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Introduction: This study aims to provide an overview of outcomes after

right ventricular outflow tract (RVOT) reconstruction using different valve

substitutes in different age groups for different indications.

Methods: The literature was systematically searched for articles published

between January 2000 and June 2021 reporting on clinical and/or

echocardiographic outcomes after RVOT reconstruction with valve

substitutes. A random-effects meta-analysis was conducted for outcomes,

and time-related outcomes were visualized by pooled Kaplan–Meier curves.

Subgroup analyses were performed according to etiology, implanted valve

substitute and patient age.

Results: Two hundred and seventeen articles were included, comprising

37,078 patients (age: 22.86 ± 11.29 years; 31.6% female) and 240,581 patient-

years of follow-up. Aortic valve disease (Ross procedure, 46.6%) and Tetralogy

of Fallot (TOF, 27.0%) were the two main underlying etiologies. Homograft

and xenograft accounted for 83.7 and 32.6% of the overall valve substitutes,

respectively. The early mortality, late mortality, reintervention and endocarditis

rates were 3.36% (2.91–3.88), 0.72%/y (95% CI: 0.62–0.82), 2.62%/y (95% CI:

2.28–3.00), and 0.38%/y (95%CI: 0.31–0.47) for all patients. The early mortality

for TOF and truncus arteriosus (TA) were 1.95% (1.31–2.90) and 10.67%

(7.79–14.61). Pooled late mortality and reintervention rate were 0.59%/y (0.39–

0.89), 1.41%/y (0.87–2.27), and 1.20%/y (0.74–1.94), 10.15%/y (7.42–13.90) for

TOF and TA, respectively. Endocarditis rate was 0.21%/y (95% CI: 0.16–0.27)

for a homograft substitute and 0.80%/y (95%CI: 0.60–1.09) for a xenograft
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substitute. Reintervention rate for infants, children and adults was 8.80%/y

(95% CI: 6.49–11.95), 4.75%/y (95% CI: 3.67–6.14), and 0.72%/y (95% CI:

0.36–1.42), respectively.

Conclusion: This study shows RVOT reconstruction with valve substitutes

can be performed with acceptable mortality and morbidity rates for most

patients. Reinterventions after RVOT reconstruction with valve substitutes are

inevitable for most patients in their life-time, emphasizing the necessity of

life-long follow-up and multidisciplinary care. Follow-up protocols should be

tailored to individual patients because patients with different etiologies, ages,

and implanted valve substitutes have different rates of mortality and morbidity.

Systematic review registration: [www.crd.york.ac.uk/prospero], identifier

[CRD42021271622].

KEYWORDS

right ventricular outflow tract reconstruction, Tetralogy of Fallot, truncus arteriosus,
ross procedure, xenograft, homograft

Background

Right ventricular outflow tract (RVOT) reconstruction is
one of the most common surgical procedures in patients with
congenital heart disease (CHD) (1), and a valve substitute is
often used in this reconstruction to restore the connection
between the pulmonary artery and right ventricle. Many
underlying etiologies, e.g., Tetralogy of Fallot (TOF), truncus
arteriosus (TA), and aortic valve disease (AVD: Ross procedure),
are treated with RVOT reconstruction with valve substitutes
(2–4). Patients with different etiologies have different RVOT
anatomies, and this could impact patient prognosis. From
this standpoint, exploring outcomes after RVOT reconstruction
should be done by taking different etiologies into account.
Additionally, several types of valve substitutes are available
nowadays, whereas the optimal valve substitute is still subject to
debate despite many studies have been performed on this topic
(5–7). Furthermore, patient age should be considered when
exploring the outcomes after RVOT reconstruction with valve
substitutes (8, 9).

So far, there have been many publications concerning
outcomes after RVOT reconstruction with valve substitutes. Age
and types of valve substitutes have been explored. Some factors,

Abbreviations: RVOT, right ventricular outflow tract; CHD, congenital
heart disease; TOF, Tetralogy of Fallot; TA, truncus arteriosus; AVD, aortic
valve disease; PRISMA, Systematic Reviews and Meta-Analyses; SVD,
structural valve deterioration; NSVD, non-structural valve dysfunction;
PV, pulmonary valve; MV, mechanical valves; CI, confidence interval;
NYHA, New York Heart Association; SUD, sudden unexplained death;
PMI, permanent pacemaker implantation; ICD, Implantable cardioverter-
defibrillator; TE, thromboembolism; VT, valve thrombosis; PR, pulmonary
regurgitation; IE, infected endocarditis.

for example, young age and small conduit size, are considered
as risk factors for early conduit degenerations. However, most
of the published studies on this topic are small and single-
center, and provide fragmented information, only concerning a
specific group of patients (10–12). Compared with one single
original research, systematic review and meta-analysis can
provide higher level of evidence. Therefore, a systematic review
and meta-analysis was performed to provide a contemporary
overview of outcomes after RVOT reconstruction with different
valve substitutes, in different etiologies and different age groups.

Methods

The protocol of this study was reviewed and approved by the
Medical Ethics Review Committee of the Erasmus University
Medical Center (MEC 2015–170). To establish an overview
of reported outcomes, we conducted a systematic review and
meta-analysis according to the Preferred Reporting Items for
Systematic Reviews and Meta-Analyses (PRISMA) guidelines
(13). Only surgical RVOT reconstruction with valve substitutes
were included for analyses. This study was registered in the
PROSPERO registry (CRD42021271622).

Literature search strategy

The “population, intervention, comparison, outcome and
study design” (PICOS) strategy was used to define our research
question. The detailed description of PICOS strategy are
presented in Supplementary Text 1.

The systematic literature search was conducted on
June 28, 2021, in PubMed, MEDLINE, Embase, Web of
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Science, Cochrane, and Google Scholar by a biomedical
information specialist (W.M.B). Search terms are available in
Supplementary Text 2.

Original studies written in English reporting outcomes
after surgical pulmonary valve replacement in human subjects
were included. Studies had to report on more than 20
patients and be published after January 1, 2000. Focus
of this study was mid-to long-term outcomes and only
studies with follow-up longer than 1 year were included.
Since homografts, xenografts and mechanical valves (MV)
are the main types of grafts used in RVOT reconstruction
with valve substitutes, we only included studies using these
three valve substitutes. Exclusion criteria were non-original
research, percutaneous procedures, follow-up complete <90%,
no relevant outcome information, lacking essential information
(length of follow-up, institutions), valve substitutes other than
homograft, xenograft, and MV (i.e., polytetrafluoroethylene
valve, autologous pericardial conduits).

Two reviewers (XW and WB) independently screened all
publications from the systematic literature search. In the case
of multiple publications on overlapping study populations, the
publication with the longest total follow-up in patient-years or
best overall completeness of data was included for each outcome
of interest separately. In case of disagreement, an agreement was
negotiated with a third independent reviewer (J.J.M.T.).

Data extraction

Microsoft Office Excel 2016 (Microsoft Corp., Redmond,
WA, United States) was used for data extraction. Data
were extracted independently by 2 reviewers (X. W. and
W. B.). Recorded study characteristics, baseline patient and
operative characteristics, and outcome events are listed in the
Supplementary Table 1.

