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OBJECTIVE: In the SVR trial (Single Ventricle Reconstruction), newborns with hypoplastic left heart syndrome were randomly 
assigned to receive a modified Blalock-Taussig-Thomas shunt (mBTTS) or a right ventricle-to-pulmonary artery shunt 
(RVPAS) at Norwood operation. Transplant-free survival was superior in the RVPAS group at 1 year, but no longer differed 
by treatment group at 6 years; both treatment groups had accumulated important morbidities. In the third follow-up of this 
cohort (SVRIII [Long-Term Outcomes of Children With Hypoplastic Left Heart Syndrome and the Impact of Norwood Shunt 
Type]), we measured longitudinal outcomes and their risk factors through 12 years of age.

METHODS: Annual medical history was collected through record review and telephone interviews. Cardiac magnetic resonance 
imaging (CMR), echocardiogram, and cycle ergometry cardiopulmonary exercise tests were performed at 10 through 14 
years of age among participants with Fontan physiology. Differences in transplant-free survival and complication rates (eg, 
arrhythmias or protein-losing enteropathy) were identified through 12 years of age. The primary study outcome was right 
ventricular ejection fraction (RVEF) by CMR, and primary analyses were according to shunt type received. Multivariable linear 
and Cox regression models were created for RVEF by CMR and post-Fontan transplant-free survival.

RESULTS: Among 549 participants enrolled in SVR, 237 of 313 (76%; 60.7% male) transplant-free survivors (mBTTS, 105 of 147; 
RVPAS, 129 of 161; both, 3 of 5) participated in SVRIII. RVEF by CMR was similar in the shunt groups (RVPAS, 51±9.6 [n=90], 
and mBTTS, 52±7.4 [n=75]; P=0.43). The RVPAS and mBTTS groups did not differ in transplant-free survival by 12 years of age 
(163 of 277 [59%] versus 144 of 267 [54%], respectively; P=0.11), percentage predicted peak Vo2 for age and sex (74±18% 
[n=91] versus 72±18% [n=84]; P=0.71), or percentage predicted work rate for size and sex (65±20% versus 64±19%; P=0.65). 
The RVPAS versus mBTTS group had a higher cumulative incidence of protein-losing enteropathy (5% versus 2%; P=0.04) and 
of catheter interventions (14 versus 10 per 100 patient-years; P=0.01), but had similar rates of other complications.

CONCLUSIONS: By 12 years after the Norwood operation, shunt type has minimal association with RVEF, peak Vo2, complication 
rates, and transplant-free survival. RVEF is preserved among the subgroup of survivors who underwent CMR assessment. 
Low transplant-free survival, poor exercise performance, and accruing morbidities highlight the need for innovative strategies 
to improve long-term outcomes in patients with hypoplastic left heart syndrome.

REGISTRATION: URL: https://www.clinicaltrials.gov; Unique identifier: NCT0245531.
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Hypoplastic left heart syndrome (HLHS) and other 
related single-ventricle anomalies are among 
the highest-risk congenital cardiac defects, with 

1-year mortality rates approaching 100% in the absence 
of either infant cardiac transplantation or staged surgi-
cal palliation. Staged palliation begins with the Nor-
wood operation, first described in 1980,1 in the neonatal 
period, followed by an initial cavopulmonary connec-
tion of the superior vena cava to the branch pulmonary 
arteries (stage 2), typically performed between 4 and 6 
months of age, and then a total cavopulmonary connec-
tion, including the inferior vena cava, to the pulmonary 
arteries (Fontan procedure [stage 3]), usually performed 

between 18 and 36 months of age. Typically performed 
in the first week of life, the Norwood operation converts 
the proximal pulmonary artery into a new aorta to ensure 
adequate blood flow to the body. Perfusion of the pulmo-
nary arteries requires creation of a systemic to pulmonary 
artery connection. For >2 decades, this connection was 
made using a modified Blalock-Taussig-Thomas shunt 
(mBTTS) from the right innominate artery to the right pul-
monary artery. In 2004, the right ventricle-to-pulmonary 
artery shunt (RVPAS) was promoted as an alternative 
to mBTTS, with the intent to reduce diastolic runoff into 
the pulmonary arteries from the systemic circulation and 
important end organs and to improve coronary perfusion 
pressure.2

