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BACKGROUND: Tricuspid regurgitation (TR) is a common finding in adults with congenital heart disease referred for pulmonary
valve replacement (PVR). However, indications for combined valve surgery remain controversial. This study aimed to evaluate
early results of concomitant tricuspid valve intervention (TVI) at the time of PVR.

METHODS AND RESULTS: Observational studies comparing TVI+PVR and isolated PVR were identified by a systematic search
of published research. Random-effects meta-analysis was performed, comparing outcomes between the 2 groups. Six stud-
ies involving 749 patients (TVI+PVR, 278 patients; PVR, 471 patients) met the eligibility criteria. In the pooled analysis, both
TVI+PVR and PVR reduced TR grade, pulmonary regurgitation grade, right ventricular end-diastolic volume, and right ven-
tricular end-systolic volumes. TVI+PVR, but not PVR, was associated with a decrease in tricuspid valve annulus size (mean
difference, —6.43 mm, 95% ClI, -10.59 to —2.27; P=0.010). Furthermore, TVI+PVR was associated with a larger reduction in TR
grade compared with PVR (mean difference, —0.40; 95% CI, —0.75 to —0.05; P=0.031). No evidence could be established for
an effect of either treatment on right ventricular ejection fraction or echocardiographic assessment of right ventricular dilata-
tion and dysfunction. There was no evidence for a difference in hospital mortality or reoperation for TR.

CONCLUSIONS: While both strategies are effective in reducing TR and right ventricular volumes, routine TVI+PVR can reduce TR
grade to a larger extent than isolated PVR. Further studies are needed to identify the subgroups of patients who might benefit
most from combined valve surgery.
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in adults with congenital heart disease (ACHD)

referred for pulmonary valve replacement (PVR),
including those with tetralogy of Fallot (TOF), pul-
monary stenosis, and pulmonary atresia.! Notably,
as many as three-quarters of these patients have
at least mild TR, and one-third present with at least
moderate TR. Despite clearly demonstrated benefits
of PVR on right ventricular (RV) volumes and function

Triouspid regurgitation (TR) is a common finding

and the observation that isolated PVR also reduces
TR, indications for combined valve surgery remain
controversial.>® Current guidelines do not suggest
when concomitant tricuspid valve intervention (TVI)
should be recommended.*® Nonetheless, severe TR
is strongly associated with an increased risk of ad-
verse outcomes in ACHD.® Therefore, we aimed to
evaluate early results of concomitant TVI at the time
of PVR.
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CLINICAL PERSPECTIVE
What Is New?

e |n this systematic review and meta-analysis of
749 adults with congenital heart disease, we
demonstrated that concomitant tricuspid valve
intervention (TVI) at the time of pulmonary valve
replacement (PVR) helped reduce tricuspid re-
gurgitation (TR) grade to a larger extent than
isolated PVR, while both strategies were other-
wise equally effective.

What Are the Clinical Implications?

e Patients with severe preoperative TR would
probably derive the greatest benefit from con-
comitant TVI in terms of improvement in NYHA
class and TR grade; however, concomitant TVI
does not seem to be effective in reducing the
risk of adverse events such as death, arrhyth-
mias, and heart failure.

e Current data therefore do not support the uni-
versal application of this approach for severe
TR.

e Further well-designed studies focusing on spe-
cific underlying mechanisms of TR and evaluat-
ing the effect on adverse events on long-term
follow-up may elucidate which patients stand to
benefit the most from this approach.

Nonstandard Abbreviations and Acronyms

ACHD adults with congenital heart disease
MD mean difference

NYHA New York Heart Association

PR pulmonary regurgitation

PVR pulmonary valve replacement

RVEDV right ventricular end-diastolic volume
RVESV right ventricular end-systolic volume
TOF tetralogy of Fallot

TR tricuspid regurgitation

TV tricuspid valve

TVI tricuspid valve intervention

METHODS

Eligibility Criteria, Databases, and Search
Strategy

The data that support the findings of this study are
available from the corresponding author upon reason-
able request. We followed 2 internationally recognized
protocols: Preferred Reporting ltems for Systematic
Reviews Meta-analyses’” and Meta-analysis of
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Observational Studies in Epidemiology.2 Using the
Population, Interventions, Comparison, Outcome, and
Study Design strategy, studies were included if the fol-
lowing criteria were fulfilled:

1. The population comprised ACHD (including TOF,
pulmonary stenosis, and pulmonary atresia) who
developed at least moderate pulmonary valve
insufficiency;

2. The intervention group included patients who under-
went combined TVI and PVR,;

3. The control group included patients who underwent
isolated PVR;

4. Outcomes of the studies included any of the following:
tricuspid regurgitation (TR) grade, pulmonary regurgi-
tation (PR) grade, tricuspid valve (TV) annulus size, RV
dilatation, RV dysfunction, RV end-diastolic volume
(RVEDV), RV end-systolic volume (RVESV), RV ejec-
tion fraction (RVEF), RV end-diastolic area, RV end-
systolic area, New York Heart Association (NYHA)
class, reoperation for TR, or 30-day mortality; and

5. Studies were prospective or retrospective observa-
tional studies or randomized controlled trials.

Databases were searched for articles meeting our in-
clusion criteria and published by December 29, 2020:
PubMed/MEDLINE, Embase, Scopus, and reference
lists of relevant articles. The detailed search terms that
were used for this search are given in Data S1. The follow-
ing steps were taken: (1) identification of titles of records
through database searching, (2) removal of duplicates,
(3) screening and selection of abstracts, (4) assessment
for eligibility through full-text articles, and (5) final inclu-
sion in study. Studies were selected by 2 independent
reviewers (C.C. and M.L.R). When concordance was
absent, a third reviewer (J.V.D.E.) made the decision to
include or exclude the study.

End Points, Risk of Bias, and Statistical
Analysis

The primary end point of the study was TR grade. The
secondary end points were PR grade, TV annulus
size (mm), RV dilatation, RV dysfunction, RVEDV (mL),
RVESV (mL), RVEF (%), RV end-diastolic area (cm?),
RV end-systolic area (cm?), NYHA class, reoperation
for TR, or 30-day mortality. The grades of TR, PR, RV
dilatation, and RV dysfunction were quantitatively as-
sessed on echocardiography and scored on a scale
from O to 3 (0, none; 1, mild; 2, moderate; 3, severe).
Postoperative measurements were defined as the first
observation within 12 months after surgery. For studies
reporting interquartile ranges, the mean was estimated
according to a validated formula.® Two independent
reviewers (N.H. and A.G. extracted the data. When
concordance was absent, a third reviewer (J.V.D.E.)
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checked the data and made the final decision. From
each study, we extracted patient characteristics, study
design, and outcomes.

