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The exercise hemodynamic values in two groups of patlents wfth repaired 
tetrad of Fallot (eight patlents with some resktual pulmonary insufficiency 
and seven patients without insufficiency) were compared with values in 
seven patients with trivial pulmonary stenosis who had not been operated 
on. The patients with tetrad of Fallot underwent surgery after age 8 years 
and all had a good hemodynamic repair (no shunts and a right ventricular 
systolic pressure at rest of less than 80 mm Hg). Exercise increased the 
right ventricular outflow tract gradient by the same magnltude in all three 
groups of patients. However, both surgically treated groups experienced 
impaired cardiac pump function on supine exercise (that is, a lower than 
anticipated cardiac index for the amount of oxygen consumed and a 
significant decrease in stroke index). Exercise also caused both groups 
with repair to have a decrease in stroke index and a concomitant increase 
in right ventricular end-diastolic and pulmonary wedge pressures; in 
contrast, the patients with pulmonary arterial stenosis had an increase 
in stroke index and a concomitant decrease in right ventricular end-dia- 
stolic and pulmonary wedge pressures. 

These findings Indicate that an impaired cardiac response to supine 
exercise can occur in patients In whom intracardiac repair of tetrad of 
Fallot was performed after early childhood, even though they have had 
a good hemodynamlc repair. In addltion, the impalred cardiac response 
to supine exercise in these patients was probably due largely to an altered 
myocardial compliance rather than to either residual pulmonary steno&s 
or pulmonary insufficiency. 

From the C. S. Mott Children’s Hospital, Depart- 
ment of Pediatrics, Section of Pediatric Cardiol- 
ogy, University of Michigan Medical Center, Ann 
Arbor, Michigan. Manuscript received December 
11, 1980; revised manuscript received March 23, 
1981, accepted March 31, 1981. 

Address for reprints: Albert P. Rocchini, MD. 
C. S. Mott Chitdren’s Hospital, Department of 
Pediatrics, F1115 Box 66, Ann Arbor, Michigan 
48109. 

Limited information is available concerning the hemodynamic response 
to exercise after the surgical repair of tetralogy of Fallot.1-6 Epstein et 
a1.l demonstrated that the overall cardiovascular response to upright 
exercise was impaired in 9 of 10 postoperative patients with tetrad of 
Fallot. They observed that four of six patients had a significant pulmo- 
nary outflow tract gradient with exercise despite a trivial gradient at rest. 
These data suggest that part of the abnormal cardiovascular response 
to exercise in patients with a good surgical repair of tetrad of Fallot may 
be due to the development of significant right ventricular outflow tract 
obstruction with exercise. However, other factors such as a large residual 
intracardiac shunt,7 severe residual.pulmonary stenosis,7 residual pul- 
monary insufficiency5 or left ventricular dysfunctions may also con- 
tribute to an abnormal exercise response in patients with repaired tetrad 
of Fallot. 

The purpose of this study was to determine if residual pulmonary 
insufficiency or right ventricular outflow tract obstruction, or both, 
causes the impaired hemodynamic response to exercise observed in some 
patients who have had a good intracardiac repair of tetrad of Fallot. 
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Study patients: Fifteen patients aged 10 to 26 years un- 
derwent cardiac catheterization 1 to 12 years after surgical 
repair of tetrad of Fallot (Table I). Seven of these patients had 
a Dacron@ conduit with a porcine aortic valve (Hancock 
Laboratories, Anaheim, California) used to establish conti- 
nuity between the right ventricle and pulmonary artery. These 
patients also had ligation of either a previous systemic to 
pulmonary shunt or collateral vessels. The remaining eight 
patients with repair had the right ventricular outflow tract 
reconstructed with a patch that extended across the pulmo- 
nary valve anulus (Table I). All 15 patients with tetrad of 
Fallot underwent surgical repair after age 8 years and had a 
good hemodynamic repair (that is, no intracardiac shunts and 
a right ventricular pressure at rest of less than 60 mm Hg) 
(Table I). 

