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ABSTRACT

Background: The right ventricle to pulmonary artery conduit (RVPAC) may impair right ventricular (RV) func-
tion in patients with functional single right ventricles. Modification of the RVPAC using a ring-reinforced end
with dunked insertion into the RV through a limited ventriculotomy may reduce the impact on RV function.
We compared RV segmental strain between patients with a traditional RVPAC and ring-reinforced RVPAC using
feature tracking cardiovascular magnetic resonance (CMR) imaging. Methods: Patients with CMR examinations
after Stage I operation with RVPAC between 2000 and 2018 were reviewed. Ventricular mass, volumes, late gado-
linium enhancement (LGE), and peak radial and circumferential strain of the 4 segments near the RVPAC inser-
tion site were analyzed. Results: The study included 71 CMR examinations in 61 patients (30 traditional RVPAC,
31 ring-reinforced RVPAC). Prior to Stage II, the ring-reinforced RVPAC group had better peak radial strain and
circumferential strain in 1 of 4 segments proximal to the RVPAC insertion site compared to the traditional
RVPAC group. Prior to Stage III operation, the ring-reinforced group had better peak radial and circumferential
strain in 2 of 4 segments. LGE at the RVPAC insertion site was observed in 97% of patients before Stage II and
95% of patients before Stage III. RVPAC type and regional strain were not associated with transplant-free survival
during a median follow-up of 6.3 years. Conclusions: Compared to a traditional RVPAC, the ring-reinforced
RVPAC is associated with improved regional mechanics at the conduit insertion site. Further investigation of
long-term outcomes after ring-reinforced RVPAC is warranted.
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1 Introduction

The first stage of surgical palliation for patients with functional single ventricles is associated with
significant morbidity and mortality [1–3]. The right ventricle to pulmonary artery conduit (RVPAC)
provides pulmonary blood flow for patients with functional single right ventricles undergoing the Stage I
Norwood operation with the Sano modification. The Single Ventricle Reconstruction Trial demonstrated
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that infants undergoing the Stage I Norwood operation had higher 1-year transplant-free survival with a right
ventricle to pulmonary artery conduit (RVPAC) compared to a Blalock-Taussig shunt [3]. While the RVPAC
has become the dominant shunt type at most institutions, subsequent studies have shown no difference in
medium-term mortality between the two approaches [4]. In addition, the need for a ventriculotomy and
muscular excision with traditional RVPAC placement has raised concerns regarding detrimental effects on
right ventricular myocardial function [5–7].

Since 2010, our institution has performed a modified technique in which a ring-reinforced RVPAC is
inserted or “dunked” transmurally into the myocardium through a limited ventriculotomy [8]. The use of
a stiffer ring-reinforced conduit is associated with reduced proximal conduit obstruction and need for
shunt-related interventions [9–11], as well as improved pulmonary artery growth at the time of Stage II
operation [8]. The lack of a full ventriculotomy and muscular excision with the ring-reinforced RVPAC
also carries theoretical advantages for myocardial performance, but the impact of this modification on
right ventricular mechanics has not yet been studied.

The assessment of regional right ventricular deformation is typically a qualitative analysis. Small series
have described quantitative regional ventricular function after Stage I operation using speckle-tracking
echocardiography [12,13]. Cardiovascular magnetic resonance imaging (CMR) offers more
comprehensive spatial resolution for assessment of regional function. The purpose of this study is to
compare regional right ventricular myocardial function in patients who had a traditional versus ring-
reinforced RVPAC using feature tracking CMR.

2 Methods

2.1 Patient Selection
In this retrospective study, a database search identified all patients with functional single right ventricles

who underwent a Stage I Norwood operation with a RVPAC between 2000 and 2018 at Boston Children’s
Hospital and had a CMR study performed prior to Fontan or biventricular conversion surgery. Patients were
excluded if the CMR study was technically inadequate for feature tracking analysis. If a patient had multiple
CMR studies within a single stage of palliation, only the most recent study was used for analysis. The study
was approved by the Scientific Review Committee of the Department of Cardiology and by the Boston
Children’s Hospital Committee on Clinical Investigation (Institutional Review Board protocol number
P00034066).

