congenital heart 
disease, especially those who have undergone 
multiple surgical procedures. The patient’s 

Fig. 34.7 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.8: tricuspid atresia, s/p 
 bidirectional Glenn shunt
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breathing reserve at peak exercise (25%) sug-
gests, however, that her exercise capacity was not 
limited by her lung disease.

 Case 34.9: Complex Cyanotic 
Congenital Heart Disease/Single 
Ventricle Physiology

The patient was a 46-year-old man with complex 
cyanotic congenital heart disease (double inlet 
left ventricle, dextrocardia, severe valvar, and 
subvalvar pulmonic stenosis) who had been palli-
ated with a classic right Blalock–Taussig shunt 
when he was 7 years old. He had been managed 
conservatively since then. At the time of his visit, 
he had no cardiopulmonary symptoms. He 
worked full-time at an automobile dealership and 
exercised at a gym on a regular basis. He felt that 
there had been no recent decline in his exercise 
capacity. His only medication was low-dose aspi-
rin. His echocardiogram revealed the previously 
described anatomy. The ventricular function was 
good. There was only mild atrioventricular valve 
insufficiency. There was severe, multilevel pul-
monic stenosis with a maximum instantaneous 
gradient of 105  mm  Hg. The Blalock–Taussig 
shunt was patent. His hemoglobin at the time of 
the visit was 16.0 g/dl, with normal red blood cell 
indices. A CPET (Table 34.9 and Fig. 34.8) was 
performed to further assess his current cardiopul-
monary status. A cycle ergometer with a 20 W/
min ramp was employed for the study. Exercise 
was terminated due to shortness of breath.

The respiratory exchange ratio at peak exer-
cise was 1.09, indicating that he expended an 
adequate effort and that exercise was terminated 
near his cardiovascular limit. His peak V̇O2 and 
peak work rate were moderately-severely 
depressed. The V̇O2 was also quite low. An inabil-
ity to augment the oxygen pulse appropriately 
during exercise appeared to be the primary factor 
responsible for these abnormalities. The ability to 
increase heart rate during exercise was fairly well 
preserved. His (left arm) blood pressure response 
to exercise was normal. His baseline oxygen satu-
ration was low (85%) and declined progressively 
during exercise, reaching a nadir of 70%. His V̇E/
V̇CO2 slope was quite elevated and his end-tidal 

pCO2 during exercise was quite low. A mild- 
moderate obstructive pattern was present on his 
baseline spirometry, but his breathing reserve at 
peak exercise was 32%.

The patient’s low oxygen pulse at peak exer-
cise was to a large extent due to his severe arterial 
desaturation during exercise. In this case, the 
typical relationship between the oxygen pulse 
and the effective stroke volume was distorted by 
the low arterial oxygen saturation (and conse-
quent low arterial oxygen content; see Chap. 11). 
Under these circumstances, the oxygen pulse 
underestimates the stroke volume. The polycy-
themia (reflected by the elevated hemoglobin 
level) partially compensated for the arterial desat-
uration and distorted the relationship between the 
oxygen pulse and effective stroke volume in the 
opposite direction. However, in this case, the 
polycythemia was mild compared to the desatu-
ration. With this complex physiology, it is hard to 
know to what extent an inability to increase the 
effective stroke volume during exercise may have 
contributed to the low oxygen pulse and poor 
exercise function; the magnitude of the arterial 

Table 34.9 Patient 34.9: complex cyanotic congenital 
heart disease/single ventricle physiology. Selected data 
from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 19.4
Peak V̇O2 (%predicted) 55
Peak work rate (W) 115
Peak work rate (%predicted) 61
Peak RER 9.3
Peak O2 pulse (%predicted) 65
Peak heart rate (bpm) 137
Peak heart rate (%predicted) 85
Heart rate increase Slightly 

excessive
V̇O2 at VAT (% of predicted peak V̇O2) 28
End-tidal pCO2 at VAT (mm Hg) 24
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 53
Rhythm Ectopic atrial
Blood pressure response (left arm) Normal
Oxygen saturation at rest (%) 85
Oxygen saturation at peak exercise (%) 70
Forced vital capacity (%predicted) 79
FEV1 (%predicted) 74
FEF 25–75 (%predicted) 57
Breathing Reserve (%) 32
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desaturation and oxygen pulse depression sug-
gest that this was a relatively minor factor.

Two factors probably account for the progres-
sive arterial oxygen desaturation. First, the 
amount of blood that could flow to the lungs 
across the stenotic pulmonary outflow tract and 
Blalock–Taussig shunt was probably relatively 
fixed. During exercise, however, the increase in 
ventricular contractility and decrease in systemic 
vascular resistance caused the systemic blood 
flow to increase. Hence, the pulmonary-to- 
systemic blood flow ratio decreased and the 

right-to-left shunting increased during exercise. 
The second factor responsible for the progressive 
arterial desaturation was the increased oxygen 
extraction that accompanied exercise. On account 
of this phenomenon, the blood shunting right to 
left had a lower saturation, and the arterial oxy-
gen saturation (which in this single ventricle, 
total mixing lesion is the saturation that results 
from the mixing of the blood returning from the 
body with the blood returning from the lungs) 
was lower for any given level of right-to-left 
shunting.

Fig. 34.8 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.9: complex cyanotic congenital 
heart disease/single ventricle physiology
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The elevated V̇E/V̇CO2 slope (Fig. 34.8, left mid-
dle panel) and low end-tidal pCO2 (Fig. 34.8, right 
lower panel) were likely due to the obligate right-
to-left intracardiac shunting that resulted from the 
patient’s single ventricle (complete mixing) phys-
iology (see Chap. 12). However, despite the inef-
ficient ventilation that resulted from the patient’s 
cyanotic congenital heart disease, and the pulmo-
nary disease identified on baseline spirometry, the 
patient’s ample breathing reserve at peak exercise 
indicates that exercise was terminated on account 
of cardiovascular (i.e., an inability to deliver suf-
ficient quantities of oxygen to the exercising mus-
cles) rather than respiratory factors.

It is also interesting to note that this excep-
tional patient claimed to be asymptomatic, 
despite the severe physiologic abnormalities and 
functional deficits that were so apparent on the 
exercise test. This phenomenon is probably due 
to the fact that he had never known what it is like 
to exercise with a normal heart.

 Case 34.10: Unrepaired Cyanotic 
Congenital Heart Disease

The patient was a 26-year-old man with hetero-
taxy syndrome and complex cyanotic congenital 
heart disease (asplenia, double outlet right ven-
tricle, pulmonic stenosis, unbalanced, RV domi-
nant complete AV canal defect, hypoplastic left 
ventricle, common atrium, and complex venous 
anatomy). He had undergone a left modified 
Blalock–Taussig shunt when he was 6  months 
old and several subsequent cardiac catheteriza-
tions for left pulmonary artery stenosis and/or 
shunt obstruction. For personal reasons, he had 
refused to undergo further surgical palliative pro-
cedures. At the time of his exercise test, he 
reported low but stable exercise tolerance. He 
was able to work 4 hours twice a week, delivering 
pizza. He could not climb more than one flight of 
stairs without resting. He was maintained only on 
amoxicillin and vitamin D supplementation. His 
hemoglobin was 19.7 g/dl and hematocrit 66.9. 
An exercise test (Table 34.10 and Fig. 34.9) was 
obtained to further characterize his current car-
diopulmonary status. The test was performed on 
a cycle ergometer with a 10 W/min ramp.

The patient’s oxygen saturation at rest was 
77% and fell to 61% at peak exercise. His respi-
ratory exchange ratio near peak exercise was 
1.11. His peak work rate and peak V̇O2 were very 
low. The ventilatory anaerobic threshold was also 
quite low and appeared to occur during unloaded 
cycling. The oxygen pulse at peak exercise was 
extremely low. His peak heart rate was also 
depressed, but the heart rate increase, relative to 
his V̇O2 during exercise, was excessively rapid. 
The V̇E/V̇CO2 slope was extremely high and the 
end-tidal pCO2 during exercise was quite low. His 
spirometric measurements were relatively normal 
and his breathing reserve was high.

The respiratory exchange ratio of 1.11 sug-
gests that the patient expended an adequate effort. 
His low oxygen pulse at peak exercise was prob-
ably due to his profound arterial desaturation as 
well as an inability to augment his forward stroke 
volume normally. His polycythemia probably 
only partially compensated for his arterial desat-
uration. In this case, the low arterial oxygen satu-
ration and the elevated hemoglobin confound the 

Table 34.10 Patient 34.10: unrepaired cyanotic congeni-
tal heart disease. Selected data from cardiopulmonary 
exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 12.2
Peak V̇O2 (%predicted) 33
Peak work rate (W) 46
Peak work rate (%predicted) 29
Peak RER 1.11
Peak O2 pulse (%predicted) 45
Peak heart rate (bpm) 131
Peak heart rate (%predicted) 73
V̇O2 at VAT (% of predicted 
peak V̇O2)

20

End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 75
Forced vital capacity 
(%predicted)

91

FEV1 (%predicted) 89
FEF 25–75 (%predicted) 89
Breathing reserve (%) 63
Rhythm Sinus with occasional 

premature ventricular 
contractions

Blood pressure response Low-normal
Oxygen saturation at rest (%) 77
Oxygen saturation at peak 
exercise (%)

61
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typical relationship between the oxygen pulse 
and effective stroke volume at peak exercise (see 
Chap. 11). It is therefore hard to know exactly 
how severe the patient’s stroke volume depres-
sion actually was. It is likely, however, that both 
the low oxygen saturation and the lower-than- 
normal effective stroke volume combined to 
limit oxygen delivery and hence V̇O2 during exer-
cise. The low peak heart rate may reflect the 
sinus node dysfunction commonly encountered 
among patients with heterotaxy syndromes and 
may also have contributed to the patients’ poor 

exercise function. However, the excessive rise in 
heart rate during exercise (Fig.  34.9, middle 
panel) was likely an autonomic response to the 
low oxygen delivery during exercise. The exces-
sive ventilation (Fig. 34.9, left middle panel) and 
low end- tidal pCO2 (Fig. 34.9, right lower panel) 
during exercise were probably a result of the 
right-to-left shunting, as well as a degree of ven-
tilation/perfusion mismatch (see Chap. 12).

