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Abstract

Introduction—Pulmonary insufficiency (PI) is associated with right ventricular (RV) dilation, 

dysfunction and exercise intolerance in patients with tetralogy of Fallot (TOF). We sought to 

compare RV function and exercise performance in patients with valvar pulmonary stenosis (VPS) 

following pulmonary balloon valvuloplasty to those with repaired TOF with similar degrees of PI.

Methods—We performed a cross-sectional study of patients with VPS and TOF. Cardiac 

magnetic resonance (CMR) and exercise stress test (EST) were performed. Subjects were matched 

by time from initial procedure and severity of PI using propensity scores.

Results—After matching, there were 16 patients with VPS and 16 with TOF for comparison, 

with similar demographics. Time from initial procedure was 14 years (12; 16), p= 0.92, and 

pulmonary regurgitant fraction was 19 % (6; 31), p= 0.94, Patients with TOF had lower ejection 

fraction [58 % (53; 66) vs. 65 % [60; 69], p= 0.04] and more RV hypertrophy [69 g/m2 [52; 86] 

vs. 44 g/m2 [32; 66], p=0.04] compared to those with VPS. Aerobic capacity was worse in 

patients with TOF [68 ± 19% mVO2 (56; 84) vs. 82 ± 9.2 % (74; 89) in VPS, p=0.01], with a 

trend for less habitual physical activity [0.9 (0; 12) vs. 8 hours/ week (4; 12), p= 0.056], 

respectively.

Conclusions—With similar degrees of PI, patients with TOF demonstrate worse RV function 

and aerobic capacity as compared to patients with just VPS. Habitual exercise may in part explain 

differences in exercise performance and should be further explored.
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Introduction

The adverse effects of pulmonary insufficiency (PI) are well characterized in tetralogy of 

Fallot (TOF). Ensuing right ventricular (RV) enlargement and dysfunction are associated 

with exercise intolerance, propensity for serious arrhythmias and increased risk of sudden 

cardiac death. 1, 2 Nonetheless, the RV remodeling in TOF, i.e., changes in size (dilation), 

shape (hypertrophy) and function, is quite variable, such that RV dysfunction and symptoms 

develop at inconsistent times following surgery, and the timing for restoring pulmonary 

valve competency varies from patient to patient.3 Surgical repair for TOF involves placing a 

transannular patch in most patients as well as a ventriculotomy in some. Therefore, it is 

likely that a combination of factors, including ventriculotomy, non-contractile outflow tract, 

hypoplastic pulmonary arteries, and sternotomy, influences RV remodeling.

Isolated valvar pulmonary stenosis (VPS) treated via percutaneous balloon dilation (BD) can 

also result in PI, and although long-term results after BD for VPS are excellent with 

relatively low re-intervention rates, the impact of PI on outcome in this population has not 

been extensively described.4 VPS can serve as a model for understanding the independent 

effect of PI on the RV apart from other surgery-related factors in TOF. Therefore, the 

rationale for this study was to compare RV function, morphology, and exercise performance 

in two clinical scenarios characterized by PI. We hypothesized that for the same degree and 

length of exposure to PI, ventricular function and exercise performance would be worse in 

TOF patients than in those with isolated VPS.

Material and Methods

Study population and data collection

We performed a cross sectional study at The Children's Hospital of Philadelphia (CHOP) of 

subjects with TOF or VPS, ages 8-18 years. Subjects underwent protocol-based cardiac 

magnetic resonance (CMR) and exercise stress testing (EST). Echocardiograms were 

available for the TOF group only. Testing was performed at most within three months in the 

TOF group and on the same day on all subjects with VPS. Subjects also completed a 

validated written questionnaire assessing habitual exercise.5 The number of hours per week 

of physical activity was recorded for each patient. The VPS group included patients who 

underwent BD. The TOF group included patients operated for TOF. Subjects were identified 

from clinical, catheterization, and surgical databases at our institution. For those with VPS, 

inclusion criteria included history of isolated VPS status post BD and no evidence of a 

genetic syndrome. For TOF, patients with genetic syndromes other than 22q11.2 deletion 

were excluded.

This study was approved by the Institutional Review Board for the Protection of Human 

Subjects at CHOP. All subjects provided written informed consent prior to participating in 

the study.

