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Background—In the Single Ventricle Reconstruction (SVR) trial, one-year transplant-free
survival was better for the Norwood procedure with right ventricle-to-pulmonary artery shunt
(RVPAS) compared with a modified Blalock-Taussig shunt (MBTS). At 3 years, we compared
transplant-free survival, echocardiographic right ventricular ejection fraction (RVEF), and
unplanned interventions in the treatment groups.

Methods and Results—Vital status and medical history were ascertained from annual medical
record, death index and phone interviews. The cohort included 549 patients randomized and
treated in the SVR trial. Transplant-free survival for the RVPAS vs. MBTS groups did not differ at
3 years (67% vs. 61%, P=.15) or with all available follow-up of 4.8+1.1 years (logrank P=.14).
Pre-Fontan RVEF was lower in the RVPAS vs. MBTS group (41.7+5.1% vs. 44.7+6.0%, P=.007),
and RVEF deteriorated in RVPAS (P=.004) but not MBTS subjects (P=.40) (pre-Fontan minus 14-
month mean —3.25+8.24% vs. 0.99+8.80%, P=.009). The RVPAS vs. MBTS treatment effect had
non-proportional hazards (P=.004); the hazard ratio (HR) favored the RVPAS before 5 months
(HR=0.63; 95% CI 0.45-0.88), but the MBTS beyond one year (HR=2.22; 95% CI 1.07-4.62). By
3 years, RVPAS subjects had a higher incidence of catheter interventions (P<.001), with an
increasing HR over time (P=0.005): <5 months HR=1.14 (95% CI, 0.81-1.60); 5 months-1 year
HR=1.94 (1.02-3.69), and >1 year HR=2.48 (1.28-4.80).

Conclusions—By 3 years, the Norwood procedure with RVPAS, compared with MBTS, was no
longer associated with superior transplant-free survival. Moreover, RVPAS subjects had slightly
worse RVEF and underwent more catheter interventions, with increasing hazard ratio over time.

Clinical Trial Registration Information—clinicaltrials.gov. Identifier: NCT00115934.
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Among congenital heart lesions, hypoplastic left heart syndrome (HLHS) and related single
right ventricle (RV) anomalies are associated with the highest mortality and cost.l: 2 The
first stage of palliation for patients with these defects is the Norwood procedure, in which
pulmonary blood flow is provided by either a modified Blalock-Taussig shunt (MBTS) or a
right ventricular-to-pulmonary artery shunt (RVPAS). The RVPAS has the theoretical
advantage of reducing the aortic diastolic run-off and coronary arterial steal, but could have
morbidities related to the conduit or right ventriculotomy.3 4 In 2005, we began the Single
Ventricle Reconstruction (SVR) Trial, a randomized trial that compared outcomes of the
Norwood procedure with either a RVPAS or MBTS, in patients with HLHS and related
anomalies.? The SVR trial demonstrated significantly better transplant-free survival at one
year post-randomization in the RVPAS, compared with the MBTS group (74% vs. 64%,
respectively). The survival advantage with the RVPAS appeared to diminish, however,
beyond the first year. Moreover, by age 12 months, the RVPAS group had undergone more
unintended cardiovascular interventions. We hypothesized that trade-offs between

transplant-free survival and adverse effects of the RVPAS vs. MBTS strategies might evolve

over time.
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To address the longer-term outlook after the Norwood procedure with RVPAS vs. MBTS in
a multi-center study, we compared the composite endpoint of death or transplantation in
SVR trial patients treated with the two surgical strategies, using all available follow-up,
when the last enrolled patient had reached age 3 years. We also compared the shunt groups
with respect to pre-Fontan echocardiographic right-ventricular ejection fraction (RVEF) and
unplanned interventions to age 3 years.

The design of the SVR trial has previously been published.® Our analytic cohort includes
549 subjects who underwent the Norwood procedure, after exclusion of one subject who
withdrew in week 1. The data include a minimum of 3 years follow-up on all survivors. The
Institutional Review Board of each participating center approved this study, and parents/
guardians of enrolled subjects provided informed consent.

