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Haemodynamics of exercise in children
with isolated aortic valvular disease'

Luis Cueto and James H. Moller
From the Department of Pediatrics, University of Minnesota, Minneapolis, Minnesota 55455, U.S.A.

Left ventricular haemodynamics were studied both at rest and during supine exercise in 33 children with iso-
lated aortic valvular disease, either aortic stenosis or aortic insufficiency. In each child cardiac index and stroke
index were normal at rest. Exercise response was characterized in 32 patients by an increase in cardiac index
without a major increase in left ventricular end-diastolic pressure. Only one patient showed an abnormal
exercise response. In each patient with aortic stenosis an increase in peak left ventricular systolic pressure
occurred on exercise, while no predictable change occurred among patients with aortic insufficiency. Left ven-
tricular end-diastolic pressure was greater in patients with more severe stenosis or with significant aortic
insufficiency.

The exercise response in adult patients with aortic
valvular disease has been studied by several authors
(Goldberg, Bakst, and Bailey, 1954; Gorlin et al.,
I955; Braunwald et al., I963; Anderson et al., I969;
Lee et al., I970; Bache, Wang, and Jorgensen, I97I).
Many of these reports, however, have described
observations in patients with aortic disease coexisting
with other types of valvular heart disease, as occurs
after rheumatic fever. Only 2 (Lee et al., I970; Bache
et al., I97I) have described observations about exer-
cise in patients with isolated aortic valvular disease.

Limited data are available concerning exercise
haemodynamics of aortic valvular stenosis in chil-
dren. We are aware of only the brief report of
Hugenholtz and Nadas (I963) describing exercise
response in such patients.
We have studied, by cardiac catheterization, the

resting and exercise state of 33 children with iso-
lated congenital aortic valvular disease. The pur-
poses of our study were to define the pump function
of the left ventricle in children with aortic stenosis,
and to determine the haemodynamic effect of co-
existent aortic insufficiency. Such information, de-
fining pressure-flow relations, is needed for proper
preoperative and postoperative evaluation and as a
background for longitudinal studies of the natural
history of aortic stenosis.

Received I2 July 1972.
1 Supported by The Dwan Family Fund, the Minnesota
Medical Foundation, and the Graduate School, University of
Minnesota, U.S.A.

Subjects and methods
Thirty-three children ranging in age from 7 to 14 years
were studied. In each patient congenital anomalies of
the aortic valve were present. Isolated aortic valvular
stenosis was present in 20 patients, and aortic stenosis
with minimal aortic regurgitation in 7 others. In the re-
maining 6 patients, aortic insufficiency secondary to a
bicuspid aortic valve was present. Coexistent cardiac
malformations were excluded by cardiac catheterization
and angiocardiography. No patient gave a history of
rheumatic fever. Except for i patient with a history
of syncope, none described cardiac symptoms or showed
evidence of cardiac failure.
Each patient was studied in a resting, fasting state, and

in the supine position after premedication with morphine
and phenobarbitone. A Goodale-Lubin catheter was
used to measure right-sided cardiac pressures and a
NIH angiocatheter was used for retrograde catheteriza-
tion of the left ventricle. Pressures were recorded on an
Electronics-for-Medicine DR-12 optical recorder from
Statham P23db pressure transducer. Cardiac output was
determined using the Fick principle. For a 6-minute
period, the patient's expired air was collected in a Col-
lins chain-driven tank and subsequently analysed by
Tissot-Shonander method. Midway through the collec-
tion, blood was withdrawn simultaneously from the pul-
monary artery and ascending aorta. These blood samples
were analysed for oxygen content using a Van Slyke
manometer apparatus. During oxygen consumption, the
catheter was withdrawn from the left ventricle to the
aorta while the pressure was continuously recorded.

Patients were then exercised in the supine position
using a variable resistance bicycle ergometer at a work
load ranging from 25 to 6o watts. Once a steady state
had been achieved for 4 minutes, cardiac output was
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determined as previously described, and a pressure
tracing again recorded from the left ventricle to aorta.