The decline in the patient’s arterial oxygen 
saturation during exercise probably was a result 
of 2 phenomena:

Fig. 34.9 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.10: unrepaired cyanotic con-
genital heart disease
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 1. The patient’s pulmonary blood flow was rela-
tively limited and fixed by the resistance 
across his Blalock–Taussig shunt and native 
pulmonary outflow tract, whereas the 
increased contractility, increased heart rate, 
pumping action of the skeletal muscles, and 
decreased systemic vascular resistance 
 combined to cause his systemic blood flow to 
increase (see Chap. 2). Hence, the pulmonary- 
to- systemic blood flow ratio declined during 
exercise.

 2. The decline in mixed venous oxygen satura-
tion secondary to increased oxygen extraction 
during exercise caused the blood that was 
shunting right to left to have a lower satura-
tion during exercise.

The low anaerobic threshold reflected the fact 
that the patient’s ability to provide oxygen to his 
exercising muscles was impaired. They therefore 
developed an early and excessive reliance upon 
anaerobic metabolism to generate the ATP 
required for exercise. The high breathing reserve 
reflected the fact that the patient’s congenital 
heart disease could not support a high metabolic 
rate.

 Case 34.11: Cyanotic Congenital 
Heart Disease, Pre- and Postsurgical 
Repair

The patient was a 15-year-old female who had 
been followed with the diagnoses of LV non- 
compaction with mild-to-moderate ventricular 
dysfunction, apical ventricular septal defect 
(VSD), secundum atrial septal defect (ASD), 
mildly hypoplastic atypical right ventricle, and 
valvar pulmonic stenosis. As a child, her hemody-
namics were fairly “balanced” and she was 
“asymptomatic.” Surgical intervention was 
thought to carry a high risk and medical therapy 
was therefore recommended. However, over the 
years, she became more and more symptomatic. 
At the time of her evaluation, she could climb no 
more than one flight of stairs before stopping to 
catch a breath. She was able to walk on flat terrain 
for ~20  min and would “turn blue” with this 
amount of activity. A cardiac catheterization 

revealed a cardiac index of 2.5 l/min/m2 with an 
aortic saturation of 77%, mixed venous saturation 
of 58%, normal pulmonary venous saturation, 
and hemoglobin of 18.8  g/dl. There was severe 
pulmonic stenosis with right-to-left shunting 
across the VSD (and ASD). Her pulmonary- to- 
systemic blood flow ratio (Qp/Qs) was 0.6. Her 
mean right and left atrial pressures were 
8–9 mm Hg. Her right ventricular pressure was 
systemic. There was a 75  mm  Hg gradient 
between the right ventricle and main pulmonary 
artery. The pulmonary artery pressure was 21/14 
with a mean of 17 mm Hg. Angiography revealed 
primarily valvar pulmonic stenosis and right-to- 
left shunting across the large apical VSD. The RV 
and LV function appeared mildly depressed. Her 
cardiopulmonary exercise test data are summa-
rized in Table 34.11 and Fig. 34.10a. The study 
was performed on a cycle ergometer with a 10 W/
min ramp.

Table 34.11 Patient 34.11: cyanotic congenital heart 
disease, pre- and postsurgical repair. Selected data from 
cardiopulmonary exercise tests

Parameter Pre-Op Post-Op
Peak V̇O2 (ml/kg/min) 14.0 20.5
Peak V̇O2 (%predicted) 52 87
Peak work rate (W) 61 102
Peak work rate (%predicted) 58 98
Peak RER 1.10 1.12
Peak O2 pulse (ml/beat) 5.6 9.1
Peak O2 pulse (%predicted) 74 108
Peak heart rate (bpm) 146 153
Peak heart rate (%predicted) 71 81
V̇O2 at VAT (% of predicted peak 
V̇O2)

38 46

End-tidal pCO2 at VAT (mm Hg) 28 34
End-tidal pCO2 during exercise Low Low
V̇E/V̇CO2 slope 55 30
Forced vital capacity 
(%predicted)

88 80

FEV1 (%predicted) 73 67
FEF 25–75 (%predicted) 45 38
Breathing reserve (%) 35 29
Rhythm Sinus, 

rare PVC
Sinus, 
rare PVC

Blood pressure response Normal Normal
Oxygen saturation at rest (%) 77 91
Oxygen saturation at peak 
exercise (%)

57 83

PVC premature ventricular contractions. All other abbre-
viations as for Table 34.1
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a

Fig. 34.10 (a) Nine-panel graph of data from cardiopul-
monary exercise test from patient 34.11: cyanotic con-
genital heart disease, pre- and postsurgical repair. (b) 

CPET following surgical pulmonary valvotomy and repair 
of her apical VSD and secundum ASD
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b

Fig. 34.10 (continued)

Her peak respiratory exchange ratio was 1.10, 
indicating that she expended an adequate effort. 
Her peak work rate and peak V

.
 O2 were very low. 

The ventilatory anaerobic threshold and oxygen 
pulse at peak exercise were also low. Her peak 
heart rate was mildly depressed, but the heart rate 
increase, relative to her V

.
 O2 during exercise, was 

normal. Her oxygen saturation at rest was 77% 
and fell progressively during exercise to a nadir 
of 57% at peak exercise. The V

.
 E/V

.
 CO2 slope was 

extremely high and the end-tidal pCO2 during 
exercise was quite low. Her spirometric measure-
ments revealed a moderate obstructive pattern, 
but her breathing reserve at peak exercise was 
normal.

As in previously presented cases of unrepaired 
cyanotic congenital heart disease, the decline in 
the patient’s arterial oxygen saturation during 
exercise probably was a result of two 
phenomena:
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 1. A further decline in her Qp/Qs ratio because her 
pulmonary blood flow was relatively fixed on 
account of her severe valvar pulmonic stenosis 
(with this physiology, the exercise- induced 
decline in pulmonary arteriolar resistance will 
have a minimal impact upon pulmonary blood 
flow), while the increased contractility, 
increased heart rate, pumping action of the 
skeletal muscles, and decreased systemic vas-
cular resistance combined to cause her sys-
temic blood flow to increase (see Chap. 2).

 2. The decline in mixed venous oxygen satura-
tion that occurs secondary to increased oxy-
gen extraction during exercise. This 
phenomenon caused the blood that was shunt-
ing right to left to have a lower saturation dur-
ing exercise (compared to rest).

The right-to-left shunting was also responsible 
for the elevated V̇E/V̇CO2 slope (Fig.  34.10a, left 
middle panel), and the low end-tidal pCO2 
(Fig. 34.10a, right lower panel) during exercise was 
probably a result of the right-to-left shunting (see 
Chap. 12). The low oxygen pulse at peak exercise 
was due largely to the low arterial oxygen satura-
tion (although this factor was partially mitigated by 
the patient’s elevated hemoglobin). A low effective 
stroke volume at peak exercise may also have con-
tributed to this phenomenon. The low peak-exercise 
heart rate may have been due to a degree of sinus 
node dysfunction. Although this patient’s baseline 
spirometry revealed the presence of some obstruc-
tive lung disease, the ample breathing reserve at 
peak exercise indicated that respiratory factors were 
not responsible for her exercise intolerance.

Following this evaluation, the patient underwent 
surgical pulmonary valvotomy and repair of her 
apical VSD and secundum ASD. She did well post-
operatively but was noted to have persistent arterial 
desaturation. Subsequent echocardiograms and car-
diac catheterization studies revealed right-to-left 
shunting across a previously unrecognized, partially 
unroofed coronary sinus (coronary sinus septal 
defect). No other residual shunts were detected. She 
also had moderate LV dysfunction and moderate tri-
cuspid insufficiency. Her symptoms, however, were 
dramatically improved. She was able to jog about a 
mile without stopping and had begun to play soft-

ball. Another cardiopulmonary exercise test 
(Table  34.11 and Fig.  34.10b) was performed to 
further evaluate her clinical status. On this study, 
her respiratory exchange ratio was 1.12, indicating 
that she expended an adequate effort. Her peak 
work rate, peak V̇O2, and V̇O2 at the ventilatory 
anaerobic threshold were dramatically improved. 
Although her peak heart rate remained somewhat 
depressed, her peak oxygen pulse was now supra-
normal (despite her baseline ventricular dysfunc-
tion), indicating that she was able to compensate 
for her chrontropic defect by increasing the forward 
stroke volume (via the Starling mechanism) during 
exercise. She now had only mild arterial desatura-
tion at rest secondary to the right-to-left shunting 
across her partially unroofed coronary sinus. (The 
tricuspid regurgitation and the mild RV hypoplasia 
caused this atrial level shunt to be predominantly 
right to left.) Her saturation fell further with exer-
cise probably on account of increased oxygen 
extraction as well as an increase in the right-to-left 
shunting. The V̇E/V̇CO2 slope (Fig.  34.10a, b, left 
middle panel) remained high, and the end-tidal 
pCO2 (Fig. 34.10a, b, right lower panel) remained 
low, probably as a consequence of the residual 
right-to-left shunting. However, they were much 
improved compared to pre-op. She continued to 
have evidence of obstructive lung disease on her 
baseline spirometry, but her substantial breathing 
reserve at peak exercise indicated that her exercise 
tolerance was not limited by respiratory factors.