Data Obtained

We collected data annually, including vital status and surgical and catheter-based
interventions, both by review of medical records and the death index, and through a phone
interview with parents or guardians. Echocardiograms were reviewed in a core laboratory,
and RVEF was calculated using the biplane pyramidal method.” The primary causes of
death after 1 year were adjudicated.8

Statistical Analysis

We analyzed the MBTS and RVPAS groups according to their treatment assignment
(intention-to-treat) unless otherwise specified. We used the logrank test to determine
whether the distributions of time to the earliest occurrence of death or transplantation using
all available follow-up differed by assigned shunt (with a Wald test for comparison of 3-year
event rates). Three subjects had their follow-up time censored at biventricular repair. Cox
regression with a time-dependent treatment indicator was used to estimate how the size of
the treatment difference varied by time. The time-dependent results are reported as <5
months, 5 months-1 year, and > 1 year. These time points were chosen a priori: 5 months
was the average age for performance of the Stage Il procedure, and one year was the
primary trial endpoint, with later times capturing longer-term outcomes. The test of
proportional hazards is calculated using SAS 9.3 and is a supremum test based on the pattern
of cumulative martingale residuals or the score component process vs. follow-up time. We
also used Cox regression with the time of the 14-month echocardiogram as time zero to
examine the association between RVEF and late death or transplant.

To determine whether the treatment effect differed across pre-specified subgroups, a
treatment group by subgroup interaction test from Cox regression was used for: birth weight:
<2500 vs. 22500 g; pre-Norwood tricuspid regurgitation with proximal jet width <2.5 vs.
>2.5 mm; use of deep hypothermic circulatory arrest vs. regional cerebral perfusion during
the Norwood procedure; annual surgeon Norwood volume; and annual center single
ventricle volume based on the patients screened for the trial.
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Secondary outcomes, such as total number of catheterization interventions occurring by age
3 years, were compared by shunt type using Poisson regression and time to first
catheterization intervention was estimated using the Kaplan-Meier method. Only the birth
weight and annual surgeon Norwood volume subgroup factors were examined for the
catheterization outcomes, and only birth weight was examined for the other morbidity
outcomes.

We used logistic regression to determine additional pre- and intraoperative risk factors for
transplant-free survival at age 3 years in 542 subjects (7 excluded due to loss to follow-up,
withdrawal or biventricular repair prior to 3 years). Nonlinearly associated variables
identified by generalized additive modeling were appropriately transformed prior to use in
stepwise selection for the multivariable model. A one-sample t-test was used to assess
whether mean within-person change in RVEF differed from zero. For all analyses, including
tests of interaction, a p-value of 0.05 was considered significant. All analyses were
conducted using SAS version 9.3 (SAS Institute, Inc., Cary, NC) and R version 2.14.1.

Among 342 subjects alive without cardiac transplantation at the time of this report, the mean
follow-up was 4.8+1.1 years (median 5.0, interquartile range 4.0-5.7 years). Time to Fontan
procedure using all available follow-up was similar in the two treatment groups (logrank
P=0.90). By 3 years, 58% had undergone the Fontan procedure (62% in the MBTS group
and 54% in the RVPAS group). Mean age at the Fontan procedure was 2.8+0.8 years (range
1.2-5.6 years).

Transplant-free survival

By 3 years after randomization, the transplant-free survival rate was 61% for the MBTS
group and 67% for the RVPAS group (P=.15; Table 1); by 5 years, the rates were 60% and
64%, respectively, an absolute difference that was less than half of the 10% difference seen
at 1 year.

Using all available follow-up data, transplant-free survival did not differ by assigned shunt
(logrank P=.14, Figure 1); death or transplant had occurred in 110 MBTS subjects (100
deaths, 10 transplants) and 97 RVPAS subjects (86 deaths, 11 transplants). After Year 1,
there were 10 events (9 deaths, 1 transplant) in the MBTS group and 25 events (18 deaths, 7
transplants) in the RVPAS group. Altogether, in the MBTS vs. RVPAS groups, respectively,
death or transplant occurred in 100 vs. 72 subjects by one year post randomization, in 4 vs.
15 subjects between 1 and 2 years, and in 6 vs. 10 subjects after two years. Neither all-cause
mortality nor cardiac transplantation differed by shunt group.

We found non-proportional hazards for the magnitude of the treatment effect on transplant-
free survival (Proportional Hazards [PH] P=.004). Specifically, the RVPAS group had a
lower hazard prior to age 5 months (the mean age for Stage Il surgery), a similar hazard
from 5 months to one year, and a higher hazard after one year compared to that of the MBTS
group: RVPAS vs. MBTS hazard ratio (HR) at <5 months, HR=0.63 (95% Confidence
Interval [C1] 0.45-0.88); 5 months-1 year, HR=0.94 (95% CI 0.44-2.01); >1 year, HR=2.22
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(95% CI 1.07-4.62). Correspondingly, transplant-free survival among survivors to 1 year
was worse in the RVPAS group (logrank P=.03, Figure 2), despite comparable Stage Il
surgery morbidity and growth, neurodevelopmental status, RVEF and tricuspid regurgitation
grade at 14 months of subjects in the two treatment groups. Primary causes of death after 1
year did not differ between the shunt groups (Supplementary Appendix, Table 1).