The Risk of Bias in Nonrandomized Studies of
Interventions tool was systematically used to assess
the included studies for risk of bias.'® The articles and
their characteristics were classified into A (low risk of
bias), B (moderate risk of bias), C (serious risk of bias),
D (critical risk of bias), or E (no information/unclear).
Using the RoB 2 tool,"" the included randomized con-
trolled trials were assessed for biases. Two indepen-
dent reviewers (C.C. and M.L.R.) assessed the risk of
bias. When concordance was absent, a third reviewer
(J.V.D.E.) checked the data and made the final decision.

Mean differences (MD) with 95% CI and P values
were calculated for continuous variables. For binary
variables, odds ratios (ORs) with 95% CI and P val-
ues were considered. Forest plots were created to
represent the clinical outcomes. The chi-square test
and P test were performed for assessment of statis-
tical heterogeneity.”” The MD and OR were combined
across the studies using a random-effects method
(DerSimonian and Laird inverse variance)."® The choice
for random-effects models was made on the basis of
the assumption that the effect sizes in the individual
studies represented samples from a mixing distribu-
tion. In addition, the results were reanalyzed using
fixed-effects models to explore whether this yielded
differences regarding the summary inferences. The
risk of publication bias could not be assessed because
none of the comparisons included >10 studies.'*> All
analyses were completed with R Statistical Software
(version 4.0.2, R Foundation for Statistical Computing,
Vienna, Austria).

Institutional Review Board Approval

Institutional review board is not applicable for system-
atic reviews and meta-analyses.

RESULTS

Study Selection and Characteristics

A total of 2031 citations were identified, of which 46
studies were potentially relevant and retrieved as full
text. Six publications'®=?" fulfilled our eligibility criteria
(Figure 1). Characteristics of each study and their pa-
tients are shown in Tables 1 through 3. A total of 749
patients (TVI+PVR, 278 patients; PVR, 471 patients)
were included from studies published from 2015 to
2020. All studies were nonrandomized observational
studies. Of all patients, 60.8% were male (450/740),
and 65.8% (487/740) had a transannular patch. TOF
constituted 84.6% (656/775), while 15.2% (118/775) of
patients had pulmonary stenosis. The pooled age at
initial repair was 4.96 years (4 studies, 688 patients),
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and the pooled age at PVR was 34.3 years (6 stud-
ies, 775 patients). Outcomes were reported for a mean
follow-up of 10.2 months (5 studies, 721 patients). The
overall internal validity was considered low risk of bias
(Figure S1).

Synthesis of Results
Echocardiographic Parameters

Results from the meta-analyses of echocardiographic
and magnetic resonance imaging (MRI) parameters are
presented in Table 4; forest plots are given in Figures
S2 through S9. Preoperative values were comparable
between TVI+PVR and PVR for all parameters consid-
ered, although patients in the TVI+PVR tended to have
a higher TR grade (MD, 0.64; 95% ClI, —0.18 to 1.45;
P=0.090; 2=85%). A decrease from preoperative to
postoperative TR grade was evident in both TVI+PVR
(MD, -1.58; 95% Cl, —2.28 to —0.79; P=0.002; [2=94%)
and PVR (MD, -0.99; 95% ClI, -1.81 to —0.16; £=0.026;
2=91%). However, there was evidence for a larger de-
crease in TR grade in the TVI+PVR group compared
with the PVR group (MD, -0.40; 95% Cl, -0.75 to
-0.05, P=0.031; 2=75%). As a result, postoperative
TR grade was comparable between both groups (MD,
0.08; 95% Cl, -0.14 to 0.29; P=0.342; 2=0%). A clini-
cally relevant reduction in PR grade was also evident
in both TVI+PVR (MD, -2.53; 95% Cl, -3.98 to -1.07,
P=0.029; 12=36%) and PVR (MD, —2.52; 95% Cl, -3.03
to —2.02, P=0.010; /12=0%), although no evidence was
found to state that TVI+PVR was associated with a
larger decrease in PR (MD, 0.03; 95% CI, -0.86 to
0.92; P=0.711; 2=75%).

With regard to TV annulus size, a clear decrease
from preoperative to postoperative was observed in
TVI+PVR (MD, -6.43 mm; 95% Cl, -10.59 to -2.27;
P=0.032), whereas it was not evident whether a similar
effect was present in the PVR group (MD, —4.20; 95%
Cl, —10.42 to 2.02; P=0.074; 12=0%) (Table 4). Although
no evidence was found for an effect of either TVI+PVR
or PVR on qualitative score for RV dilatation, TVI+PVR
tended to be associated with a greater increase in
qualitative score for RV dilatation compared with PVR
(MD, 0.14; 95% Cl, 0.08 to 0.19; P=0.020; /2=0%); how-
ever, this result should be interpreted cautiously given
that Lueck et al'® reported a tendency toward an in-
crease in RV dilatation, whereas Kogon et al®' reported
a decrease in RV dilatation with both procedures. No
evidence of effects of either treatment or differences
between the effects could be observed with regard to
RV dysfunction as qualitatively assessed by echocar-
diography (Table 4).

RV end-diastolic area and RV end-systolic area
were reported by only one study. Cramer et al®® re-
ported a decrease from preoperative to postoperative
RV end-diastolic area in both TVI+PVR (39.6+12.0 cm?



1202 ‘6 Joqueag uo Aq Bio'sfeuinofeye//:diy wouy papeojumoq

Van den Eynde et al

TVI at PVR: Meta-Analysis

Records identified from:

(n =1,167)

l

Reports sought for retrieval
(n = 46)

Screening

v

Reports assessed for eligibility
(n = 46)

Studies included in review
(n=6)

Reports of included studies
(n=6)

o
@
g
=
[3)
=

PubMed/MEDLINE (n = 393) ) screening:
Embase (n = 709) Duplicate records removed
Scopus (n=929) (n = 864)
\ 4
Records screened > Records excluded

> Reports not retrieved

—»| Reports excluded:

Records removed before

(n=1,121)

(n=0)

No tricuspid valve intervention (n = 30)
Conference abstract or poster (n = 7)
Commentary/Review (n = 2)
Overlapping populations (n = 1)

Figure 1. Flow diagram of studies included in data search.

to 28.6+5.7 cm? P=0.001) and PVR (36.2+12.0 cm2 to
28.7+8.8 cmz; P=0.040). In contrast, they found no ev-
idence of an effect of RV end-systolic area with either
TVI+PVR (28.4+8.5 cm? to 23.1£13.1 cm?, P=0.16) or
PVR (25.1£8.6 cm? to 20.1+7.2 cm?, P=0.07).