Nineteen months transpired between the two 
exercise tests and the patient gained 9.8 kg during 
this time period.

 Case 34.12: d-TGA, VSD, 
Eisenmenger’s Syndrome,  
and s/p Palliative Mustard 
Procedure

The patient was a 48-year-old man who was born 
with d-transposition of the great arteries with a 
large ventricular septal defect (VSD). He did not 
have any surgical interventions when he was a 
young infant. A cardiac catheterization at 5 months 
of age documented severe pulmonary vascular 
obstructive disease (Eisenmenger’s syndrome). 
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On account of progressive cyanosis, he underwent 
a surgical atrial septectomy (Blalock–Hanlon pro-
cedure) when he was 5 years old and a palliative 
atrial switch (Mustard) procedure when he was 
11 years old. The VSD was left open. He subse-
quently did fairly well until age 32, when he 
developed atrial flutter. This arrhythmia was con-
trolled with amiodarone and digoxin. At age 36, 
he was hospitalized for management of congestive 
heart failure. He responded well to this therapy. At 
age 43, he underwent an ablation procedure for 
recurrent atrial flutter. This intervention was par-
tially successful. At the time of his visit, he was 
able to walk on flat terrain without difficulty but 
would become short of breath with more intense 
physical activity. He also would note fluid reten-
tion when he consumed too much salt. A cardiac 
MRI revealed moderate biventricular dysfunction 
(ejection fractions ~42%). His pulmonary:systemic 
blood flow ratio (Qp/Qs) was estimated to be 1.2. 
His hemoglobin was 16.2 and hematocrit 47. His 
other medications included furosemide, metopro-
lol, thyroid replacement hormone, and coumadin. 
He was referred for a cardiopulmonary exercise 
test to further characterize his current cardiopul-
monary status (Table 34.12 and Fig. 34.11).

The CPET was performed on a cycle ergome-
ter with a 12  W/min  ramp. The respiratory 
exchange ratio at peak exercise was 1.31, indicat-
ing that a good effort was expended. The patient’s 
peak work rate, peak V

.
 O2, peak heart rate, and V

.
 O2 

at the VAT were all severely depressed. The oxy-
gen pulse at peak exercise was depressed to a 
more modest degree. Mild arterial oxygen desat-
uration was present at rest. The arterial oxygen 
saturation fell substantially during exercise. The 
V
.
 E/V

.
 CO2 slope was quite elevated and the end- tidal 

pCO2 during exercise was low. The blood pres-
sure response was blunted.

The patient’s low exercise capacity was due to 
a number of factors. He had severe chronotropic 
insufficiency, probably as a result of the amioda-
rone and beta-blocker therapy. Given his history, 
he also may have had a component of underlying 
sinus node dysfunction. In addition, the severe 
arterial oxygen desaturation impaired oxygen 
delivery to his muscles during exercise. The 
decline in oxygen saturation was due to the fact 
that his pulmonary vascular resistance was rela-

tively fixed. Hence, as he exercised and his sys-
temic vascular resistance fell, he began to shunt 
more and more blood right to left across his VSD 
and his Qp/Qs declined. Increased peripheral 
oxygen extraction and consequent lower mixed 
venous oxygen saturation also contributed to this 
phenomenon. The elevated hemoglobin partially 
compensated for the low oxygen saturation. The 
low oxygen pulse at peak exercise was probably 
due primarily to the arterial desaturation, rather 
than a low stroke volume, although it is hard to be 
certain on account of all of the confounding fac-
tors present in this case. However, the compensa-
tory increase in stroke volume, expected in the 
presence of the severe chronotropic defect, almost 
certainly was not present. Consequently, ventric-
ular dysfunction also probably contributed to his 
exercise intolerance. The elevated V

.
 E/V

.
 CO2 slope 

and low end-tidal pCO2 were due to the right-to-
left shunting as well as ventilation/perfusion mis-
match that accompanies pulmonary vascular 
obstructive disease. Based on his spirometric 
measurements, the patient also had a degree of 
restrictive lung disease. This observation is not 

Table 34.12 Patient 34.12: d-TGA, VSD, Eisenmenger’s 
syndrome, and s/p palliative Mustard procedure. Selected 
data from cardiopulmonary exercise test

Parameter Value
Peak V̇O2 (ml/kg/min) 9.4
Peak V̇O2 (%predicted) 29
Peak work rate (W) 71
Peak work rate (%predicted) 35
Peak RER 1.31
Peak O2 pulse (%predicted) 73
Peak heart rate (bpm) 63
Peak heart rate (%predicted) 40
Heart rate increase Depressed
V̇O2 at VAT (% of predicted peak V̇O2) 23
End-tidal pCO2 at VAT (mm Hg) 33
End-tidal pCO2 during exercise Low
V̇E/V̇CO2 slope 42
Rhythm Sinus, rare 

APC
Blood pressure response Blunted
Oxygen saturation at rest (%) 92
Oxygen saturation at peak exercise (%) 72
Forced vital capacity (%predicted) 54
FEV1 (%predicted) 56
FEV1/FVC 86
FEF 25–75 (%predicted) 76
Breathing reserve (%) 40
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surprising in light of the patient’s medical and 
surgical history. The ample breathing reserve at 
peak exercise indicates, however, that his exercise 
capacity was not limited by respiratory issues.

 Case 34.13: Physiology 
of an Unusual Right-to-Left 
Shunting

The patient was a 7-year-old boy with a persis-
tent left superior vena cava (LSVC) that drained 
into his left atrium. Aside from mild cyanosis, he 

was completely asymptomatic. An exercise test 
was obtained to further assess his cardiopulmo-
nary function. The test was performed on a 
treadmill, as he was too small for the cycle 
ergometer. A Bruce protocol with EKG and pulse 
oximetry monitoring was employed 
(Table 34.13). At rest, his arterial oxygen satura-
tion was 90%. He was able to exercise for 9:56 of 
the standard Bruce protocol (10th–25th percen-
tile for age and gender). His heart rate and blood 
pressure increased appropriately during exercise. 
No ectopy or STT changes developed. His oxy-
gen saturation gradually increased during exer-

Fig. 34.11 Nine-panel graph of data from cardiopulmonary exercise test from patient 34.12: d-TGA, VSD, 
Eisenmenger’s syndrome, s/p palliative Mustard procedure
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cise, reaching a maximum of 97%. It declined 
again during recovery.

The arterial desaturation at rest was due to 
the desaturated venous return from the LSVC 
(saturation probably ~70%) mixing in the left 
atrium with the (fully saturated) pulmonary 
venous return. The resulting mixture of satu-
rated and desaturated blood had a saturation of 
90%, entered the left ventricle, and then was 
pumped into the systemic arties. The unusual 
increase in saturations during exercise was 
probably due to the fact that, with treadmill 
exercise, the blood flow to the legs and the 
venous return from the legs to the inferior vena 
cava and right atrium increased dramatically 

(probably more than fivefold). The blood flow to 
the distribution drained by his LSVC (which is 
comprised primarily of the venous return from 
the left arm and left side of the brain), however 
remained relatively stable. The increased 
venous return to the right atrium was pumped to 
the lungs and then returned to the left atrium. 
There, it diluted out the desaturated LSVC 
blood to a greater extent than it did at rest. The 
saturation of the blood entering the left ventricle 
and being pumped to the systemic arteries was 
therefore higher than it was at rest.

This mild degree of right-to-left shunting 
probably had little effect upon the patient’s exer-
cise capacity. If a full cardiopulmonary exercise 
test had been performed, however, an elevated 
V̇E/V̇CO2 slope and/or low end-tidal pCO2 may 
have been detected.
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Table 34.13 Patient 34.13: physiology of an unusual 
right-to-left shunting. Selected data from exercise test

Stage
Heart rate 
(bpm)

Blood pressure 
(mmHg)

Oxygen 
saturation 
(%)

Rest 96 88/58 90
Stage 1 123 100/54 93
Stage 2 127 104/54 95
Stage 3 155 97
Peak 187 97
Recovery 1:00 139 112/60 94
Recovery 3:00 94 94
Recovery 5:00 92 93
Recovery 7:00 99 84/54 91
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Patients with Significant Lung 
Disease

Jonathan Rhodes

 Case 35.1: Hypoplastic Left Lung

The patient was an 11-year-old boy who initially 
presented for evaluation on account of a history of 
recurrent pneumonias and a chest X-ray that 
revealed the heart to be shifted slightly to the left. A 
chest computed tomography (CT) scan revealed left 
pulmonary vein atresia and a hypoplastic left pul-
monary artery. Increased septal markings and pleu-
ral thickening were noted throughout the left lung, 
consistent with chronic pulmonary edema. The left 
lung was somewhat hypoplastic, and there was 
some compensatory hypertrophy of the right lung. 
The central trachea and primary bronchi appear to 
be normal in caliber. A lung perfusion scan revealed 
that his left lung received only 4% of the total pul-
monary blood flow. An echocardiogram revealed 
normal intracardiac anatomy. The left pulmonary 
veins were atretic and the left pulmonary artery was 
mildly hypoplastic. There was mild tricuspid regur-
gitation with a peak gradient of 20 mm Hg, indicat-
ing that pulmonary hypertension was not present. 
There was bidirectional flow in the left pulmonary 
artery. The right pulmonary artery and veins were 
widely patent, with a normal flow. The ventricular 

function was good. Clinically, the patient com-
plained of mild exercise intolerance but was other-
wise asymptomatic. His physical examination was 
notable only for mildly reduced breath sounds on 
the left. He was referred for an exercise test to fur-
ther assess his cardiopulmonary status (Table 35.1).
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Table 35.1 Patient 35.1: hypoplastic left lung. Selected 
data from cardiopulmonary exercise test

Parameter Value
Peak V

. 
O2 (ml/kg/min) 42.8

PeakV
. 