Morbidity and mortality were documented according to
the Akins guidelines for reporting mortality and morbidity
after cardiac valve interventions (14). Early mortality was
defined as either operative, within 30 days post-surgery or
within initial hospital stay. Late mortality was any death
beyond this period. Only very few studies reported events
concerning structural valve deterioration (SVD) or non-
structural valve dysfunction (NSVD) directly. Many articles
only provided the information on conduit/valve dysfunction,
without specifying it as SVD or NSVD, according to
echocardiographic parameters. So, we decided to use valve
dysfunction to describe valve substitute status. The definition
of valve dysfunction varies among studies as well, and
we unified it by selecting the definition that most studies
adopted after reviewing all included studies. Conduit/valve
dysfunction was defined according to echocardiographic
parameters with one of the following descriptions: a. peak
pulmonary valve (PV) gradient >36 or 40 mmHg; b.

peak Doppler velocity >3 m/s; c. moderate or severe
stenosis/regurgitation. We only extracted the information on
dysfunction in line with the above definition. If total follow-
up duration in patient-years was not reported, it was calculated
by multiplying the number of patients with the mean follow-up
duration of that study.

Statistical analysis

Pooled baseline patient characteristics were calculated with
the use of sample size weighting. If variable means and/or
standard deviations were not reported, we used medians and
range or interquartile range to calculate them by the method
proposed by Luo et al. (15), Wan et al. (16), and Walter
et al. (17). Early mortality and linearized occurrence rates of
late morbidity and mortality were calculated for each study
and pooled with the use of inverse variance weighting on a
logarithmic scale because Shapiro-Wilk test revealed a skewed
distribution among the majority of outcomes. When the number
of studies was sufficiently large to reliably estimate the tau-
squared statistic (≥4 studies), which is the variance between
studies, a random-effects model was used to estimate pooled
effects. When estimating pooled effects from less than 4 studies,
a fixed-effects model was used. In case a particular event was
reported not to occur in an individual study, it was assumed
that 0.5 patients experienced that event for pooling purposes
(continuity correction). Subgroup analyses were conducted
according to the age (infants, children, and adults), indications
(Ross procedure, right-sided conduit), and implanted valve
substitutes (homograft, xenograft). We defined “right-sided
conduit” as RVOT reconstruction with valve substitutes for
abnormal RVOT anatomy, e.g., TOF and TA. Within the
right-sided conduit subgroup, studies concerning TOF and
TA were pooled separately to give a more specific overview
of different diagnostic groups. Heterogeneity between studies
was assessed with the Cochran Q and I2-statistic. Potential
causes of heterogeneity in early/late mortality and rates of
reintervention, reoperation, dysfunction, and endocarditis were
explored utilizing univariable random-effects meta-regression.
Sensitivity analyses were performed by temporarily excluding
the smallest quartile (by sample size) or leave-one-out sensitivity
analysis. Twenty percent was selected as the cut-off value of
“major change” in the sensitivity analysis. Statistical analyses
were performed in Microsoft Office Excel 2016 and the
R statistical software (Version 3.3.3, R development Core
Team, R Foundation for Statistical Computing, Vienna,
Austria) using the metaphor package. A P-value < 0.05 was
considered significant.

The pooling of Kaplan-Meier curves was done for
survival probability, freedom from reintervention, and freedom
from endocarditis by using the method described by Guyot
(18). Published Kaplan–Meier curves were digitized and an
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estimate of the individual patient time-to-event data was then
extrapolated from the digitized curve coordinates, assuming a
constant rate of censorship between each time point at which
the number of patients at risk was specified (19). We used
Engauge Digitizer 9.7 to create a list of coordinates of the KM
curve and employed an in-house developed algorithm written
in R language (Version 4.1.2, R Development Core Team;
R Foundation for Statistical Computing) to reconstruct the
original patient data.

Results

The literature search resulted in 8126 publications, of which
217 studies were included for analysis: 65 concerning RVOT
reconstruction in Ross procedure, 113 concerning right-sided
conduit (20 about TOF; 9 about TA), 78 concerning RVOT
reconstruction with a homograft, and 69 concerning RVOT
reconstruction with a xenograft (Figure 1). These 217 articles
included 37,078 patients encompassing 240,581 patient-years of
follow-up. All of the included studies were cohort studies. One
study concerning MV was identified (20), and excluded from
pooling analyses given the marked differences in characteristics
between MV and biological valve substitutes. The summary of
pooled outcomes in the overall group and different subgroups is
shown in Figure 2.

Overall group analyses

Baseline characteristics of the overall group and the
subgroups are shown in Table 1. Pooled mean follow-up time
was 6.49 ± 4.92 years. The most common etiology was AVD
(Ross procedure, 46.6%), and TOF accounted for 27.0% of all
included patients. Individual study characteristics are presented
in Supplementary Table 2.

Pooled outcomes were reported in two parts: early outcomes
and late outcomes. Outcomes of the overall group are given
in Table 2. Early mortality, perioperative bleeding, stroke, and
MI were 3.36% (2.91–3.88), 5.70% (4.79–6.78), 1.22% (0.93–
1.60), and 1.25% (0.81–1.92), respectively. Late mortality was
0.72%/y (95% CI: 0.62–0.82). The rates of late reintervention,
endocarditis, PMI/ICD, stroke, and TE/VT were 2.62, 0.38, 0.43,
0.18, and 0.29%/y, respectively.

Ninety-four studies reported the Kaplan-Meier curves on
survival probability, encompassing 21,069 surgical cases in
total. These curves were pooled, and the reconstructed Kaplan-
Meier curve of the 94 studies is presented in Figure 3A.
Survival probability at 5, 10, and 15 years was 92.6, 89.7, and
86.0%, respectively. Reconstructions of Kaplan-Meier curves on
freedom from reintervention and endocarditis are displayed in
Figures 3B,C. Freedom from reintervention and endocarditis at
5, 10, and 15 years were 90.4, 78.9, 67.6, and 96.2, 93.8, 91.9%,
respectively (Supplementary Table 3).

Subgroup analyses

Ross procedure
Sixty-five publications encompassing 14,690 patients

reported relevant outcomes after Ross procedure. The pooled
mean age in Ross procedure subgroup was 36.26 ± 11.76 years
old, and 83.7% cases in this subgroup used homografts for
RVOT reconstruction. The pooled baseline characteristics are
presented in Table 1.

The pooled early mortality and late mortality in Ross
procedure subgroup were 2.77% (2.17, 3.54) and 0.57% (0.44,
0.73). Reintervention rate (RVOT) and endocarditis rate
(RVOT) were 1.12%/y (0.86, 1.46) and 0.20%/y (0.16, 0.26)
after Ross procedure. More outcome information is shown in
Table 3A. The pooled Kaplan-Meier curves of freedom from
reintervention and death are shown in Figure 4C (blue line) and
Supplementary Figure 1C (blue line).

Right-sided conduit
In total, 113 publications encompassing 13,859 patients

reported outcomes after right-sided conduit implantation. One
of them was about mechanical prostheses and was excluded
from the analyses. Finally, 112 studies comprising 13,495
patients with 79,143 patient-years were included for analyses
in this subgroup.

The pooled mean age was 14.19 ± 9.35 years old, and
the main valve substitutes implanted in RVOT were xenograft,
which had a 62.1% proportion. Two main etiologies were TOF
(55.8%) and TA (15.2%) in this subgroup. More details of the
baseline characteristics are shown in Table 1.

