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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 O, 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 CO, (through the buffering of lactic acid
by bicarbonate) but does not consume O,, during
a progressive exercise test, the ventilatory anaer-
obic threshold (VAT) is marked by an increase in
Vo, out of proportion to the associated increase
in Vg,. This phenomenon can be detected by
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expiratory gas analysis. The Vo, 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 VCOZ is plotted vs. Voz, an
inflection point is observed at the VAT, reflecting
the disproportionate increase in Vcoz 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 Voz (the VE/VOZ ratio) begins to
increase, while the VE/VCO2 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 (VA, which is
the dominant component of V) increases in pro-
portion with VCOQ. Hence, if Vcoz increases due
to anaerobic metabolism, VE increases in parallel
and the VE/VCO2 ratio does not change. (The VE/
Veos 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 Voz
does not increase as rapidly as the Veo beyond
the VAT, the VE/VOZ 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 VE/Vm and the
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Fig. 12.1 Methods for determining the ventilator anaero-
bic threshold (VAT). (a) When Ve, is plotted vs. Voo, an
inflection point is observed at the VAT. (b) The ratio of
minute ventilation over Vg, (the Vi/V, ratio) begins to
increase, while the Vig/Veo, ratio is flat or declining. (c)
End-tidal pO, reaches a minimum and begins to rise.
Figure (c) also depicts a typical end-tidal pCO, vs. time
curve during a progressive exercise test. After some initial
anticipatory hyperventilation, when the end-tidal pCO, is
somewhat less than 40 mm Hg, the end-tidal pCO, rises to
~40 mm Hg (prior to the VAT). It remains at that level

VE/ch ratios, and the VAT, which is character-
ized by an increase in the VE/V02 ratio but not the
Vi/Veos ratio [3]. Finally, the VAT may also be
identified as the point in time when the end-tidal
pO, begins to rise. Once again, this phenomenon
arises because the increased VA associated with
the VAT brings more air (and oxygen) per time
interval into the alveolus. Since the VOZ does not
increase as much as the VA, there is more O, left
in the alveolus at the end of each breath, and the
end-tidal pO, rises [6].

The Voz 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

until the respiratory compensation point (after the VAT)
when the end-tidal pCO, 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, PETCO,
end-tidal pCO,, pETO, end-tidal pO,, Rec recovery, VE/
VCO, ratio of minute ventilation to carbon dioxide pro-
duction, VE/V, ratio of minute ventilation to oxygen
consumption, VCO, carbon dioxide production, Vo, oxy-
gen consumption

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
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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 Vop.
In the absence of cardiovascular disease, VAT
rarely falls below 40% of the predicted peak Vop.
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
Voz [10]. Hence, when reliable peak Voz 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
Voz at the VAT tends to be less affected than the
peak Vo, 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 O,
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.

Ve/V o, Slope

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

a compensatory increase in VE out of proportion
to the increase in Vcoz The VE/VCOZ 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 CO,
[11]. The point where the VE/VCO2 slope begins to
deviate from linearity has been termed the “respi-
ratory compensation” point [6].

Some physiologists choose to measure the Vi/
Voo 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 pomon of the VE VS. VCOQ relation-
ship. The VE/VCO2 slope therefore becomes an
effort-dependent parameter—a property that is
particularly undesirable when seeking to apply
these VE/VCOZ slope data to clinical situations.

The normal value for the VE/Vcoz 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 VE/VCOZ 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 Vcoz. The VE/
VCOZ 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, VE/VCO2 slope elevation has been associ-
ated with an increased risk of mortality. Although
multiple factors may influence the VE/VCO2 slope,
among patients with pediatric and congenital
heart disease, pulmonary blood flow maldistribu-
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Fig. 12.2 Percentiles for Vi/Vco, 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])

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 VE/VCO2 slope elevation and
depressed peak Voz [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 Voo
and the Vi/Vos 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 VE/Vc02 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 VE/VCOZ slope rises still further.
Hence, in patients with CHF, a strong link
between pulmonary capillary wedge pressure and
the Vi/Veos slope probably accounts for the prog-
nostic power of the VE/VCOZ 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 VE/VCOZ
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
VE/VCOZ slope rises. Hence, for patients with this
condition, the VE/VCOZ 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 VE/VCOZ slope is also almost always ele-
vated in patients with Fontan procedures [23].
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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
apulmonary ventricle [24, 25]. In Fontan patients,
however, the degree of VE/VCOZ 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 Ve/Veos slope to be
elevated. The shunting allows CO,-rich systemic
venous blood to enter the systemic arterial circu-
lation. The consequent increase in arterial pCO,
is sensed by arterial chemoreceptors, inducing
central nervous system respiratory centers to
increase the patient’s respiratory drive (and Vi)
and causing the VE/VCOZ slope to rise. The result-
ing alveolar hyperventilation reduces the pCO,
of the blood returning from the lungs and helps
to normalize the patient’s arterial pCO..
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 Vi/
Veos slope [4, 27].

The VE/VCO2 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 CO,, and
their VE/Vc02 slope will be elevated.