2.2 Clinical Variables
Subjects were assigned to one of two groups based on the presence of a traditional RVPAC or ring-

reinforced RVPAC as determined by review of the surgical operative note at time of Stage I operation.
Baseline demographic and echocardiographic data were extracted from the medical records. Clinical
parameters included underlying diagnoses, birth weight, gestational age at birth, fetal diagnosis and
intervention, age at time of Stage I operation, age at time of CMR examination, need for RVPAC
intervention, and need for extracorporeal membrane oxygenation support or cardiopulmonary
resuscitation. Echocardiographic variables included the qualitative grade of right ventricular systolic
function and tricuspid regurgitation at the time of Stage I operation.

2.3 Surgical Procedure
The details of the surgical technique for traditional and ring-reinforced RVPAC conduit placement at our

institution have been previously described [8]. Briefly, placement of the traditional RVPAC requires a right
ventriculotomy in the infundibulum with muscular excision, followed by anastomosis of a non-reinforced
Gore-Tex graft that is sewn flush by direct suture to the epicardium (Fig. 1A). In contrast, the ring-
reinforced RVPAC is placed by a “dunked” technique in which the proximal end of a ring-reinforced
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expanded polytetrafluoroethylene graft is directly inserted into the right ventricle through a limited right
ventriculotomy without muscular excision (Fig. 1B). The conduit is then secured with limited surgical
fixing sutures and surgical glue into the right ventricular free wall.

2.4 CMR Technique
CMR studies were performed with a 1.5 Tesla scanner (GE Medical Systems, Milwaukee, Wisconsin;

and Philips Healthcare, Best, the Netherlands). The CMR and late gadolinium enhancement (LGE)
acquisitions protocols used at our institution for assessment of patients with congenital heart disease have
been described [14,15]. ECG-gated steady-state free precession cine images in the ventricular short-axis
plane were used for ventricular volume, mass, function, and feature tracking analysis. The ventricular
short-axis plane was derived from two orthogonal planes drawn perpendicular from the tricuspid valve
annulus to the right ventricular apex per our institutional lab protocol for patients with functional single
right ventricles. The presence of LGE was assessed using inversion-recovery prepared, phase-sensitive,
electrocardiogram-triggered, breath-hold segmented fast gradient echo pulse sequence in the ventricular
short-axis planes acquired 15 to 20 min after injection of 0.2 mmol/kg of gadopentetate dimeglumine
(Magnevist; Bayer HealthCare, Tarrytown, NY, USA).

2.5 Regional Strain Analysis
Peak regional radial and circumferential strain were assessed using feature tracking analysis (CVI42,

Calgary, Canada) on steady-state free precession ventricular images in the ventricular short-axis plane.
Open contours of the endocardium and epicardium were manually drawn to exclude the conduit insertion
site and adjusted as needed to ensure accurate tracking. The contour was automatically divided into
12 equal segments. Segments were labeled in a clockwise fashion with segment 1 directly anterior and
superior to the conduit insertion site and segment 12 posterior and inferior to the conduit (Fig. 2A). For
CMR studies performed after RVPAC takedown, a closed contour technique was used with reference
points at the presumed site of RVPAC insertion to keep the labeled segments consistent. Peak segmental
circumferential and radial strain measurements were calculated (Figs. 2B and 2C). Circumferential strain
represents fiber shortening and has a negative value. Therefore, more negative circumferential
strain indicates greater shortening and is characterized as “better” (vs. “worse”) circumferential strain
throughout the article. More positive radial strain is consistent with greater myocardial thickening and is
referred to as “better” (vs. “worse”) radial strain.

Figure 1: Right ventricle to pulmonary artery conduit techniques
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Figure 2: Myocardial contour and feature tracking techniques

Panel A: Open contours of endocardium and epicardium with segments labeled in a clockwise fashion.
Segments 1, 2, 11, and 12 represent segments of interest for comparison between conduit types. Panel B:
Feature tracking analysis with mesh overlay. Panel C: Peak circumferential strain (dark blue represents
better strain).

2.6 Ventricular Size and Function
Ventricular volumes and function were analyzed by manual tracing of endocardial and epicardial borders

on each short-axis steady-state free precession cine slice at end-diastole and end-systole. The Simpson
method was applied to calculate end-diastolic volume (EDV), end-systolic volume (ESV), stroke volume
(SV), ejection fraction, and ventricular mass. To account for variations in body size, EDV, ESV, SV, and
ventricular mass were indexed to the body surface area (BSA) raised to the 1.3 power. This method was
applied based on studies that demonstrate that volumetric parameters are best adjusted with this
transformation due to a nonlinear relationship between ventricular volumes and BSA [16,17].

