
Differences in Right Ventricular Physiologic Response to 
Chronic Volume Load in Patients with Repaired Pulmonary 
Atresia Intact Ventricular Septum/Critical Pulmonary Stenosis 
Versus Tetralogy of Fallot

Andrew L. Cheng1, Abraham M. Kaslow2, Jay D. Pruetz1, Jimmy C. Lu3, John C. Wood1,2, 
Jon A. Detterich1,2

1Division of Pediatric Cardiology, Children’s Hospital Los Angeles, 4650 Sunset Blvd., Mailstop 
#34, Los Angeles, CA90027, USA

2Keck School of Medicine, University of Southern California, Los Angeles, CA, USA

3Division of Pediatric Cardiology, C.S. Mott Children’s Hospital, University of Michigan, 1540 E. 
Hospital Dr., Ann Arbor, MI 48109, USA

Abstract

Background—Patients with pulmonary atresia with intact ventricular septum and critical 

pulmonary stenosis (PAIVS/CPS) have wide variation in right ventricle (RV) size, systolic 

function, and diastolic function at birth. Establishment of antegrade pulmonary blood flow creates 

the potential for RV dilation from chronic pulmonary insufficiency. Future surgical decisions are 

based on RV size and function, largely supported by longitudinal studies of patients with Tetralogy 

of Fallot (TOF). Given potential differences in RV physiology and lack of similar data in PAIVS/

CPS, the objective of this study was to determine differences in RV size, systolic function, and 

diastolic function between patients with PAIVS/CPS versus TOF.

Methods—We retrospectively collected cardiovascular magnetic resonance (CMR) data in 27 

patients with PAIVS/CPS (ages 13.3 ± 8.8 years) and 78 with TOF (11.4 ± 5.4 years). RV 

volumes, ejection fraction (EF), regurgitant fraction, end-diastolic forward flow across the 

pulmonary valve, and right atrial cross-sectional area were calculated.

Results—There was no difference between the groups in RV end-diastolic volume (RVEDVi), 

RVEF, or pulmonary regurgitation. RVEF tended to decrease in TOF when RVEDVi exceeded 164 

ml/m2. In PAIVS/CPS, RVEDVi less frequently reached 164 ml/m2 and was not associated with 

RVEF. There was worse RV diastolic dysfunction in PAIVS/CPS, with 1.5 times larger right atrial 

area and two times higher pulmonary end-diastolic forward flow (p < 0.0001).
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Conclusions—Patients with PAIVS/CPS have similar RV size, systolic function, and pulmonary 

regurgitation as TOF. However, impaired RV diastolic function may limit extremes of RV 

dilatation and impact long-term management of PAIVS/CPS.
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Introduction

Pulmonary atresia with intact ventricular septum (PAIVS) and critical pulmonary stenosis 

(CPS) are two forms of congenital heart disease with severe right ventricular (RV) 

outflow tract obstruction. In utero, limited egress of blood from the RV leads to RV 

hypertension, RV hypertrophy, tricuspid valve dysplasia or hypoplasia, and often RV 

hypoplasia [1]. Postnatally, surgical and/or transcatheter interventions including modified 

Blalock–Taussig shunt (mBTS), right ventricular outflow tract (RVOT) patch, balloon 

pulmonary valvuloplasty, or combinations of these procedures are required to replace the 

ductus arteriosus as a source of stable pulmonary blood flow [2–6]. The goals of RVOT 

reconstruction are to re-establish antegrade pulmonary blood flow and to encourage RV 

dilation. This dilation is thought to result from both antegrade flow and residual volume-

loading lesions, namely tricuspid regurgitation (TR) and pulmonary insufficiency (PI) [7–9]. 

The ideal outcome is for the RV is to be able to maintain normal cardiac output at rest and 

increase pulmonary blood flow during periods of high demand, such as during exercise [5, 

10].