All 15 postoperative patients were asymptomatic, had a 
grade 3/6 systolic ejection type murmur at the left sternal 
border, mild cardiomegaly on chest X-ray film and right 
bundle branch block on electrocardiography. No patient with 
a conduit had a murmur of pulmonary insufficiency whereas 
all eight of the patients with a patched outflow tract had a 
grade 3/4 diastolic murmur of moderate pulmonary insuffi- 
ciency. Graded treadmill exercise testing was performed be- 
fore cardiac catheterization in all patients using the Bruce 
protocol.g 

Cardiac catheterization: Each patient underwent routine 
diagnostic right and left heart catheterization in the supine 
position. A 7 French thermodilution catheter and a 5 French 
Swan-Ganz catheter were introduced percutaneously into the 
right femoral vein and a 7 French pigtail catheter was inserted 
percutaneously into the right femoral artery. Oxygen con- 
sumption was directly measured utilizing Douglas bags and 
a Tissot spirometer. Cardiac output at rest was measured 
utilizing thermodilution in all patients without pulmonary 
insufficiency. In the eight patients with pulmonary insuffi- 
ciency cardiac output was calculated utilizing the Fick prin- 
ciple. All patients then underwent submaximal exercise in the 
supine position utilizing a variable resistance bicycle er- 
gometer at a work load designed to raise the heart rate to be- 
tween 140 and 180 beats/min. After a steady state of exercise 
had been achieved for 4 to 5 minutes, cardiac output was 
measured in all patients. 

Hemodynamic measurements at rest and during ex- 
ercise: The following variables were measured at rest and 
during exercise: cardiac index, heart rate, oxygen consump- 
tion, stroke index, pulmonary arterial wedge pressure, right 
ventricular systolic and end-diastolic pressures and pulmo- 
nary arterial and aortic oxygen saturation values. For the two 
groups of patients with repaired tetrad of Fallot, the mean 
values for each of these hemodynamic variables were calcu- 
lated and compared with each other and with the mean values 

TABLE I 

Pertlnenl Cllnlcal and Hemodynamlc Flndlngs at Rest in 15 Patients With Postoperative Tetrad of Fallot 

Case Diagnosis 
Age at Years Type of 
DD (yr) POStOD Reconstruction 

Pressures at 
Rest (mm Hg) 