In the original SVR trial (Single Ventricle Reconstruc-
tion), neonates with HLHS or other related single right 
ventricular anomalies from 15 centers across North 
America were randomly assigned to receive either 
mBTTS or RVPAS at the time of the Norwood operation.3 
In this first-ever multicenter clinical trial comparing surgi-
cal strategies in congenital heart disease, transplant-free 
survival at 12 months was better for those with RVPAS.4 
However, by 6 years of age, children assigned to RVPAS 
compared with mBTTS no longer differed significantly in 
transplant-free survival (64% versus 59%, respectively) 
and had similar hazards of death or transplant.5 In addi-
tion, through 6 years of age, children who received RVPAS 
required more catheter-based interventions than those 
who received mBTTS.5 It remained unclear whether dif-
ferences in cardiac function, morbidity, or survival would 
emerge between the shunt groups as the cohort aged.

SVR III (Long-Term Outcomes of Children With Hypo-
plastic Left Heart Syndrome and the Impact of Norwood 
Shunt Type) was designed to determine whether shunt 
type was associated with right ventricular function, trans-
plant-free survival, exercise performance, or morbidities 
by the preteen years. Specific aims also included identifi-
cation of risk factors associated with lower right ventricu-
lar ejection fraction (RVEF), the primary outcome, or with 
worse transplant-free survival after the Fontan procedure 
through early adolescence.

METHODS
In SVR, newborns with HLHS were randomly assigned to 
receive either mBTTS or RVPAS during the Norwood operation. 
The primary aim was to determine whether RVPAS improved 
transplant-free survival in the first year of life. SVR trial sur-
vivors were eligible to participate in this multicenter, prospec-
tive, longitudinal cohort study. Details of the methods were 
previously reported.6 In brief, participation included one-time 
cardiac magnetic resonance imaging (CMR), echocardio-
gram, and ramped cardiopulmonary exercise testing with cycle 
ergometry performed between June 2015 and September 
2020 for each participant at a target age of 10 to 12 years. 
However, some participants did not complete study measures 
until 14 years of age due to scheduling impediments related 

Clinical Perspective

What Is New?
• For children enrolled in the SVR trial (Single Ven-

tricle Reconstruction) who underwent the Norwood 
procedure with right ventricle-to-pulmonary artery 
shunt or modified Blalock-Taussig-Thomas shunt, 
shunt type had no effect on right ventricular ejec-
tion fraction, post-Fontan transplant-free survival, or 
exercise performance 12 years after the procedure.

• Transplant-free survival at 12 years was 59% in the 
right ventricle-to-pulmonary artery shunt group and 
54% in the modified Blalock-Taussig-Thomas shunt 
group, a difference that was not statistically significant.

• Patients whose Norwood operation was performed 
with a right ventricle-to-pulmonary artery shunt had 
higher cumulative incidence rates of protein-losing 
enteropathy and interventional catheterization, but 
other morbidities were similar in the shunt groups.

What Are the Clinical Implications?
• Despite surgical, transcatheter, and pharmacological 

innovations that have transformed care of previously 
fatal congenital heart defects, long-term morbidity and 
mortality remain high for children with hypoplastic left 
heart syndrome undergoing the Norwood operation.

• There is a critical need for investment in innovative 
strategies to improve outcomes for individuals with 
hypoplastic left heart syndrome.

Nonstandard Abbreviations and Acronyms

CMR cardiac magnetic resonance imaging
HLHS hypoplastic left heart syndrome
mBTTS modified Blalock-Taussig-Thomas shunt
PLE protein-losing enteropathy
RVEF right ventricular ejection fraction
RVPAS right ventricle-to-pulmonary artery shunt
SVR Single Ventricle Reconstruction
VIF variance inflation factor
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to COVID-19–associated limitations on research participa-
tion and complexities of school schedules. Research CMR 
was performed without anesthesia or contrast. However, some 
participants underwent CMR during the study window for clini-
cal purposes with exposure to sedation or anesthesia; in these 
instances, the clinical CMR was used for study purposes.6 
Interim medical history was collected annually through inter-
views and medical record review to learn about medical course, 
including complications such as development of arrhythmias, 
protein-losing enteropathy (PLE), plastic bronchitis, neurologi-
cal events, and the need for additional interventions (surgical or 
catheter-based). This study was approved by the institutional 
review board (or its equivalent) of each participating center; 
informed consent from parents or legal guardians and assent 
as appropriate were obtained for each participant. The data that 
support the findings of this study are available from the corre-
sponding author upon reasonable request.