Right ventricular function

Patients who died or underwent transplant after the 14-month echocardiogram, but before
Fontan surgery, had a lower mean RVEF at 14 months than transplant-free survivors
(33.74£9.4%, n=12 vs. 43.2+£7.3%, n=224). Moreover, lower RVEF at 14 months was
associated with increased risk of later death/transplant (N=236; HR 1.92 per 5-unit decrease,
95% CI 1.45-2.50; P<0.001). There was no significant interaction between shunt group and
RVEF, indicating that the association of RVEF with later death/transplant did not depend on
shunt type. Pre-Fontan echocardiograms from which RVEF could be calculated were
available in 258 patients (123 MBTS, 135 RVPAS) at mean age 2.7+0.8 years. Mean RVEF
measured before the Fontan procedure was lower in the RVPAS vs. MBTS group
(41.7£7.1% vs. 44.7+6.0%, respectively, P=.007). In paired analysis of 114 subjects with
calculable RVEF on both 14-month and pre-Fontan echocardiograms, RVPAS subjects had
a significant decline in RVEF over a period of 18.7+9.5 months (—3.25+8.24, P=0.004),
while the MBTS subjects did not (0.99+8.80, P=0.40) (group difference in mean change,
P=0.009 Figure 3). This decline is likely a conservative estimate, since pre-Fontan RVEF
was not available for many subjects who died or were transplanted after one year.

Subgroup Analyses of Transplant-Free Survival

In pre-specified subgroup analysis, transplant-free survival was better for infants with birth
weight of at least 2500 g, those with Norwood surgery performed by a higher-volume
surgeon, and infants without pre-Norwood tricuspid regurgitation. A significant interaction
of shunt by subgroup was present only for annual Norwood surgeon volume; in the highest
volume stratum, MBTS was beneficial, whereas in lower volume strata, the RVPAS was
beneficial or no shunt difference could be detected. However, the highest-volume stratum
included only 2 surgeons, so we could not distinguish between surgeon and volume effects.

Independent predictors for worse transplant-free survival at 3 years, evaluating only
covariates measured prior to and during the Norwood procedure, included diagnoses other
than aortic stenosis/mitral stenosis, obstructed PV drainage, a genetic syndrome, moderate-
to-severe tricuspid regurgitation prior to the Norwood procedure, open sternum
postoperatively on the day that the Norwood procedure was performed, use of ECMO
during the Norwood procedure, annual surgeon Norwood volume of <5/year, and lower
birth weight when birth weight was <2.5 kg (Supplementary Appendix, Tables 2 and 3). Of
note, neither shunt assignment nor type of shunt in place at the end of the Norwood
procedure independently predicted three-year transplant-free survival.

Cardiac catheterization

By 3 years, subjects in the RVPAS group, compared with the MBTS group, had a higher
incidence of catheter interventions between the Norwood procedure and 3 years (P<.001;
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Table 1). Catheter intervention incidence rates and their variation with time and shunt type
are summarized in Supplementary Appendix Tables 4-7.

The RVPAS group, compared with MBTS patients, had an earlier time to first catheter
intervention of any type (P=.01), as well as to first stent placement (P=.03) and coiling of
aortopulmonary (P<.001) and veno-venous collaterals (P=.01), but had similar time to first
balloon angioplasty, including pulmonary artery angioplasty (Supplementary Figure 1).
Non-proportional hazards existed for catheter intervention of any type (PH P=.005) and for
aortopulmonary collateral (APC) coil insertion (PH P=.001). The hazard ratio for catheter
intervention of any type increased over time (Table 2): <5 months RVPAS vs. MBTS
HR=1.14 (95% Cl, 0.81-1.60); 5 months-1 year HR=1.94 (95% CI 1.02-3.69), and >1 year
HR=2.48 (95% CI 1.28-4.80). In contrast, the effect of shunt type on coil placement in
APCs decreased with time: RVPAS vs. MBTS <5 months, 18 events vs. 0 events; 5
months-1 year, HR=3.76, and >1 year, HR=1.48. There were no significant interactions of
shunt type and subgroup factors in the analysis of time to catheter procedures.