Symptoms RV APS 

Group I-No Residual Pulmonary Regurgitation 

Acquired pulm atresia, VSD, left B-T 
shunt 

Pulm atresia, VSD, collat 

Acquired pulm atresia, VSD, right 
ET shunt 

Pulm atresia, VSD, right B-T shunt 

Pulm atresia, VSD, right B-T shunt 

Pulm atresia, VSD, right + left B-T 
shunt 

Pulm atresia, VSD, collat 

15 2 

25 1 

17 2 

13 2 

10 1 

15 3 

13 2 

25 mm RV-PA 
conduit 

25 mm RV-PA 
conduit 

25 mm RV-PA 
conduit 

20 mm RV-PA 
conduit 

20 mm RV-PA 
conduit 

22 mm RV-PA 
conduit 

22 mm RV-PA 
conduit 

None 5514 37 

None 2014 2 

None 4016 20 

None 4617 16 

None 5215 30 

None 5216 30 

None 4619 20 

Group II-Moderate Residual Pulmonarv Reauraitation 

8 ToF, right B-T shunt 12 2 

9 ToF, left B-T shunt 14 2 

10 ToF, Waterston shunt 14 1 

11 ToF, left B-T shunt 8.5 12 

12 ToF, left and right B-T shunt 16 2 

13 ToF, right B-T shunt 9 3 

14 ToF, right B-T shunt 9 8 

15 ToF. right B-T shunt 12 2 

RV-PA outflow 
patch 

RV-PA outflow 
patch 

RV-PA outflow 
patch 

RV-PA outflow 
patch 

RV-PA outflow 
patch 

RV-PA outflow 
patch 

RV-PA outflow 
patch 

RV-PA outflow 

None 55711 35 

None 4276 20 

None 3015 10 

None 5018 15 

None 4518 15 

None 4216 10 

None 52112 9 

None 5017 22 
patch 

B-T = Blalock-Taussig; collat = collateral vessels; Op = operation; PA = pulmonary artery; Postop = postoperative; pulm = pulmonary; APS 
= pulmonary stenosis gradient; RV = right ventricular: ToF = tetrad of Fallot; VSD = ventricular septal defect. 
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obtained in seven nonsurgically treated patients with trivial 
pulmonary stenosis matched for body surface area, sex and 
right ventricular outflow tract gradient. In addition, the 
relation between the change in oxygen consumption and 
cardiac index for both groups of patients with repair was 
compared with this relation in patients with mild pulmonary 
stenosis and patients without heart disease.lO Left ventricular 
ejection fraction was calculated using the area-length method 
described by Dodge et al.” 

Statistical analyses were performed using a univariate one 
way analysis of variance and the Scheffe procedure for mul- 
tiple comparisons.12 All values are presented as a mean f 
standard deviation. 

Results 

Graded treadmill exercise testing: Decreased ex- 
ercise endurance was observed in both groups of pa- 
tients with repaired tetrad of Fallot. These patients 
exercised for 10 to 14 minutes (10th to 35th percentile 
for age) compared with 12 to 18 minutes (25th to 95th 
percentile for age) for the patients with mild pulmonary 
stenosis. Six patients with repair had premature ven- 
tricular complexes (unifocal in four, multifocal in one 
and couplets in one) (Lown grades II to 1VA)is with 

treadmill exercise, whereas no patient with pulmonary 
stenosis experienced arrhythmia with treadmill exercise 
(p <O.OOl). No treadmill exercise test was terminated 
because of arrhythmia. Neither treadmill exercise- 
induced arrhythmia nor exercise endurance differed 
significantly in the patients with repair who did or did 
not have pulmonary regurgitation. 

Supine exercise during catheterization: ven- 
tricular arrhythmia: No residual intracardiac shunt 
was demonstrated at postoperative cardiac catheter- 
ization in any of the patients with repaired tetrad of 
Fallot (by oxygen saturation data and left ventricular 
angiography). No significant difference was present 
among any of the three groups with respect to heart rate 
or oxygen consumption either at rest or during exercise. 
Thus, the resting and exercise states were comparable 
among the three groups (Table II). In addition, despite 
the development of ventricular arrhythmia with 
treadmill exercise in six of the patients with repair, no 
significant arrhythmia developed during submaximal 
supine exercise in any of the three patient groups. 

Cardiac index during exercise: On exercise the 
right ventricular systolic pressure and right ventricular 

TABLE II 

eomparlson of the Hemodynamlc Flndlngs In the Three Groups of Patlents 

Croup HR vos 
RVEDP RVP 
(mm Hg) (mm Hs) 

APS 
(mm Hg) Cl SI PaWP 

I: ToF, 
no PI 
(n = 7) 

Rest ai 
f7 

Ex 159 
f9’ 

II: ToF, 

:=a) 
Rest ai 

*a 

128 
f9 

784 
fl68’ 

5 
fl 

12 
f3’ 

43 
f14 

73 
fl7’ 

21 
f13 

44 
fl7’ 

3.5 
f0.7 

5.9 
fl.1’ 

45 7 
f6 f2 

40 14 
f6’ f4’ 

68 
f5 

35 
f6’ 

- 64 
f7 

4 
f0.5 - 

136 a 
f22 f3 

788 13 
fl23’ f3’ 

46 20 
*a 

47 
fl7’ 

3.6 
f0.3 

6.4 
fl.5’ 

46 
*a 

41 
f6’ 

a 
f3 

13 
f6’ 

73 
f6 

38 
f6’ 

- 61 
f6 

4.4 
fl.4 - 

&a 
73 

fl7’ 
Ex 153 

f6’ 
Ill: PS 

(n = 7) 
Rest a0 

Ex 1:; 
f6’ 