Angiography was then performed to define the charac-
teristics of the aortic valve and to determine the presence
of aortic regurgitation.
The recordings were analysed for heart rate and sys-

tolic and diastolic pressures. The left ventricular end-
diastolic pressure was measured after the 'a' wave.

After superimposing the aortic and left ventricular pres-

sure curves, both the mean left ventricular systolic ejec-
tion pressure and mean systolic gradient were determined
by planimetry. Aortic valve area (AVA) was calculated
according to the formula of Gorlin.
In each patient, the measured and calculated haemo-

dynamic parameters for rest and exercise were compared.
On the basis of haemodynamic data and angiographic
demonstration of aortic insufficiency, the patients were

divided into 4 groups. Group I: isolated aortic stenosis
with AVA>O7 cm2/m2; Group 2: isolated aortic steno-
sis with AVA < 0-7 cm2/m2; Group 3: predominant
aortic insufficiency; and Group 4: coexistent aortic steno-
sis and insufficiency. In group 3, aortic insufficiency was
the predominant haemodynamic abnormality in contrast
to group 4, wherein only a trace of aortic insufficiency
was evident on selective aortography, the stenotic com-
ponent being the major problem. The mean value of
each haemodynamic parameter was calculated for each
of the 4 groups, and the groups compared by standard
statistical methods.

Results
The 33 patients were divided among the 4 groups as
follows:
Group I: Aortic stenosis without aortic insuffici-

ency, AVA > o07 cm2/m2, IO patients.
Group 2: Aortic stenosis without aortic insuffici-

ency, AVA < o07 cm2/m2, IO patients.
Group 3: Aortic insufficiency with aortic stenosis,

6 patients.
Group 4: Coexistent aortic stenosis and insuffici-

ency, 7 patients.
The mean age of the patients in each group was

similar (Table). The resting and exercise states were
considered comparable, since the heart rate and
oxygen consumption were similar for each group.

Cardiac output
The resting cardiac index was normal in all patients,
with no significant difference between the 4 groups.
The relation between the oxygen consumption, car-
diac output, and arteriovenous oxygen difference
was normal in each group (Fig. I).

In 7 of the 33 patients, the resting cardiac index
was greater than 5.o l./min/m2. Because some pa-
tients were not in a basal state, the resting values of

TABLE Comparison of resting and exercise haemodynamic parameters in 4 groups of children with isolated
aortic valvular disease (P < o -o5 indicates significant difference between groups I and 2)

Haemodynamic parameter State Group z Group 2 Group 3 Group 4

Aortic stenosis Aortic stenosis Aortic insuffi- Aortic stenosis
>0 7 cm2/m2 <0 7 cm2/m2 ciency+ stenosis + insufficiency

Age (yr) II-5±2-5 12.9 ±I'9 xI-8±I-9 II5_±2-8
LV mean systolic pressure (mmHg) R III.3 +9-3 I37-9 ±I4'I 123 ±27-8 I29 ± i6-7

LE I44 +i68 P < 0-05 i8o04 ±2O-I I53-8 ±23-3 I62'7 ±24'6

LV end-diastolic pressure (mmHg) R 9-9±1"9 P <oo°0 I3'9 ±3-3 I5.6+4.6* II-4±2-IpE 9 5 ±2-8 I3-0 ±5-0 Io-8 ± 2-7 Io0+±4 5

Mean systolic gradient (mmHg) _R19'3±"" P<o'o0 452±148 31'6±i98 32 ±17
E 431±+I6-3 P <0o05 69-7±1+9 36-I +2I 54 4± 24 3

Oxygen consumption (ml/min/m2) JR I57 ± I5 I67 ±13 I69 ±+5 i65 ±14
LE 709 ±24 742 +I5 7I3 ±71 646±+I08

AV oxygen difference (vol. %) R 3-8 ±0o4 3-8 ±0-5 4-4±+09 3-6±o-8
tE 9 3 ±II3 9'7±I'2 Io-o +o-8 8_i± i-6