Patients with obstructive (and to a lesser
extent, restrictive) lung disease will tend to have
low VE/Vcoz slopes. The lung disease will limit
the patient’s capacity to increase Vi during exer-
cise. CO, excretion may, however, be relatively
well maintained if there is a concomitant increase
in alveolar pCO, (see Eq. 4.1 in Chap. 4), and the
VE/VCO2 slope will therefore be depressed. In
patients with a coexistent lung disease and V/Q
mismatch secondary to a cardiovascular problem,
the Ve/Veon slope depression secondary to the
lung disease may offset the elevation that results

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

Some investigators have used the Vi/Veop ratio
(generally at the VAT) as an index of gas exchange
efficiency instead of the VE/Vcoz slope. Although
both parameters reflect more or less the same
physiology, there is much more variability in the
VE/VCO2 ratio, because it is determined from a sin-
gle data point rather than the slope of a linear rela-
tionship. Normal values for the VE/VCOZ ratio are
also less well established. The use of this parame-
ter in place of the more standard Ve/Veo slope
should therefore be avoided, when possible.

End-Tidal pCO,

Because CO, diffuses easily across the alveolar-
capillary membrane, the alveolar pCO, rapidly
comes into equilibrium with the pCO, of the
blood leaving the alveolus. Hence, in the absence
of shunts or inhomogeneous ventilation/perfu-
sion (V/Q) matching, end-tidal pCO, closely
matches arterial pCO, [28, 29]. Consequently,
the end-tidal pCO, 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 pCO,, and generate
compensatory respiratory alkalosis (see Chap. 4).
This process will be reflected by a decline in the
end-tidal pCO, (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 pCO, 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 pCO,
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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pCO, will tend to exceed arterial pCO, at higher
levels of exercise [29, 30]. This observation
relates to the fact that the arterial pCO, reflects
the average pCO, of blood leaving the alveolus
over the course of a breath. Because CO, diffu-
sion is so rapid and the pCO, within the alveolus
comes into equilibrium with the blood so quickly,
at rest and during lighter exercise intensities, the
alveolar pCO, rapidly plateaus and the alveolar
pCO, toward the end of the breath does not differ
significantly from the alveolar pCO, near the
beginning of the breath. Consequently, the blood
leaving the alveolus has approximately the same
pCO, throughout the respiratory cycle and the
end-tidal pCO, closely matches the arterial pCO,.
However, at higher levels of exercise intensity,
the quantity of CO, delivered to the alveolus is so
great that the alveolar pCO, 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 pCO, (gener-
ally less than 40 mm Hg) than blood leaving the
alveolus toward the end of the breath. The end-
tidal pCO, reflects the blood leaving the alveo-
lus at the end of the breath, and will therefore
exceed the arterial pCO,, which reflects the
average pCO, of blood leaving the alveolus.
Hence, it is not unusual to observe end-tidal
pCO, levels >40 mm Hg at high levels of exer-
cise intensity in fit individuals. However, even
under these circumstances, a decline in end-
tidal pCO, 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 CO, their muscles are produc-
ing at higher levels of exercise. Consequently,
their arterial and end-tidal pCO, levels will rise
and the decline in end-tidal pCO, that normally
occurs beyond the respiratory compensation
point will not be observed.

Abnormally low end-tidal pCO, levels are
commonly observed in patients with congenital
heart disease. This phenomenon is not due to low
arterial pCO,. 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 pCO, 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 CO, con-
tent. The elevated CO, 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 pCQO, levels in the alveolus and the
blood leaving the alveolus (i.e., the pulmonary
venous blood). The pulmonary venous pCO, lev-
els will decline to levels somewhat below
40 mm Hg, so that when this blood mixes with
the CO,-rich right-to-left shunting blood, the
resultant mixture, in the aorta and systemic arter-
ies, would have a pCO, of 40 mm Hg. Under
these circumstances the end-tidal pCO, will be
low (and lower than the arterial pCO,), reflecting
the low alveolar pCO, [4, 27].

In patients with V/Q mismatch, the air leaving
alveoli with low perfusion would tend to have
low pCO,. For instance, in the extreme case of an
alveolus with ventilation but no perfusion, the air
leaving the alveolus will have a pCO, 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 pCO, air from the underper-
fused alveoli will dilute out the CO, in air coming
from other alveoli. The end tidal pCO, will there-
fore be low, lower than the arterial pCO,, which,
of course, in the absence of a right-to-left shunt,
reflects the pCO, 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 Voz and log VE. 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 Voo. 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 Voz data is reliable, the
OUES probably does not add important clinical
information. Its prognostic power has also been
found to be inferior to the VE/VCO2 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 Vo, 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
Vo, 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 Voz and VE and disrupt the tight correla-
tion between the OUES and peak Voz [35].

Oxygen Uptake-Work Rate
Relationship: AV,,/AWR

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 Vo, plateaus near
VOZmax, there is a linear relationship between the
Vo, and the work rate. The slope of this linear por-
tion of the Vo,-work rate relationship is termed
the “AVo,/AWR In normal individuals, the
value of the AVOZ/AWR 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 AVozlAWR is low [36].
Hence, cyanotic patients and patients with impair-
ment of the cardiac output response to exercise

will have a low AVo/AWR. Among patients
encountered in the field of pediatric cardiology, a
disproportionately low AVo,/AWR 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 AVOQ/AWR. 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 AVoz/AWR. 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 rthythm 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 Wolft-
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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