MRI Parameters

A clinically relevant decrease from preoperative to
postoperative RVEDV was observed in both TVI+PVR
(MD, —-84.5 mL; 95% ClI, —-107 to —61.6; P=0.004) and
PVR (MD, -76.7 mL; 95% ClI, —114 to —-39.1; P=0.013).

J Am Heart Assoc. 2021;10:e022909. DOI: 10.1161/JAHA.121.022909

Similarly, a clinically relevant decrease was observed
for RVESV in both TVI+PVR (MD, -28.5 mL; 95% ClI,
-37.7 to -19.3; P=0.006) and PVR (MD, -25.8 mL;
95% Cl, -39.2 to -12.5; P=0.014). However, no
evidence could be found for any differences be-
tween both treatments with regard to the decreases
in RVEDV (MD, -0.74; 95% ClI, -24.90 to 23.43;
P=0.908; 2=62%) and RVESV (MD, -0.37; 95% ClI,
-11.84 to 11.09; P=0.901; /2=12%). No evidence of
effects of either treatment nor differences between
the effects could be observed with regard to RVEF
(Table 4).
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NYHA Class

NYHA class was only reported by a single study.
Roubertie et al'® demonstrated that postoperative
NYHA class was better in TVI+PVR compared with
PVR in patients who had preoperative severe TR (post-
operative NYHA class | in 8/8 [100%] with TVI+PVR
versus 2/9 [22.2%)] with PVR, respectively; P=0.004),
whereas they could find no evidence for a benefit of
concomitant TVI in patients with preoperative moder-
ate TR (7/8 [87.5%)] versus 16/16 [100%)], respectively;
P=0.333).

Short-Term Outcomes

The overall OR for 30-day mortality showed no evi-
dence of a difference between TVI+PVR and PVR (OR,
1.86; 95% ClI, 0.24 to 14.61; P=0.324) (Figure S10).
Reoperation for TR was only reported by Roubertie et
al'9 and they could establish no evidence for a differ-
ent between both groups. In this study, 2 of 9 (22%) of
patients with severe TR who had undergone isolated
PVR required reoperations, compared with O of 8 (0%)
in the TVI+PVR arm (P=0.47).

Sensitivity Analysis

The treatment effect estimates from fixed-effects mod-
els were largely comparable to those from random-
effects models (Figures S2-S10). In contrast to the
random-effects models, the fixed-effects models
suggested some evidence for a greater decrease in
TV annulus size (MD, —2.47; 95% CI, -2.91 to -2.03;
P<0.001), a greater increase in RV dysfunction as
qualitatively assessed by echocardiography (MD, 0.29;
95% ClI, 0.12 to 0.46; P<0.001), and a smaller increase
in RVEF (MD, -6.41; 95% Cl, -7.80 to —5.02; P<0.001)
with TVI+PVR compared with PVR; however, all of these
results should be interpreted with caution given the im-
portant statistical heterogeneity in these analyses (/2 of
93%, 25%, and 99%, respectively). Furthermore, the
greater increase in qualitative score for RV dilatation
with TVI+PVR compared with PVR was no longer evi-
dent in fixed-effects analyses (OR, 0.14; 95% ClI, —0.01
to 0.29; P=0.077); no evidence for heterogeneity was
evident in this analysis (/2=0%).

DISCUSSION

Summary of Evidence

This meta-analysis investigated the effect of concomi-
tant TVI at the time of PVR in ACHD. The key findings
are summarized in Figure 2. Our results demonstrated
that both TVI+PVR and PVR reduced TR grade, PR
grade, RVEDV, and RVESV. TVI+PVR, but not PVR
alone, was associated with a decrease in TV annulus
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size after the procedure. Furthermore, TVI+PVR was
associated with a larger decrease in TR grade com-
pared with PVR. No evidence could be established
for an effect of either treatment on RVEF or echocar-
diographic assessment of RV dilatation and dysfunc-
tion. There was no evidence for a difference in hospital
mortality or reoperation for TR. These results suggest
that TVI might have a favorable effect on TR grade, al-
though specific indications for combined valve surgery
remain unclear.

Comments
Dilatation of the RV is a common complication follow-
ing repair of TOF, pulmonary stenosis, and pulmonary
atresia, primarily attributable to chronic PR.' This,
in turn, leads to dilatation of the TV annulus, result-
ing in varying degrees of TR and further RV dilata-
tion. Although the transannular patch repair approach
causes PR, many additional factors can contribute to
TR in these patients.?? These include damage to the TV
leaflets or chordae tendineae during initial surgery, as
well as the presence of additional valve abnormalities.
Regardless of the causative mechanism, moderate to
severe preoperative TR is a well-described risk factor
for adverse outcomes in ACHD, leading to heart failure,
arrhythmia, and death.® Although concomitant TVI has
been shown to reduce TR in these patients, there has
been considerable debate regarding this approach.

Several studies have recommended PVR alone to
address both PR and TR following TOF repair, argu-
ing that the reduction in RV volume overload resulting
from PVR is enough to ameliorate the observed TR. In
a comparison between patients undergoing PVR alone
versus those with TVI+PVR, Kogon et al’' found that
patients in the latter group experienced a greater in-
crease in TR at medium follow-up (7.0+2.8 years). These
results led them to recommend PVR alone in patients
with moderate or greater TR. Similarly, Kurkluoglu et
al?® found that dilatation of the TV annulus improved
after PVR alone, suggesting that additional parameters
should be taken into account when evaluating patients
for TVI+PVR. Results from a single-center study by
Lueck et al'® found longer intensive care unit stays for
the TVI+PVR group, as well as greater rates of arrhyth-
mia, renal insufficiency, sternal wound infection, and
delirium. Notably, all of these findings were drawn from
single-center studies composed of relatively small pop-
ulations. Conversely, results from a multicenter study
performed by Deshaies et al'® found that TVI+PVR re-
sults in a greater reduction in TR. With the exception
of a slightly higher incidence of major infections, there
was no evidence for differences in adverse outcomes
between TVI+PVR and PVR alone.