Heart rate (beats/min) JR 8I9±+I5 82-8 ±I3 79 ±II 82 +i6JE I4I13 ±23 144 ±23 I30 ±8 141II±9
Cardiac index (1./min/m2) {R 4I +±o-8 4-3 ±o-6 3-8 ±0-5 4-4 +09fE 7-5 ± I-2 7-3 ±1-2 6-6 + o-6 7-8 I-2

Stroke index (ml/beat/M2) {R 52I ± 1-9 52 6 ±7 6 - 53I 7'7fE 52'7±8-5 5I2±79 -54-5±8-5

Aortic valve area (cm2/m2) JR I-I ±0-4 P <o0-05 o-6+o-r o-8 +0-2tE o0g+9±0-2 P <0-05 o-6 +0-2 o-8 ±02

*P <005 between Groups i and 3.
R= rest; E= exercise.
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FIG. I Comparison of mean cardiac index and mean
arteriovenous oxygen difference with oxygen consump-
tion (V02)for 4 groups ofchildren with aortic valvular
disease. Values for rest and exercise are connected. All
values are similar to those reported in normal children
(Sproul and Simpson, 1964).

both cardiac index and oxygen consumption were
often greater than predicted for normal. The values
are, however, similar to those reported in normal
children (Sproul and Simpson, I964).
With exercise, both the cardiac index and oxygen
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FIG. 2 Relation of oxygen consumption and cardiac
index upon exercise in 33 children. Shaded area repre-
sents normal limits (Donald et al., I955). Exercise
response adequate in all but I patient.

consumption rose in each patient, and the relation
between these 2 variables was normal in 32 patients
(Fig. 2). In Case I7 with an indexed AVA of 04
cm2/m2, the response to exercise was abnormal. In
this patient, the cardiac index increased only from
3'6 L./min/m2 to 42 1./min/m2 on exercise, while the
oxygen consumption rose from I52 to 476 ml
02/min.
No significant difference was found in the com-

parison of the exercise cardiac indices between the
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FIG. 3 Comparison of peak LV-aortic gradient and cardiac index in 20 patients with aortic stenosis
(left) and 13 patients with associated aortic insufficiency (right).
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FIG. 4 Comparison of LV end-diastolic pressure
(LVEDP) at rest and upon exercise in 20 patients with
isolated aortic stenosis. LVEDP tended to be higher in
patients with more severe aortic stenosis. On exercise
little change occurred in LVEDP.

4 groups. Group 3 (predominant aortic insuffici-
ency), however, showed a smaller rise in exercise
cardiac index than the other groups. Because of the
number of patients with high resting cardiac indices
the calculated exercise factor was not of value to us
in assessing cardiac function. The stroke index was
similar in each group and showed no significant
change on exercise.

Cardiac pressures
Among the groups (I and 2) with isolated aortic
stenosis a systolic gradient existed between the left
ventricle and aorta. The mean systolic gradient in
group 2 (45 2 ± 14 8 mmHg) was significantly grea-
ter than in group I (I9'3 ±II"I mmHg P < o-o5).
The mean systolic gradient increased on exercise in
each patient with isolated aortic stenosis. There was
again a significant difference between groups i and 2
(43'I ± I6-3 mmHg vs. 69-7 ± I4-8 mmHg P <o-o5).
In each patient with isolated aortic stenosis, both
the gradient and cardiac index increased on exercise
(Fig. 3). There appeared to be no predictable in-
crease in magnitude of gradient upon exercise.
Patients in group 4 showed increases similar to those
of groups i and 2. In each patient of group 3, the
cardiac index rose on exercise in all but i; the gra-
dient also increased. In these 2 groups (3 and 4)
there was even a greater variability of the left ven-
tricular-aorta gradient on exercise because of the co-
existence of aortic insufficiency.
The resting left ventricular end-diastolic pressure

was significantly greater in patients with more severe
aortic stenosis than in those with milder stenosis
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FIG .5 Relation between changes in stroke index (SI)
and change in left ventricular end-diastolic pressure
(LVEDP) upon exercise in 20 patients with isolated
aortic stenosis. Shaded area indicates normal (Ross et
al., 1966). Most patients showed a normal response,
though in 3 patients it rose, but SI fell, indicating an
abnormal myocardial response.