In contrast to patients with PAIVS/CPS, those with Tetralogy of Fallot (TOF) have a large 

ventricular septal defect that provides an alternate route for blood to exit the RV and 

prevents the same degree of RV hypoplasia and hypertrophy despite potentially as severe 

RVOT obstruction. After surgical repair of TOF, patients commonly develop progressive RV 

dilation (i.e., RV dilation out of proportion to somatic growth) and eventually both diastolic 

and systolic dysfunction due to chronic PI [11]. The adverse long-term effects of RV volume 

overload have been well studied in TOF, and cardiovascular magnetic resonance (CMR) 

imaging has been an essential tool for guiding the timing of pulmonary valve replacement 

in this population [11, 12]. Despite significant fundamental differences in RV morphology 

between PAIVS/CPS and TOF, to our knowledge a similar systematic evaluation of RV 

dilation has not been performed in patients with repaired PAIVS/CPS. In particular, the 

effect of chronic volume-loading on RV size and function over time is not well understood. 

Since PAIVS/CPS patients often have much more severe RV hypoplasia and hypertrophy 

than those with TOF, chronic PI could theoretically lead to less pathologic dilation but more 

significant diastolic dysfunction in the former. Knowledge of how the RV adapts differently 

in PAIVS/CPS in turn may better inform clinicians of risk stratification and guide timing of 

pulmonary valve replacement.

To study how chronic volume-loading affects RV size and function, we compared CMR 

data in a cohort of PAIVS/CPS patients with a similarly aged cohort of TOF patients. Our 
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primary aim was to evaluate factors associated with serial dilation of the RV and their 

associations with functional changes. We hypothesized that the hypoplastic and hypertrophic 

RV generally observed in PAIVS/CPS newborns would have less potential to pathologically 

dilate compared to that of TOF patients.

Materials and Methods

Study Design and Patient Population

We performed a retrospective cross-sectional analysis of patients with PAIVS/CPS or TOF 

who underwent CMR for assessment of RV volumes and function. Due to the rare nature 

of PAIVS/CPS, the study utilized data from two centers, Children’s Hospital Los Angeles 

and C.S. Mott Children’s Hospital at the University of Michigan. CMR databases were 

reviewed for studies performed between January 1999 and January 2014. All patients 

were referred for evaluation of RV size, RV function, and PI after initial TOF repair, 1.5 

ventricle palliation of PAIVS/CPS, or 2 ventricle repair of PAIVS/CPS. In addition to the 

cross-sectional analysis of the entire cohort, a longitudinal analysis of RV dilation was 

performed for the subset of patients who had multiple CMR studies.

We defined CPS as severe pulmonary stenosis requiring a patent ductus arteriosus to 

maintain adequate pulmonary blood flow. Among PAIVS patients, we only included those 

who had 2 ventricle repair or 1.5 ventricle palliation (i.e., we excluded patients who had 

Fontan palliation), as only these patients had the potential for RV enlargement from chronic 

PI. We also excluded individual studies if CMR was performed after pulmonary valve 

replacement, since this procedure eliminated volume-loading from PI.

We excluded TOF patients or studies if (1) CMR occurred prior to complete repair of 

TOF; (2) CMR was performed after pulmonary valve replacement; (3) CMR data sets were 

incomplete; or (4) other significant congenital heart defects (e.g., atrioventricular canal, 

Ebstein’s anomaly, total anomalous venous drainage, residual atrial septal defect, multiple 

aorticopulmonary collaterals, and absent pulmonary valve) were present. Since the initial 

TOF cohort had a slightly older median age due to four patients in their fifth and sixth 

decade, we also excluded these patients to better match age ranges between the two cohorts.

While surgical approaches for PAIVS/CPS vary by center and surgeon, general approaches 

in our institutions are as follows. For CPS patients, either transcatheter balloon pulmonary 

valvuloplasty or surgical RVOT patch is performed. For PAIVS patients, those with adequate 

tricuspid valve size (Z-score > − 2.5) and no concern for RV dependent coronary circulation 

may get either a transcatheter pulmonary valve perforation and balloon valvuloplasty or 

surgical RVOT patch with or without mBTS. After initial palliation, PAIVS patients may 

undergo single ventricle palliation with bidirectional Glenn and Fontan procedures, 1.5 

ventricle palliation with bidirectional Glenn shunt and atrial septal defect closure, or full 2 

ventricle repair.