Cardiac Magnetic Resonance—CMR studies were performed on a 1.5-T Avanto 

Whole Body Magnetic Resonance System (Siemens Medical Solutions, Erlanghen, 

Germany) with a 6-channel body-array coil scanner using a standard imaging protocol, as 
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previously described by our group. 6 All CMRs were read by an experienced physician (MF) 

who was blinded to patient's clinical information. Briefly, RV volumes were calculated. The 

RV end-systolic and end-diastolic volumes and RV mass were indexed to body surface area 

(m2) and corresponding Z-scores were calculated using published normative data. 7, 8 Phase 

contrast velocity mapping with a flow-sensitive gradient-echo sequence was performed in 

the main pulmonary artery. Forward, regurgitant, and net flows were then automatically 

calculated from the resulting time-volume curves. PI was measured as pulmonary 

regurgitant fraction (RF). The RF through a region of interest is defined as follows: RF (%) 

= (reverse flow/forward flow) X 100. Residual pulmonary stenosis was defined by the 

velocity in the main pulmonary artery and graded as greater than mild if >3 m/sec.

Exercise Stress Test—Patients exercised to maximal ability using an electronically 

braked cycle ergometer (SensorMedics, Yorba Linda, CA). The exercise protocol has been 

previously described. 6 We used a respiratory exchange ratio (RER) ≥1.1 to identify subjects 

who achieved maximum effort on EST. The percent of predicted maximum VO2 (%mVO2) 

was calculated for each patient, according to normative values for age, gender and body size. 

Exercise performance was defined by percent mVO2 and defined as abnormal if less than 

85% of the predicted value.9-11

Echocardiogram—A complete echocardiogram was performed in the TOF group, 

following a standard research protocol in our laboratory. Echocardiogram data was used to 

obtain the estimated RV pressure using the tricuspid regurgitation jet, to estimate the 

association between RV pressure and RV mass.

Statistical Analysis

To examine differences given comparable degrees of PI, propensity score matching was 

used to match patients in the VPS to the TOF groups. First, a logistic model with group as 

dependent variable and years of PI and pulmonary regurgitation as predictors was used to 

calculate the propensity scores. Then, each VPS patient was matched on a TOF patient 

based on the propensity scores in order to achieve the balance between two groups 

according to duration of PI (years of exposure) and severity of pulmonary regurgitation 

(measured as RF).

After matching, continuous variables are presented as mean and standard deviation (SD) or 

as median with inter-quartile ranges (IQR), as appropriate. Categorical variables are 

described using count and percentages. The differences between the VPS and TOF groups 

were tested with Students’ paired t test or the signed rank test for continuous variables 

according to the distribution. The McNemar's test or Fisher's exact test was used for 

categorical variables. Associations between covariates were compared with Pearson's 

correlation coefficient. Statistical significance was reached if p-values were < 0.05 (2-sided 

tests). All analyses were performed using Stata/IC statistical software version 11.2 (College 

Station, TX) or SAS version 9.2 (Cary, NC).
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Results

Patient characteristics

Our study cohort consisted of 19 cases with VPS and 176 cases with TOF, from which 16 

cases of each were matched for RF and length of exposure to PI for intergroup comparison. 

By study design, the groups had comparable age. There was no difference in age at the time 

of the initial procedure (p=0.11) There was a predominance of males and Caucasians (Table 
1).

Valvar PS Group Characteristics

In the VPS group (n=19), only one patient had greater than mild residual pulmonary valve 

stenosis. Although the right ventricular end-diastolic dimension was normal on average (Z 

score = 0.7 ± 2.7, range −3.2 to + 6.8), there were six subjects with dilated RVs (RV end-

diastolic volume Z scores ≥2). Eight patients had greater than mild PI (>20% RF) and 

consequently more dilated RVs as compared to those with less than mild PI (RV end-

diastolic volume Z score +2.5 ± 2.5 vs. −0.64±2.1, p=0.009). However, those 8 patients had 

comparable RV function (ejection fraction) and aerobic capacity to those with less than mild 

PI (RVEF 62±5 vs. 67±9%, p=0.21 and mVO2 79±8 and 83±11%, p=0.42, respectively). 