Statistical Analysis
The primary outcome of the study was RVEF measured by 
CMR. Analyses were performed as shunts were received, 
excluding 5 participants in whom both shunts were in place 
at the conclusion of the index operation, and secondarily as 
intention to treat. We used the Fisher exact test and t tests to 
compare sociodemographic and medical factors between eli-
gible patients who were enrolled versus those who were not 
enrolled in SVR III.

Regression modeling was performed to assess the effects 
of patient factors and medical history on the primary outcome 
of RVEF by CMR. Predictors significant at level 0.20 in univari-
able modeling were identified for potential inclusion in multivari-
able modeling with backward elimination. The effect of outliers 
was considered by eliminating them from univariate modeling 
and assessing for statistical significance. Predictors with fre-
quencies <10 were not deemed eligible for further modeling. 
When different forms of predictors were considered (eg, con-
tinuous variables versus categorical quartiles), association with 
outcome was considered to determine which variable form to 
include. The possibility of collinearity among potential predic-
tors was explored, and some variables with a variance infla-
tion factor (VIF) >10 were excluded from the considered list of 
candidate variables. To preserve sample size for multivariable 
modeling, a category of “missing” was created for categorical 
variables. Four continuous covariates with >15% missing data 
were initially excluded from multivariable modeling, but later 
added, one by one, in sensitivity analyses to final models and 
found to be nonsignificant. All other continuous covariates had 
<1% missing.

Time to death or transplant was estimated with the Kaplan-
Meier method (log-rank test), using all available data across 
the entire SVR study period (time 0 at randomization) and 
separately for the period after Fontan completion (time 0 at 
Fontan procedure). Competing-risks methodology was used to 
estimate the cumulative incidence rate of death or transplant by 
shunt type. Cox proportional hazards modeling was performed 
to assess the association of shunt type on transplant-free sur-
vival; due to violation of the proportional hazards assumption, 
a time-dependent treatment indicator was used, with 3 time 
intervals: before stage 2 surgery; from stage 2 surgery until 
Fontan surgery; and after Fontan surgery. Cox proportional 

hazards modeling was also performed to assess the association 
of covariates with post-Fontan survival. Predictors significant at 
level 0.20 in univariable modeling were identified for potential 
inclusion in multivariable modeling with backward elimination, 
with the same model considerations listed previously for the 
primary outcome. The C statistic using the Harrell C index was 
calculated for each survival model.

Exercise testing results were compared between shunt 
groups by t tests and Wilcoxon rank sum tests. Incidence 
rates of clinical events (eg, PLE, atrial arrhythmias, or ventricu-
lar arrhythmias) at 12 years were compared between shunt 
groups. The incidence rate and proportion comparisons were 
based on Poisson regression and Fisher exact test, respec-
tively. We compared time to events between shunt groups up to 
12 years after randomization using a Wald test of the pointwise 
Kaplan-Meier event rate estimates.

SAS EG v7.15 statistical software was used for all analyses.

RESULTS
Among 549 participants randomly assigned to RVPAS 
or mBTTS who underwent a Norwood operation as neo-
nates in the SVR trial, 313 (57.0%) were alive and trans-
plant-free at the time of screening for the SVR III study. 
Of these eligible participants, 237 (75.7%), (109/153 
[71%] with a mBTTS, 128/160 [80%] with a RVPAS, 
and 3/5 [60%] with both shunt types) enrolled in the 
SVR III study. Eight (2.6%) were excluded due to death 
or transplant following screening but prior to enrollment, 
31 (9.9%) declined participation, and 37 (11.8%) were 
lost to follow-up (Figure 1). Race or ethnicity did not dif-
fer between participants and eligible nonparticipants. 
Participants had higher socioeconomic status by Hol-
lingshead score at 14 months of age, but no difference in 
US census-based neighborhood socioeconomic status7 
(Table 1). Among participants, there was a greater per-
centage of Hispanic ethnicity among the RVPAS shunt 
recipients compared with those who received an mBTTS 
(22.5% versus 11.4%; P=0.037; Table S1).