The pooled early mortality was 3.53% (2.86, 4.36) after right-
sided conduit implantation. Late mortality, reintervention rate
and endocarditis rate were 0.79% (0.65, 0.97), 2.77% (2.17, 3.54),
and 0.57% (0.44, 0.73). More outcome information is shown in
Table 3A. The pooled Kaplan-Meier curves of freedom from
reintervention and death are shown in Figure 4C (yellow line)
and Supplementary Figure 1C (yellow line).

Tetralogy of Fallot

Twenty publications about TOF were pooled separately,
encompassing 3,128 patients with 19,466 patient-years. The
average age at RVOT reconstruction with valve substitutes was
24.95 ± 11.62 years. The pooled baseline characteristics of the
TOF subgroup are presented in Supplementary Table 4. The
pooled outcomes of the TOF subgroup are shown in Table 3.

Truncus arteriosus

Nine studies concerning TA were pooled. In total, 731
patients with 7,613 patient-years were encompassed in this
subgroup. The pooled baseline characteristics are presented in
Supplementary Table 4. The pooled age was 0.19 ± 0.92 years,
and 79.0% of TA patients received the homograft as the valve
substitute. The pooled outcomes of the TA subgroup are
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FIGURE 1

A flowchart of included studies.

FIGURE 2

A summary of pooled estimates. RVOTVS, right ventricular outflow tract reconstruction with valve substitutes.

presented in Table 3. Early mortality was 10.67% and the rate
of PV reintervention was 10.15%/y.

The Kaplan-Meier curves of freedom from death and
reintervention of the two subgroups, TA and TOF, were

pooled and are displayed in Figure 4D and Supplementary
Figure 1D. More than half of repaired TA patients require
RVOT reintervention within 5 years after the initial repair
surgery. A rapid decline of survival probability in the first
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TABLE 1 Pooled baseline characteristics.

Characteristics Pooled estimates (range or mean ± SD)

Overall
N = 217

Subgroups

Ross
(N = 65)

Right-sided conduit
(n = 112)

Homograft
(N = 78)

Xenograft
(N = 69)

Age (years) 22.86 ± 11.29 36.26 ± 11.76 13.79 ± 9.26 26.56 ± 12.03 14.26 ± 9.76

Female (%) 31.6 (8.3–62.1) 26.9 (8.3–45.3) 44.3 (26.1–62.1) 31.5 (8.3–58.3) 42.4 (26.1–60.0)

Implantation year 2002 (1965–2020) 2002
(1986–2020)

2002 (1981–2019) 2001 (1965–2019) 2007 (1986–2019)

Preoperative NYHA III-IV (%) 32.5 (6.0–100.0) 34.0 (6.0–76.7) 26.7 (6.3–100.0) 34.2 (12.9–76.7) 24.5 (6.3–50.0)

Patients with previous cardiac procedures (%) 49.8 (0.0–100.0) 24.9 (0.0–100.0) 76.8 (0.0–100.0) 34.7 (0.0–100.0) 80.4 (0.0–100.0)

Patients with concomitant procedures (%)* 51.2 (2.0–100.0) 50.1 (1.8–100.0) 65.6 (8.0–100.0) 69.9 (16.7–100.0) 64.0 (8.0–100.0)

Conduit diameter (mm) 22.28 ± 3.33 25.00 ± 2.51 20.99 ± 2.98 22.19 ± 3.45 22.57 ± 2.91

Follow-up (years) 6.49 ± 4.92 7.79 ± 5.99 5.85 ± 4.01 7.02 ± 5.73 4.50 ± 2.70

Causes [n (%)] AVD 17261 (46.6%) 14690 (100.0) 188 (3.3) 10679 (74.1) 384 (6.2)

TOF 9989 (27.0%) − 7434 (55.1) 1247 (8.7) 3251 (52.8)

TA 2813 (7.6%) − 2086 (15.5) 677 (4.7) 475 (7.7)

PA 2197 (5.9%) − 1488 (11.0) 470 (3.3) 709 (11.5)

TGA 1217 (3.3%) − 806 (6.0) 315 (2.2) 287 (4.7)

PS/PR 760 (2.1%) − 451 (3.3) 40 (0.3) 266 (4.3)

DORV 734 (2.0%) − 408 (3.0) 50 (0.4) 207 (3.4)

Others** 2092 (5.5%) − 578 (2.8) 935 (6.3) 583 (9.4)

RVOT grafts homograft (%) 61.1 83.7 36.5 − −

Xenograft (%)*** 32.6 12.6 62.1 − −

Mechanical valves (%) 1.2 0.0 0.5 − −

N, number of studies reporting on the variable; SD, standard deviation; NYHA, New York Heart Association; Ross, Ross procedure; TOF, Tetralogy of Fallot; TA, truncus arteriosus; PA,
pulmonary atresia; TGA, transposition of the great arteries; PS/PR, pulmonary stenosis/regurgitation; DORV, Double outlet right ventricle; AVD, aortic valve disease.
*Aortic valve procedures were excluded for Ross procedure; **others include absent pulmonary valve, endocarditis, rheumatic disease, redo pulmonary valve replacement (unknown
original diagnosis), unknown causes, etc. We also regarded the three studies without information on diagnoses as unknown causes; ***xenograft was defined as valves or valved conduits
originating from non-human species.

1–2 years after RVOT reconstruction with valve substitutes was
observed in the TA subgroup, which stabilized thereafter.

Homograft and xenograft
Sixty-nine studies encompassing 6,162 patients with 27,408

patient-years were pooled in xenograft subgroup analysis and 78
studies compromising 14,413 patients with 99,679 patients were
pooled in homograft subgroup. Pooled baseline characteristics
of the homograft and xenograft subgroups are shown in Table 2.
The patient age at RVOT reconstruction with homograft and
with xenograft was 26.56 ± 12.03 and 14.26 ± 9.76 years. Aortic
valve disease was the main etiology for patients with homograft
implantation while TOF was the dominant cause for xenograft
implantation in RVOT.

Various types of xenograft had been used, and the
Contegra conduit accounted for 41.9% of the xenograft
and was the mainly implanted conduit. The proportions of
other commonly used types of xenograft were 18.9% for
the Carpentier-Edwards aortic pericardial valve (including
Perimount, Magna, and Magna Ease) and 11.4% for the

Medtronic Freestyle. Pooled outcome estimates in the two
groups are presented in Table 3. Rates of endocarditis in the
homograft group and xenograft group were 0.21%/y (95% CI:
0.16–0.27%/y) and 0.80%/y (95% CI: 0.60–1.09%/y). Pooled
Kaplan-Meier curves of freedom from reintervention and
endocarditis are shown separately for the two subgroups in
Figures 4A, 5.

The pooled results of studies concerning only the Contegra
conduit are shown in Supplementary Tables 5, 6. Patients who
received Contegra conduit were younger compared with the
overall xenograft group (Contegra group: 7.41 ± 8.20 year-
old; overall xenograft group: 14.26 ± 9.76 year-old). The
endocarditis and reintervention rates were 1.17%/y (95% CI:
0.86, 1.59) and 5.74% (95% CI: 4.38, 7.52) for Contegra
group, which were higher than the overall xenograft group
(endocarditis: 0.80%/y, 95% CI: 0.60–1.09; reintervention:
3.47%/y, 95%CI: 2.70–4.46).