2.7 Outcomes
The primary outcomes were peak radial and circumferential strain of the four segments most proximal to

the RVPAC (regions 1, 2, 11, and 12 in Fig. 2A). Additional secondary outcomes included the presence of
LGE at the RVPAC site and transplant-free survival. For survival analysis, follow-up was measured from the
date of Stage I operation to death, transplant, or the last known follow-up date.

2.8 Statistical Analysis
Categorical data were summarized as number (frequency) and compared using Fisher exact test.

Continuous data were summarized as median (25th percentile, 75th percentile) and compared using Mann-
Whitney U test. Multivariable linear regression analysis was used to assess the association of clinical
variables with peak segmental radial and circumferential strain. Cox regression analysis was used to
identify independent predictors for transplant-free survival. Univariate predictors with a
p value < 0.2 were included in the multivariable stepwise model selection. The multivariate model was
determined using Akaike information criterion. A two-sided p value < 0.05 was considered statistically
significant for all tests. Statistical analyses were performed using R version 4.0.3 (R Foundation for
Statistical Computing, Vienna, Austria).

3 Results

The analysis included 71 CMR examinations in 61 patients (30 patients with traditional RVPAC and
31 patients with ring-reinforced RVPAC). There were 45 CMR examinations performed prior to the Stage
II operation and 26 CMR examinations prior to the Stage III operation. Ten patients had CMR
examinations performed during both periods.
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Baseline characteristics of the cohort are shown in Table 1. Patients underwent Stage I operation at a
median age of 5 days (4, 7). Pre-Stage II CMR was performed at a median age of 4.6 months (4.0, 5.2)
and post-Stage II CMR was performed at a median age of 27 months (22, 30). Prior to Stage I operation,
4 patients (7%) had moderate or greater tricuspid regurgitation and 5 patients (8%) had moderate or
greater right ventricular systolic dysfunction by echocardiography. A total of 13 patients (21%) required
RVPAC intervention. There was no significant difference in clinical or demographic characteristics
between traditional and ring-reinforced RVPAC groups.

Table 1: Baseline clinical and echocardiographic characteristics

Total
(n = 61)

Traditional RVPAC
(n = 30)

Ring-Reinforced
RVPAC (n = 31)

p value

Male sex 38 (62) 17 (57) 21 (68) 0.43

Cardiac diagnosis 0.23

HLHS 54 (89) 27 (90) 27 (87)

DORV 3 (5) 2 (7) 1 (3)

Unbalanced AVC 3 (5) 0 3 (10)

Other 1 (2) 1 (3) 0

Heterotaxy 0 0 0

Genetic syndrome 3 (5) 2 (7) 1 (3) 1

Birth weight 3.2 [3.0, 3.4] 3.2 [2.9, 3.5] 3.2 [3.0, 3.4] 0.42

Prematurity 4 (7) 2 (7) 2 (7) 1

Fetal diagnosis 52 (84) 23 (77) 29 (94) 0.08

Fetal intervention 10 (16) 7 (23) 3 (10) 0.18

Age at time of Stage I, days 5 [4, 7] 5 [5,7] 5 [3,6] 0.73

Age at post-Stage I CMR, months 4.6 [4.0, 5.2] 4.6 [3.6, 5.1] 4.9 [4.2, 5.2] 0.40

SBP at post-Stage I CMR, mmHg 80 [73, 89] 85 [75, 99] 80 [72, 86] 0.16

Age at post-Stage II CMR, months 27 [22, 30] 25 [23, 30] 28 [20, 30] 0.94

SBP at post-Stage II CMR, mmHg 90 [79, 98] 87 [79, 100] 91 [81, 97] 0.75

Echocardiography variables

≥Moderate TR 4 (7) 2 (7) 2 (7) 1

≥Moderate RV systolic dysfunction 5 (8) 3 (10) 2 (7) 0.67

Conduit diameter 0.39

4 millimeters 1 (2) 1 (3) 0

5 millimeters 54 (89) 28 (93) 26 (84)

6 millimeters 6 (10) 1 (3) 5 (16)