Right Ventricular Function
Right ventricular function was measured with CMR as 
well as with 2-dimensional transthoracic echocardiogra-
phy. Participants who underwent CMR were 10.9 years of 
age (interquartile range, 10.4–11.5) at the time of CMR, 
and, compared with those who did not have CMR, they 
had a significantly shorter hospital length of stay after 
the Norwood procedure (22 [interquartile range, 16–33] 
versus 28 days [interquartile range, 20–39]; P=0.02) 
and were more likely to be male (66% versus 47%; 
P=0.01; Table S2). Among the 177 participants who un-
derwent CMR, RVEF was measurable in 168 (95%); the 
mean±SD for the overall cohort was 51.5±8.6% (RVPAS 
51±9.6 [n=90] and mBTTS 52±7.4 [n=75]; P=0.43), 
without difference between shunt groups (Figure 2). 
Three of the 168 had both an RVPAS and mBTTS in 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065192
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place at the completion of the Norwood operation, and 
thus these participants were excluded from the compari-
son of RVEF by shunt type. Echocardiograms were per-
formed in 226 participants, of whom only 78 (35%) had 
measurable RVEF by this modality; overall mean±SD of 
echocardiographic RVEF was 49.9±6.2%, again without 

differences between the RVPAS (49.5±6.9) and mBTTS 
(50.2±5.7) groups.

An analysis was performed to determine whether 
CMR RVEF was associated with demographic and pre-
Fontan medical factors. Factors associated with RVEF 
on univariable modeling are summarized in Table S3, but 

Table 1. Comparison of SVR III Participants With Patients Who Were Eligible But Not Enrolled

Characteristics SVR III enrolled (n=237) SVR III eligible but not enrolled (n=76) P value* 

Race 0.25

  White 201 (84.81) 59 (77.63)  

  Black 27 (11.39) 14 (18.42)  

  Other 7 (2.95) 3 (3.95)  

  Missing 2 (0.84) 0 (0)  

Ethnicity 0.60

  Hispanic 41 (17.30) 15 (19.74)  

  Non-Hispanic 195 (82.28) 58 (76.32)  

  Missing 1 (0.42) 3 (3.95)  

Sex 0.13

  Male 144 (60.76) 54 (71.05)  

  Female 93 (39.24) 22 (28.95)  

SES score† 0.37±5.15 (230) −0.46±4.49 (73) 0.221

Hollingshead score 41.19±15.63 (220) 34.88±15.81 (52) 0.0095

  Norwood length of stay, d 23 (17–35); 237 24.5 (15–41); 76 0.69

  Total number of complications, Norwood to Fontan 4 (2–7); 237 4.5 (2–8); 76 0.11

Values are n (%), mean±SD (n), or median (interquartile range); n. SVR III indicates Single Ventricle Reconstruction III.
*P value is from Fisher exact test for categorical variables (excluding category of missing) and ANOVA or Wilcoxon test for continuous variables.
†Neighborhood socioeconomic status (SES) measured during the Norwood operation and derived from a US census–based score developed by Diez Roux et al.7

Randomly assigned to RVPAS or MBTTS 
at Norwood for SVR Trial

N=549  

Alive at original screening for SVR III
N=313

Cardiac MRIs 
N=177

Enrolled in SVR III
N=237 

Echocardiograms
N=226

Ramped Cycle 
Ergometry

N=181

Excluded
•
• 31 declined
• 37 lost to follow-up

Figure 1. SVR overall study participation. 
A total of 549 individuals were enrolled and randomly assigned to a right ventricle-to-pulmonary artery shunt (RVPAS) or a modified Blalock-Taussig-Thomas 
shunt (mBTTS), and 76% of transplant-free survivors (237 of 313) were enrolled in SVR III (Single Ventricle Reconstruction III). Cardiac magnetic 
resonance imaging (CMR) was completed for 177 participants, echocardiograms for 226 participants, and ramped cycle ergometry exercise 
testing for 181 participants. SVR indicates Single Ventricle Reconstruction. 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065192
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in multivariable modeling, only exposure to anesthesia 
during the CMR (β coefficient, change in RVEF=−8.6; 
P=0.003) and lower fractional area change measured 
at the time of the pre–stage 2 echocardiogram (β coef-
ficient, change in RVEF=0.28 per unit fractional area 
change; P=0.001) were independent risk factors associ-
ated with lower CMR RVEF (R2=0.12).