All PAIVS/CPS and TOF patients had PI after their initial repair or palliative surgeries. 

None of the patients had a significant left to right shunt at the atrial level that could affect 
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right atrial (RA) or RV volumes. None of the patients had significant mitral or aortic 

regurgitation that could affect LV stroke volume.

CMR Measurements

We performed all CMR examinations on either a 1.5 T General Electric scanner (General 

Electric Medical Systems, Milwaukee, WI) or a 1.5 T Philips scanner (Achieva, Philips 

Healthcare, The Netherlands). Our standard imaging protocol included axial and short-axis 

cine steady-state free precession (SSFP) sequences for chamber size and ventricular function 

quantification, and phase contrast velocity sequences in the main and branch pulmonary 

arteries for flow quantification. We utilized vectorcardiographic gating on all scans to 

control for cardiac motion. Patients who were able to adequately hold their breath were 

asked to do so for short-axis SSFP sequences to minimize artifacts from respiratory 

motion. Otherwise we used three signal averages to compensate for respiratory motion. 

We performed all flow sequences free-breathing with multiple signal averages.

We performed volume and flow quantification with the GE or Philips cardiac analysis 

packages at Children’s Hospital Los Angeles, and with the commercial software, Qmass 

(Medis, Leiden, The Netherlands), at the University of Michigan. We calculated RV and 

LV end-diastolic volume (EDV) and end-systolic volume (ESV) using Simpson’s method of 

stacking discs and used body surface area (BSA) to index the volumes (EDVi and ESVi). 

Height and/or weight were not available for eight CMR studies. Those with both height and 

weight missing had a BSA documented on the report (two studies), while those missing 

only height had BSA calculated from weight only (seven studies). Of the seven studies with 

weight only, six were TOF and one was PAIVS; three of the TOF patients had weight < 5% 

and one had weight > 95%, while the PAIVS patient had a normal weight. We calculated RV 

and LV ejection fraction (EF) using the formula: stroke volume (SV)/EDV.

In the subset of patients that had serial CMR studies, we longitudinally assessed RV dilation. 

We defined accelerated dilation as an average of > 30 ml/m2/year or > 40% change per year. 

This threshold was defined based on visual inspection of the longitudinal data, but the same 

threshold of 30 ml/m2 has been used in prior longitudinal studies of TOF as an indicator of 

“disease progression” [13].

We measured PI using phase contrast, velocity-encoded imaging in the main pulmonary 

artery just above the RVOT. We calculated PI regurgitant fraction using the formula: main 

pulmonary artery regurgitant flow/main pulmonary artery forward flow. Using RV and LV 

ventricular SV measurements, we also calculated regurgitant fraction using the formula: 

(RVSV – LVSV)/RVSV. This latter formula is a measurement of total RV regurgitant 

volume, accounting for both TR and PI. Four patients (15%) with PAIVS/CPS had negative 

total RV regurgitant fractions due to a hypoplastic right ventricle (RV) and right to left 

shunting across an atrial septal defect.

As a surrogate for RV diastolic dysfunction, we measured RA cross-sectional area just 

superior to the entrance of the coronary sinus on an axial cine sequence at end-systole. We 

indexed this measurement to BSA as we did with RV volumes to account for differences in 

patient sizes. We used this in lieu of RA volume due to inadequate coverage to perform 
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accurate RA volume measurement on all studies. A similar estimate of RA volume, 

using Simpson’s method on a single RA slice from an apical four-chamber view on 

echocardiogram, has been demonstrated to correlate with both RV systolic and diastolic 

dysfunction [14]. Additionally, RA volume has been shown to be larger in patients with 

repaired TOF compared to healthy controls even in the absence of significant TR, suggesting 

that RA enlargement is instead due to decreased RV compliance [15]. Again, none of the 

patients had a significant left to right shunt at the atrial level that could affect RA size.