There was a strong linear association between PI and RV enddiastolic volume (r= 0.63, 

p=0.003), and a moderate association between PI and age at balloon dilation (r=−0.51, p= 

0.043), but no association between PI and RVEF (r=−0.37, p=0.11), RV mass (r=0.08, 

p=0.75), or years from BD (r=0.12, p=0.59).

On EST, most VPS subjects (74%) exercised to maximal effort (RER >=1.1), achieving a 

maximum heart rate of 193±10 bpm. Aerobic capacity was mildly decreased [%mVO2 = 84 

% (74; 89)] (Table 2). Oxygen consumption was not associated with oxygen pulse, even 

when limited to those achieving a maximum exercise test, but it had a moderate negative 

correlation with PI, indicating that subjects with more severe PI had lower percent predicted 

mVO2 (r=-0.52, p=0.04).

Habitual exercise questionnaires were available for 14 VPS subjects. Overall they performed 

7.4 (2.2; 12.1) hours of exercise per week. Habitual exercise was moderately associated with 

percent predicted mVO2 and with RV function (RVEF) (r= 0.56, p =0.02 and r=0.61, p= 

0.013, respectively).

TOF Matched Group Characteristics

For this analysis, of the 176 available TOF patients, 16 subjects were matched to the VPS 

group by RF and length of exposure, and constitute the sample for comparison with the VOS 

group . Given the degree of PI in the VPS group, matching resulted in mild PI in the TOF 

study group, with RF = 21% (6; 32). There was significant RV hypertrophy with RV mass = 

67 ± 24 g/m2, with corresponding RV mass Z score = +6.7 (+3.9; +10.3) (Table 2). Six 

subjects had dilated RVs (RV end-diastolic Z score ≥ +2).

Similar to the VPS group, there was a moderate positive correlation between PI and RV end-

diastolic volume (r= 0.68, p=0.004), but no significant correlation between PI and age at 
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surgical repair (r=0.15, p=0.60), RVEF (r=0.001, p=0.99), RV mass (r=0.43, p=0.09), or 

years from surgery (r=0.12, p=0.59).

Like the VPS group, on EST, most subjects with TOF (74%) exercised to maximal effort. 

Aerobic capacity was decreased on average [%mVO2 = 66 (IQR 56; 84)] % of predicted for 

age and gender). There was no significant correlation between PI and percent-predicted 

mVO2 (r= 0.51, p= 0.06). Questionnaires with habitual exercise information were available 

for ten TOF patients. Overall, they performed less than one hour/ week of physical activity 

[0.9 hours/week (0; 12)]. Unlike the VPS group, there were no associations between habitual 

exercise (hours/week) and percent of predicted mVO2 (r= 0.42, p= 0.22), or RVEF (r =

−0.21, p= 0.56) in this small subset of patients.

Echocardiographic estimate of RV pressure using the tricuspid regurgitation jet was 

available in 12 subjects, for whom the RV pressure was calculated at 37% systemic (32; 43). 

There was no association between RV pressure ratio and indexed RV mass (r= -0.44, p= 

0.16).

Between Group Comparisons

Given that subjects were matched by RF and years of exposure to PI, the overall PI was mild 

in both groups (driven by mild PI in the VPS patients). Because three of the VPS patients 

had RF=0, only 16/19 were matched to TOF patients. There was mild or less residual 

pulmonary stenosis overall and no statistically significant difference in the groups. Likewise, 

ventricular volumes were comparable in the two groups (Table 2). Although RV function 

was preserved overall in both groups, the TOF group had lower RV ejection fraction as 

compared to the VPS patients [58% (54; 66) vs. 65 % (60; 69), p=0.04, respectively] and 

more RV hypertrophy [RV mass 69 (52; 86) vs. 44 (32; 66) g/m2, p=0.04, respectively] 

(Table 2). The TOF group performed worse on exercise testing as compared to the VPS 

cases with significantly lower %mVO2 [66 (56; 84) vs. 84 (74; 89), p=0.01] (Table 2). 
Duration of exposure to PI was not associated with RF in either group, although there was a 

tendency towards significance in the TOF group [r= 0.47, p=0.07 (TOF) and r= 0.34, p=0.19 

(VPS)].

Discussion

In this study, we sought to investigate differences in RV function and exercise performance 

in two groups of patients exposed to similar PI severity, while also examining the clinical 

status of patients with VPS after BD. As such, we used the subjects with VPS who 

underwent BD as a model of PI in an otherwise unoperated heart in comparison to the 

operated heart in TOF.