Survival
In the combined shunt groups, from the Norwood pro-
cedure to 12 years of age, 201 patients (36.9%) died, 
and 36 (6.6%) underwent an orthotopic heart transplant. 
Transplant-free survival at 12 years was 59% for RVPAS 
versus 54% for mBTTS (P=0.11; Figure 3). In addition, no 
difference was identified in transplant-free survival con-
ditional on Fontan survival (P=0.93). Compared with the 
mBTTS group, the RVPAS group had a lower hazard of 
transplant-free survival before stage 2 (hazard ratio, 0.64; 
P=0.008), a higher hazard between stages 2 and  3/
Fontan (hazard ratio, 1.57; P=0.048), and no difference in 
hazard after the Fontan (hazard ratio, 0.72; P=0.26; Fig-
ure 3). Competing risk plots demonstrate ongoing risk for 
transplant and death that is similar in RVPAS and mBTTS 
recipients (Figure 4). Factors associated with increased 
risk of death or heart transplant on bivariate modeling are 
summarized in Table S4. In analyses conditional on  survival 
to hospitalization for the Fontan procedure, multivariable 
modeling demonstrated that independent factors associ-
ated with worse post-Fontan transplant-free survival in-
cluded a post-Fontan hospital length of stay >14 days and 
a greater total number of serious adverse events during 
the first year of life (Table 2).

Exercise Performance
Ramped cardiopulmonary cycle ergometry was per-
formed in 181 (76%) of the SVR III participants. Exer-
cise performance was below expected, with peak Vo2 
at 73±18% predicted for age and sex. There was no 
difference by shunt type in peak Vo2 (RVPAS 29.0±7.0 
mL·kg·min versus mBTTS 29.7±7.7 mL·kg·min; P=0.26), 

Figure 3. Comparison of received 
shunt type in freedom from the 
composite end point of death or 
cardiac transplantation.
Comparison by log-rank test shows 
no difference with all data considered 
(P=0.11). Percentage of survival at 1, 
6, and 12 years of age by shunt type is 
shown in the top right quadrant. Hazard 
ratios (HRs) of right ventricle-to-pulmonary 
artery shunt (RVPAS) vs modified Blalock-
Taussig-Thomas shunt (mBTTS) and CIs 
during 3 time periods (before stage 2 
operation, between stage 2 and Fontan 
[stage 3], and after Fontan [stage 3]) 
are compared in the lower left quadrant. 
Because this analysis was by shunt type 
received, the 5 participants who had both 
an RVPAS and mBTTS at the conclusion of 
the Norwood operation were excluded from 
this portion of the analysis.

Figure 2. Comparison by received shunt type of right 
ventricle ejection fraction as measured by cardiac magnetic 
resonance imaging.
There is no significant difference in right ventricular ejection fraction 
between those with a modified Blalock-Taussig-Thomas shunt 
(mBTTS; blue) and those with a right ventricle-to-pulmonary artery 
shunt (RVPAS; red). For each shunt type, the median is marked by a 
bold center line and the mean is marked by a diamond. Interquartile 
range is demarcated by the rectangle, and whiskers extend to the 5th 
and 95th percentiles. Outliers are marked by blue+ for the mBTTS 
group and red circles for the RVPAS group. Comparison by Student t 
test (P=0.43).

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065192
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percentage predicted peak Vo2 (74±18% [n=91] versus 
72±18% [n=84]; P=0.71), in-peak work rate (RVPAS 
65.3±23.4 W versus mBTTS 68.8±19.8 W; P=0.61), or 
percentage predicted peak work rate (RVPAS 64.8±20.0 
versus mBTTS 63.5±18.7; P=0.65). Among those with 
mBTTS, 38% had a peak Vo2 >80% predicted, com-
pared with 30.4% of those with RVPAS (P=0.33). 

Cardiac Events and Complications
Analyses of cardiac events and complications included data 
for all SVR participants from trial enrollment through 12 
years of age. Overall, the rate of interventional catheteriza-
tions was 12.2 per 100 patient-years. Those with RVPAS 
had a higher rate than those with mBTTS (13.7 versus 10.6 
per 100 patient-years, respectively; P=0.01). The frequency 
of unplanned cardiac operations was similar between the 
RVPAS and mBTTS groups (41.2 versus 41.8 per 100 pa-
tient-years, respectively; P=0.78; Table S5).