O2 (%predicted) 96
Peak work rate (W) 120
Peak work rate (%predicted) 98
Peak RER 1.11
Peak O2 pulse (%predicted) 111
Peak heart rate (bpm) 169
Peak heart rate (%predicted) 88
V
. 

O2 at VAT (% of predicted peak V
. 

O2) 55
End-tidal pCO2 at VAT (mm Hg) 36
End-tidal pCO2 during exercise Low
V
. 

E/V
. 

CO2 slope 37
Forced vital capacity (%predicted) 75
FEV1 (%predicted) 73
FEF 25–75 (%predicted) 64
Breathing reserve (%) 5
Baseline arterial O2 saturation (%) 99
Post-exercise arterial O2 saturation (%) 98
Rhythm Sinus rhythm 

throughout 
study

Blood pressure response Normal

RER respiratory exchange ratio, bpm beats per minute, 
VAT ventilatory anaerobic threshold, FEV1 volume 
exhaled in the first second of forced expiration, FEF 
forced expiratory flow
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The CPET was performed on a cycle ergome-
ter with a 15 W/min ramp. His peak respiratory 
exchange ratio was 1.11, indicating that exercise 
was terminated near his cardiovascular limit. His 
peak V

. 
O2, work rate, and oxygen pulse were nor-

mal, as was his V
. 

O2 at the ventilator anaerobic 
threshold. A mild restrictive-obstructive pattern 
was present on his baseline spirometry. No sig-
nificant change was detected on post-exercise 
spirometry. His V

. 
E/V

. 
CO2 slope was elevated 

(Fig.  35.1, left middle panel), and his end-tidal 
pCO2 during exercise was low (Fig.  35.1, right 
lower panel). His arterial oxygen saturation 
remained normal throughout the study. Exercise 
was terminated due to leg fatigue.

The patient’s ability to achieve normal peak 
exercise parameters was probably a reflection of 
the fact that his right lung, and its vascular bed, 
had grown to compensate for the hypoplastic  
left lung. He was therefore able to lower his 

Fig. 35.1 Nine-panel graph of data from cardiopulmo-
nary exercise test from patient 35.1: hypoplastic left lung. 
Abbreviations: AT ventilator anaerobic threshold, BTPS 
body temperature and pressure, saturated, Exer exercise; 

PETCO2 end-tidal pCO2, PETO2 end-tidal pO2, Rec 
recovery, RER respiratory exchange ratio,V ĊO2 carbon 
dioxide production, V Ė minute ventilation, V Ȯ2 oxygen con-
sumption, V Ȯ2/HR oxygen pulse
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 pulmonary vascular resistance and increase his 
cardiac output appropriately during exercise. His 
left lung, however, did not participate signifi-
cantly in gas exchange and was essentially “dead 
space.” Consequently, he had to breathe more to 
adequately increase his alveolar ventilation, and 
his V

. 
E/V

. 
CO2 slope was therefore elevated. In addi-

tion, the pCO2 of the air that was expired from his 
left lung was low (i.e., virtually equivalent to 
room air, because the left lung received virtually 
no blood flow and did not participate in gas 
exchange). When this air mixed with the air exit-
ing the right lung, it diluted the CO2 and lowered 
the end-tidal pCO2. The low breathing reserve 
suggests that this patient, unlike most normal 
individuals and most cardiac patients, may have 
been limited by respiratory factors as well as, or 
as much as, cardiovascular factors at peak 
exercise.

 Case 35.2: Interstitial Lung Disease

The patient was a 10-year-old boy with neuroen-
docrine hyperplasia of infancy (NEHI), a rare 
form of interstitial lung disease characterized by 
persistent tachypnea, hypoxia, retractions, and 
respiratory crackles. Radiographic studies typi-
cally reveal hyperinflation, increased interstitial 
markings, and ground-glass densities. When lung 
biopsy samples are subjected to immunostaining 
with antibodies to neuroendocrine cell products, 
increased bombesin staining is observed. The 
lung disease tends to improve over time [1]. This 
patient had all of the classical features of the con-
dition and also had a lung biopsy that was consis-
tent with the diagnosis. He referred for an 
exercise test to further assess his current cardio-
pulmonary status. At the time of the exercise test, 
he reported mild dyspnea on exertion but was 
otherwise asymptomatic. He was maintained 
only on bronchodilator therapy.

The exercise test was performed on a treadmill 
using the standard Bruce protocol (Table  35.2 
and Fig. 35.2). Although he appeared to expend a 
good effort, the patient’s respiratory exchange 
ratio at peak exercise was only 0.88. He stopped 
exercising due to dyspnea. His endurance time 

and peak V
. 

O2 were quite low. It was not possible 
to identify the ventilatory anaerobic threshold. 
Both the peak heart rate and peak oxygen pulse 
were low. His end-tidal pCO2 rose progressively 
during exercise (Fig. 35.2, lower right panel). His 
V
. 

E/V
. 

CO2 slope, however, was normal. His baseline 
arterial oxygen saturation was 91%. It fell pro-
gressively during exercise, reaching a nadir of 
80%. His baseline spirometry revealed a 
moderate- severe restrictive/obstructive pattern, 
which worsened significantly post-exercise. His 
breathing reserve at peak exercise was 37% 
(based upon his post-exercise spirometric mea-
surements). Pre- and post-exercise echocardiog-
raphy were also performed. No evidence of 
pulmonary hypertension or an intracardiac shunt 
was detected. The ventricular function was 
normal.

The low peak-exercise respiratory exchange 
ratio indicates that the patient did not stop 

Table 35.2 Patient 35.2: interstitial lung disease. 
Selected data from cardiopulmonary exercise test

Parameter Value
Peak V

. 
O2 (ml/kg/min) 19.7

Peak V
. 

O2 (%predicted) 54
Endurance time (%ile) <10th
Peak RER 0.88
Peak O2 pulse (%predicted) 69
Peak heart rate (bpm) 166
Peak heart rate (%predicted) 79
Peak respiratory rate (breaths/min) 34
Peak tidal volume (%FVC) 48
Breathing reserve (%) 36.7a

V
. 

O2 at VAT (% of predicted peak V
. 

O2) Indeterminate
End-tidal pCO2 at peak exercise  
(mm Hg)

49

V
. 

E/V
. 

CO2 slope 23
Pre-forced vital capacity (%predicted) 59
Pre-FEV1 (%predicted) 56
Pre-FEF 25–75 (%predicted) 48
Post-forced vital capacity (%predicted) 49
Post-FEV1 (%predicted) 43
Post-FEF 25–75 (%predicted) 21
Baseline arterial O2 saturation (%) 91
Peak-exercise arterial O2 saturation (%) 80
Rhythm Sinus rhythm 

throughout 
study

Blood pressure response Normal
aBased upon post-exercise spirometric measurements
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 exercising on account of a cardiovascular limita-
tion. Rather, it is likely that pulmonary factors, 
which caused him to become hypoxic and retain 
CO2, were responsible for the termination of exer-
cise. Although he undoubtedly had significant air-
way disease (which worsened with exercise), he 
had an ample breathing reserve at peak exercise. 
This observation may indicate that impaired gas 
transport across the alveolar-capillary membrane, 
rather obstructive lung disease, was the primary 
factor responsible for his poor exercise perfor-
mance. Moreover, isolated obstructive lung dis-
ease would not typically produce this degree of 

hypoxemia, unless it was associated with signifi-
cant atelectasis and/or areas with extremely low 
ventilation/perfusion ratios. The obstructive lung 
disease was, however, probably responsible for 
“pseudonormalization” of the V

. 
E/V

. 
CO2 slope. In 

the presence of an isolated impairment of alveolar- 
capillary gas exchange, the V

. 
E/V

. 
CO2 slope would 

be expected to be elevated. However, the obstruc-
tive lung disease caused the patient’s minute ven-
tilation to be depressed out of proportion to his 
CO2 production, because CO2 retention raised the 
pCO2 of the air he exhaled and thereby main-
tained his CO2 excretion.

Fig. 35.2 Nine-panel graph of data from cardiopulmonary exercise test from patient 35.2: interstitial lung disease
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The patient’s arterial oxygen desaturation was 
probably primarily due to diffusion impairment 
across the alveolar-capillary membrane, which 
resulted in pulmonary venous desaturation (i.e., 
there was an intrapulmonary physiologic right- 
to- left shunt). The desaturation worsened with 
exercise because the flux across the alveolar cap-
illary membrane was limited and, as the blood 
flow to the alveolar capillaries increased, the 
blood exiting the capillaries became more and 
more desaturated. In addition, increased periph-
eral oxygen extraction caused the blood entering 
the capillaries during exercise to be more desatu-
rated (compared to rest). Hence, to achieve nor-
mal post-alveolar oxygen saturations, more 
oxygen had to be transferred to each unit of 
blood. Consequently, the blood exiting the alveo-
lar capillaries (i.e., the pulmonary venous blood) 
was more likely to have a low oxygen saturation.