Post-operative variables

History of ECMO or CPR 9 (15) 5 (17) 4 (13) 0.73

RVPAC intervention 13 (21) 5 (17) 8 (26) 0.53
Note: Values are n (%) or median [25th percentile, 75th percentile]. RVPAC indicates right ventricle to pulmonary artery conduit; HLHS, hypoplastic
left heart syndrome; DORV, double outlet right ventricle; AVC, atrioventricular canal; CMR, cardiovascular magnetic resonance; SBP, systolic blood
pressure; TR, tricuspid regurgitation; RV, right ventricular; ECMO, extracorporeal membrane oxygenation; CPR, cardiopulmonary resuscitation. p
values obtained using Fisher exact test or Mann-Whitney U test of nonpaired samples.
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3.1 CMR Results
Table 2 compares CMR parameters between patients with traditional and ring-reinforced RVPAC. Prior

to Stage II operation, patients that received a ring-reinforced RVPAC had better peak radial strain (23.6%
[13.9, 39.2] vs. 13.3% [9.5, 18.4], p = 0.005) and better peak circumferential strain (−16.0% [−10.8,
−22.0] vs. −10.5% [−7.9, −13.5], p = 0.004) in the superior segment most proximal to the RVPAC
(segment 1) than patients who received a traditional RVPAC. On multivariable linear regression analysis,
the presence of a ring-reinforced RVPAC was independently associated with better peak radial strain in
segment 1 (coefficient 13.2, p = 0.001) and segment 2 (coefficient 6.4, p = 0.03) and better peak
circumferential strain in segment 1 (coefficient −6.4, p < 0.001) and segment 2 (coefficient −3.1,
p = 0.04). There was no difference in peak radial or circumferential strain between the two groups in the
two most proximal segments inferior to the RVPAC (segments 11 and 12). A traditional RVPAC was
associated with increased ventricular massi (86 vs. 67 g/BSA1.3, p = 0.02). There was no significant
difference in EDVi, ESVi, SVi, or ejection fraction between the two groups. LGE data was available in 34
(76%) patients. Of these, 33 patients (97%) had LGE at the RVPAC site.

CMR parameters between patients with traditional and ring-reinforced RVPAC prior to the Stage III
operation are displayed in Table 3. Patients that received a ring-reinforced RVPAC had better peak radial
strain in segment 1 (24.6% [18.4, 30.2] vs. 13.4% [11.2, 18.0], p = 0.008) and segment 2 (18.6% [15.7,
27.8] vs. 10.4% [8.5, 12.0], p < 0.001) than patients that received a traditional RVPAC. Peak
circumferential strain was also better in the patients that received a ring-reinforced RVPAC compared to

Table 2: CMR parameters prior to the Stage II operation

Traditional RVPAC
(n = 21)

Ring-Reinforced RVPAC
(n = 24)