From the Norwood operation to 12 years of age, 
among all who participated in the SVR trial, 14 (2.6%) 
required pacemaker placement, without a significant 
difference between those with RVPAS (n=9 [3.3%]) or 
mBTTS (n=5 [1.8%]; P=0.42). Atrial tachyarrhythmias 

were reported in 5.7% of participants (22 of 380) who 
completed annual follow-up starting at 2 years of age. 
Ventricular tachyarrhythmias occurred in 2.3% (9 of 
380). There was no difference in cumulative incidence 
of atrial or ventricular tachyarrhythmias by shunt group 
(Figure 5A and 5B).

By 12 years of age, among all SVR trial participants, 
PLE and plastic bronchitis were reported in 21 (3.8%) 
and 4 (0.7%), respectively. SVR participants who had 
RVPAS had a greater cumulative risk of PLE than those 
who had mBTTS (5% versus 2%; P=0.03; Figure 5C). 
There was no difference by shunt type in the reported 
rate of plastic bronchitis, although the small number of 
events limited power to detect a difference.

Cerebrovascular events were reported in 6.9% of 
the overall cohort, and seizures were reported in 13.8%, 
without a difference between shunt groups in cumulative 
incidence for either of these neurological events (Fig-
ure 5D and 5E).

DISCUSSION
The SVR trial was the first multicenter randomized con-
trolled trial of a surgical intervention for children with 

Table 2. Multivariable Cox Regression Model for Death or Cardiac Transplant After the Fontan 
Procedure (n=326; C statistic=0.69)

Measure Estimate SE P value Hazard ratio (95% confidence limit) 

Fontan hospital length of stay, days     

  <8 Ref Ref Ref Ref

  8 −0.07 0.65 0.910 0.93 (0.26–3.32)

  9–14 0.31 0.50 0.531 1.37 (0.51–3.66)

  >14 1.13 0.49 0.020 3.10 (1.19–8.05)

Total number of serious adverse events 0.70 0.22 0.002 2.02 (1.31–3.11)

Figure 4. Competing risks of death, transplant, and no event (transplant-free survival).
A, Competing risk for those who received a modified Blalock-Taussig-Thomas shunt (mBTTS). B, Competing risk for those who received a right 
ventricle-to-pulmonary artery shunt (RVPAS).

https://www.ahajournals.org/doi/suppl/10.1161/CIRCULATIONAHA.123.065192
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Figure 5. Comparison of probability of events over time.
A, Atrial arrhythmia. B, Ventricular arrhythmia. C, Protein-losing enteropathy (PLE). D, Seizure. E, Stroke. P value for each comparison by log-rank 
test. Probability of atrial arrhythmias and of ventricular arrhythmias starts at 1 year, as seen by the x axis in A and B. For PLE, seizure, and stroke, 
data collection and x axis starts at the time of the Norwood operation. mBTTS indicates modified Blalock-Taussig-Thomas shunt; and RVPAS, right 
ventricle-to-pulmonary artery shunt.
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congenital heart disease, and its participants constitute 
the largest prospective cohort of children with HLHS and 
other related single-ventricle abnormalities from the Nor-
wood operation to early adolescence.3–5,8 Previous analy-
ses in the SVR cohort showed a higher hazard of death or 
transplant before the stage 2 procedure among patients 
in the mBTTS group.5,8–10 However, longitudinal follow-
up of this landmark cohort to the preteen years demon-
strated no significant differences between the RVPAS 
and mBTTS nontransplanted survivors in cardiac func-
tion as measured by RVEF by either CMR (primary out-
come) or echocardiography, post-Fontan transplant-free 
survival up to 12 years of age, or exercise performance, 
which was lower than predicted for age and height in 
both groups, consistent with previous findings in patients 
undergoing the Fontan procedure.11–13 By 12 years of 
age, the only difference between the shunt types was a 
higher cumulative incidence of PLE and of interventional 
cardiac catheterization procedures in the RVPAS group. 
The rate of ventricular arrhythmias was very low, similar 
to that found in other large cohorts of patients under-
going the Fontan procedure,14 with no difference seen 
between the 2 shunt groups, consistent with findings at 
6 years of age in this same cohort.15