The low oxygen pulse at peak exercise, despite 
the normal stress echocardiographic study, is 
probably explained by the fact that the patient 
was unable to exercise beyond (or perhaps even 
up to) the anaerobic threshold. Hence, the lactic 
acidosis that normally assists in the extraction of 
oxygen from hemoglobin (via the Bohr effect) at 
higher levels of exercise had not developed, and 
the saturation of the systemic venous blood 
returning to the right atrium was higher than nor-
mal. In addition, the patient’s low arterial oxygen 
saturation caused the oxygen pulse to underesti-
mate the stroke volume at peak exercise.

 Case 35.3: Pulmonary Alveolar 
Proteinosis

The patient was a 15-year-old adolescent who 
was diagnosed with idiopathic pulmonary alveo-
lar proteinosis when he was 11  years old. This 
diagnosis was made when he presented with a 
2-year history of recurrent pneumonias and per-
sistent, diffuse opacities on chest X-rays. 
Ultimately a lung biopsy was performed and 
revealed filling of the alveolar air spaces with 
granular eosinophilic material and cholesterol 
clefts—findings that established the diagnosis. 
He was managed thereafter with periodic whole 

lung lavage treatments, nighttime bilevel positive 
airway pressure (BiPAP) with supplemental oxy-
gen, and various bronchodilator nebulizers and 
inhalers. He remained fairly stable on this regi-
men. Echocardiograms had documented normal 
cardiac anatomy and function and no evidence of 
pulmonary hypertension or intracardiac shunts. 
At the time of his evaluation, he had no symp-
toms at rest but did complain of shortness of 
breath with exertion. (He was nevertheless able 
to play baseball on his school’s team!) A CPET 
was obtained (Table 35.3 and Fig. 35.3) to further 
characterize his cardiopulmonary function. A 
cycle ergometer with an 18  W/min  ramp was 
employed for the study.

The patient’s peak V
. 

O2 and peak work rate 
were low. However, the RER at peak exercise 

Table 35.3 Patient 35.3: pulmonary alveolar proteinosis. 
Selected data from cardiopulmonary exercise test

Parameter Value
Peak V

. 
O2 (ml/kg/min) 24.8

Peak V
. 

O2 (%predicted) 61
Peak work rate (W) 101
Peak work rate (%predicted) 58
Peak RER 1.06
Peak O2 pulse (%predicted) 76
Peak heart rate (bpm) 153
Peak heart rate (%predicted) 76
Peak respiratory rate (breaths/min) 46
Peak tidal volume (%FVC) 36
Breathing reserve (%) 47a

V
. 

O2 at VAT (% of predicted peak V
. 

O2) 41
End-tidal pCO2 at peak exercise 
(mm Hg)

48

V
. 

E/V
. 

CO2 slope 24
Pre-forced vital capacity (%predicted) 67
Pre-FEV1 (%predicted) 72
Pre-FEV1/FVC (%) 92
Pre-FEF 25–75 (%predicted) 73
Post-forced vital capacity (%predicted) 69
Post-FEV1 (%predicted) 64
Post-FEV1/FVC (%) 79
Post-FEF 25–75 (%predicted) 48
Baseline arterial O2 saturation (%) 88
Peak-exercise arterial O2 saturation (%) 78
Rhythm Sinus rhythm 

throughout 
study

Blood pressure response Normal
aBased upon post-exercise spirometric measurements
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was only 1.06, suggesting that exercise was not 
terminated on account of cardiovascular factors. 
The low heart rate at peak exercise supports this 
conjecture. Arterial desaturation was present at 
rest and worsened significantly during exercise. 
Significant CO2 retention was present at peak 
exercise (Fig.  35.3, lower right panel), and the 
expected decline in the end-tidal pCO2 at higher 
levels of exercise (which would reflect the com-
pensatory respiratory alkalosis that should 
develop in response to the lactic acidosis that 

accumulates at exercise intensities above the 
anaerobic threshold) was not observed. These 
findings suggest that it was respiratory factors 
that caused the patient to stop exercising. The V

. 
O2 

and work rate at peak exercise were low, but the 
V
. 

O2 at the anaerobic threshold was low-normal. 
The oxygen pulse at peak exercise was also 
mildly depressed. The heart rate increase during 
exercise was appropriate for the level of V

. 
O2 

(Fig.  35.3, middle panel). The tidal volume at 
peak exercise was low and actually declined at 

Fig. 35.3 Nine-panel graph of data from cardiopulmonary exercise test from patient 35.3: pulmonary alveolar 
proteinosis
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higher levels of exercise (Fig.  35.3, lower left 
panel). The V

. 
E/V

. 
CO2 slope was normal. His base-

line spirometry revealed a mild restrictive/
obstructive pattern. The obstructive component 
worsened considerably post-exercise.

The patient’s arterial oxygen desaturation was 
probably due primarily to diffusion impairment 
across the alveolar-capillary membrane, which 
resulted in pulmonary venous desaturation (i.e., 
there was an intrapulmonary physiologic right- 
to- left shunt). The desaturation worsened with 
exercise because the oxygen flux across the dis-
eased alveolar-capillary membrane was limited 
and, as the blood flow to the alveolar capillaries 
increased, the blood exiting the capillaries 
became more and more desaturated. In addition, 
increased peripheral oxygen extraction caused 
the blood entering the alveolar capillaries during 
exercise to be more desaturated (compared to 
rest). Hence, to achieve normal post-alveolar 
oxygen saturations, more oxygen had to be trans-
ferred to each unit of blood. Consequently, the 
blood leaving the alveolus was more likely to 
have a low oxygen saturation.

The patient also developed significantly more 
airway obstruction during exercise. This phe-
nomenon was reflected by the more severe 
obstructive pattern on his post-exercise spirome-
try. The low tidal volume at peak exercise, and 
the decline in tidal volume during exercise, was 
probably due to air trapping secondary to the air-
way obstruction. The airway obstruction, as well 
as diffusion impairment across the alveolar- 
capillary membrane, probably contributed to the 
CO2 retention during exercise. Ventilation/perfu-
sion mismatch with areas of atelectasis or very 
low ventilation/perfusion ratios may also have 
contributed to the patient’s hypoxemia. The 
unexpectedly normal V

. 
E/V

. 
CO2 slope was probably 

due to “pseudonormalization” due to the coexis-
tent obstructive lung disease, rather than the 
absence of interstitial lung disease and/or ventila-
tion/perfusion mismatch (the obstructive lung 
disease caused the patient’s minute ventilation to 
be depressed out of proportion to his CO2 pro-
duction, because the CO2 retention raised the 
pCO2 of the air he exhaled and thereby main-
tained his CO2 excretion). The fact that the patient 

had a substantial breathing reserve when he ter-
minated exercise suggests that the impairment of 
gas exchange across the alveolar-capillary mem-
brane, rather than the obstructive physiology, was 
the primary factor responsible for his exercise 
limitation.

Because the patient terminated exercise on 
account of respiratory factors, his peak exercise 
parameters probably did not reflect the true 
 capabilities of his cardiovascular system. The 
fact that his anaerobic threshold was (low) nor-
mal and that the oxygen pulse when exercise was 
terminated was only mildly depressed, despite 
the arterial desaturation, suggest that the patient’s 
cardiovascular function was probably fairly well 
preserved. Certainly, the low oxygen saturation 
caused the oxygen pulse to underestimate the 
stroke volume at peak exercise. Moreover, it is 
likely that the oxygen pulse would have been 
higher if he had exercised longer and developed a 
more profound lactic acidosis, which, via the 
Bohr effect, would have promoted the extraction 
of oxygen from hemoglobin.

 Case 35.4: Repaired Tetralogy 
of Fallot with Undiagnosed  
Vascular Ring

The patient was an 18-year-old adolescent male 
who had undergone a transannular repair of 
tetralogy of Fallot when he was an infant. He pre-
sented for evaluation on account of dyspnea on 
exertion. His echocardiogram revealed mild- 
moderate tricuspid regurgitation with a peak gra-
dient of 50 mm Hg, free pulmonary regurgitation, 
and right ventricular dilation with moderate sys-
tolic dysfunction. A CPET was obtained to fur-
ther assess his current status (Table  35.4 and 
Fig.  35.4a). A cycle ergometer with a 25  W/
min ramp was employed.

The patient stopped exercising on account of 
dyspnea/dry throat. His peak RER was only 1.07, 
suggesting that the exercise test was not termi-
nated on account of a cardiovascular limitation. 
Consistent with this conjecture was the observa-
tion that his peak heart rate was also slightly low. 
Despite this, his peak V

. 
O2 and peak work rate 
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were only mildly depressed and his V
. 