Ross procedure: Homograft and xenograft

Patients older than 16 years old in Ross procedure subgroup
were pooled separately based on the type of implanted valve
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TABLE 2 Overall pooled outcomes.

Outcomes Pooled
estimate
(95% CI)

Heterogeneity
(I2)

N studies
reported

Early outcomes (%)

Early
mortality

All cause 3.36 (2.91–3.88) 74.8% 190

Cardiac 2.30 (1.92–2.76) 59.9% 152

Valve-related 0.74 (0.60–0.91) 0.0% 144

SUD 0.69 (0.56–0.86) 0.0% 142

Early PMI/ICD 2.53 (2.00–3.20) 51.9% 57

Re-exploration for bleeding 5.70 (4.79–6.78) 60.2% 53

Early stroke 1.22 (0.93–1.60) 0.0% 32

Early TE/VT 1.00 (0.57–1.74) 45.3% 27

Early MI 1.25 (0.81–1.92) 42.0% 26

AKI 3.28 (2.25–4.78) 49.2% 22

Late outcomes (%/y)

Late
mortality

All cause 0.71 (0.62–0.82) 79.1% 189

Cardiac 0.43 (0.37–0.50) 38.5% 150

Valve-related 0.25 (0.21–0.29) 0.0% 136

SUD 0.20 (0.17–0.23) 0.0% 141

Late PMI/ICD 0.43 (0.24–0.78) 73.1% 22

Late stroke 0.18 (0.12–0.26) 34.0% 23

Late TE/VT 0.29 (0.21–0.42) 62.8% 45

Late MI 0.07 (0.04–0.14) 11.3% 11

Overall (%/y)

Reintervention 2.63 (2.30–3.02) 95.8% 209

Reoperation 1.69 (1.45–1.97) 93.7% 178

Dysfunction 3.05 (2.25–4.14) 95.1% 45

Endocarditis 0.38 (0.31–0.47) 75.9% 111

Moderate to severe PS 1.89 (1.42–2.52) 90.8% 59

Moderate to severe PR 2.02 (1.60–2.54) 94.2% 99

Data expressed as percentage (95% CI). CI, confidential interval; SUD, sudden
unexplained death; PMI, permanent pacemaker implantation; ICD, implantable
cardioverter defibrillator; TE, thromboembolism event; VT, valve thrombosis; MI,
myocardial infarction; AKI, acute kidney injury; PS, pulmonary valve stenosis; PR,
pulmonary valve regurgitation.

substitutes. Their respective pooled baseline characteristics are
presented in Supplementary Table 7. Fourteen publications
encompassing 5,040 patients reported the outcomes after
Ross procedure with homografts and 5 studies compromising
1,618 patients reported outcomes of Ross procedure with
xenografts. The outcomes of the two subgroups are displayed
in Supplementary Table 8.

Right-sided conduit: Homograft and xenograft

Within the right-sided conduit group, there were 19 articles
containing 1,960 surgical cases that concerned homograft
implantations and 53 publications comprising 4,790 surgical
cases with xenograft implantations.

Baseline characteristics of the two subgroups are displayed
in Supplementary Table 9. TOF was the main etiology

in both subgroups. TA accounted for 26.9% of cases in
the homograft subgroup (right-sided conduit), and the
corresponding proportion is 7.0% in the xenograft subgroup
(right-sided conduit). For right-sided conduit surgical cases,
the pooled mean age of homograft implantation and xenograft
implantation is 9.35 ± 7.40 and 15.11 ± 9.62 years.

Their respective pooled outcomes are presented in
Supplementary Table 10. The rates of reintervention and
endocarditis were 4.66, 0.24, and 3.23, 0.69%/y in the right-sided
homograft conduit and right-sided xenograft conduit subgroup,
respectively. The Kaplan-Meier curves of freedom from
reintervention were pooled in the two subgroups (Figure 6).

Mechanical valve prostheses
Only one multi-center study with 364 patients and

1,705 patient-years was remained after full-text screening in
mechanical valve subgroup. Pooling was not possible. In that
MV study, its reoperation rate was 0.98%/y, lower than the
rate in homograft (1.33%/y) and xenograft (2.20%/y) RVOT
subgroup. The late mortality and thromboembolism events rates
were 1.17 and 1.91%/y in the MV multicenter study.

Infants (≤1 y), children (<18 y), and adults
(≥18 y)

The pooled baseline characteristics of the three age
subgroups are shown in Supplementary Table 11. The main
etiology was TA in infants (70.6%). As to adults who
require RVOT reconstruction with valve substitutes, the main
indication was aortic valve disease (89.3%).

Pooled outcomes of the three age subgroups are presented
in Table 3D. The early mortality was 11.39% in infants, 7.41%
in children, and 2.32% in adults. The rates of reintervention and
reoperation were 8.80%/y (95% CI: 6.49–11.95%/y) and 4.48%/y
(95% CI: 3.10–6.48%/y) in infants. The rates of reintervention
and reoperation were 0.72%/y (95% CI: 0.36–1.42%/y) and
0.65%/y (95% CI: 0.28–1.50%/y) in adults. Pooled Kaplan-
Meier curves of freedom from reintervention and death in
infants and children subgroups are shown in Figure 4B and
Supplementary Figure 1B.

Heterogeneity and publication bias

Meta-regression

Univariable meta-regression was done for early mortality,
late mortality, reintervention, reoperation, dysfunction, and
endocarditis, to identify sources of heterogeneity within overall
group. Studies with younger age (−0.063, p < 0.001), higher
female proportion (4.853, p < 0.001), smaller conduit diameter
(−0.170, p < 0.001), right-sided conduit procedures (Ross:
1.177, p < 0.001), and xenograft implantation (0.562, p = 0.001)
were inclined to report higher rate of reintervention. More
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FIGURE 3

Pooled Kaplan-Meier curves of freedom death (A), freedom from reintervention (B), and freedom from endocarditis (C).

details of meta-regression are displayed in Supplementary
Table 12.

Sensitivity analyses

The results of sensitivity analyses are presented
in Supplementary Table 13. Major changes in pooled
outcomes of early valve-related mortality, early sudden
unexplained death (SUD), early and late permanent
pacemaker implantation/Implantable cardioverter-defibrillator
(PMI/ICD), early thromboembolism/valve thrombosis
(TE/VT), and early MI were found, suggesting publication
bias. Leave-one-out analyses were done on these “major-
change” outcomes and the results are shown in Supplementary
Table 14. Based on the “major-change” definition, which is

higher than 20%, no major change was found in leave-one-out
sensitivity analyses.

Discussion

This study provides a comprehensive overview of
contemporary early and late outcomes after RVOT
reconstruction with valve substitutes for different etiologies,
with different valve substitutes and at different patient
ages. Patients operated for various etiologies have different
outcomes, including mortality, reintervention, reoperation, and
endocarditis rates. Within each etiology subgroup, age and valve
substitutes have their roles in influencing patients’ outcomes.

According to the pooled baseline characteristics of
the different subgroups in this study, there are strikingly
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TABLE 3 Pooled outcomes of different subgroups.