Another area of debate that our study could not
address is the optimal treatment strategy for patients
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who undergo TVI. With the exception of Lueck et al,'®
where the TV was replaced in all 10 of their patients
with TVI+PVR, TV repair was the most common TVI in
the studies we analyzed. This is similar to other stud-
ies of ACHD patients undergoing TVI. A recent single-
center study from Australia analyzing TVI in adults with
Ebstein anomaly and other ACHD found that TV repair
was performed in 61% (22/36) of their cohort, while the
remaining 39% (14/36) underwent TV replacement.?*
In this cohort, 4 patients required reintervention (with
1 death 9 days after reintervention), of which 2 had ini-
tial TV replacement and 2 underwent TV repair. Of the
30 patients with available echocardiographic data, all
5 with moderate or greater TR underwent TV repair.?*
In an analysis of 109 TV repairs and 19 replacements
in 128 patients with ACHD other than Ebstein anom-
aly, Lo Rito et al®® found that those who underwent
suture annuloplasty had a higher rate of moderate or
greater TR at latest follow-up (4.95 years; 7.7 interquar-
tile range) compared with those with ring annuloplasty.
The only patient who required TV reintervention had an
initial biological valve replacement. Importantly, both
studies describe a high incidence of atrial arrhythmias
following TVI, regardless of surgical approach.?5:26

Currently, there are not enough data to identify which
patients may benefit the most from concomitant TVI.
Our study, however, highlights several salient features
that warrant further exploration. In the only included
study to report NYHA class, Roubertie et al'® found
that patients with severe preoperative TR experienced
an improvement in NYHA class and TR grade following
TVI+PVR. This study similarly found no patients with
residual moderate or greater TR in the TVI+PVR group,
compared with 78% (7/9) of those with PVR alone
when analyzing patients with severe TR before surgery.
In accordance with this, Deshaies et al'® found that
severe preoperative TR was associated with a higher
risk of residual postoperative TR (OR, 9.43; 95% Cl,
4.20-21.33; P<0.001), while TVI+PVR reduced this risk
(OR, 0.44; 95% ClI, 0.25-0.77; P=0.004). Importantly,
only 5.6% (4/72) of patients with severe preoperative
TR underwent isolated PVR in this study. In the Cramer
et al’® series, 75% (12/16) of patients with severe TR
had TVI+PVR, with both approaches resulting in mild
residual TR at 6-month follow-up.

Although TR grade and measurements of cardiac
volumes and function are valuable indices of the ef-
ficacy of TVI, the actual goal of such intervention in
ACHD should be the prevention of adverse events
such as arrhythmias and heart failure. In this regard,
the results of a study by Bokma et al® are concerning.
In their cohort of 129 patients with TOF undergoing
isolated PVR, those with severe preoperative TR re-
mained at increased risk for adverse events (includ-
ing death, sustained ventricular tachycardia, heart
failure, or supraventricular tachycardia), regardless of
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Tricuspid Valve Intervention at Pulmonary Valve Replacement:
Systematic Review and Meta-analysis

* Meta-analysis of 749 adults with congenital heart disease from 6 studies

* Comparing concomitant tricuspid valve intervention and pulmonary
valve replacement (TVI+PVR) vs isolated PVR
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No effect on RVEF,
RV dilatation, or
RV dysfunction

No difference in
30-day mortality or

readmission 1 RVESV 4

RVEDV b

Despite the lack of clear support of routine TVI at the time of PVR, this

strategy seems to reduce TR grade to a larger extent than PVR alone

Figure 2. Summary of the key findings of the meta-analysis.

Both TVI+PVR and PVR reduced TR grade, PR grade, RVEDV, and RVESV. TVI+PVR, but not PVR, was
associated with a decrease in TV annulus. Furthermore, TVI+PVR was associated with a larger decrease in
TR grade compared with PVR. No evidence could be established for an effect of either treatment on RVEF
or RV dilatation and RV dysfunction as qualitatively assessed by echocardiography of either treatment.
There was no evidence for a difference in hospital mortality or reoperation for TR. PR indicates pulmonary
regurgitation; PVR, pulmonary valve replacement; RV, right ventricular; RVEDV, right ventricular end-
diastolic volume; RVEF, right ventricular ejection fraction; RVESV, right ventricular end-systolic volume;

TVI at PVR: Meta-Analysis

TR, tricuspid regurgitation; TV, tricuspid valve; and TVI, tricuspid valve intervention.

their postoperative TR grade. The authors suggested
that both long-standing volume overload attributable
to PR and long-standing right atrial volume and pres-
sure overload attributable to TR might contribute to
this risk, leading to RV dysfunction and arrhythmias,
respectively. While our findings suggest that pa-
tients with severe preoperative TR benefit most from
TVI+PVR in terms of improvement of TR grade, a ben-
efit in terms of “hard” outcomes can thus not be di-
rectly inferred. These data therefore do not support the
universal application of this approach for severe TR.
Further well-designed studies focusing on specific un-
derlying mechanisms of TR and evaluating the effect
on adverse events on long-term follow-up may eluci-
date which patients stand to benefit the most from this
approach.

Sources of Heterogeneity

Given the nonrandomized nature of the existing stud-
ies comparing TVI+PVR against PVR, underlying
center- and surgeon-specific bias with regard to treat-
ment allocation was likely. Kogon et al’! intervened
on 46% (16/35) of patients with moderate or greater
TR, stating bias toward a conservative approach

J Am Heart Assoc. 2021;10:e022909. DOI: 10.1161/JAHA.121.022909

based on their prior work?® showing improvement in
TV function without concomitant TVI, a view shared
by Cramer et al.?® In contrast, Taejung Kim et al'’
performed concomitant TVI in 56.7% (38/67) of pa-
tients in their cohort, with no signficant difference in
baseline TV annulus diameter but larger RV volumes
in their TVI+PVR group, reflecting a more aggressive
approach to TR at their center. In Deshaies et al,'®
almost 59.8% (158/264) of patients with moderate or
greater TR had TVI+PVR, as opposed to only 7.9%
(22/278) of those with mild TR. Taken together, these
data suggest that considerable heterogeneity may
have been present with regard to indications for con-
comitant TVI. Such indication bias would be expected
to result in a greater prevalence of higher-risk patients
in the TVI+PVR group, as observed in the studies by
Taejung Kim et al,'” Cramer et al,?° and Kogon et al.?’
In every study reviewed for this meta-analysis, the
addition of TVI was performed on the basis of sur-
geon and cardiologist preference, which further adds
patient-specific heterogeneity regardless of the de-
gree of preoperative TR.