129 6 
f7 fl 

774 4 

33 16 
f4 f4 

58 38 

4 
f0.5 

a.4 
fa* 

50 a 
f4 f2 

55 5 
f4’ f0.7’ 

- 66 
f2 

6.8 
f0.4 - 

72 
f2 

43 
f2’ f23’ f0.1’ *a* *a* 

I vs II 
Rest 
Ex 

I vs III 
Rest 
Ex 

II vs Ill 
Rest 
Ex 

<0.05 
NS 

NS 
co.01 

<0.05 
<O.Ol 

(p values) 
Scheffe Procedure for Multiple Comparisonsl* 

z :: 
NS NS 
NS NS 

;: :: 
NS NS 
<o.ooa <0.009 

NS NS NS NS 
NS NS <o.ooa co.009 

NS 
;: Ns 

NS 
NS - 

NS 
<O.Ol :: 

NS 
G.001 - 

NS NS 
co.02 2: <0.001 - 

l p <O.Ol rest versus exercise. 
Cl = cardiac Index (literslmln per m*); A = change; APS = pulmonary stenosis gradient (mm l-tat EF = left ventricutnr ainctim fraction (%); --,. -- 

Ex = exe&se; l-8 = heert fate (beatslmin); t-6 = not slgnlflcsnt; p = probebtltty; PsO” = nuknnrwv ti 
---- _.._.__. - _,_ 

arterial wedge pressure (mm Hg); PI = pulmonary lnsufflctency; PS = pulrrtona~ 
, - :erlsl oxygsn satursttorl (% ); pawp = pulmckry 

Hg); RVP = 
~~en&s%ibP = right ventricular enddlestollc pressure (mm 

right ventricular pressure (mm Hg); SI = stroke index (ml/m*); ToF = tetrad of Fallot; V02= oxygen consumption (ml/mln per mz). 
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FIGURE 1. Relation between cardiac index and indexed oxygen con- 
sumption at rest and during exercise in seven patients (PTS) with no 
pulmonary regurgitation (PR) after repair of tetrad of Fallot (ToF) with 
a valved conduit (circles); eight patients with moderate pulmonary 
regurgitation after repair of tetrad of Fallot with an outflow patch (dla- 
mends); and seven nonsurgically treated patients with mild pulmonary 
stenosis (PS) (triangles). The hatched area represents the normal 
range.” Values in all but four patients with tetrad of Fallot (three with 
and one without pulmonary regurgitation) are distinctly below the normal 
range. S/P = post repair. 

outflow tract gradient increased in all patients and there 
was no significant difference among the three groups. 
Cardiac index was the same at rest in all three groups, 
but during exercise it was significantly smaller in both 
surgically treated groups than in the group with mild 
pulmonary stenosis (p <O.OOS) (Table II). 

The relation between the change in oxygen con- 
sumption and cardiac index with exercise was abnor- 
mal in both surgically treated groups when compared 
with that in patients with mild pulmonary stenosis or 
with no heart disease** (Fig. 1). Only 4 of 15 patients 
with repair had a normal relation between oxygen 
consumption and cardiac index (3 with [Patients 19,ll 
and 151 and 1 without pulmonary insufficiency [Patient 
31). The exercise factor-the ratio of the change in 
cardiac index to the change in indexed oxygen con- 
sumption-was significantly smaller in both groups 
with repair than in the group with mild pulmonary 
stenosis (p <O.OOl). 

Stroke index during exercise (Table II): Stroke 
index was not significantly different among the three 
groups at rest, but was significantly higher with exercise 
in the patients with mild pulmonary stenosis (p <0.009). 
The pattern of change of stroke index was also different. 
In the group with mild pulmonary stenosis, stroke index 
increased during exercise, whereas in both groups with 
repair stroke index decreased with exercise. In addition, 
both right ventricular end-diastolic and pulmonary 
capillary wedge pressures decreased with exercise in the 
patients with mild pulmonary stenosis, whereas in both 