A

Indications

Ross procedure (≥90%, N = 65) Right-sided conduit (≥90%, N = 112)

Outcomes Estimate (95% CI) N I2 Estimate (95% CI) N I2

Early outcomes (%)

Early mortality (%) All cause 2.77 (2.17, 3.54) 63 73.9% 3.53 (2.86, 4.36) 96 71.9%

Cardiac 2.10 (1.66, 2.66) 50 29.7% 2.46 (1.89, 3.20) 80 61.6%

Valve-
related

0.79 (0.55, 1.13) 43 0.0% 0.79 (0.59, 1.06) 75 0.0%

SUD 0.67 (0.46, 0.99) 41 0.0% 0.79 (0.59, 1.06) 76 0.0%

Early PMI/ICD 1.98 (1.48, 2.65) 29 39.9% 3.43 (2.33, 5.05) 24 57.0%

Re-exploration for bleeding 5.33 (4.24, 6.71) 28 64.8% 5.88 (4.30, 8.05) 21 57.9%

Early stroke 1.11 (0.80, 1.53) 20 0.0% 1.56 (0.93, 2.59) 12 0.0%

Early TE/VT 0.79 (0.41, 1.51) 13 0.0% 1.43 (0.58, 3.52) 12 61.5%

Early MI 1.03 (0.59, 1.79) 16 37.5% 1.37 (0.74, 2.53) 7 0.0%

AKI 2.64 (1.74, 4.01) 14 40.4% 7.13 (3.52, 14.44) 6 35.1%

Late outcomes (%/y)

Late mortality All cause 0.57 (0.44, 0.73) 59 83.5% 0.79 (0.65, 0.97) 96 75.1%

Cardiac 0.34 (0.28, 0.41) 53 29.1% 0.55 (0.44, 0.68) 77 33.9%

Valve-
related

0.20 (0.16, 0.26) 48 0.0% 0.30 (0.24, 0.38) 74 0.0%

SUD 0.17 (0.13, 0.23) 45 0.0% 0.23 (0.18, 0.30) 76 0.0%

Late PMI/ICD 0.31 (0.18, 0.52) 12 35.2% 1.02 (0.46, 2.27) 8 61.5%

Late stroke 0.17 (0.11, 0.26) 17 41.3% 0.17 (0.06, 0.49) 4 0.7%

Late TE/VT 0.21 (0.15, 0.29) 23 19.8% 0.57 (0.29, 1.15) 14 72.1%

Late MI 0.07 (0.03, 0.15) 6 0.0% 0.22 (0.05, 0.96) 3 42.1%

Overall (%/y)

Reintervention 1.12 (0.86, 1.46) 64 94.0% 3.59 (3.05, 4.22) 107 94.3%

Reoperation 0.70 (0.51, 0.97) 53 92.3% 2.27 (1.91, 2.70) 95 90.9%

Endocarditis 0.20 (0.16, 0.26) 40 36.7% 0.48 (0.35, 0.66) 47 59.9%

Dysfunction 1.47 (0.85, 2.55) 13 92.7% 4.67 (3.43, 6.36) 23 88.1%

Moderate to severe PS 1.11 (0.68, 1.83) 21 89.2% 3.23 (2.43, 4.30) 30 79.6%

Moderate to severe PR 0.97 (0.60, 1.57) 28 92.4% 2.87 (2.29,3.59) 53 84.0%

B

Indications

TOF (N = 20) TA (N = 9)

Outcomes Estimate (95% CI) N I2 Estimate (95% CI) N I2

Early outcomes (%)

Early mortality All cause 1.95 (1.31, 2.90) 19 38.1% 10.67 (7.79, 14.61) 9 39.3%

Cardiac 1.47 (0.86, 2.52) 16 26.0% 8.59 (5.77, 12.80) 6 21.0%

Valve-
related

All zero event 14 − 1.40 (0.63, 3.10) 6 0.0%

SUD All zero event 14 − 0.99 (0.40, 2.49) 6 0.0%

Early PMI/ICD 2.14 (1.02, 4.49) 8 67.7% − 1 −

Re-exploration for bleeding 6.23 (4.20, 9.26) 2 0.0% 13.09 (6.02, 28.49) 3 62.1%

(Continued)
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TABLE 3 (Continued)

Indications

TOF (N = 20) TA (N = 9)

Outcomes Estimate (95% CI) N I2 Estimate (95% CI) N I2

Early stroke − 1 − − 1 −

Early TE/VT − 1 − − 0 −

Early MI − 1 − 3.32 (0.85, 12.95%) 2 31.7%

AKI − 1 − − 1 −

Late outcomes (%/y)

Late mortality All cause 0.59 (0.39, 0.89) 18 63.3% 1.20 (0.74, 1.94) 9 66.8%

Cardiac 0.53 (0.40, 0.70) 16 2.7% 0.36 (0.23, 0.56) 6 0.0%

Valve-
related

0.25 (0.15, 0.42) 12 0.0% 0.21 (0.11, 0.38) 5 0.0%

SUD 0.25 (0.15, 0.42) 13 0.0% 0.21 (0.11, 0.39) 5 0.0%

Late PMI/ICD 1.69 (0.46, 6.24) 3 73.7% − 0 −

Late stroke − 0 − − 1 −

Late TE/VT − 1 − − 0 −

Late MI − 0 − − 0 −

Overall (%/y)

Reintervention 1.41 (0.87, 2.27) 17 92.7% 10.15 (7.42, 13.90) 9 91.4%

Reoperation 1.02 (0.74, 1.41) 15 58.6% 5.02 (3.83, 6.58) 6 73.3%

Endocarditis 0.29 (0.14, 0.63) 3 4.4% − 0 −

Dysfunction 3.07 (1.60, 5.88) 5 87.9% − 1 −

Moderate to severe PS 1.34 (0.64, 2.83) 4 33.1% − 1 −

Moderate to severe PR 1.22 (0.52, 2.89) 7 68.7% − 1 −

C

Valve substitute

Homograft (≥90% of cases, N = 78) Xenograft (≥90%, N = 69)

Outcomes Estimate (95% CI) N I2 Estimate (95% CI) N I2

Early outcomes (%)

Early mortality All cause 3.89 (3.10, 4.87) 72 80.2% 3.00 (2.34, 3.85) 65 50.0%

Cardiac 2.52 (1.85, 3.43) 52 64.6% 2.45 (1.84, 3.26) 58 37.7%

Valve-
related

0.69 (0.49, 0.97) 49 0.0% 0.82 (0.58, 1.17) 56 0.0%

SUD 0.66 (0.44, 0.98) 46 0.0% 0.72 (0.50, 1.04) 57 0.0%

Early PMI/ICD 2.17 (1.46, 3.24) 21 45.5% 3.92 (2.95, 5.21) 19 0.0%

Re-exploration for bleeding 5.53 (4.17, 7.33) 22 63.7% 5.66 (4.20, 7.62) 16 24.4%

Early stroke 1.20 (0.74, 1.94) 13 0.0% 1.38 (0.71, 2.69) 10 0.0%

Early TE/VT 0.82 (0.38, 1.76) 9 0.0% 1.62 (0.58, 4.52) 10 60.8%

Early MI 1.74 (1.02, 2.98) 13 13.7% 2.51 (1.19, 5.29) 5 31.7%

AKI 2.87 (1.71, 4.80) 10 45.6% 4.89 (2.24, 10.68) 7 52.5%

Late outcomes (%/y)