(group I : 9.9 ± I9 mmHg vs. group 2: I3.9 + 3.3
mmHg P<o0os). In both groups, the mean left
ventricular end-diastolic pressure remained con-
stant during exercise. Though individual patient
response to exercise was variable, patients with
severe stenosis did not consistently have increased
end-diastolic pressure on exercise (Fig. 4). In Case
17, with abnormal relation between cardiac index

30

0L
0

JI
E

EE
a)

20

10

o 10 20
Exercise LVEDP

mmHg

FIG. 6 Comparison of LV end-diastolic pressure
(LVEDP) at rest and upon exercise in 13 patients with
coexistent aortic stenosis and insufficiency. LVEDP
tended to be more raised in patients with predominant
aortic insufficiency and fell upon exercise.
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Haemodynamics of exercise in children with isolated aortic valvular disease 97

and oxygen consumption, the pressure rose from I3
to I7 mmHg.

Comparison of the exercise changes in LV end-
diastolic pressure and stroke index revealed an ab-
normal response in 3 patients (Fig. 5). The stroke
index fell and end-diastolic pressure rose on exercise
in 2 patients with aortic valve areas of o-5 cm2/m2
and in i with an area of o09 cm2/m2. Case 17 was
one of the 3 patients with abnormal response. The
other 2 patients showed a normal exercise response
as indicated by other measured parameters.
Among the patients with aortic insufficiency

(group 3) the LV end-diastolic pressure was signifi-
cantly raised (i5 6 ± 4-6 mmHg) as compared to the
patients with mild aortic stenosis (99 ±i'9 mmHg).
On exercise, however, LV end-diastolic pressure
fell to io-8 ± 27 mmHg (Fig. 6). This change in
pressure was significant (P<o-o5) and suggested
that the increased resting LV end-diastolic pressure
was related to raised LV end-diastolic volume from
aortic regurgitation rather than abnormalities of the
myocardium. Patients with minimal aortic insuffici-
ency (group 4) were comparable to group i, in re-
gard to both resting and exercise LV end-diastolic
pressure.

In each patient the pulmonary arterial pressures
were normal at rest and remained so after exercise.

Discussion
With the development of prosthetic aortic valves,
increasing numbers of patients with aortic valvular
disease have undergone haemodynamic study. These
investigations have included observations of both
the resting and exercise states and have primarily
been of older patients with calcific or rheumatic
aortic disease (Anderson et al., I969; Goldberg et al.,
I954; Gorlin et al., i955; Hancock and Fleming,
I960; Lee et al., 1970). In contrast to the large
experience with aortic disease in adults, relatively
little is known about the haemodynamics of exercise
in children with aortic stenosis. Most studies of
children with aortic stenosis report data only of the
resting state or describe correlations between haemo-
dynamic and clinical data. Hugenholtz and Nadas
(I963) briefly reported exercise data in aortic steno-
sis, but otherwise we could find no information
related to exercise response in children with aortic
valvular disease.
Our purpose was to define the resting and exercise

haemodynamics and to study the pump function
of the left ventricular myocardium in children with
aortic stenosis. Such data will assist the postopera-
tive haemodynamic assessment of children under-
going aortic valvular surgery by permitting more
precise evaluation of operative results. Furthermore,

since the natural history of aortic stenosis is largely
unknown (Campbell, I968; Friedman, Modlinger,
and Morgan, 197I), the reported data will be useful
in determining the impact of the stenosis on the left
ventricular myocardium.
Two deficiencies are evident in most reports of

exercise in patients with aortic stenosis. Frequently
coexistent valvular heart disease has been present
in the reported patients. This additional lesion may
critically affect the haemodynamics yielding an im-
precise view of aortic stenosis. Secondly, the gra-
dient across the aortic valve has often been deter-
mined by comparing left ventricular and brachial
arterial pressures. Whereas at rest the brachial
arterial pressure contour may be similar to the cen-
tral aortic pressure, on exercise the considerable
systolic amplification of the pulse wave occurs in
the peripheral arterial system (Samet, Bernstein,
and Litwak, I96I). The gradient and therefore mag-
nitude of stenosis could be falsely lowered in this
way.