For a second marker of RV diastolic dysfunction, we also measured end-diastolic forward 

flow (EDFF) across the pulmonary valve. The presence of this abnormal antegrade 

pulmonary blood flow during RA contraction is thought to be due to “restrictive RV 

physiology” [16]. EDFF was assessed in two ways. The first measure was a binary variable 

given as the presence or absence of EDFF on phase contrast images. The second measure, 

EDFF peak flux, was a continuous variable quantifying the maximum EDFF flow rate. In 

conjunction with RA cross-sectional area/BSA, the latter measurement was used to better 

assess the severity of diastolic dysfunction rather just the presence or absence of diastolic 

dysfunction.

All ventricular volume, ventricular function, and PI measurements were extracted from the 

clinical CMR report associated with each study. RA cross-sectional area and EDFF were 

retrospectively measured on all studies by one investigator (JAD).

Echocardiographic Measurements

Given the wide range of RV sizes in PAIVS/CPS infants, we evaluated initial tricuspid 

valve size on newborn echocardiograms in this cohort. One investigator confirmed the 

tricuspid valve size in the apical four-chamber view on all studies (JAD). We determined the 

tricuspid valve Z-score using an online calculator (http://zscore.chboston.org) that accounts 

for child’s BSA and the valve annulus diameter as measured using the American Society 

of Echocardiography measurement standards [17]. This does not account for an effective 

orifice size.

A single investigator (JAD) graded TR severity qualitatively by echocardiography on the 

study performed closest to the time of the CMR (within 12 months).

Statistical Analysis

Variables are expressed as mean and standard deviation for normally distributed data or 

median and interquartile range for non-parametric data. Since a subset of patients had 

multiple CMR studies, we used statistical weighting to account for multiple data points. For 

patients with multiple studies, we weighted measurements by the reciprocal of the number 

of studies (i.e., measurements for a patient with three studies are weighted by a factor of 

1/3 when calculating summary statistics). We performed comparisons between groups with 

Student’s t test for normally distributed data, Wilcoxon rank sum test for non-normally 

distributed data, or Z-statistic for comparison of Z-scores to the general population. We used 

linear regression to explore the associations between RVEDVi and age, RVEDVi and EF, as 

well as RVEDVi and regurgitant fraction. For these analyses, we used ANCOVA to compare 

linear regression slopes between groups. To determine the RVEDVi threshold past which EF 
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decreases in the TOF group, we used receiver operating characteristic (ROC) curve analysis. 

We performed all statistics using JMP Pro version 12.1 (SAS Institute Inc. Cary, NC, USA).

Results

Patient Demographics and Initial Tricuspid Valve Size

We identified a total of 193 CMR studies (44 PAIVS/CPS, 149 TOF) in our database. 

Of these, we excluded 38 due to other significant congenital heart defects, 8 for prior 

pulmonary valve replacement, 4 for incomplete CMR data, and 1 for timing prior to TOF 

repair. This yielded 27 PAIVS/CPS patients with 42 CMR studies, and 78 TOF patients with 

100 CMR studies that met both inclusion and exclusion criteria. As shown in Table 1, the 

two groups had a similar distribution of age and sex. PAIVS/CPS patients had earlier initial 

interventions, which are detailed in Table 2. Initial tricuspid valve Z-scores for PAIVS/CPS 

patients were generally within normal limits with only 7% having a tricuspid valve Z-score 

< − 2. Among the PAIVS/CPS cohort, there was no difference in tricuspid valve Z-score nor 

age at CMR between those who underwent 1.5 ventricle palliation versus 2 ventricle repair.

RV Size

Comparisons of cardiac CMR and echocardiography data for both groups are shown in 

Table 3. Pulmonary regurgitant fraction by CMR was similar between the two groups, but 

TR grade by echocardiography was significantly higher in PAIVS/CPS patients. Neither TR 

nor PI severity was associated with age. PAIVS/CPS patients with 2 ventricle repair had 

similar RVEDVi compared to TOF patients, while PAIVS/CPS patients with 1.5 ventricle 

palliation had a significantly lower RVEDVi (Fig. 1). Although the median RVEDVi was 

similar between PAIVS/CPS and TOF, the TOF distribution was more skewed, with 10% 

exceeding 200 ml/m2. However, when we examined the association between RVEDVi versus 

age (Fig. 2a) and RVEDVi versus pulmonary regurgitant fraction (Fig. 2b), we did not 

observe a difference between PAIVS/CPS and TOF patients.