Late mortality All cause 0.73 (0.62, 0.87) 71 64.6% 0.68 (0.51, 0.90) 63 53.9%

Cardiac 0.39 (0.31, 0.48) 55 36.2% 0.54 (0.39, 0.74) 52 20.0%

Valve-
related

0.21 (0.17, 0.27) 55 0.0% 0.29 (0.21, 0.41) 51 0.0%

SUD 0.16 (0.12, 0.21) 53 0.0% 0.28 (0.19, 0.40) 51 0.0%

Late PMI/ICD 0.33 (0.18, 0.59) 11 38.8% 0.94 (0.35, 2.56) 6 49.1%

(Continued)
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TABLE 3 (Continued)

Valve substitute

Homograft (≥90% of cases, N = 78) Xenograft (≥90%, N = 69)

Outcomes Estimate (95% CI) N I2 Estimate (95% CI) N I2

Late stroke 0.26 (0.19, 0.36) 11 9.1% 0.32 (0.08, 1.21) 4 36.7%

Late TE/VT 0.16 (0.10, 0.26) 15 17.8% 0.56 (0.24, 1.31) 14 64.7%

Late MI 0.05 (0.02, 0.11) 7 0.0% − 1 −

Overall (%/y)

Reintervention 1.98 (1.58, 2.48) 77 94.6% 3.47 (2.70, 4.46) 66 92.4%

Reoperation 1.33 (1.00, 1.76) 61 92.8% 2.20 (1.71, 2.84) 63 86.3%

Endocarditis 0.21 (0.16, 0.27) 36 30.3% 0.80 (0.60,1.09) 39 56.3%

Dysfunction 3.06 (2.05, 4.57) 19 94.7% 2.46 (1.30, 4.68) 13 91.1%

Moderate to severe PS 1.46 (0.95, 2.24) 22 89.3% 1.97 (1.17, 3.32) 20 82.0%

Moderate to severe PR 1.63 (1.08, 2.47) 31 93.9% 2.67 (2.02, 3.52) 44 82.6%

D

Neonates/infants (N = 11) Children (N = 34)* Adult (N = 18)

Outcomes Estimate (95% CI) N I2 Estimate (95% CI) N I2 Estimate (95% CI) N I2

Early outcomes (%)

Early mortality All cause 11.39 (8.68, 14.96) 11 37.56% 7.41 (5.77, 9.54) 31 64.55% 2.32 (1.61, 3.33) 16 53.24%

Cardiac 8.37 (6.03, 11.63) 6 0.00% 5.53 (3.99, 7.66) 25 54.18% 1.65 (1.17, 2.33) 12 0.00%

Valve-
related

1.20 (0.48, 3.01)** 6 0.00% 1.36 (0.85, 2.16) 24 0.00% 0.59 (0.27, 1.32)** 11 0.00%

SUD 1.20 (0.48, 3.01)** 6 0.00% 0.88 (0.51, 1.52) 23 0.00% 0.59 (0.27, 1.32)** 11 0.00%

Early PMI/ICD 3.13 (1.20, 8.21) 2 0.00% 3.53 (1.43, 8.70) 7 60.08% 1.40 (0.85, 2.29) 6 23.84%

Re-exploration for bleeding 13.08 (7.79, 21.98) 4 46.32% 4.48 (2.21, 9.05) 7 44.41% 6.61 (4.49, 9.73) 9 75.53%

Early stroke 1.32 (0.33, 5.25) 2 0.00% 1.25 (0.32, 4.85) 4 30.40% 1.14 (0.77, 1.69) 10 0.00%

Early TE/VT 0 event 2 − − 1 − 1.54 (0.39, 6.07) 3 0.00%

Early MI − 1 − 2.08 (0.88, 4.94) 5 0.00% 1.55 (0.36, 6.76) 3 66.43%

AKI 4.31 (1.66, 11.20) 2 0.00% 4.89 (1.47, 16.32) 2 33.37% 2.40 (0.58, 9.99) 3 66.16%

Late outcomes (%/y)

Late mortality All cause 1.16 (0.76, 1.77) 11 52.43% 0.96 (0.69, 1.34) 30 69.96% 0.71 (0.40, 1.27) 16 91.11%

Cardiac 0.94 (0.40, 2.22) 5 6.14% 0.58 (0.37, 0.91) 21 48.29% 0.36 (0.28, 0.47) 16 23.93%

Valve-
related

0.38 (0.09, 1.52)** 3 0.00% 0.24 (0.16, 0.35) 24 0.00% 0.26 (0.17, 0.40) 13 0.00%

SUD 0.38 (0.09, 1.52)** 3 0.00% 0.21 (0.13, 0.31) 24 0.00% 0.23 (0.15, 0.34) 14 0.00%

Late PMI/ICD − 0 − 0.38 (0.23, 0.64) 6 0.00% − 1 −

Late stroke 0.23 (0.06, 0.90) 2 0.00% − 1 − 0.20 (0.12, 0.34) 6 45.47%

Late TE/VT 0.53 (0.20, 1.42) 2 0.00% 0.71 (0.34, 1.49) 5 6.72% 0.25 (0.16, 0.38) 6 0.00%

Late MI − 0 − − 1 − − 0 −

Overall (%/y)

Reintervention 8.80 (6.49, 11.95) 11 90.00% 4.75 (3.67, 6.14) 34 93.02% 0.72 (0.36, 1.42) 16 93.39%

Reoperation 4.48 (3.10, 6.48) 6 83.88% 2.98 (2.24, 3.95) 28 88.24% 0.65 (0.28, 1.50) 13 93.53%

Endocarditis 0.42 (0.12, 1.44) 3 9.55% 0.77 (0.46, 1.30) 17 66.51% 0.18 (0.09, 0.38) 12 71.96%

Dysfunction − 0 − 4.97 (2.37, 10.45) 5 92.19% 0.97 (0.48, 1.97) 7 78.52%

Moderate to severe PS − 1 − 5.55 (3.61, 8.55) 7 75.75% 0.45 (0.22, 0.92) 9 71.84%

Moderate to severe PR − 1 − 3.64 (2.10, 6.31) 14 91.94% 0.62 (0.35, 1.08) 12 68.88%

Data expressed as percentage (95% CI). CI, confidential interval; SUD, sudden unexplained death; PMI, permanent pacemaker implantation; ICD, implantable cardioverter defibrillator;
TE, thromboembolism event; VT, valve thrombosis; MI, myocardial infarction; AKI, acute kidney injury; PS, pulmonary valve stenosis; PR, pulmonary valve regurgitation. TOF, Tetralogy
of Fallot; TA, truncus arteriosus; “−”, no attempt to pool outcomes. *Some studies contain a part of infants and the results about infants and non-infant-children are inseparable. These
studies were attributed to “Children” group. **The two outcomes have exactly same publications reporting them and both have same number.
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FIGURE 4

Pooled Kaplan-Meier curves of freedom reintervention in different subgroups. (A) Freedom from reintervention in subgroups of RVOT with
homograft and RVOT with xenograft; (B) freedom from reintervention in subgroups of children and infants; (C) freedom from reintervention in
subgroups of “Ross” and “Right-sided conduit”; (D) freedom from reintervention in subgroups of patients diagnosed with TA and TOF. TA,
truncus arteriosus; TOF, Tetralogy of Fallot.

different distributions of patients’ age and implanted
valve substitutes, which are in accordance with the
clinical indications for RVOT reconstruction. Most TA
patients undergo RVOT reconstruction in their infancy
while the majority of Ross procedures take place in
young adulthood. More homografts than xenografts
were implanted in younger patients based on the pooled
baseline characteristics. Given these observations, it is
challenging to discuss etiology, patients’ age, and valve
substitutes separately. Therefore, the following discussion
part focuses on different etiological settings and explores

the role of patients’ age and valve substitutes within each
etiological subgroup.