Center was a significant predictor of time to first catheter intervention of any type and of the
specific procedures of balloon angioplasty and APC coil placement (all P<.001), with a
trend toward significance for stenting (P=.06). However, the effect of shunt assignment on
the hazard of stent, coil, APC coil and any catheter intervention type remained significant
after adjusting for center (Supplementary Appendix, Table 8). Furthermore, the higher rate
of catheter interventions in the RVPAS group was not explained by a greater prevalence of
early cyanosis in the RVPAS group, as indicated by use of supplemental oxygen, worsening
cyanosis as an indication for the Stage Il procedure, or lower aortic saturation or pulmonary-
to-systemic artery blood flow ratios at cardiac catheterization before Stage II.

To determine whether lower transplant-free survival beyond one year in the RVPAS group
could be related to the greater number of catheter interventions in this group, we compared
the treatment groups with respect to transplant-free survival after adjusting for the number of
interventions. However, the difference in transplant-free survival between the two shunt
groups beyond one year (i.e., among one-year transplant-free survivors) remained significant
(adjusted P=.03, HR= 2.2), and the effect of catheter interventions was not significant
(P=0.85).

Pulmonary artery interventions at surgery

Patients in the RVPAS group, compared with the MBTS group, had a higher incidence of
surgical pulmonary artery (PA) interventions that were not part of the surgeons’ usual Stage
Il or Fontan procedures (19 vs. 12 interventions per 100 patient-years, respectively, P=.007).
When these surgical interventions were combined with catheter PA interventions, the
incidence rates were 28 vs. 18 interventions per 100 patient-years, respectively (P<.001).

Relationship of pulmonary artery interventions to aortopulmonary collaterals

The incidence of surgical pulmonary artery (PA) interventions that were not part of the
surgeon’s usual Stage Il or Fontan procedure was approximately two-fold higher in patients
who underwent coiling of APCs compared with those who did not: 26 vs. 14 interventions
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per patient-year, respectively, P<.001. Moreover, the incidence of any unplanned PA
intervention (surgical or catheter) was three-fold higher among those who received APC
coils, compared with those without APC coils (47 vs. 18 events per 100 patient-years, P<.
001). However, the difference in PA intervention incidence rates by APC status did not
depend on shunt type.

Aortic Arch Interventions

Because increased systemic afterload may cause ventricular dysfunction, we explored
whether the RVPAS group, compared with those assigned to the MBTS group, had more
interventions on the aortic arch. Between the postoperative Norwood period to age 3 years,
the incidence of catheter and surgical interventions on the aortic arch in the MBTS vs.
RVPAS groups was 8.7 vs. 11.6 events per 100 patient-years (p=0.12). The majority of these
procedures occurred during the interstage period (27 of 46 procedures in the MBTS group
and 39 of 69 interventions in the RVPAS group). Almost all aortic arch interventions after
the Norwood procedure were performed at interventional catheterization, with aortic arch
reoperation performed in only 13 patients (7 MBTS, 6 RVPAS).

Other clinical events

The shunt groups did not differ significantly with respect to any other clinical outcomes,
including the incidences of cardiac surgeries, complications, thrombosis, stroke, seizure,
protein-losing enteropathy, cirrhosis or plastic bronchitis (Table 1).

DISCUSSION

In the SVR trial, the Norwood procedure with RVPAS, compared with the MBTS, was
associated with better transplant-free survival at 12 months after randomization.? By 3 years,
however, we found that transplant-free survival no longer differed significantly between the
shunt groups. Indeed, the relative benefits of the RVPAS and MBTS varied with the time
since the Norwood procedure. The hazard ratio for transplant-free survival favored the
RVPAS strategy before 5 months, the average age at Stage |1 surgery, but it favored the
MBTS group after one year. The disproportionate number of later events in the RVPAS
group eliminated its early survival advantage. Furthermore, the RVPAS vs. MBTS hazard
ratio for catheter intervention increased over time: beyond 1 year after randomization,
children assigned to the RVPAS were more than twice as likely to have undergone a catheter
intervention as those assigned to the MBTS group. These data are consistent with those of
smaller single-center retrospective studies that demonstrated a greater rate of interventions
in those whose Norwood procedure was performed with a RVPAS than with an MBTS.?: 10
Finally, patients whose Norwood procedure was performed with the RVPAS, compared with
the MBTS, had a 1.5-fold higher incidence of PA surgical procedures not part of usual Stage
Il or Fontan procedures. Our findings highlight the adverse longer-term effects of the
RVPAS.