In our study we excluded patients with cardiac
anomalies other than those of the aortic valve.
Furthermore, we carefully classified the patients
separating those with isolated aortic stenosis from
those with coexistent aortic insufficiency. In each of
our patients we used central aortic pressures for
determination of left ventricular-aortic systolic
gradient.

In 32 of our patients with congenital aortic valvu-
lar anomalies, the cardiac pump function appeared
normal as assessed by comparison of exercise to
resting haemodynamic variables. In the other pa-
tient, cardiac function was abnormal. The cardiac
output rose only slightly on exercise and inappro-
priately to the oxygen consumption. The stroke
index fell, and LV end-diastolic pressure rose. The
coexistence of aortic insufficiency, either mild or
moderate, did affect the exercise response in our
patients.

Therefore, according to the parameters measured
in our children with congenital abnormalities of the
aortic valve, cardiac pump function appeared nor-
mal. This is in contrast to reported data of adults
with aortic stenosis.

Studies of adult patients with aortic stenosis have
shown no consistent increase in mean aortic systolic
blood flow during exercise. In comparison this para-
meter increased in each of our children. Similarly,
no increase in gradient on exercise, despite an in-
crease in aortic flow, has been described in adult
patients with aortic stenosis (Anderson et al., I969).
The gradient increased on exercise in each of our
children with aortic stenosis, but the increase in
gradient was variable, and not predictable. Thus,
for any given patient, it is difficult to predict the
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98 Cueto and Moller

exercise gradient from knowledge of the resting
cardiac output and gradient.

Previously, Friedman and Braunwald (I968) re-
ported that patients with aortic valve area of less
than 0-7 cm2/m2 showed an abnormal exercise re-
sponse, but this has not been our experience.
Braunwald et al. (i963) reported abnormal exercise
response in adult patients with moderate and severe
aortic stenosis. The contrast between these data in
adults and our data in children yields information
about the natural history of aortic stenosis. The
abnormal response in older patients suggests that
the chronic effects of augmented afterload upon
the left ventricle may lead to abnormal pump
function.
Our children also differed from adults regarding

LV end-diastolic pressure. In a series of adult
patients with isolated aortic stenosis, Bache and
co-workers (197I) found no relation between LV
end-diastolic pressure and severity of aortic stenosis.
In contrast we did find a tendency for raised LV
end-diastolic pressure in children with more severe
aortic stenosis. Though we have not measured LV
end-diastolic volume in our patients, we assumed
that it was normal or near normal, since the patients
showed normal cardiac size on thoracic roentgeno-
grams. Thus, the raised LV end-diastolic pressure
in the presence of normal pump function most
likely reflects altered LV myocardial compliance
secondary to myocardial hypertrophy, rather than
myocardial fibrosis. This view is supported by the
finding of a normal relation between end-diastolic
pressure and stroke index.
Mild coexistent aortic insufficiency had no effect

on the haemodynamics in our patients. Among
those with major aortic insufficiency the exercise
response was also normal, but showed 2 differences
from patients with isolated aortic stenosis. The rest-
ing LV end-diastolic pressure was raised in the
presence of major aortic insufficiency, and fell on
exercise in each of our patients, as was described
by Lewis, Bristow, and Griswold (I970) in patients
with aortic insufficiency and normal LV function.
Furthermore, no consistent change occurred in LV
aortic gradient.
We believe that measurement of the haemo-

dynamics of exercise in patients with aortic disease
adds a valuable parameter to the evaluation, particu-
larly since the exercise gradient cannot be accurately
predicted from the resting values. Exercise data also
permit evaluation of cardiac pump function, which
may be abnormal reflecting myocardial changes.
Data derived from such studies have assisted us in
decisions concerning operation, and in anticipating
the functional results.
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