Clinical Status of Patients with VPS

Our results suggest that residual PI can be significant in a group of children and adolescents 

with VPS after BD. Although on average the degree of PI was mild in the VPS group, 42% 

demonstrated moderate PI (RF greater than 20%) with corresponding RV dilation. At this 

intermediate age of follow up, VPS subjects demonstrated preserved RV function but 

abnormal aerobic capacity on average. Oxygen consumption was associated with worse PI 
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and increased habitual exercise and RV function. These findings support the need for long 

term follow up of this population since they already demonstrate physiologic abnormalities 

in adolescence and could potentially develop symptoms in adulthood.12

In some aspects our findings are similar to those reported by Harrild et al (2009), who found 

a comparable degree of PI and consequent RV dilation in a larger group of patients (n= 41) 

with a wider age range.13 In that study, however, there was an association between peak 

VO2 and regurgitant fraction, whereby patients with >15 % RF had lower VO2 as compared 

to those with <15% RF. We did not find such an association, possibly due to the difference 

in age range or the smaller sample size in our study.

However, habitual exercise was associated with oxygen consumption in our VPS group. 

Similar to our results, others have demonstrated an association between daily physical 

activity and mVO2. Furthermore, Fredriksen et al (2000) demonstrated improvements in 

mVO2 on exercise testing after an exercise intervention program in children and adolescents 

with congenital heart disease, thus providing further evidence that daily physical activity is 

associated with mVO2.14-16 In our study, the mVO2 was abnormal in the face of overall 

mild residual disease. This finding was unexpected in this group, particularly given the 

young age range; however, patients with congenital heart disease are known to have 

decreased aerobic capacity and to be less active than their peers. Whether their lower aerobic 

capacity results from deconditioning, hemodynamic or other factors remains to be 

elucidated.17-19 In addition, we were not able to ascertain whether more physical activity 

leads to better RVEF and mVO2 or alternatively, whether lower RVEF and mVO2 result in 

less habitual exercise.

We found a moderate association between age at BD and severity of PI, indicating, similar 

to others, that patients in whom BD was performed at a younger age have more severe PI, 

possibly due to more severe disease at presentation.20, 21 Garty et al (2005) reported that PI 

increased in severity over time and showed that half of the patients in a large series had 

moderate to severe PI at a mean follow up of 12 years.20 Although we were not able to 

ascertain whether PI was progressive over time due to the cross sectional design of our 

study, our study group demonstrated overall mild residual PI in a median follow up of 15 

years.

Comparison with TOF

Matching for severity and duration of PI resulted in a relatively healthy group of TOF with 

preserved RV function and mild PI, none of which necessarily reflect the full spectrum of 

TOF disease. Nonetheless, for a relatively well group with seemingly mild residual disease, 

the matched TOF subset fared worse in terms of RV function (lower RVEF), RV 

hypertrophy (increased RV mass), aerobic capacity, and hours of habitual exercise than the 

VPS group. Therefore, as one would predict, PI does not appear to be the sole determinant 

of long-term RV remodeling and exercise capacity in TOF. In particular, although normal on 

average and despite matching for PI, the RVEF was statistically significantly lower in the 

TOF group as compared to the VPS study group. Because of the significant difference in RV 

mass that was independent from increased RV pressure in the TOF group, we postulate that 

there is intrinsic RV disease in TOF. This could be secondary to several factors, including: 
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post-natal exposure of the RV myocardium to cyanosis, surgical factors such as 

ventriculotomies and transannular patches, and abnormalities of the distal pulmonary artery 

tree. In addition, genetic factors appear to influence the RV's remodeling and reverse 

remodeling patterns in TOF. 22, 23

We also found that patients with TOF have worse exercise performance when compared to 

VPS subjects matched by duration and severity of PI. Several studies have explored exercise 

performance in TOF and its determinants appear to be multifactorial. Proposed etiologies 

include cardiovascular factors, restrictive pulmonary function, deficient habitual exercise 

and chronotropic impairment. All of these can be associated with decreased aerobic capacity 

identified in the TOF group, which was present but to a lesser extent in the VPS after BD 

group. 24, 25 Although we were not able to test this hypothesis in our study, it is possible that 

patients with VPS perform better on EST than those with TOF because they exercise more 

and feel well enough to do so. Moreover, patients with TOF might be less encouraged to 

exercise and as such are less conditioned and perform worse on EST as compared to those 

with VPS.