Longitudinal RV Dilation

Longitudinal RV dilation data were available in a subset of patients (10 PAIVS/CPS and 

15 TOF), as shown in Fig. 3a. While the association between RV size and age and the 

average longitudinal dilation over time were similar between the two cohorts (Figs. 2a, 3b, 

respectively), a subset (27%) of TOF patients had accelerated RV dilation. This subgroup 

had an average dilation rate of 45.8 ml/m2/year (48.5% change per year), while those 

without accelerated dilation had an average dilation rate of 5.6 ml/m2/year (5% change per 

year). In contrast, the average dilation rate in the PAIVS/CPS group was only 1.8 ml/m2/year 

(1.6% change per year). Accelerated dilation was not seen in any of the PAIVS/CPS patients 

(maximum dilation rate 16.2 ml/m2/year or 15.1% change per year). In both cohorts, a few 

patients had a decrease in RVEDVi over time, suggesting that somatic growth outpaced RV 

dilation.

RV Function

RV systolic function was comparable between the PAIVS/CPS and TOF cohorts (Fig. 

4a). PAIVS/CPS patients also had similar RV systolic function regardless of 1.5 ventricle 
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palliation versus 2 ventricle repair. However, despite similar RV volume and function 

measurements, the relationship between RVEDVi and RVEF was quite different between 

the PAIVS/CPS and TOF cohorts. While RVEF inversely correlated with RVEDVi in TOF 

patients, RVEF was not associated with RVEDVi in PAIVS/CPS patients (Fig. 4b). By ROC 

analysis, we determined that the optimum RVEDVi to predict an RVEF < 50% in the TOF 

group was 164 ml/m2 (p = 0.03, AUC 0.62, specificity 0.9, sensitivity 0.44). There were 5 

PAIVS/CPS studies (12%) versus 18 TOF studies (18%) with an RVEDVi > 164 ml/m2 (p = 

0.36), and 11 PAIVS/CPS studies (26%) versus 25 TOF studies (25%) with an RVEF < 50% 

(p = 0.93).

Chronic diastolic dysfunction and restrictive RV physiology, as assessed by RA cross-

sectional area/BSA and EDFF, were worse in the PAIVS/CPS cohort. These were not 

significantly different between the 1.5 ventricle and 2 ventricle subgroups. The presence of 

EDFF did not correlate with LV function or size, nor did it correlate with RV size. RA cross-

sectional area/BSA was 1.5 times larger (Fig. 4c, p < 0.0001) and EDFF was 2 times higher 

in the PAIVS/CPS group (p = 0.002). Since RA cross-sectional area/BSA could have been 

affected by TR severity, we evaluated the relationship between these two variables in both 

cohorts. While there were more patients with mild to moderate TR in the PAIVS/CPS cohort 

(62% vs. 39%), RA cross-sectional area/BSA was not significantly different between those 

with none to trivial TR versus those with mild to moderate TR in either the PAIVS/CPS 

cohort (19.6 ± 5.1 versus 19 ± 4.4 cm2/m2, p = 0.81) or TOF cohort (13.4 ± 3.7 versus 13.1 

± 3 cm2/m2, p = 0.83). In contrast, RA cross-sectional area/BSA was larger in those with 

severe TR in the PAIVS/CPS cohort (27.4 ± 2.6 cm2/m2, p = 0.024) but not in the TOF 

cohort (10.3 ± 3.5 cm2/m2, p = 0.68). Although this biased the PAIVS/CPS cohort toward a 

larger average RA cross-sectional area/BSA, since only a minority of patients in either group 

had severe TR (10% PAIVS/CPS, 2% TOF), the magnitude of this effect was minimal. As 

illustrated in Fig. 4d, RA cross-sectional area/BSA was larger in the PAIVS/CPS cohort than 

in the TOF cohort across all ages, although the difference between the two groups decreased 

with age. Neither RA cross-sectional area/BSA nor EDFF correlated with systolic function 

in patients with PAIVS/CPS. Furthermore, the linear association between RA cross-sectional 

area and RVEDVi was not different for PAIVS/CPS versus TOF (data not shown).