The use of echocardiography and/or MRI also var-
ied among studies. While the use of cardiac MRI has
evolved in recent years, only Roubertie et al'® and

10
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Taejung Kim et al'” incorporated MRI data into their
analyses out of the 6 included studies. Expanded use
of cardiac MRI can further quantify TV function and
help better understand the role of concomitant TVI in
patients with TOF and PR.

Limitations

While the use of meta-analysis enabled us to pool stud-
ies and increase our sample size, we were ultimately
limited to 6 studies that met the inclusion criteria of
comparing PVR with and without concomitant TVI.
Accordingly, some of the analyses were based on a low
number of subjects. As described earlier, our results
may have been susceptible to selection bias. Another
limitation is the lack of data regarding patient anatomy
and underlying causes of TR, which can be critical in
determining when TVI+PVR offers the greatest benefit.
Since all included studies focused on adults with child-
hood TOF repair, the operative technique and age at
repair reflect treatment strategies from earlier decades,
which have since evolved.?”?® Furthermore, long-term
follow-up studies of patients with TVI+PVR remains
scarce, which precludes the ability to draw definitive
conclusions on durability of the results.

CONCLUSIONS

While both TVI+PVR and PVR alone are effective in
the reduction of TR and RV volumes, routine TVI at
the time of PVR can reduce TR grade to a larger ex-
tent than isolated PVR. Further studies are needed
to identify the subgroups of patients who might ben-
efit most from combined valve surgery, as current
data do not support the universal application of this
approach.
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Data S1.

Supplemental Methods

Search strategy.

PubMed (n=393 on 29/12/2020)

("Pulmonary Valve"[Mesh] OR “Pulmonary valve*” OR “Valves, Pulmonary” OR “Valve,
Pulmonary”) AND (“Replacement*” OR “Replantation®*” OR “Surgical Replantation®*” OR
“Replantation, Surgical” OR “Reimplantation®*”) AND ("Tricuspid Valve"[Mesh] OR
“Tricuspid valve*” OR “Valve, Tricuspid” OR “Valves, Tricuspid” OR “Tricuspid”)

Embase (n=709 on 29/12/2020)

(Cpulmonary valve'/lexp AND (‘replacement’ OR 'replantation’ OR ‘reimplantation’)) OR
‘pulmonary valve replacement’/exp OR 'pulmonary valve replacement’) AND (‘tricuspid
valve'/exp OR 'tricuspid valve' OR 'tricuspid’)

Scopus (=929 on 29/12/2020)

(TITLE-ABS-KEY ( "Pulmonary valve*" OR "Valves, Pulmonary” OR "Valve, Pulmonary"
) AND TITLE-ABS-KEY ( "Replacement*" OR "Replantation*” OR "Surgical
Replantation*" OR "Replantation,Surgical* OR "Reimplantation*") AND TITLE-ABS-
KEY ( "Tricuspid valve*" OR "Valve, Tricuspid” OR "Valves, Tricuspid® OR "Tricuspid"
)
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Figure S1. Bias assessment of observational studies (ROBINS-1 tool).
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Figure S2. Forest plots for TR grade (0-3). Pooled mean difference and conclusions plot
for all comparisons. CI, confidence interval; MD, mean difference; PVR, pulmonary valve
replacement; SD, standard deviation; TR, tricuspid regurgitation; TVI, tricuspid valve
intervention.

A. Difference in pre-op TR grade (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 38 279095 29 145056 i —%— 134 [098;170] 19.1% 25.1%
Lueck 2018 10 200077 18 194 062 —*—é 0.06 [-0.50;0.62] 82% 20.3%
Cramer 2015 18 270050 18 220 040 —iE- 050 [0.20;0.80] 29.0% 26.7%
Kogon 2015 16 263043 19 208 0.26 o 055 [0.31;0.79] 437% 27.9%
H
H
Fixed effect model 82 84 <> 0.65 [0.49; 0.81] 100.0% -
Random effects model =———=— 0.64 [-0.18; 1.45] - 100.0%
Heterogeneity: I = 85%, p < 0.001
Test for overall effect (fixed effect): z = 7.95 (p < 0.001) 15 -1 050 05 1 15

Test for overall effect (random effects): t, = 2.47 (p = 0.090)

B. Difference in post-op TR grade (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 38 142063 29 128045 0.14 [-0.12,0.40] 49.4% 49.4%
Lueck 2018 10 160 049 18 172056 012 [052;028] 208%  20.8%
Cramer 2015 18 094 090 18 071070 023 [-0.30,0.76] 11.9% 11.9%
Kogon 2015 16 131075 19 129050 002 [-0.41;045] 17.8% 17.8%
Fixed effect model 82 84 - 0.08 [-0.11; 0.26] 100.0% -
Random effects model —_— 0.08 [-0.14; 0.29] -~ 100.0%
Heterogenetty: /” = 0%, p = 0.670
Test for overall effect (fixed effect): z = 0.81 (p = 0.417) 06-04-02 0 0204 06
Test for overall effect (random effects): t; = 1.13 (p = 0.342)

C. Change from pre-op to post-op TR grade (0-3) in TVI+PVR

Weight Weight
Study TE seTE Mean Difference MD 95%-Cl (fixed) (random)

Deshaies 2020 (mild TR) -0.40 0.0910 : -0.40 [-0.58;-0.22] 60.2% 16.2%
Deshaies 2020 (moderate TR) -1.45 0.1590 i -1.45 [-1.76;-1.14] 19.7% 15.8%
Deshaies 2020 (severe TR)  -2.35 02910 —— 235 [292,-1.78] 59% 14.7%
Taejung Kim 2019 -1.68 0.2690 —a— -168 [221;-1.15] 69% 14.9%
Lueck 2018 -0.56 0.4590 T -0.56 [-1.46; 0.34] 24% 127%
Cramer 2015 -2.36 0.4450 —— | -2.36 [3.23,-149] 25% 12.9%
Kogon 2015 -2.10 04520 ——— z 210 [-299;-1.21] 24% 12.8%
Fixed effect model i -0.90 [-1.04; -0.77] 100.0% -
Random effects model = -1.53 [-2.28; -0.79] - 100.0%
Heterogeneity: /“ = 94%, p < 0.001

Test for overall effect (fixed effect): z =-1281 (p <®.00D -1 0 1 2 3
Test for overall effect (random effects): t, = -5.02 (p = 0.002)