Limitations

We acknowledge limitations to our study. We analyzed a small sample of patients with VPS, 

although testing was performed on the same day using study protocols, lending more 

reliability to the associations we identified. We might have found stronger associations in a 

larger sample size or if we had identified VPS subjects with more severe PI. Because we 

found only mild to moderate PI in this study cohort, our results can only be generalized to 

patients with similar a degree of PI in both subgroups. Catheterization data was not available 

for all subjects enrolled and thus we could not correlate the conduct of the BD with 

outcomes. However the objective of this study was to describe the clinical status of children 

and adolescents with VPS, and to isolate the effect of PI on the unoperated heart in 

comparison to TOF. Finally, exercise data were self-reported, relying on the parents and/or 

participants to remember the level of physical activity in the previous year, therefore 

subjecting our study to recall bias. However, if error is present and if it is non-differential, it 

would bias our results towards the null.

In conclusion, our study suggests that RV remodeling in TOF, in particular increased RV 

mass and decreased RV ejection fraction, is not solely dependent on the degree of PI. 

Although the patients with VPS performed better on EST, they nonetheless demonstrate 

abnormal aerobic capacity. Thus future studies are needed to better understand RV 

remodeling in response to PI and to explore novel therapeutic strategies. Finally, while, it is 

possible that better RV function in the VPS group permits greater participation in exercise 

and improved aerobic capacity as compared to the TOF group, it is likely that habitual 

exercise is associated with improved aerobic capacity in both groups. As such there may be 

added benefits to encouraging rather than restricting safe, habitual exercise.
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Table 1

Demographic characteristics of matched groups

VPS
a

TOF
b P-value

Number of subjects 19 16

Age at testing 15.3 ± 3.6 14.3 ± 2.8 0.40

Males (%) 63 56 0.72

Race White (%) 75 94 0.14

Age at procedure (years)
c 1.2 ± 1.5 0.5 ± 0.41 0.11

Years of exposure to PI
c 14 ± 4.1 14 ± 2.7 1.0

a
VPS = valvar pulmonary stenosis

b
TOF = tetralogy of Fallot

c
Non-significant P values reflect adequate matching by years of exposure to PI.
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Table 2

Cardiac Magnetic Resonance and Exercise Stress Test Characteristics Comparing VPS to TOF Matching for 

Duration of PI and Pulmonary Regurgitant Fraction

VPS
a
 N=16 TOF

b
 N=16 P-value

CMR
‡

Pulmonary Regurgitant Fraction (%) 19 (9; 26) 21 (6; 32) 0.73

Main pulmonary artery velocity (m/sec) 1.7 (±0.8) 1.9 (±0.7) 0.34

RV end-diastolic volume (mL/m2)
c 87 (72; 113) 97 (73; 119) 0.46

RV end-diastolic volume Z score 0.99 ± 2.8 1.5 ± 2.5 0.50

RV end-systolic volume (mL/m2) 35 (21; 45) 35 (26; 53) 0.21

RV Ejection Fraction (%) 65 (60; 69) 58 (54; 66) 0.04

Indexed RV mass (grams/m2) 44 (32; 66) 69 (52; 86) 0.04

EST 
d

RER >=1.1 (%)
e 69 % (11 of 16) 73 % (11 of 15) 0.78

Indexed Oxygen pulse (mL/O2/beat/m2) 11.2 ± 4.8 8.6 ±3.3 0.71

mVO2 (mL/Kg/min)
f 32 (29; 37) 25 (21; 34) 0.10

%mVO2
g 84 (74; 89) 66 (56; 84) 0.01

Habitual Exercise

Hours/ week of exercise 8 (4; 12) 0.9 (0; 12) 0.038

a
VPS = valvar pulmonary stenosis

b
TOF = tetralogy of Fallot

‡
CMR = cardiac magnetic resonance

c
RV = right ventricle

d
EST = exercise stress test

e
RER = respiratory exchange ratio

f
mVO2 = maximum oxygen consumption

g
%mVO2 = percent of predicted VO2
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