Discussion

Patients with PAIVS/CPS are born with varying degrees of tricuspid valve and RV 

hypoplasia. The RV can also be significantly hypertrophied with myocardial disarray and 

fibrosis, which may lead to differences in response to chronic volume load [18, 19]. 

Our study demonstrates that despite this variability, RVEDVi and RVEF are similar in 

patients with repaired or palliated PAIVS/CPS versus repaired TOF. However, while RV 

volume and systolic function are similar, RV diastolic function is significantly worse in 

PAIVS/CPS patients. Although both groups have features of restrictive RV physiology, it 

is more prominent in PAIVS/CPS and not associated with systolic dysfunction. This is an 

important distinction for patients with PAIVS/CPS, in whom the initial surgical approach 

is based on speculated RV dilation potential. Furthermore, since the timing of pulmonary 

valve replacement is typically based on data derived from studies of patients with TOF, this 
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difference in physiology suggests that application of the TOF guidelines to PAIVS/CPS may 

not be ideal.

Unlike with TOF, adaptive versus pathologic changes in RV size and function after RVOT 

reconstruction have not been well described in PAIVS/CPS during the modern era using 

CMR [7–9, 20]. This presents a clinical challenge for determining timing of pulmonary or 

tricuspid valve replacement for patients with PAIVS/CPS. In patients with TOF, RVEDVi, 

RVESVi, and RVEF have been shown to predict adverse outcomes, including decreased 

exercise capacity, ventricular arrhythmias, and mortality [21]. These measurements have 

also been used to establish guidelines for timing of pulmonary valve replacement [22, 23]. 

Unfortunately, similar outcomes data are not available for patients with PAIVS/CPS.

Based on the initial tricuspid valve Z-scores, our PAIVS/CPS cohort had relatively mild RV 

hypoplasia, which is a reflection of how the sample was obtained (i.e., those with severe 

RV hypoplasia would have undergone single ventricle palliation and thus would not have 

been included in this study). While RV dilation and its relationship with age were similar 

between our two cohorts, markedly accelerated dilation was seen in a subset of TOF patients 

but not in any of the PAIVS/CPS patients. Despite the limitations of a small sample size in 

the subgroup analysis, the acceleration in dilation was striking and appeared to occur over a 

broad but young age range.

Concordant with prior echocardiographic studies, RV systolic function was maintained in 

the PAIVS/CPS cohort [24]. In contrast, TOF patients with RVEDVi greater than 164 ml/m2 

exhibited declining RV systolic function. Though not statistically different, there was a trend 

toward fewer PAIVS/CPS patients reaching this volume threshold; whether this is due to 

an intrinsic limit to RV dilation or a different response to chronic volume load cannot be 

determined with our study design. Similarly, several studies comparing patients with PS 

treated with surgical valvotomy or balloon valvuloplasty to age-and health-matched patients 

with surgically corrected TOF demonstrated higher RVEF in the former, although these 

patients were generally older and had a larger average RVEDVi than our cohort [25–27].

While systolic function is preserved in PAIVS/CPS, diastolic function is significantly 

impaired. Recent reports from Lam and colleagues demonstrated restrictive RV physiology 

was not only common in adult patients with PS, but that it also correlated with worse 

functional status, despite preserved EF [28]. Furthermore, increased RA size has been 

associated with chronic RV diastolic dysfunction, particularly in cases of long-standing 

restrictive RV physiology [15, 29]. When we evaluated predictors of RA cross-sectional 

area/BSA, the diagnosis of PAIVS/CPS was the best predictor, with additional influence 

by EDFF and TR grade. This, in conjunction with our finding that diastolic dysfunction 

exists independent of systolic dysfunction, suggests that PAIVS/CPS is primarily a diastolic 