A PS PTS 

+ SIPTOF t PI 

0 WPTOF CONDUll 

i 

l *+ 0 

-10 
‘a 

-IS-J- 

FIGURE 2. Exercise-induced than es in stroke index (&I) and right 
ventricular end-diastolic pressure ( 1 RVEDP) in seven patients without 
pulmonary insufficiency (PI) after repair of tetrad of Fallot (circles); eight 
patients with moderate pulmonary insufficiency after repair of tetrad 
of Fallot (diamonds) and seven nonsurgically treated patients with mild 
pulmonary stenosis (PS) (Mangles). The responses were abnormal in 
both groups of surgically treated patients. 

groups with repair, these pressures increased with ex- 
ercise. When comparing the changes from rest to exer- 
cise of stroke index and either right ventricular end- 
diastolic or pulmonary capillary wedge pressure, dif- 
ferences among the grovps were more apparent. In the 
patients with mild pulmonary stenosis, stroke index 
increased during exercise while right ventricular end- 
diastolic and pulmonary capillary wedge pressures de- 
creased (a normal response); however, in both groups 
with repaired tetrad of Fallot, stroke index decreased 
during exercise while both right ventricular end-dia- 
stolic and pulmonary capillary wedge pressures in- 
creased (an abnormal response) (Fig. 2 and 3). 

Discussion 

Abnormal response to exercise after repair of 
tetralogy of Fallot: Previous evaluations of the exer- 
cise hemodynamics after repair of tetrad of Fallot14 
demonstrated that a small number of patients have an 
impaired cardiovascular response to exercise despite the 
lack of symptoms and the absence of residual intra- 
cardiac shunts. The cause of the impaired response to 
exercise in these patients is not known, yet some in- 
vestigators have argued that either exercise-induced 
right ventricular outflow tract obstruction,’ residual 
pulmonary insufficiency,5 right ventricular dysfunc- 
tion2e4t6 or left ventricular dysfunction,“m8 or both, may 
be the cause. In an attempt to clarify the cause of ab- 
normal exercise function in patients with repaired tet- 
rad of Fallot, we compared the hemodynamic response 
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to supine exercise in two groups of patients with re- 
paired tetrad of Fallot (one group with and the other 
without pulmonary regurgitation) with that in a group 
of patients who had mild pulmonary stenosis. All sur- 
gically treated patients underwent repair after early 
childhood (greater than age 8 years) and had a good 
hemodynamic repair (no intracardiac shunts and a right 
ventricular systolic pressure at rest of less than 60 mm 
Hg). Both surgically treated groups demonstrated de- 
ficiencies in cardiac pump function during supine ex- 
ercise by comparison with patients with pulmonary 
stenosis (that is, a lower than anticipated cardiac index 
for the amount of oxygen consumed and a significant 
decrease in stroke index14,15). Because all three groups 
of patients had the same degree of exercise-induced 
right ventricular outflow tract obstruction, it is unlikely 
that this obstruction alone is the major cause of the 
abnormal exercise response observed. In addition, there 
was no significant difference in the exercise hemody- 
namics of our patients with and without pulmonary 
insufficiency. Therefore, it is also unlikely that pul- 
monary regurgitation is the major cause of the abnormal 
exercise response observed. 

Cause of impaired exercise response: role of in- 
creased right ventricular end-diastolic and pul- 
monary capillary pressures: Because abnormalities 
in both left and right ventricular function can alter the 
cardiac response to exercise, we next attempted to 
evaluate myocardial muscle function by measuring 
exercise-induced changes in both right and left ven- 
tricular end-diastolic pressures. With exercise, the pa- 
tients with mild pulmonary stenosis exhibited a normal 
decrease in both right ventricular end-diastolic and 
pulmonary capillary wedge pressures, whereas both 
groups of surgically treated patients showed an abnor- 
mal increase in both pressures with exercise (Table II). 
0thers3v6 have also demonstrated that exercise causes 
some patients with repaired tetrad of Fallot to have a 
decrease in stroke index and a concomitant increase in 
right ventricular end-diastolic and pulmonary wedge 
pressures. 