O2 at the 
VAT was low normal. His peak-exercise oxygen 
pulse was also in the normal range. His end-tidal 
pCO2 rose progressively during exercise, reach-
ing a maximum of 51  mm  Hg. The expected 
decline in end-tidal pCO2, reflecting the compen-
satory respiratory alkalosis that should develop 
in response to the lactic acidosis that accumu-
lates at exercise intensities above the anaerobic 
threshold, was not observed (Figure 35.4a, bot-
tom right panel). His baseline spirometry 
revealed an unusual pattern, with disproportion-
ately low peak expiratory flow rates, consistent 

with large airway obstruction. No significant 
change was detected post-exercise (Fig. 35.4b). 
Following the CPET, a cardiac MRI was per-
formed, which revealed severe pulmonary regur-
gitation (regurgitation fraction 49%), moderate 
tricuspid regurgitation (regurgitation fraction 
35%), and a severely dilated RV (end-diastolic 
volume 212 ml/m2) with only mildly depressed 
systolic function (ejection fraction 43%). His 
pulmonary blood flow distribution was normal. 
In addition, a vascular ring formed by a double 
aortic arch (unobstructed right aortic arch and a 
left aortic arch with an atretic segment between 
the left subclavian artery and a diverticulum pro-
truding from the leftward aspect of the descend-
ing aorta) was seen, causing moderate tracheal 
compression.

The patient therefore had coexistent (resid-
ual) cardiovascular disease and tracheal 
obstruction. The tracheal obstruction impaired 
his ventilatory response to exercise (his V

. 
E/V

. 
CO2 

slope was unusually low, probably because he 
could not raise his minute ventilation normally) 
and caused him to retain CO2. This factor, as 
much or more than the residual cardiovascular 
disease, probably accounted for his dyspnea 
with exercise. Indeed, the fact that V

. 
O2 at the 

VAT and his oxygen pulse at peak exercise were 
normal and his peak work rate and V

. 
O2 were 

only mildly depressed—despite the fact that he 
did not terminate exercise on account of a car-
diovascular limitation—implied that his cardio-
vascular function was not significantly 
compromised. It is likely that his unobstructed 
pulmonary arteries and healthy pulmonary vas-
cular bed mitigated the hemodynamic effects of 
his incompetent pulmonary and tricuspid valves 
(see Chap. 14).

Following this CPET, he underwent surgery to 
release the vascular ring and replace the pulmo-
nary valve. A subsequent CPET study revealed 
improvement in his exercise function and CO2 
retention during exercise (Table  35.4 and 
Fig.  35.4c). The expected decline in end-tidal 
pCO2 at higher levels of exercise was now pres-
ent (Fig. 35.4c, bottom right panel). Significantly, 
he was now able to achieve a peak RER of 1.23, 
suggesting that exercise was terminated on 

Table 35.4 Patient 35.4: repaired tetralogy of Fallot with 
undiagnosed vascular ring. Selected data from cardiopul-
monary exercise tests

Parameter Pre-Op Post-Op
Peak V

. 
O2 (ml/min) 2315 2635

Peak V
. 

O2 (%predicted) 78 84
Peak work rate (W) 200 220
Peak work rate (%predicted) 85 94
Peak RER 1.07 1.23
Peak O2 pulse (%predicted) 91 95
Peak heart rate (bpm) 161 155
Peak heart rate (%predicted) 86 86
Peak respiratory rate (breaths/min) 26 29
Peak minute ventilation (l/min) 54.5 77.0
Peak tidal volume (%FVC) 47 71
Breathing reserve (%) 31 28
V
. 

O2 at VAT  
(% of predicted peak V

. 
O2)

42 42

End-tidal pCO2 at peak exercise 
(mm Hg)

51 45

V
. 

E/V
. 

CO2 slope 20 21
Pre-forced vital capacity 
(%predicted)

85 79

Pre-FEV1 (%predicted) 63 72
Pre-FEV1/FVC (%) 74 93
Pre-FEF 25–75 (%predicted) 51 59
Pre-FEF max (%predicted) 37 51
Post-forced vital capacity 
(%predicted)

78

Post-FEV1 (%predicted) 63
Post-FEV1/FVC (%) 80
Post-FEF 25–75 (%predicted) 48
Post-FEF max (%predicted) 39
Baseline arterial O2 saturation (%) 99
Peak-exercise arterial O2  
saturation (%)

99

Rhythm Sinus
Blood pressure response Normal
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a

Fig. 35.4 (a) Nine-panel graph of data from cardiopul-
monary exercise test from patient 35.4: Repaired tetralogy 
of Fallot with undiagnosed vascular ring. (b) Preoperative 
post-exercise spirometric measurements. (c) Nine-panel 
graph of data from cardiopulmonary exercise test follow-

ing surgery to release the vascular ring and replace the 
pulmonary valve. (d) Postoperative spirometric measure-
ments. Note that the expiratory flow values at high lung 
volumes are significantly reduced. This pattern is consis-
tent with large airway (e.g., tracheal) obstruction

35 Patients with Significant Lung Disease



314

b

c

Fig. 35.4 (continued)
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account of a cardiovascular, rather than a respira-
tory limitation. In addition, his minute ventilation 
at peak exercise was significantly higher than it 
had been preoperatively. Although his spiromet-
ric measurements remained abnormal 
(Fig.  35.4d), they were significantly improved 
compared to preoperative measurements, with a 
38% increase in peak expiratory flow rate.

 Case 35.5: “Repaired” Pulmonary 
Artery Sling/Obstructive Lung 
Disease

The patient was a 14-year-old adolescent  
who had undergone repair of a left pulmonary 
artery sling and tracheal stenosis when he was a 

 neonate. He also had a hypoplastic right lung. 
Postoperatively, he was followed with a degree 
of residual airway obstruction, mild scoliosis, 
and mild pulmonary hypertension that gradually 
improved over time. At the time of his evalua-
tion, he denied significant cardiopulmonary 
symptoms. He felt that his exercise capacity was 
good, albeit not quite as good as his peers. His 
echocardiogram revealed mild residual left pul-
monary artery stenosis. His ventricular function 
was normal and there was no evidence of pulmo-
nary hypertension. A lung perfusion scan 
revealed that his left lung received 76% and right 
lung 24% of the total pulmonary blood flow. An 
exercise test (Table 35.5 and Fig. 35.5) was per-
formed to further assess his current cardiopul-
monary status.

d

Fig. 35.4 (continued)
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A cycle ergometer with a 20 W/min ramp was 
used for the study. The respiratory exchange ratio 
at peak exercise was 1.13, indicating that a good 
effort was expended. He stopped exercising due 
to shortness of breath. His peak V

. 
O2, peak oxy-

gen pulse, and V
. 

O2 at the ventilatory anaerobic 
threshold were somewhat depressed. His peak 
heart rate was normal, but his heart rate increase 
relative to his V

. 
O2 was somewhat excessive 

(Fig. 35.5, middle panel). His V
. 

E/V
. 

CO2 was nor-

mal. His end- tidal pCO2 tended to be high, and 
the expected decline in end-tidal pCO2 at higher 
levels of exercise (to compensate for the lactic 
acidosis that accumulates above the anaerobic 
threshold) was not observed. Moreover, his 
tidal volume at peak exercise was slightly low, 
and his breathing reserve was quite low. His 
pre-exercise spriometry revealed a severe 
obstructive pattern; there was a modest 
improvement post-exercise. His arterial oxygen 
saturation remained normal (99%) throughout 
the study.

The low breathing reserve and elevated end- 
tidal pCO2 at peak exercise indicated that the 
patient’s exercise function was probably limited 
by respiratory as well as cardiovascular factors. 
The severe obstructive pattern on baseline and 
post-exercise spirometry, as well as the low 
tidal volume at peak exercise, were consistent 
with obstructive lung disease with probable air 
trapping. The low peak work rate, peak V

. 
O2, 

peak stroke volume (as reflected by the peak 
oxygen pulse), and ventilatory anaerobic thresh-
old were also consistent with residual cardio-
vascular disease. The excessive heart rate 
increase was likely a compensatory autonomic 
response to the low stroke volume during exer-
cise. Based upon the patient’s clinical history, it 
is tempting to speculate that his pulmonary vas-
cular bed remained abnormal, and that although 
his resting pulmonary artery pressures were 
normal, his pulmonary vascular resistance did 
not fall appropriately with exercise. Exercise-
induced pulmonary hypertension may have 
therefore been present and could have accounted 
for the patient’s poor aerobic function. A stress 
echocardiogram would have been helpful in this 
regard, but, unfortunately, this study was not 
obtained.

Table 35.5 Patient 35.5: “repaired” pulmonary artery 
sling/obstructive lung disease. Selected data from cardio-
pulmonary exercise test

Parameter Value
Peak V

. 
O2 (ml/kg/min) 35.6

Peak O2 (%predicted) 72
Peak work rate (W) 158
Peak work rate (%predicted) 72
Peak RER 1.13
Peak O2 pulse (%predicted) 73
Peak heart rate (bpm) 187
Peak heart rate (%predicted) 98
Peak respiratory rate (breaths/min) 42
Peak tidal volume (%FVC) 42
Breathing reserve (%) −19
V
. 

O2 at VAT (% of predicted peak V
. 

O2) 31
End-tidal pCO2 at peak exercise (mm Hg) 47
V
. 

E/V
. 