D. Change from pre-op to post-op TR grade (0-3) in PVR

Weight Weight

Study TE seTE Mean Difference MD 95%-Cl (fixed) (random)
Deshaies 2020 (mild TR) -0.40 0.0260 -0.40 [045,-035] 913% 217%
Deshaies 2020 (moderate TR) -0.93 0.0970 -093 [1.12;,-0.74] 66% 20.9%
Deshaies 2020 (severe TR)  -2.89 1.4430 ————| -289 [-5.72;-0.06) 0.0% 22%
Taejung Kim 2019 -0.33 0.2650 -0.33 [0.85; 0.19] 0.9% 16.6%
Lueck 2018 -0.36 0.3360 I -036 [-1.02; 0.30] 05% 14.6%
Cramer 2015 -2.56 0.4610 b -256 [-3.46;-166] 0.3% 11.3%
Kogon 2015 -1.94 04010 —— -194 [[273,-1.15] 04% 12.8%
Fixed effect model -0.45 [-0.50; -0.40] 100.0% -
Random effects model < -0.99 [-1.81; -0.16) - 100.0%
Heterogeneity: 2 =91%, p <0.001

Test for overall effect (fixed effect): z =-17.99 (p < 0.041) -2 0 2 4
Test for overall effect (random effects): t, = -2.94 (p = 0.026)

E. Difference in change in TR grade (0-3) between TVI+PVR and PVR

TV+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Deshaies 2020 (mild TR) 19 -0.32 0.80 235 -0.25 061 e -0.07 [-0.44, 0.30] 10.4% 14.6%
Deshaies 2020 (moderate TR) 83 -1.07 0.74 92 -0.71 0.76 - -0.36 [-0.58;-0.14] 28.3% 17.9%
Deshaies 2020 (severe TR) 65 -1.49 064 4 125043 024 [-069, 021] 69% 127%
Taejung Kim 2019 38 137095 29 -0.17 068 —*— -120 [-1.59,-081] 92% 14.1%
Lueck 2018 10 -040 029 18 -022 0.20 T -0.18 [-0.38; 0.02] 34.8% 18.3%
Cramer 2015 18 -1.76 096 18 -149 074 027 [0.83; 029] 4.4% 10.5%
Kogon 2015 16 -1.32 087 19 -0.79 0.52 -053 [-1.02,-0.04] 59% 12.0%
Fixed effect model 249 415 > -0.34 [-0.46; -0.22] 100.0% -
Random effects model — -0.40 [-0.75; -0.05] - 100.0%
Heterogeneity: I* = 75%, p < 0.001
Test for overall effect (fixed effect): z = -5.66 (p <0.001) 15 1 050 05 1 15

Test for overall effect (random effects): t, = -2.79 (p = 0.031)
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Figure S3. Forest plots for PR grade (0-3). Pooled mean difference and conclusions plot
for all comparisons. ClI, confidence interval; MD, mean difference; PR, pulmonary
regurgitation; PVR, pulmonary valve replacement; SD, standard deviation; TVI, tricuspid valve
intervention.

A. Difference in pre-op PR grade (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Cramer 2015 18 290 031 18 3.00 0.10 H— -0.10 [0.25;0.05] 16.3%  26.3%
Krogon 2015 16 3.00 0.10 19 3.00 0.10 —N— 0.00 [-0.07;007] 837% 737%
Fixed effect model 34 37 :‘ -0.02 [-0.08; 0.04] 100.0% -
Random effects model —— ~0703-{059,0.53] - 100.0%
Heterogeneity: /= 30%, p = 0.234 I T ! T L
Test for overall effect (fixed effect): z = -0.53 (p = 0.599) 02 -01 0 01 02

Test for overall effect (random effects): t, = -0.60 (p = 0.657)

B. Difference in post-op PR grade (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Cramer 2015 18 050 050 18 0.50 0.50 0.00 [-0.33;0.33] 659%  659%
Kogon 2015 16 037 047 19 041087 i -0.04 [049,041] 341% 341%
i
i
Fixed effect model 34 37 = -0.01 [-0.28; 0.25] 100.0% -
Random effects model -0.01 [-0.25; 0.23] - 100.0%
Heterogeneity: 12 = 0%, p=0889
Test for overall effect (fixed effect): z = -0.10 (p = 0.920) 04 02 0 02 04

Test for overall effect (random effects): t, =-0.72 (p = 0.603)

C. Change from pre-op to post-op PR grade (0-3) in TVI+PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Cramer 2015 18 050 050 18 290 031 -240 [-267;-213] 429% 45.5%
Kogon 2015 16 037 047 16 3.00 0.10 = -263 [-287;-239] 571% 545%

|

Fixed effect model 34 34 <I> -2.53 [-2.71; -2.35] 100.0% -
Random effects model —— -2.53 [-3.98; -1.07] - 100.0%
Heterogeneity: /° = 36%, p = 0.210
Test for overall effect (fixed effect): z = -27.88 (p < 0.001) 2 4 0 1 2

Test for overall effect (random effects): t, = -22.05 (p = 0.029)

D. Change from pre-op to post-op PR grade (0-3) in PVR

Postop Preop Weight Weight

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Cramer 2015 18 050 050 18 3.00 0.10 + -2.50 [-2.74,-2.26] T736% 73.6%
Kogon 2015 19 041087 19 3.00 0.10 . -2.59 [-2.98;-220] 26.4% 26.4%

i

1
Fixed effect model 37 37 <@ -2.52 [-2.73; -2.32] 100.0% -
Random effects model - -2.52 [-3.03; -2.02] - 100.0%
Heterogeneity: I = 0%, p = 0.701
Test for overall effect (fixed effect): z = -24.47 (p < 0.001) 2 0 1 2

Test for overall effect (random effects): ¢, = -63.65 (p = 0.010)

E. Difference in change in PR grade (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Cramer 2015 18 -240 014 18 -250 0.12 0.10 [0.02;0.18] 61.8% 52.9%
Krogon 2015 16 -263 012 19 -259 0.20 -0.04 [-0.15;0.07] 382% 471%
Fixed effect model 34 37 ~= 0.05 [-0.02; 0.11] 100.0% -

effectsTodet DO 0860 100:0%
Heterogeneity: I~ = 75%, p = 0.045 rr—TTmTT71
Test for overall effect (fixed effect): z = 1.37 (p = 0.172) 015 -0050 0050.10.15

Test for overall effect (random effects): {, = 0.49 (p = 0.711)
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Figure S4. Forest plots for TV annulus (mm). Pooled mean difference and conclusions plot
for all comparisons. CI, confidence interval; MD, mean difference; PVR, pulmonary valve
replacement; SD, standard deviation; TV, tricuspid valve; TVI, tricuspid valve intervention.