p value

Peak radial strain

Segment 1 13.3 [9.5, 18.4] 23.6 [13.9, 39.2] 0.005

Segment 2 13.8 [7.2, 22.3] 17.8 [12.2, 28.3] 0.15

Segment 11 12.5 [6.6, 22.2] 18.8 [13.2, 22.8] 0.09

Segment 12 10.2 [6.2, 27.7] 10.8 [8.2, 19.2] 0.87

Peak circumferential strain

Segment 1 −10.5 [−7.9, −13.5] −16.0 [−10.8, −22.0] 0.004

Segment 2 −10.8 [−6.2, −15.2] −13.1 [−9.5, −18.0] 0.15

Segment 11 −10.0 [−5.8, −15.3] −13.5 [−10.4, −15.5] 0.10

Segment 12 −8.5 [−5.5, −17.7] −8.9 [−7.0, −13.9] 0.87

EDVi, mL/BSA1.3 169 [144, 181] 182 [146, 207] 0.44

ESVi, mL/BSA1.3 69 [50, 86] 77 [62, 97] 0.23

SVi, mL/BSA1.3 96 [88, 106] 88 [78, 107] 0.48

Massi, g/BSA
1.3 86 [63, 115] 67 [56, 73] 0.02

Ejection Fraction, % 58.4 [49.8, 66.4] 55.2 [47.8, 61.4] 0.22

LGE at Conduit Site* 12 (100) 21 (95) 1.0
Notes: Values are n (%) or median [25th percentile, 75th percentile]. Strain reported as percent displacement. RVPAC indicates right ventricle to
pulmonary artery conduit; EDV, end-diastolic volume; BSA, body surface area; ESV, end-systolic volume; SV, stroke volume; LGE, late gadolinium
enhancement. p values obtained using Fisher exact test or Mann-Whitney U test. *Subgroup analysis with 33 patients.
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those that received a traditional RVPAC in segment 1 (−16.3% [−13.3, −18.8] vs. −10.5% [−9.1, −13.1],
p = 0.006) and segment 2 (−13.3% [−11.9, −17.7] vs. −8.6% [−7.1, −9.6], p < 0.001). On multivariable
linear regression analysis, a ring-reinforced RVPAC was associated with better peak radial strain in
segment 1 (coefficient 8.8, p = 0.006), segment 2 (coefficient 9.8, p = 0.002), and segment 11 (coefficient
7.8, p = 0.02) and better peak circumferential strain in segment 1 (coefficient 4.6, p = 0.006), segment 2
(coefficient −5.6, p = 0.001), and segment 11 (coefficient −3.8, p = 0.02). There was no difference in
EDVi, ESVi, SVi, massi, or ejection fraction between the two groups. LGE data was available in all
patients, with 25 patients (96%) demonstrating LGE at the prior RVPAC site.

Additional comparison was made to assess differences in strain between segments within each group.
Segment 1 was chosen as the reference for this comparison because it was the segment with the largest
difference in strain between segments. Table S1 demonstrates the peak radial and peak circumferential
strain for all segments in patients prior to the Stage II operation. Patients that had a traditional RVPAC
had significantly worse peak radial strain in segment 1 than in segment 4. Patients that had a ring-
reinforced RVPAC had worse peak radial and peak circumferential strain in segment 1 than in segment
10 and significantly better peak radial and circumferential strain in segment 1 compared to segment 12.
There were no other differences in strain among either group. Table S2 shows the peak radial and peak
circumferential strain in each segment in patients prior to the Stage III operation. Patients that received a
traditional RVPAC had significantly worse peak radial and peak circumferential strain in segment
1 compared to segments 5, 6, 7, 8, 9, and 10. Patients that underwent placement of a ring-reinforced
RVPAC had significantly worse peak radial and circumferential strain in segment 1 compared to segment
10 and significantly better peak radial and circumferential strain in segment 1 than in segment 12.

Table 3: CMR parameters prior to the Stage III operation

Traditional RVPAC
(n = 14)

Ring-Reinforced RVPAC
(n = 12)

p value

Peak Radial Strain

Segment 1 13.4 [11.2, 18.0] 24.6 [18.4, 30.2] 0.008

Segment 2 10.4 [8.5, 12.0] 18.6 [15.7, 27.8] <0.001

Segment 11 16.9 [11.7, 23.7] 21.2 [16.8, 27.8] 0.13

Segment 12 14.0 [6.9, 16.0] 16.7 [13.1, 19.5] 0.13

Peak Circumferential Strain

Segment 1 −10.5 [−9.1, −13.1] −16.3 [−13.3, −18.8] 0.006

Segment 2 −8.6 [−7.1, −9.6] −13.3 [−11.9, −17.7] <0.001

Segment 11 −12.3 [−9.2, −16.0] −14.6 [−12.4, -17.4] 0.13

Segment 12 −10.8 [−6.0, −12.1] −12.5 [−10.3, −14.0] 0.13

EDVi, mL/BSA1.3 150 [134, 160] 182 [132, 209] 0.15

ESVi, mL/BSA1.3 66 [56, 80] 91 [69, 103] 0.11

SVi, mL/BSA1.3 80 [67, 87] 79 [54, 97] 0.71

Massi, g/BSA
1.3 50 [39, 72] 59 [49, 67] 0.74

Ejection Fraction, % 53.6 [48.0, 55.5] 47.7 [39.8, 54.4] 0.17

LGE at Conduit Site 14 (100) 11 (92) 0.46
Note: Values are n (%) or median [25th percentile, 75th percentile]. Strain reported as percent displacement. RVPAC indicates right ventricle to
pulmonary artery conduit; EDV, end-diastolic volume; BSA, body surface area; ESV, end-systolic volume; SV, stroke volume; LGE, late gadolinium
enhancement. P values obtained using Fisher exact test or Mann-Whitney U test.
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3.2 Death and Transplantation
Over a median follow-up period of 6.3 years (4.1, 12.4) after the Stage I operation, 12 patients (19.7%)

had the composite outcome, with 7 deaths and 5 patients undergoing heart transplantation. Table 4 shows
independent predictors of the composite outcome on multivariate Cox regression analysis. Moderate or
greater tricuspid regurgitation prior to Stage I operation, history of extracorporeal membrane oxygenation
support or cardiopulmonary resuscitation, and need for RVPAC intervention were associated with
decreased transplant-free survival after Stage I operation. RVPAC type and peak segmental radial and
circumferential strain were not associated with death or transplant. The remaining clinical and CMR
parameters were not significantly associated with the composite outcome.