Our finding of more late deaths or transplants in the RVPAS group is consistent with the
hypothesis that a right ventriculotomy has longer-term adverse effects on systemic RV
myocardial function. Immediately after the Norwood procedure and, to a lesser extent,
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before the Stage Il procedure, RVEF was better in the RVPAS than MBTS group. By 14
months, the shunt groups had similar RVEF.® In this follow-up analysis, diminished RV
function at 14 months was a highly significant determinant of lower transplant-free survival.
Moreover, between 14-month and pre-Fontan echocardiography, RVEF declined in the
RVPAS group but not in the MBTS group. Because the majority of patients who died or
underwent transplant did not undergo a pre-Fontan echocardiogram, and a
disproportionately higher number of the late events occurred in the RVPAS group, the
results are likely to underestimate the degree of decline in RV dysfunction in the RVPAS
group over the second and third years of life. These data, in combination, suggest that late
deterioration in RV function may explain our finding of worse transplant-free survival
among RVPAS subjects who were alive without transplant at age one year.

An interesting finding in our study was the greater incidence of APC coiling among subjects
in the RVPAS group. In patients with deficient antegrade flow through the native pulmonary
arteries, APCs can improve oxygenation.11-13 However, they also have adverse effects,
increasing the volume load in the vulnerable single ventricle and thereby producing cardiac
dysfunction and atrioventricular valve regurgitation. Moreover, higher preoperative APC
flow lengthens the duration of chest tube drainage and hospital stay at the Fontan
procedure.1* 15 We found a highly significant relationship between APC coiling and
interventions to correct PA distortion or stenosis, independent of shunt type. These data
suggest that the higher prevalence of APCs requiring coiling in the RVPAS group may be
related to greater disturbances in pulmonary artery flow produced by conduit placement.
However, our study design did not allow us to analyze the fundamental pathophysiologic
mechanisms for greater collateral growth, such as the biophysics of pulmonary blood flow
or angiogenic cytokine production.16-19

This manuscript should be viewed in light of additional limitations. Subgroup sizes were
small, limiting power to identify some associations. In testing the proportional hazards
assumption for catheterization interventions, a small number of events occurred within each
time period, so the estimated hazard ratio within each period had a large confidence interval.
We could not assess regional RV wall motion and the impact of focal scarring/dyskinesis.2°
Our analyses do not permit us to define patient factors associated with better outcomes of
the RVPAS vs. MBTS, a topic addressed in an earlier publication.2! We did not collect
information on diagnostic cardiac catheterizations (i.e., without interventions), other than
those performed before the Stage Il and Fontan procedures. We also did not collect
information on the surgical techniques that were used to create or to repair the right
ventriculotomy in RVPAS subjects and their potential impact on RVEF decline. It is
possible that some methods for management of the proximal RVPAS could mitigate the
observed mid-term decline in RVEF. Finally, our study cannot determine with certainty the
reason for loss of survival advantage in the RVPAS group beyond one year. Although the
loss of the survival advantage could be attributable to a consequence of the RVPAS, such as
the right ventriculotomy, it is also possible that the RVPAS allowed some marginal
candidates to survive longer in the short term compared with the MBTS, without improving
mid-term transplant-free survival.
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In summary, in contrast to findings in the first year after the Norwood procedure, transplant-
free survival at 3 years did not differ in patients randomized to receive the RVPAS,
compared with the MBTS. Moreover, the RVPAS group had slightly worse RVEF prior to
the Fontan procedure and a higher rate of unplanned interventions. Follow-up of this cohort
is underway to delineate the evolving natural history after the Norwood procedure using the
RVPAS compared with the MBTS strategy.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Comparison of the shunt types by intention-to-treat analysis in their freedom from the

composite endpoint of death or cardiac transplant (i.e., transplant-free survival).
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Figure2.

Kaplan-Meier curve of the shunt types by intention-to-treat analysis in freedom from the
composite endpoint of death or cardiac transplant, conditional on transplant-free survival to

one year.
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Figure 3.
Panel A shows right ventricular ejection fraction, assessed by 2-dimensional

echocardiography, at 14 months (age 14.1+1.0 months) and before Fontan surgery (age
2.7£0.8 years) according to shunt type; Panel B shows change in right ventricular ejection
fraction (pre-Fontan minus 14 months) according to shunt type. There was a significant
decline in the RVPAS group (P=0.004), but not in the MBTS group (R=0.40).
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