The increase in right ventricular end-diastolic 
pressure with exercise probably represents an abnor- 
mality of both left and right ventricular compliance.14 
Myocardial hypertrophy or fibrosis or increased ven- 
tricular volume alone or in combination can cause ab- 
normalities in ventricular compliance. Because the ex- 
ercise-induced increase in right ventricular end-diastolic 
and pulmonary capillary wedge pressures were also 
associated with a significant decrease in stroke volume, 
the altered ventricular compliance in our patients with 
repaired tetrad of Fallot can best be explained by the 
presence of both right and left ventricular myocardial 
fibrosis in addition to myocardial hypertrophy14 (Fig. 
2 and 3). Lev et all6 and Krymsky17 demonstrated focal 
fibrosis of the left ventricle and diffuse fibrosis of the 
right ventricle in patients with tetrad of Fallot. In ad- 
dition, Jones and Ferran@’ suggested that in the patient 
who is not operated on, the histologic changes in the 
right ventricular myocardium can progress with time. 

ASI(ml/beat/m") 

A PS PTS 

+ WPTOF + PI 

0 WPTOF CONDUIT 

-10 I #‘4’ . 

-15 1 

FIGURE 3. Exercise-induced than 
ventricular end-diastolic pressure ( F 

s in stroke index (ASI) and left 
LVEDP) in seven patients without 

pulmonary insufficiency (PI) after repair of tetrad of Fallot (ToF) (circles), 
eight patients with moderate pulmonary insufficiency after repair of 
tetrad of Fallot (diamonds) and seven nonsurgically treated patients with 
mild pulmonary stenosis (PS) (trlan@es). Ths responses were abnormal 
in both groups of surgically treated patients. 

In addition to focal left and diffuse right ventricular 
fibrosis, other factors may also have contributed to the 
abnormal myocardial compliance observed in the 15 
surgically treated patients. These might include myo- 
cardial damage incurred through failure to preserve the 
ischemic myocardium during cardiac bypass, prolonged 
length of aortic cross-clamp time and ischemic arrest, 
failure of regression of right ventricular hypertrophy 
and the long-term effect of arterial desaturation.* 

Comparison with previous studies: Our study had 
a larger number of patients with an impaired cardio- 
vascular response to exercise than that in other studies 
on exercise hemodynamics after repair of tetrad of 
Fallot.2~5~6 This difference is largely due to the fact that 
all of our patients were both more than age 8 at the time 
of their surgical repair and had a severe form of tetrad 
of Fallot requiring extensive right ventricular outflow 
tract reconstruction with either a valved conduit or large 
outflow patch. Borow et al. lg observed that ventricular 
dysfunction was present in patients with tetrad of Fallot 
repaired at an older age, but not in patients whose repair 
was performed during infancy. James et a1.20 also re- 
ported that patients who had intracardiac repair of 
tetrad of Fallot after age 10 appear to have a smaller 
work capacity than do patients who had repair at an 
earlier age. 

Clinical implications: The long-term significance 
of the impaired hemodynamic response to exercise in 
patients with tetrad of Fallot remains to be determined. 
Six patients in our study had significant ventricular 
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arrhythmia induced by treadmill exercise. Gillette et In the light of our study we recommend that ven- 
a1.21 and Wessel et a1.22 suggested that cardiac dys- tricular function during stress become a routine part of 
function may be the cause of ventricular arrhythmias the postoperative cardiac catheterization in all patients 
in patients after repair of tetrad of Fallot. Garson et al.23 with tetrad of Fallot, especially in those patients who 
also demonstrated that the presence of residual right undergo repair at an older age and have a severe ana- 
ventricular hypertension (right ventricular systolic tomic form of the defect. In addition, any patient who 
pressure greater than 60 mm Hg) relates to the devel- has an impaired cardiac response to supine exercise, 
opment of ventricular arrhythmia in patients after re- even after a good hemodynamic repair, may be at a high 
pair of tetrad of Fallot. risk for the development of ventricular arrhythmia. 
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