Different etiologies

Various etiologies may require RVOT reconstruction with
valve substitutes. The implantation positions of valve substitutes
could be divided into two categories based on the RVOT
anatomical structure: anatomical position and extra-anatomical
position. The former one refers to normal RVOT structure,
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FIGURE 5

Pooled Kaplan-Meier curves of freedom from endocarditis of two subgroups: RVOT reconstruction with xenograft and homograft. The blue line
stands for xenograft and the yellow line stands for homograft.

which commonly occurs in patients undergoing the Ross
procedure; the later one refers to abnormal RVOT structure,
which presents in patients requiring RVOT reconstruction
for complex congenital heart disease, for example, TOF, TA
(21). Some studies have tried to study whether the survival
of conduits is different in the two positions (21–24). Despite
existing disagreement, the accumulated evidence supports that
anatomical position implantation is associated with longer valve
substitutes survival compared to extra-anatomic implantation
(21, 23, 24). Our pooled rates of reintervention, reoperation,
and dysfunction are in favor of the better conduit survival in
anatomical position. This may be because greater hemodynamic
stress is imposed on the implanted conduits in patients with
CHD, possibly due to high pulmonary vascular resistance
and abnormal pulmonary vascular anatomy (25), despite
the compression of the conduit in the extra-anatomical
position against the sternum possibly being another reason for
accelerated degradation.

Ross procedures (anatomical position) are more commonly
performed in developed than developing countries. The quality
of health care is different in the two types of country. To get

more insights into the possible reasons for superior outcomes of
Ross procedure patients, geographical distributions of included
articles about Ross procedures and right-sided conduit RVOT
(extra-anatomical position) were calculated (Supplementary
Table 15). More Ross procedures were performed in Europe
countries and more right-sided conduit implantations were
done in Asia. This geographical differences could be another
explanation for the superior outcomes of RVOT valve substitute
in anatomical position compared with the one in extra-
anatomical position.

Right-sided conduit: Tetralogy of Fallot
Tetralogy of Fallot is the most common form of cyanotic

CHD (26). The improvements in surgical repair of TOF
enable more patients to reach adulthood (27). The corrective
surgery, however, is not curative and decades after repair, adults
are often faced with the consequences of chronic pulmonary
regurgitation (PR) that requires implanting valve substitutes in
RVOT (28). Despite the necessity of redo-RVOT reconstruction
as the sequelae of primary repair, the risk of it is quite low,
with early and late patient mortality being 1.95 and 0.59%/y.
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FIGURE 6

Pooled Kaplan-Meier curves of freedom from reintervention of two subgroups: right-sided conduit RVOT with xenograft and homograft. The
blue line stands for xenograft and the yellow line stands for homograft.

On top of that, the reintervention rate after the redo-RVOT
reconstruction is relatively low, and most patients can enjoy
long-term reintervention-free survival. There is no consensus
on which type of valve substitute is preferred over the other.
Prior research suggests that homografts and xenografts have
comparable performance (7, 29), but there are indications of
a higher rate of endocarditis in xenografts compared with
homografts (30, 31).

Within the TOF subgroup, no more specific analyses
were done between homografts and xenografts to explore the
differences in performance because of the limited number of
relevant publications. However, there are major differences in
the rates of mortality and reintervention between homografts
and xenografts subgroups accounting for all etiologies (Table 3).
The Kaplan-Meier curves of freedom from endocarditis are
divergent between homografts and xenografts, as shown in
Figure 5. It gives us insight into the possible higher hazard of
endocarditis in xenografts compared with homografts. Various
possible hypotheses have been proposed to explain the increased
incidence of endocarditis among xenografts, e.g., bacterial
adhesion, infiltration, collagenization, and inflammation (32).
Besides, some types of xenografts are only available in small

sizes, e.g., Contegra. Small-sized conduits could have more
turbulent flow, which could lead to higher endocarditis risk.
However, the pooled size of xenografts is larger than homografts
in Supplementary Table 9, but the pooled endocarditis risk
is higher in xenograft than homograft. In Table 1, patients
receiving xenografts were more frequently diagnosed with right-
sided CHDs which have more complex RVOT abnormalities.
These abnormal anatomies could impose more mechanical
shear stress or compression on implanted valve grafts, thus
resulting in early deterioration and a higher endocarditis rate.
Intravenous drug abuse is widely accepted as a prominent
risk factor for right-sided infected endocarditis (IE) (33).
Commonly, the tricuspid valve is more likely to be infected
compared with the pulmonary valve in this situation (33).
However, the majority of the reported IE in our included studies
concerns the pulmonary valve with or without the aortic valve,
not the tricuspid valve. Moreover, patients’ conditions of drug
use have not been clarified in most of the included studies. It
is therefore difficult to assess whether the high rate of IE in
xenografts is associated with intravenous drug use or not.

Most TOF patients who underwent RVOT reconstruction
with conduits after total correction are young adults. It

Frontiers in Cardiovascular Medicine 14 frontiersin.org

https://doi.org/10.3389/fcvm.2022.897946
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


fcvm-09-897946 September 2, 2022 Time: 6:34 # 15

Wang et al. 10.3389/fcvm.2022.897946

indicates their lower probabilities of a hyperactive immune
response, fibrosis, and somatic growth causing consequent
patient-conduit size mismatch in contrast with infants and
young children (34). In our subgroup analyses regarding
patient age, adults have the longest valve substitutes
durability as opposed to infants and children. Therefore,
the relatively low rates of RVOT reintervention and
dysfunction in the TOF subgroup could be partially due
to its age demographics.

Right-sided conduit: Truncus arteriosus
Truncus arteriosus is a rare CHD, with a considerable early

perioperative mortality, ranging from 3 to 20%, and a high rate
of reintervention after initial repair (2). Hitherto, most studies
concerning TA have a small sample size and relatively short
follow-up. Furthermore, there is no published systematic review
and meta-analysis regarding outcomes after TA repair. For
this reason, our TA subgroup pooling results provide valuable
insights into the prognosis of this group of patients.

Different from TOF patients, most TA patients have their
right-sided conduit implanted in their neonatal period. The
effect of an immune response resulting in stenosis is still being
debated, but patient-conduit size mismatch would definitively
occur as a consequence of somatic growth (34). All of these
aspects could result in a high rate of conduit reintervention
after TA repair, which is more than 10%/y in this study.
More than half of TA patients may expect at least one
RVOT reintervention within 5 years after the initial TA repair
operation. The hazard is higher in the first 4–5 years than in
the phase afterward. It suggests that strict follow-up should
be given to infants after TA repair, especially in the first 4–
5 years. Of note, many TA patients died peri-operatively and
early post-operatively, especially in the first 1–2 years after
TA repair. This may result in the underestimation of the
true reintervention rate since some patients died before they
needed a reintervention. Most TA patients received homograft
conduits between the right ventricle and pulmonary artery
in our study. Both homografts and xenografts are prone to
structural deterioration, especially in infants and young children
(35, 36). There have been no perfect valve substitutes so far.
Recently, many heart valve substitutes that are manufactured
with new technologies are becoming available, for example,
tissue-engineered heart valves and decellularized heart valves.
Some studies have proven the satisfactory duration of these
new valve substitutes (37, 38). It could be possible in the
future that xenografts produced with new technologies have a
performance comparable with homografts when it come s to
durability and endocarditis.