disease process. Therefore, RV diastolic dysfunction may mediate clinical outcomes in 

patients with PAIVS/CPS. Interestingly, while RA cross-sectional area/BSA decreased with 

age in both cohorts, it decreased more rapidly in the PAIVS/CPS cohort, suggesting some 

degree of improvement in diastolic function over time.
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Our study had several important limitations including its retrospective nature and the limited 

number of cases with longitudinal data available. Since ventricular volume and function 

measurements were extracted from clinical reports, we did not account for interobserver and 

interinstitutional variability. However, based on prior studies of CMR reproducibility, we 

expect this variability to be low (5–10%) [30]. There was variation in surgical management 

for initial repair, palliation, and pulmonary valve replacement for both cohorts. There may 

also be a selection/institutional bias in the PAIVS/CPS group regarding the decision to 

pursue a single ventricle, 1.5 ventricle, or 2 ventricle pathway. However, the aim of this 

study was not to determine which pathway is optimal and the similarity in data collected 

from the two institutions partially compensated for this bias. Many TOF patients in the early 

part of the study period never had a CMR prior to pulmonary valve replacement, which may 

have also lead to a selection bias in our sample. An important limitation was the potential 

for a cohort effect based on age and surgical strategies at the time of initial TOF repair. 

Much of the RV volume and function data in the literature included patients who were 

repaired “late,” after 2–3 years of age, whereas our data included very few of those patients. 

Most of our patients were repaired before 1 year of age, resulting in less RV hypertrophy 

and longer standing PI. Also, many of our patients had a transannular patch with extensive 

RVOT reconstruction, a strategy employed to prevent outflow tract stenosis. Finally, since 

four (15%) of the PAIVS/CPS patients had right to left shunting across a residual ASD, 

RA cross-sectional area may not have been an accurate measure of RV compliance in this 

subgroup.

Conclusions

RV size and systolic function are similar in patients with repaired/palliated PAIVS/CPS 

compared to those with repaired TOF. However, restrictive right ventricular physiology and 

chronic diastolic dysfunction are much more common in patients with pulmonary atresia 

intact ventricular septum/critical pulmonary stenosis. Future prospective studies aimed at 

determining optimal timing of pulmonary valve replacement in this population should 

include measures of diastolic function in addition to longitudinal measures of RV size and 

systolic function. These data will provide a better understanding of what defines normal 

growth versus pathologic RV dilation and how it affects long-term functional outcomes.
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Fig. 1. 
RVEDVi is similar between patients with 2-ventricle PAIVS repair (PAIVS 2 V) and TOF; 

however, patients with 1.5 ventricle palliation (PAIVS 1.5 V) have significantly smaller 

RVEDVi compared to both 2-ventricle groups
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Fig. 2. 
a The association between RVEDVi and age is similar between PAIVS/CPS (blue circles) 

and TOF (red squares). b RVEDVi increases with regurgitant fraction similarly between 

PAIVS/CPS and TOF. Negative regurgitant fraction in some PAIVS/CPS patients is due to 

right to left shunting across an atrial septal defect
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Fig. 3. 
a RVEDVi increases over time in a subset of PAIVS/CPS (blue circles) and TOF patients 

(red squares). b There are two distinct subgroups within the TOF cohort, one with dilation of 

> 40% per year and one with dilation < 20% per year, suggesting acceleration of RV dilation 

above somatic growth in the former
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Fig. 4. 
a RV systolic function in PAIVS/CPS patients is not different from TOF patients. b RVEF 

is not associated with RVEDVi in PAIVS/CPS patients (blue circles); however, RVEF 

is significantly, albeit weakly associated with RVEDVi in TOF patients (red squares), 

particularly with RVEDVi > 164 ml/m2. c RA cross-sectional area/BSA, a marker of chronic 

diastolic dysfunction, is larger in PAIVS/CPS patients. d RA cross-sectional area/BSA 

is larger in PAIVS/CPS patients across all ages. However, the difference decreases with 

increasing age, suggesting improvement in diastolic function over time
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