4 Discussion

This study compared regional right ventricular mechanics in patients with functional single right
ventricles after the Stage I operation with either a traditional or ring-reinforced RVPAC. We found that a
ring-reinforced RVPAC was associated with better peak radial and circumferential strain in segments
adjacent to the RVPAC insertion site prior to both the Stage II and Stage III operations. LGE was present
at the RVPAC insertion site in almost all patients regardless of conduit type. RVPAC type and regional
myocardial deformation parameters were not associated with medium-term transplant-free survival. To
our knowledge, this study describes the first analysis of regional myocardial deformation using feature
tracking CMR in patients with functional single ventricles.

Previous analyses of the ring-reinforced RVPAC have largely focused on its impact on the need for
conduit-related interventions. Baird et al. described lower rates of conduit complications and interventions
with a ring-reinforced RVPAC [9]. A later study from Bentham et al. failed to re-demonstrate a reduction
in conduit interventions but showed decreased interventions of any type at 12 months of age and
improved pulmonary artery growth [8]. Our study similarly did not find any difference in rates of RVPAC
intervention between the two groups (p = 0.53), although we observed lower rates of conduit intervention
in patients with a traditional RVPAC compared to the two prior studies (17% vs. 41% and 36%) [8,9].

The improved regional right ventricular myocardial deformation in segments adjacent to the RVPAC site
in patients with the ring-reinforced RVPAC may carry important implications for understanding the
relationship between RVPAC insertion and right ventricular function. The need for a right ventriculotomy
at the time of RVPAC insertion has elicited concerns regarding the potential for dysfunction of the right
ventricular anterior wall. Impaired regional deformation after Stage 1 Norwood with RVPAC has been
previously described by echocardiographic indices. Menon et al. described decreased strain in the anterior
wall by velocity-vector imaging at the time of the Stage II operation and Fontan [18]. Meanwhile, an
analysis by Pediatric Heart Network of 275 patients in the Single Ventricle Reconstruction Trial
demonstrated a trend towards worse circumferential strain rate in the anterior wall (p = 0.07) in patients
with an RVPAC using speckle-tracking echocardiography [19]. We found that patients with a ring-
reinforced RVPAC had improved peak radial and circumferential strain in segments adjacent to the

Table 4: Independent predictors of death or transplant after Stage I operation

Hazard Ratio 95% Confidence Interval p value

≥Moderate TR 5.8 1.1–30.1 0.04

History of ECMO or CPR 12.3 3.1–49.7 <0.001

RVPAC intervention 9.9 2.3–42.0 0.002
Note: TR indicates tricuspid regurgitation; ECMO, extracorporeal membrane oxygenation; CPR, cardiopulmonary
resuscitation; RVPAC, right ventricle to pulmonary artery conduit. p values obtained using multivariable Cox
proportional hazards survival model.
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RVPAC site and that the strain in these segments were not as significantly reduced compared to segments
further from the RVPAC site prior to the Stage III operation. These findings suggest that the dunked
insertion technique with a limited ventriculotomy may mitigate the degree of regional ventricular
dysfunction, which may progress over time. These regional differences may also represent early changes
that precede declines in global right ventricular function. Additional follow-up is needed to evaluate the
progression of right ventricular mechanics in this population after Fontan palliation.

The high prevalence of LGE at the RVPAC insertion site in our study supports the hypothesis that the
right ventriculotomy leads to myocardial fibrosis that serves as a substrate for regional dysfunction. We
observed similar prevalence of LGE at the RVPAC insertion site regardless of RVPAC type, which likely
reflects that the more limited ventriculotomy involved in placement of the ring-reinforced RVPAC still
incurs fibrosis on the local myocardium. Quantitative assessment of the extent of LGE has been shown to
correlate with myocardial performance in patients with functional single ventricles [14] and may be
helpful to further clarify the relationship between the right ventriculotomy, myocardial fibrosis and
regional ventricular mechanics. The incidence of ventricular arrhythmias in this population may also
serve as an important indirect clinical marker of myocardial fibrosis in longitudinal follow-up.

Our analysis did not find any difference in peak strain along the anterior wall segments inferior to the
RVPAC (segments 11 and 12). These results run counter to the expectation that there would be symmetrically
impacted myocardial function around the RVPAC insertion site. The presence of sternal wires is known to
compromise the imaging quality of anterior structures and create metal artifact in steady-state free precession
sequences [20]. We hypothesize that metal artifact from sternal wires immediately adjacent to these segments
impeded the ability to accurately measure strain using feature tracking and resulted in underestimated peak
radial and circumferential strain. Feature tracking by cine computed tomography or echocardiography may
be less sensitive to this type of artifact.