Young patients are growing, which adds difficulties to the
long survival of implanted conduits. More studies are required
in the future to explore the optimal valve substitute for young
babies with TA since the number of studies focusing on
investigating this issue is quite small.

Aortic valve disease: Ross procedure
Patients undergoing the Ross procedure have normal

anatomy on the RVOT. This allows for a conduit in anatomical
position to sustain less hemodynamic stress, thus having
longer survival than the conduit of extra-anatomic implantation
(21, 23, 24). This is also clearly reflected by our results,
with a significantly lower RVOT reintervention rate in the
Ross procedure subgroup compared with the right-sided
conduit subgroup.

Patients’ age plays an important role in affecting the
outcomes of the Ross procedure, with younger age being
associated with a higher rate of valve degeneration (39, 40). Our
group has studied the associations between age and outcomes
after the Ross procedure by performing age-subgroup analyses
(39, 40). According to their findings, adults have the lowest
RVOT reintervention rate and infants have the highest. Age-
related differences in calcium metabolism, immune activity,
somatic growth, and hemodynamics are hypothesized to play a
role in the mechanism behind the phenomenon (39).

Homografts are the first choice in RVOT reconstruction
for the Ross procedure. Despite many new valve substitutes
being available, homograft utilization is still very high
according to our findings (83.7%). Due to the limited
availability of homografts, potential comparable alternatives
have been proposed, for example, xenograft bioprostheses.
Some studies have found xenografts to be inferior to
homografts regarding RVOT conduit deterioration after the
Ross procedure (41, 42). In this systematic review and meta-
analysis, no analysis was attempted in this regard owing
to the limited number of relevant studies and sample size.
To provide more convincing evidence, research with a large
sample size concerning the comparison of different RVOT
valve substitutes in the Ross procedure is necessary for
the future. Moreover, new approaches have been employed
in manufacturing valve substitutes nowadays, for example,
decellularization. They could prolong the survival of traditional
conduits (43). Future studies should also take these new
technologies into account.

Future perspectives

Some innovative methods are available to provide more
patient-oriented information, and the microsimulation model
is one of them (44). The microsimulation model translates
the aggregated data to individual patients’ information.
Both estimated outcomes from meta-analyses and primary
datasets can be used to fit this model. Microsimulation in
conjunction with datasets of large sample size or meta-
analytical studies can provide robust long-term outcome
estimates that allow for the age- and sex-specific insights into
what patients can be expected to face during their lives after
undergoing a certain intervention, for example, pulmonary
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valve replacement (44). Valuable information to patients and
clinicians can be represented in a meaningful format by using
microsimulation. The results of this study can be used to
inform patients and clinicians of the information relating to
the expected outcome after RVOT reconstruction with valve
substitutes in different settings and serve as input for novel
microsimulation models.

Limitations

This is a systematic review and meta-analysis of mainly
retrospective observational studies. Therefore, the inherent
limitations of pooling such studies apply to this study (45).
Secondly, publication bias may be present which can potentially
lead to underestimation of the estimates. We did not assess
publication bias using funnel plots, as funnel plots do not
allow for meaningful interpretation in case of absolute risk
outcomes because of substantial methodological limitations,
which may in itself give rise to funnel plot asymmetry (46).
Thirdly, heterogeneity was present in most outcomes which
may lead to inaccurate results. Nevertheless, we conducted
a thorough examination of heterogeneity by meta-regression.
Linearized occurrence rates assume a constant hazard over time,
while most of the distribution of events may be time-related
in fact (47). Therefore, Kaplan-Meier curves were pooled,
illustrating the distribution of time-to-event. Furthermore,
some outcomes showed major changes after studies with a
sample size lower than the 25th percentile were eliminated. It
indicates the possibility of publication bias in these “major-
change” outcomes. Since the number of publications that
reported “major-change” outcomes is much smaller compared
with the whole group (n = 217), excluding many studies could
inappropriately magnify the sensitivity of detecting publication
bias, which could explain why excluding the lowest quartile
has a substantial impact on estimates. That is why leave-
one-out sensitivity analysis was done as well, and no major
change was found in this analysis, indicating it is not a
single study driving the found major change. Besides, the
definition of RVOT conduit dysfunction differs from study
to study: some studies only reported dysfunction at the
time of reoperation or death, while others also employed
echocardiographic criteria. The definition adopted in this
study is based on echocardiographic parameters because most
information could be retained by handling it in this way.
Only a small proportion (45 out of 217) of studies were
utilized regarding conduit dysfunction. This processing step
leads to the loss of information and may diminish the
power of finally pooled estimates. However, ensuring the
same criterion is essential to obtaining accurate estimates. All
valve substitutes from animal tissues were named “xenografts.”
However, different types of xenograft have different properties
and it would be better to do subgroup analyses more specifically,

e.g., Contegra vs. Medtronic Freestyle. Due to the limited
publications, only studies about Contegra conduits were pooled
independently from other xenograft studies. Suboptimal results
of Contegra compared with other types of xenograft were
noticed. It might be due to the younger recipients of Contegra
conduits than other xenografts. Besides, more xenografts that
have been manufactured with new technologies are available
nowadays, for example, decellularized xenografts. In the future,
more studies as to new xenograft conduits need to be initiated
and included in meta-analysis to compare their respective
performance in the future. Studies concerning trans-catheter
pulmonary valve replacement (TPVR) were eliminated from
analyses because the focus of this meta-analysis is surgical
pulmonary valve replacement (SPVR). However, more and more
TPVRs have been performed in the past decade. There could
be a high proportion of patients with previously implanted
trans-catheter pulmonary valves at the time of SPVR. This ever-
changing situation could have an impact on the outcomes of
SPVR in the near future. Our systematic review and meta-
analysis may need renewal in order to provide a more real-
world overview of SPVR outcomes. Since there are no studies
regarding MV being included for analysis, the findings in
this research are not applied to patients undergoing RVOT
reconstruction with mechanical valves. Since only a small
number of studies included in the systematic review have a
mean follow-up beyond 10 years, our conclusions may limit
to the first postoperative decade. Lastly, not all relevant papers
may have been included in this systematic review, even though
an extensive search strategy was pursued. However, it may be
possible some relevant published articles are missed due to
uncommon keyword assignments or filing in medical databases
(48). The results of one missed article were compared with
our pooling results, and similarities were found in mortality
and homograft reintervention rates (48). Additionally, almost
15 thousand patients undergoing the Ross procedure have been
included and analyzed in this meta-analysis. With such a large
sample size, the results and conclusions of our study should
be robust and reliable enough for guiding clinical decision-
making.

Conclusion

This systematic review with meta-analysis provides
a comprehensive overview of outcomes after RVOT
reconstruction in different etiologies, with different valve
substitutes and in different patient age groups. Follow-up
should be tailored to patients’ characteristics because patients
with different etiologies, ages, and implanted valve substitutes
have different mortality and morbidity rates. Reinterventions
after RVOT reconstruction are inevitable for most patients in
their lifetime, emphasizing the necessity of life-long follow-up
and multidisciplinary care.
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