A. Difference in pre-op TV annulus (mm) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 38 21.30 480 29 21.10 6.30 —— 020 [-2.55;2.95] 36.0% 36.0%
Cramer 2015 18 31.10 200 18 29.50 4.00 160 [-0.47,367] 64.0% 64.0%
Fixed effect model 56 47 ——— 1.10 [-0.56; 2.75] 100.0% -
Random effects model e s aias 963—- 100.0%
Heterogeneity: i = 0%, p = 0.425
Test for overall effect (fixed effect): z = 1.30 (p = 0.194) 32101 2 3

Test for overall effect (random effects): £, = 1.63 (p = 0.350)

B. Difference in post-op TV annulus (mm) between TVI+PVR and PVR

TVI+PVR PVR Weight  Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 38 1440 350 29 1750 460 —=—% \ -310  [-511;-1.09] 40.7% 48.3%
Cramer 2015 18 2490 200 18 2490 3.00 i—*— 000 [-167, 167] 593% 51.7%
Fixed effect model 56 47 <>l 126 [-2.54; 0.02] 100.0% -
Random effectsmodet 02—t 9———=—100.0%
Heterogeneity: I = 82%, p = 0.020 f T ' T !
Test for overall effect (fixed effect). z = -1.93 (p = 0.054) 4 2 0 2 4

Test for overall effect (random effects) ¢, = -0.97 (p = 0.511)

C. Change from pre-op to post-op TV annulus (mm) in TVI+PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 38 1440 350 38 21.30 480 —+=— 690 [-879.-501] 324%  32.4%
Cramer 2015 18 2490 200 18 31.10 200 e 620 [-751,-489] 676% 67.6%

|

Fixed effect model 56 56 <‘> -6.43 [-7.50; -5.35] 100.0% -
Random effects model — -6.43 [10.59; -2.27] - 100.0%
Heterogeneity: /“ = 0%, p = 0.550
Test for overall effect (fixed effect): z = -11.72 (p < 0.001) 5 0 5

Test for overall effect (random effects): t, = -19.62 (p = 0.032)

D. Change from pre-op to post-op TV annulus (mm) in PVR

Postop Preop Weight Weight

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 29 1750 460 29 2110 6.30 4&-** -3.60 [-6.44,-076] 398% 39.8%
Cramer 2015 18 2490 300 18 29.50 4.00 y -460 [-691,-229] 602% 60.2%

i

i
Fixed effect model 47 47 — -4.20 [-5.99; -2.41] 100.0% -
Random effects model ————— -4.20 [10.42; 2.02] - 100.0%
Heterogeneity: I = 0%, p = 0.592
Test for overall effect (fixed effect). z = -4.60 (p < 0.001) 6 4 2 0 2 4 6

Test for overall effect (random effects). {, = -8.58 (p = 0.074)

E. Difference in change in TV annulus (mm) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Taejung Kim 2019 38 690096 29 -360 145 5=} -3.30 [-391,-269] 513% 50.1%
Cramer 2015 18 -620 067 18 -460 1.18 E+ -160 [-223;-097] 48.7% 49.9%
H
i
Fixed effect model 56 47 - -2.47 [-2.91;-2.03] 100.0% -
effects model = 245 19-25,-8:35] - 100.0%
Heterogeneity: I° = 93%, p < 0.001 f J 1
Test for overall effect (fixed effect): z =-11.09 (p < 0.001) 2 0 2

Test for overall effect (random effects) ¢, =-2.88 (p = 0.212)
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Figure S5. Forest plots for RV dilatation (0-3). Pooled mean difference and conclusions
plot for all comparisons. Cl, confidence interval; MD, mean difference; PVR, pulmonary
valve replacement; RV, right ventricular; SD, standard deviation; TVI, tricuspid valve
intervention.

A. Difference in pre-op RV dilatation (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight  Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 170100 18 1.50 0.96 ——FH#=——— 020 [056;096] 293% 29.3%
Kogon 2015 16 227086 19 224 056 —a 003 [-0.46;052] 707% 70.7%

i

Fixed effect model 26 37 I 0.08 [-0.33; 0.49] 100.0% -
Random eﬁec}s model 9.08 [-0.90; 1.06] - 100.0%
Heterogeneity: /= 0%, p =0.713 I L 1
Test for overall effect (fixed effect): z = 0.38 (p = 0.705) -05 0 05

Test for overall effect (random effects): ¢, = 1.03 (p = 0.490)

B. Difference in post-op RV dilatation (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 211099 18 178 0.92 ——f—+#=——— 033 042,108 333% 33.3%
Kogon 2015 16 170077 19 153 0.82 — 0.17 [-0.36;0.70] 66.7%  66.7%
i
Fixed effect model 26 37 "=I$‘ 0.22 [-0.21; 0.65] 100.0%

Random effects model [_—'_;_—f:"_?ﬁﬂ [-0.73; 1.18] - 100.0%

Heterogeneity: /° = 0%, p = 0.732
Test for overall effect (fixed effect). z = 1.02 (p = 0.310) -1 -05 0 05 1
Test for overall effect (random effects): t, = 2.96 (p = 0.207)

C. Change from pre-op to post-op RV dilatation (0-3) in TVI+PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 211099 10 170 1.00 041 [0.46;1.28] 296% 44.0%
Kogon 2015 16 170 0.77 16 227 0.86 -0.57 [-1.14,0.00] 70.4% 56.0%
Fixed effect model 26 26 ——r -0.28 [-0.75; 0.19] 100.0% -

effectsToder 14 163276:04} 106:0%
Heterogeneity: /“ = 71%, p = 0.065
Test for overall effect (fixed effect): z = -1.16 (p = 0.248) 1 05 0 05 1
Test for overall effect (random effects): ¢, = -0.28 (p = 0.823)

D. Change from pre-op to post-op RV dilatation (0-3) in PVR

Postop Preop Weight Weight

Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)

Lueck 2018 18 178 092 18 150 0.96 i 0.28 [-0.33; 0.89] 34.6% 47.6%

Kogon 2015 19 153082 19 224 056 071 [-1.16,-026] 654%  524%

Fixed effect model 37 37 "\’“:)— -0.37 [-0.73; -0.01] 100.0% -

effectsToaet G2 662604} 106:0%
Heterogeneity: I° = 85%, p = 0.011 f T J T L
Test for overall effect (fixed effect): z = -2.00 (p = 0.046) 1 05 0 05 1