Moderate or greater tricuspid regurgitation prior to the Stage I operation, history of extracorporeal
membrane oxygenation support or cardiopulmonary resuscitation, and need for RVPAC intervention were
identified as independent predictors of decreased transplant-free survival after Stage I operation. These
findings are consistent with previously published data from the Single Ventricle Reconstruction Trial [4].
Notably, no CMR parameters were associated with mortality following Stage I operation. These data
stand in contrast to analyses in the post-Fontan population in which CMR-derived ventricular end-
diastolic volume and global circumferential strain predict survival [15,21]. This difference likely reflects
different causes of mortality in infants in the interstage and perioperative periods when compared to
adults that have already completed Fontan palliation.

Our study introduces feature tracking CMR as a potential tool for the assessment of regional ventricular
function in patients with functional single ventricles. As CMR has emerged as a widely adopted mode of
noninvasive surveillance in patients with functional single ventricles, feature tracking will enable
clinicians to quantify regional ventricular function. These data may compliment standard measurements
of global ventricular function and provide subtle clues to early deleterious changes that originate from the
right ventriculotomy. Future study is needed to determine the long-term impact of RVPAC conduit type
on the progression of regional dysfunction.

5 Limitations

The single-center, retrospective study design limits the ability to make generalizable conclusions about
the impact of RVPAC type on regional ventricular strain. Our study population of patients that underwent
CMR may not be representative of all patients with functional single ventricles. For example, the
presence of a pacemaker or implantable cardiac defibrillator remains a relative contraindication for CMR
[22]. Patients with ventricular dysfunction may also undergo more frequent CMR surveillance and be
overrepresented in the cohort. This study only included patients with functional single right ventricles and
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may not be generalizable to patients with single left ventricles given the different mechanics of left
ventricular deformation. Finally, artifact from sternal wires may have impacted the ability to accurately
measure regional strain in the anterior regions of interest in this study.

6 Conclusions

In conclusion, a ring-reinforced RVPAC is associated with better peak regional radial and
circumferential strain along the anterior free wall after the Stage I operation in patients with functional
single right ventricles. Additional longitudinal study is needed to assess the impact of the ring-reinforced
RVPAC on long-term regional function and clinical outcomes in patients following Fontan palliation.
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Supplemental Table 1: Peak strain for all segments prior to the Stage II operation

Traditional RVPAC
(n = 21)

p value Ring-Reinforced RVPAC
(n = 24)