CO2 slope 23
Pre-forced vital capacity (%predicted) 76
Pre-FEV1 (%predicted) 32
Pre-FEV1/FVC (%) 36
Pre-FEF 25–75 (%predicted) 11
Post-forced vital capacity (%predicted) 79
Post-FEV1 (%predicted) 34
Post-FEV1/FVC (%) 37
Post-FEF 25–75 (%predicted) 15
Baseline arterial O2 saturation (%) 99
Peak-exercise arterial O2 saturation (%) 99
Rhythm Sinus
Blood pressure response Normal
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 Case 35.6: Bronchiolitis Obliterans

The patient was a 10-year-old boy who developed 
bronchiolitis obliterans, following an episode of 
mycoplasma pneumonia complicated by Stevens–
Johnson Syndrome when he was 4 years old. The 
condition was diagnosed on the basis of his clini-
cal picture (chronic respiratory distress and dys-
pnea on exertion, bilateral crackles on auscultation 
of his chest), chest X-ray evidence of hyperinfla-

tion, and a high-resolution chest CT scan that 
revealed radiologic findings (diffuse bronchial 
wall thickening, bronchiectasis, ill- defined areas 
of ground-glass opacity throughout the lung paren-
chyma) that were classic for this condition. 
Previous pulmonary function tests had revealed a 
severe obstructive pattern, which improved slightly 
over the years but remained quite abnormal. 
Echocardiograms had never detected evidence of 
pulmonary hypertension or intracardiac shunts. 

Fig. 35.5 Nine-panel graph of data from cardiopulmonary exercise test from patient 35.5: “repaired” pulmonary artery 
sling/obstructive lung disease
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The exercise test was obtained to further assess his 
current cardiopulmonary status (Table  35.6 and 
Fig.  35.6). At the time of the exercise test, the 
patient claimed to have normal exercise capacity 
and to be asymptomatic.

The exercise test was performed on a tread-
mill, using the standard Bruce protocol. His pre- 
exercise spirometry revealed a severe obstructive 

pattern. His respiratory exchange ratio at peak 
exercise was low. His peak heart rate, however, 
was normal. His endurance time and peak- 
exercise oxygen pulse were in the normal range, 
and his peak V

. 
O2 was only mildly depressed. His 

anaerobic threshold was normal. His breathing 
reserve and tidal volume at peak exercise were 
low. His end-tidal pCO2 was elevated, especially 
at higher levels of exercise. He also developed 
mild arterial oxygen desaturation at higher levels 
of exercise. His V

. 
E/V

. 
CO2 was normal. Post- 

exercise spirometry was similar to the baseline 
study.

The low peak-exercise respiratory exchange 
ratio suggests that exercise was not terminated on 
account of a cardiovascular limitation. The low 
breathing reserve and the CO2 retention at peak 
exercise, however, are consistent with a respira-
tory limitation. This conclusion is supported by 
the patient’s clinical history and the spirometric 
measurements, as well as the low tidal volume at 
peak exercise (consistent with air trapping). 
Indeed, the patient’s cardiovascular response to 
exercise appeared to be remarkably well pre-
served. The arterial desaturation during exercise 
probably resulted from perfusion of alveoli that 
received little or no aeration secondary to the 
severe small airway disease. The saturation of the 
blood leaving these alveoli would be low, and the 
consequent pulmonary venous desaturation 
would result in systemic arterial desaturation. 
The normal V

. 
E/V

. 
CO2 was probably the result of 

“pseudonormalization,” i.e., ventilation/perfu-
sion mismatch coexisting with significant 
obstructive lung disease.

Table 35.6 Patient 35.6: bronchiolitis obliterans. 
Selected data from cardiopulmonary exercise test

Parameter Value
Peak V

. 
O2 (ml/kg/min) 35.1

Peak V
. 

O2 (%predicted) 82
Endurance time (%ile) 25–50th
Peak RER 1.03
Peak O2 pulse (%predicted) 86
Peak heart rate (bpm) 200
Peak heart rate (%predicted) 95
Peak respiratory rate (breaths/min) 31
Peak tidal volume (%FVC) 35
Breathing reserve (%) 19
V
. 

O2 at VAT (% of predicted peak V
. 

O2) 59
End-tidal pCO2 at peak exercise (mm Hg) 47
V
. 

E/V
. 

CO2 slope 23
Pre-forced vital capacity (%predicted) 79
Pre-FEV1 (%predicted) 39
Pre-FEV1/FVC (%) 44
Pre-FEF 25–75 (%predicted) 15
Post-forced vital capacity (%predicted) 73
Post-FEV1 (%predicted) 39
Post-FEV1/FVC (%) 47
Post-FEF 25–75 (%predicted) 15
Baseline arterial O2 saturation (%) 96
Peak-exercise arterial O2 saturation (%) 88
Rhythm Sinus
Blood pressure response Normal
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Fig. 35.6 Nine-panel graph of data from cardiopulmonary exercise test from patient 35.6: bronchiolitis obliterans
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 Appendix

 Prediction Equations and Other Useful Equations

 Peak Oxygen Consumption (Peak V̇O2)

For boys <18 yrs: Peak V̇O2 (ml/min) = 43.6 × Ht (cm) − 4547 [1]
For girls <18 yrs: Peak V̇O2 (ml/min) = 22.5 × Ht (cm) − 1838 [1]

(These are the most commonly used equations for pediatric patients. They are for cycle ergometry; 
add 7.5% for treadmill studies. These equations are inappropriate for children <130 cm tall)

For boys <18 yrs: Peak V̇O2 (ml/min) = 52.8 × Wt (kg) − 303 [2]
For girls <18 yrs: Peak V̇O2 (ml/min) = 28.5 × Wt (kg) + 288 [2]

(These equations are most appropriate for tall, thin children (BMI < 19.0). They are for cycle ergome-
try; add 8% for treadmill studies)

For boys <130 cm: Peak V̇O2 (ml/min) = 42 × (ideal bodyweight-for-height; kg) [1]
For boys <130 cm: Peak V̇O2 (ml/min) = 38 × (ideal bodyweight-for-height; kg) [1]

(These equations are most appropriate for children <130 cm tall. They are for cycle ergometry; add 
8% for treadmill studies)

For adult males: Peak V̇O2 (ml/min) = 34.5 × Ht (cm) − 28 × age (yrs) + 22 × Wt (kg) − 3760 [3]
For adult females: Peak V̇O2 (ml/min) = 24.9 × Ht (cm) − 18 × age (yrs) + 10 × Wt (kg) − 2260 [3]

(These equations are most appropriate for adults. They are for cycle ergometry; add 8% for treadmill 
studies)

For normal or overweight adult males:

Peak V̇O2 (L/min) = 0.0337 × Ht (cm) − 0.000165 × Age × Ht (cm) − 1.963 + 0.006 [Wt (kg) − (0.79 × Ht 
(cm)) − 60.7] [4]
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For underweight adult males:

Peak V̇O2 (L/min) = 0.0337 × Ht (cm) − 0.000165 × Age × Ht (cm) − 1.963 + 0.014 [Wt (kg) − (0.79 × Ht 
(cm)) − 60.7] [4]

For adult females:

Peak V̇O2 (L/min) = (0.001 × Ht × (14.783–0.11 × Age) + 0.006 [Wt − 0.65 × Ht − 42.8] [4]

(The above 3 alternative equations are for cycle; multiply by 1.11 for treadmill studies. Use age of 
30 yrs for adults younger than 30 yrs)

 Peak Heart Rate
Peak Heart Rate = 220 − Age (yrs); multiply by 0.925 for cycle, rather than treadmill, exercise.

 Peak Oxygen Pulse
Peak Oxygen Pulse (ml/beat) = (Predicted Peak V̇O2 (ml/min))/(Predicted Peak Heart Rate (bpm))

 Peak Work Rate (Pk WR)
Pk WR (Watts) = 2.64 × Ht (cm) − 1.55 × Age (yrs) + 0.91 × Wt (kg) − 40.6S – 256; S = 0 for males; 
S = 1 for females [5]

 Heart Rate Reserve (HRR)
HRR (bpm) = Peak HR (bpm) − Resting HR (bpm)

 Chronotropic Index
Chronotropic Index = 100 × (HRR)/(Predicted Peak HR − Resting HR)

 Maximum Voluntary Ventilation (MVV)
MVV = FEV1 × 40

 Breathing Reserve
Breathing Reserve = 100 × (MVV − Peak V̇E)/MVV

 V̇O2 at the Anaerobic Threshold (VAT)1

For boys <18 yrs: VAT (ml/min) = 22.6 × Ht (cm) − 2220 [1]
For girls <18 yrs: VAT (ml/min) = 12.5 × Ht (cm) − 968 [1]

1 For all subjects, the VAT should normally exceed 40% of the predicted peak VȮ2.
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A
AAIR programming, 237
Accelerated junctional rhythm, atrial undersensing, 237
Acquired coronary artery lesions, in children, 183, 184
Acquired heart disease, 49, 50
Activity and dietary counseling, 204
Acute ischemia, 181
Adenosine triphosphate (ATP), 3, 4, 9, 16
Adult cardiac rehabilitation programs, 203
Adult CHD, 201–203
Aerobic fitness, 202
Aerobic metabolism, 3, 16
Alveolar-capillary membrane, 311
Alveolar ventilation, 15, 65
Anaerobic metabolism, 3, 16, 17, 126

of glucose, 3, 4
Anaerobic threshold, 16, 17, 65
Anemia, 265, 266
Anomalous aortic origin of coronary artery (AAOCA), 

180, 182, 183
Anomalous origin of the left coronary artery from the 

pulmonary artery (ALCAPA), 182
Antegrade accessory pathway effective refractory period 