Because the insertion and implantation of the RVPAS 
requires an incision in the right ventricle, we had originally 
hypothesized that patients treated with RVPAS would be 
more susceptible to right ventricular dysfunction and 
ventricular arrhythmias. In general, RVEF by CMR was 
within the normal range at 10 to 14 years of age among 
transplant-free survivors regardless of shunt type. These 
findings are consistent with the findings of Sobh et al,16 
who found that RVEF by CMR was 54% among 6- to 
11-year-old children with HLHS and Fontan circulation, 
and with previous findings from the SVR cohort showing 
no difference in RVEF between shunt groups as mea-
sured by echocardiography at 6 years of age.17 Whereas 
systolic function is relatively preserved, further evaluation 
of the CMR and echocardiography data will be important 
to understand the effect of age and of shunt type on dia-
stolic function and other indicators of cardiac dysfunction. 
The preteen period may be too early to detect systolic 
dysfunction by CMR. Ghelani et al18 recently described 
longitudinal changes in ventricular function and showed 
that on consecutive CMR, ejection fraction decreased 
over time among patients undergoing the Fontan proce-
dure who were followed into early adulthood. Moreover, 
despite many risk factors considered and comprehensive 
prospective collection of data, even extensive modeling 
provided little insight into risk factors for lower RVEF. The 
inability to predict >12% of the variance in RVEF from 
routinely measured sociodemographic and clinical vari-
ables highlights the complexity of this patient cohort and 
the contributors to progressive right ventricular dysfunc-
tion. Genetic factors and epigenetic variants may play a 
role and are an important area for future investigation.

Perhaps the most striking and sobering finding in this 
longitudinal study was the ongoing risk for both death 
and heart transplantation in the overall cohort of SVR 
survivors; by 12 years of age, nearly half of the cohort 
was either deceased or had undergone an orthotopic 
heart transplant. A greater number of adverse events 
after the Norwood operation and a post-Fontan longer 
length of stay >14 days were independent factors asso-
ciated with death or a heart transplant.

PLE is one of the most serious complications of the 
Fontan physiology and is characterized by loss of enteric 
protein. It is possible that the higher rate of PLE among 
the RVPAS group is related to a greater distortion of 
the pulmonary arteries, reflected in part by the signifi-
cantly higher rate of interventional catheterizations in the 
RVPAS group noted at 6 years of age,5 and here, in the 
preteen years. Patients who receive RVPAS, compared 
with mBTTS, have lower pulmonary blood flow before 
stage 2 and an increased risk of pulmonary artery ste-
noses,19 and it is possible that less early growth of the 
pulmonary arterial tree plays a role. The significantly 
greater cumulative incidence of PLE among those who 
received RVPAS could reflect higher diastolic pressures 
in the systemic right ventricle and resultant increased 
systemic venous pressures. A final possibility is that the 
statistically significant difference was simply attributable 
to chance (type 1 error). Further studies are needed to 
investigate these hypotheses.

These findings should be considered in light of 
study limitations. No difference was identified in RVEF 
between shunt groups in the SVR III study cohort, but we 
cannot exclude survival bias such that if right ventricu-
lar dysfunction contributed to transplant-free death to a 
greater extent in one shunt group than in the other, this 
could contribute to the comparison of RVEF between 
shunt groups. However, this hypothesis was not sup-
ported by echocardiographic data from earlier phases 
of the trial.5 Having more than mild right ventricular dys-
function by CMR was uncommon in SVR III participants; 
however, those few who could not undergo CMR may 
have been at higher risk of lower RVEF because of 
pacemakers or other medical complexity. However, such 
a selection bias would not have affected comparisons of 
RVEF between shunt types. Enrolled participants were 
more likely to have had a higher Hollingshead score at 
14 months of age and a tendency to be identified as 
an underrepresented minority, limiting generalizability of 
overall outcomes. Future studies will require improved 
equity in recruitment and retention strategies. Finally, 
detailed genotype information was not incorporated 
into modeling for survival or for cardiac function; in the 
future, genetic markers may facilitate precision medical 
care.

Through extensive follow-up and evaluation of the 
SVR cohort, we found that shunt type has little effect 
on cardiac function, post-Fontan transplant-free  
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survival, or exercise performance through early ado-
lescence. Those who received RVPAS had higher 
cumulative incidence rates of PLE and interventional 
catheterization, but other morbidities are similar in the 
shunt groups. Of foremost concern, the risk of overall 
long-term morbidity and mortality remain high for chil-
dren with HLHS undergoing the the Norwood opera-
tion as neonates. There is a critical need for further 
investment in innovative strategies to reduce the risks 
for morbidity and mortality and to improve outcomes 
for these children.
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