p value

Peak Radial Strain

Segment 1 13.3 [8.9, 18.6] — 23.6 [13.9, 39.2] —

Segment 2 13.8 [8.0, 22.5] 0.87 17.8 [12.2, 28.3] 0.12

Segment 3 15.8 [6.3, 25.7] 0.83 22.0 [16.6, 32.0] 0.71

Segment 4 18.7 [12.9, 28.2] 0.048 32.4 [18.9, 41.7] 0.56

Segment 5 19.8 [15.3, 27.3] 0.09 29.8 [17.7, 42.0] 0.34

Segment 6 13.1 [8.8, 21.5] 0.73 27.4 [17.2, 42.5] 0.64

Segment 7 18.2 [11.7, 29.4] 0.09 15.4 [8.4, 32.3] 0.10

Segment 8 17.4 [12.7, 33.8] 0.08 27.1 [13.3, 38.1] 0.89

Segment 9 17.4 [11.7, 24.5] 0.20 29.1 [23.1, 36.6] 0.26

Segment 10 19.5 [13.2, 28.1] 0.11 36.7 [26.1, 43.0] 0.03

Segment 11 12.5 [6.7, 21.9] 0.79 18.8 [13.2, 22.8] 0.13

Segment 12 10.6 [6.7, 22.9] 0.75 10.8 [8.2, 19.2] 0.002

Peak Circumferential Strain

Segment 1 −10.5, [−7.5, −13.5] — −16.0 [−10.8, −22.0] —

Segment 2 −10.8 [−6.9, −15.2] 0.89 −13.1 [−9.5, −18.0] 0.11

Segment 3 −12.0 [−5.6, −16.9] 0.87 −15.0 [−12.4, −19.4] 0.70

Segment 4 −13.5 [−10.2, −18.0] 0.05 −19.6 [−13.6, −22.6] 0.58

Segment 5 −13.9 [−11.6, −17.7] 0.09 −18.2 [−12.8, −22.3] 0.45

Segment 6 −10.4 [−7.5, −13.6] 0.79 −17.3 [−12.6, −22.3] 0.68

Segment 7 −13.3 [−9.5, −18.3] 0.11 −11.7 [−7.1, −19.5] 0.09

Segment 8 −12.8 [−10.1, −20.1] 0.08 −17.5 [−10.5, −21.4] 0.97

Segment 9 −12.7 [−9.4, −16.3] 0.20 −18.2 [−15.6, −21.0] 0.27

Segment 10 −13.9 [−10.4, −17.9] 0.11 −21.1 [−17.1, −23.0] 0.03

Segment 11 −10.0 [−5.9, −15.2] 0.75 −13.5 [−10.4, −15.5] 0.09

Segment 12 −8.7 [−5.9, −15.7] 0.77 −8.9 [−7.0, −13.9] 0.003
Note: Values are median [25th percentile, 75th percentile]. Strain reported as percent displacement. RVPAC indicates right ventricle to pulmonary
artery conduit. p value obtained using the Mann-Whitney U test.
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Supplemental Table 2: Peak strain for all segments prior to the Stage III operation

Traditional RVPAC
(n = 14)

p value Ring-Reinforced RVPAC
(n = 12)

p value

Peak Radial Strain

Segment 1 13.4 [11.2, 18.0] — 24.6 [18.4, 30.2] —

Segment 2 10.4 [8.5, 12.0] 0.11 18.6 [15.7, 27.8] 0.44

Segment 3 15.4 [10.8, 21.3] 0.70 19.2 [16.4, 24.7] 0.55

Segment 4 25.1 [12.5, 42.7] 0.10 12.7 [5.3, 42.6] 0.35

Segment 5 22.2 [15.2, 34.2] 0.03 8.8 [3.4, 27.4] 0.07

Segment 6 22.1 [18.3,28.4] 0.02 25.0 [12.9, 41.1] 0.89

Segment 7 20.5 [17.4, 31.4] 0.006 43.4 [19.0, 54.4] 0.07

Segment 8 20.5 [16.1, 23.7] 0.01 27.3 [20.5, 34.5] 0.35

Segment 9 26.1 [14.4, 31.6] 0.01 16.2 [14.7, 23.6] 0.29

Segment 10 26.9 [19.0, 35.8] 0.01 32.8 [26.1, 42.1] 0.04

Segment 11 16.9 [11.7, 23.7] 0.40 21.2 [16.8, 27.8] 0.76

Segment 12 14.0 [6.9, 16.0] 0.51 16.7 [13.1, 19.5] 0.01

Peak Circumferential Strain

Segment 1 −10.5 [−9.1, −13.1] — −16.3 [−13.3, −18.8] —

Segment 2 −8.6 [−7.1, −9.6] 0.11 −13.3 [−11.9, −17.7] 0.44

Segment 3 −11.6 [−8.7, −14.4] 0.67 −13.7 [−12.0, −16.3] 0.51

Segment 4 −16.5 [−9.9, −23.0] 0.10 −10.1 [−4.8, −22.8] 0.35

Segment 5 −15.4 [−11.4, −20.1] 0.03 −7.4 [−2.6, −16.4] 0.06

Segment 6 −15.3 [−13.4, −18.0] 0.02 −16.6 [−10.2, −22.4] 0.89

Segment 7 −14.5 [−12.8, −19.2] 0.004 −23.1 [−13.5, −25.9] 0.08

Segment 8 −14.4 [−12.1, −15.9] 0.01 −17.4 [−14.4, −20.2] 0.41

Segment 9 −17.1 [−11.1, −19.3] 0.01 −12.2 [−11.3, −16.0] 0.29

Segment 10 −17.4 [−13.7, −20.6] 0.01 −19.7 [−17.1, −22.8] 0.03

Segment 11 −12.3 [−9.2, −16.0] 0.51 −14.6 [−12.4, −17.4] 0.67

Segment 12 −10.8 [−6.0, −12.1] 0.54 −12.5 [−10.3, −14.0] 0.01
Note: Values are median [25th percentile, 75th percentile]. Strain reported as percent displacement. RVPAC indicates right ventricle to pulmonary
artery conduit. p value obtained using the Mann-Whitney U test.
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