(APERP), 231
Anticipatory hyperventilation, 69
Anxiety related hyperventilation, 261, 262
Aortic arch hypoplasia, 125
Aortic insufficiency, 117
Aortic regurgitation (AR), 117–118
Aortic stenosis (AS), 117–119
Aortic valve disease, 210

anatomy, 117
aortic regurgitation, 117–118
aortic stenosis, 118, 119
clinical implications, 120, 121
exercise function, 119, 120
prototypical patient, 121–123

Aortic valve repair/replacement (AVR), 120
Arrhythmias, 45, 84, 135
Arrhythmogenic cardiomyopathies, 249–252
Arterial desaturation, 310
Arterial oxygen desaturation, 295
Arterial oxygen saturation, 8, 60, 61, 76, 302
Arterial switch operation (ASO), 139–142
Arterial switch procedure, 210, 289

Asthma, 269
Atherosclerotic coronary artery disease (CAD), 179
Atrial and ventricular arrhythmias, 242, 252
Atrial septal defect, 145
Atrial switch (Senning) procedure, 210, 236, 

289–291, 302
Atrioventricular block (AVB)

DDD and VVIR pacing modes, 238
definition, 237
dual-chamber devices, 238
dual-chamber pacing, 240
exercise testing, 237
first-degree AVB, 237
Mobitz 1 AVB, 237
Mobitz 2 AVB, 238
pathologic causes, 237
PR interval shortening, 237
rate-responsive pacing, 241
second-degree Mobitz 1 AVB, 237
third-degree AVB, 238
ventricular demand system, 238
VVI pacing and retrograde VA conduction,  

237, 238
Atrioventricular (AV) conduction, 236
Atrioventricular node disease, 5
Atrioventricular pathways, 228

B
Balloon atrial septostomy, 289
Balloon valvuloplasty procedure, 283
Bazet’s formula, 220
Bicycle ergometry, 235
Bidirectional Glenn shunt, 277, 279, 283, 284,  

292, 293
Bidirectional ventricular tachycardia, 246
Biochemistry of exercise

aerobic metabolism, 3
anaerobic metabolism, 4
ATP, 3
cardiopulmonary system, 4
glucose, anaerobic metabolism of, 3
lactic acid, 4
respiratory quotient, 3
skeletal muscle, 3
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Blalock–Taussig shunt, 283, 289, 295
Blalock-Taussig shunt-dependent circulations, 98
Blood pressure, 60
Blood sampling during exercise, 39, 40
Bohr effect, 311
Bradycardia

AVB, 237, 238, 240, 242
SND, 236, 237

Bronchiolitis obliterans, 317–319
Bruce treadmill protocol, 23–26, 48, 55, 136, 268, 307

with EKG and pulse oximetry monitoring, 303

C
Cardiac arrhythmia, 214, 217
Cardiac autonomic denervation in HT recipients, 195
Cardiac fitness program, 205
Cardiac output (CO), 6, 7, 9, 11, 13

measurement of
invasive methods, 39
noninvasive methods, 39

Cardiac rehabilitation
in adults with acquired cardiovascular disease, 201
Boston Children’s Hospital, 204, 205
cardiac risk factor modification, 203
cardiovascular risk factors, 201
clinical studies, 201
cognitive, social and emotional benefits, 202
components of, 203
economic cost reduction, 201
functional impairments, and comorbidities, 203
health benefits of exercise, 202
health care system barriers, 203
hemodynamic defects, 202
in Madrid, 206
morbidity and mortality, 201
outcome metrics, 203
oxygen pulse at peak exercise, 201
patient/community-related barriers, 203
perceived exercise function, 201
physical activity, 202
physician-prescribed exercise, 202–203
program’s inclusion criteria, 206
psychosocial assessment, 203
quality of life, 201
randomized trial, 202
reparative surgery, 202
self-esteem and emotional state, 201
social and emotional development, 202
structure and/or components, 203

Cardiac rehabilitation at Boston Children’s Hospital, 204
Cardiac transplant vasculopathy, 180
Cardiopulmonary exercise testing (CPET), 37, 40, 47, 

49, 53, 54, 69, 75–79, 99, 121, 204, 209, 277
CoA, 126–129
d-TGA, 140–143
Ebstein’s anomaly, 147–151
Fontan circulation, 100, 109–111
pediatric exercise laboratory, protocols, 24–26
pulmonary vascular disease, 156–158

repaired tetralogy of Fallot, 89, 90
TGA, 132, 134

Catecholaminergic polymorphic ventricular tachycardia 
(CPVT), 214, 246, 249, 252

Catecholaminergic ventricular tachycardia, 244, 247
Central hemodynamics and coronary blood flow, 12–14

diastolic blood pressure, 11
left-sided filling pressures, 11
pulmonary artery systolic pressure, 11
systolic blood pressure, 11

Cephalization of pulmonary blood flow, 68
Child-friendly aerobic training, 206
Chronic metabolic alkalosis, 263, 264
Chronic pulmonary regurgitation, 84
Chronotropic dysfunction, 76, 92, 106, 132
Chronotropic impairment, 290
Chronotropic incompetence, 57
Chronotropic insufficiency, 106, 286
Coarctation, 210
Coarctation of the aorta (CoA), 60

anatomy, 125
at Boston Children’s Hospital, 126, 127
clinical implications, 126
exercise function, 126
hemodynamics, 125
prototypical patient, 127, 128

CO2 elimination (VĊO2)
anaerobic threshold, 16, 17
dead space ventilation, 16
minute ventilation, 16
at peak exercise, 15
respiratory rate, 16
tidal volume, 16
VD/VT ratio, 16

Complex cyanotic congenital heart disease, 294–298
Complex/failing Fontan, 281–283
Congenital and cardiovascular disorders, characteristic 

abnormalities, 210
Congenital Cardiology Association’s prospective 

evaluation of syncope, 213
Congenital complete heart block (CCHB), 238, 240, 242, 

268, 269
Congenital heart disease (CHD), 43, 55, 67, 76–79, 246

adults, 203
co-morbidities, 49
exercise testing, 49, 50

pediatric, 203
Congenital/idiopathic complete heart block, 240
Congenital long QT syndrome (LQTS)

abnormal QT response, 221
beta-blocker therapy, 224
catecholaminergic stress with isoproterenol, 221
chronotropic response during exercise, 221, 222
clinical features, 224
diagnosis, 219, 220
EST protocols, 224
exercise stress testing, 220
genetically encoded abnormalities, cardiac ion 

channels/associated cellular proteins, 219
genetic analysis, 220, 221
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genotype-specific responses, 224
limited QT accommodation, 220
paradoxical QTc prolongation, 221
patient evaluation, 224
prolongation of depolarization, 220
prolonged QT interval, 219
QTc prolongation, 220
QTc shortening with exercise, 224
QT interval shortening, 222
QT response in recovery, 223
repolarization response, 224
resting EKG, 224
structural/functional anomalies, 221
T-wave morphological changes, 219
ventricular repolarization, 219
voltage-gated calcium channel stimulation, 220

Congenitally corrected transposition of great 
arteries, 131

Congenital/pediatric acquired heart disease, 204
Congestive heart failure (CHF), 67, 68, 118, 132
Coronary artery anomalies

anatomy, 179, 180
cardiac magnetic resonance image, 183
coronary origins, 182, 183

Coronary artery fistulae, 184
CPET, see Cardiopulmonary exercise testing (CPET)
Custom-designed home exercise videos, 205
Cyanotic congenital heart disease, 210

pre- and post-surgical repair, 298–303

D
Defective mitochondrial protein synthesis, 189
Diastolic blood pressure, 11, 60
Dilated cardiomyopathy (DCM), 210

beta blockers, 165
blood pressure response, 165
cardiopulmonary exercise test, 164, 166
electrocardiography monitoring, 165
exercise impairment, 164
exercise-related symptoms, 163
exercise testing, 165, 166
incidence, 163
metabolic demands, 163
oxygen consumption, exercise, 164
pathophysiology, 163
in prototypical patient, 166, 167
RAAS activation, 163
risk-stratification, 164
ventilatory abnormalities, 164

Distal aortic arch obstruction, 125
D-looped transposition of the great arteries (d-TGA), 

131, 133, 135, 236, 302
anatomy, 131, 139
Boston Children’s Hospital experience, 134, 140, 142
cardiopulmonary exercise test, 135
cardiopulmonary test data, 134
dobutamine stress imaging, 134
exercise function, 140
hemodynamics, 139

myocardial ischemia, 140
prototypical patient, 137, 142
superior vena cava baffle stenosis, 133
venous limitation, 132

Doppler echocardiography, 60, 125, 126
d-TGA, see D-looped transposition of the great arteries 

(d-TGA)
d-transposition of the great arteries, progressive right 

ventricular dysfunction, 289–291
Dual-chamber epicardial pacemaker, 292
Dual-chamber pacing, 241
Dual-chamber rate-modulated (DDDR) pacemaker, 

238, 286
Dyssynchrony, 30

E
Ebstein’s anomaly, 210

at Boston Children’s Hospital, 147–149
characterization of, 145
clinical implications, 147
exercise function, 146, 147
hemodynamics, 145
prototypical patient, 148, 149

Ebstein severity grade, 146
Ectopy in outflow tract ventricular tachycardia, 245
Eisenmenger’s syndrome, 302
Electrocardiogram (ECG) prepping procedures, 48
End-expiratory lung volume (EELV), 37, 38
End-inspiratory lung volume (EILV), 37, 38
End-tidal pCO2, 69, 70, 77, 136, 156, 159
Endurance time, 24, 55, 56, 75
Exercise-associated syncope, classification, 
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