Test for overall effect (random effects): t, =-0.48 (p = 0.714)

E. Difference in change in RV dilatation (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 041044 18 028 0.31 — 0.13 [-0.18;0.44] 240% 24.0%
Kogon 2015 16 -057 029 19 -071 023 -1 3 0.14 [-0.03;0.31] 76.0% 76.0%

|

Fixed effect model 26 37 é— 0.14 [-0.01; 0.29] 100.0% -
Random effects model < 0.14 [0.08; 0.19] - 100.0%
Heterogeneity: I = 0%, p = 0.956
Test for overall effect (fixed effect): z = 1.77 (p = 0.077) 04 02 0 02 04

Test for overall effect (random effects): t, = 32.24 (p = 0.020)
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Figure S6. Forest plots for RV dysfunction (0-3). Pooled mean difference and conclusions
plot for all comparisons. Cl, confidence interval; MD, mean difference; PVR, pulmonary
valve replacement; RV, right ventricular; SD, standard deviation; TVI, tricuspid valve
intervention.

A. Difference in pre-op RV dysfunction (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 180087 18 156 0.96 024 [-0.46;0.94] 450%  45.0%
Kogon 2015 16 193104 19 142083 051 [0.12;1.14] 550%  55.0%
Fixed effect model 26 37 T 0.39 [-0.08; 0.86] 100.0% -
Random effects model 132;-2.10] - 100.0%
Heterogeneity: /“ = 0%, p = 0.574
Test for overall effect (fixed effect): z = 1.63 (p = 0.104) =4 05 0 05 1

Test for overall effect (random effects): t, = 2.89 (p = 0.212)

B. Difference in post-op RV dysfunction (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 244 107 18 206 1.03 0.38 [-0.44;1.20] 326% 326%
Kogon 2015 16 190083 19 103 0.88 —T+— 087 [0.30;1.44] 67.4% 67.4%
Fixed effect model 26 37 === 0.71 [0.24; 1.18] 100.0% -
Random effects model 22 1965) - 100.0%
Heterogeneity: 1 = 0%, p = 0.334
Test for overall effect (fixed effect): z = 2.99 (p = 0.003) 1 05 0 05 1

Test for overall effect (random effects): t, = 3.09 (p = 0.199)

C. Change from pre-op to post-op RV dysfunction (0-3) in TVI+PVR

Postop Preop Weight  Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 244 107 10 1.80 087 +—*— 064 [0.21,1.49] 36.8% 41.1%
Kogon 2015 16 190 083 16 193 1.04 —— -0.03 [-0.68;062] 632% 58.9%
Fixed effect model 26 26 4:> 0.22 [-0.30; 0.73] 100.0% -
Random effects model 261394 A4 100.0%
Heterogeneity: /% = 33%, p = 0.222 —Tr—r—T
Test for overall effect (fixed effect): z = 0.82 (p = 0.413) -1 05 0 05 1

Test for overall effect (random effects): t, = 0.75 (p = 0.592)

D. Change from pre-op to post-op RV dysfunction (0-3) in PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 18 206 1.03 18 1.56 0.96 = 050 [0.15;1.15] 41.2% 47.9%
Kogon 2015 19 1.03 088 19 142083 72 -0.39 [-0.93;0.15] 58.8% 52.1%
Fixed effect model 37 37 - -0.02 [-0.44; 0.39] 100.0% -

008 —6:69— 106-0%

effectsTmodet
Heterogeneity: 1% = 76%, p = 0.040 I ! ! ) !
Test for overall effect (fixed effect): z=-0.11 (p = 0.911) -1 05 0 05 1

Test for overall effect (random effects): t, = 0.08 (p = 0.948)

E. Difference in change in RV dysfunction (0-3) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Lueck 2018 10 064 044 18 0.50 0.33 0.14 [0.17,0.45] 304%  354%
Kogon 2015 16 -0.03 033 19 -0.39 0.28 —+=—— 036 [0.15/057] 696% 64.6%
Fixed effect model 26 37 === 0.29 [0.12; 0.46] 100.0% -
Random effects model - 2SR5 62— 100.0%
Heterogeneity: P =25% p =0.247 f T ! T 1
Test for overall effect (fixed effect): z = 3.35 (p < 0.001) 04 02 0 02 04

Test for overall effect (random effects): t, = 2.68 (p = 0.227)
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Figure S7. Forest plots for RVEDV (mL). Pooled mean difference and conclusions plot
for all comparisons. CI, confidence interval; MD, mean difference; PVR, pulmonary valve
replacement; RVEDV, right ventricular end-diastolic volume; SD, standard deviation; TVI,
tricuspid valve intervention.

A. Difference in pre-op RVEDV (mL) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 166.40 3300 16 160.20 19.00
Roubertie 2017 (severe TR group) 8 168.00 15.00 9 179.00 35.00
Cramer 2015 18 175.40 6200 18 157.30 60.00

L 620 [-18.49,30.89] 426%  426%
-11.00 [-36.12,14.12) 411%  41.1%
—*——— 18.10 [-21.76;57.96] 16.3% 16.3%

==

40 20 0 20 40

Fixed effect model 34 43
Random effects model

Heterogeneity I° = 0%, p = 0.416

Test for overall effect (fixed effect): z = 0.13 (p = 0.896)

Test for overall effect (random effects): t. = 0.14 (p = 0.902)

1.07 [-15.04; 17.18] 100.0% -
1.07 [-32.04; 34.18] -~ 100.0%

B. Difference in post-op RVEDV (mL) between TVI+PVR and PVR

TVHPVR PVR Weight  Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 9800 4500 16 86.00 32.00 12.00 [-22.90,46.90] 10.9% 10.9%
Roubertie 2017 (severe TR group) 8 8000 900 9 86.80 18.00 —=1 680 [20.11; 651] 746% 74.6%
Cramer 2015 18 106.90 4200 18 100.70 50.00 6.20 [-2397;36.37] 145% 14.5%
Fixed effect model 34 43

. -2.87 [-14.37; 8.63] 100.0% -
Random effects model r&v_v -2.87 [-23.83; 18.09] - 100.0%
Heterogeneity: 1> = 0%, p = 0.502
Test for overall effect (fixed effect): z = -0.49 (p = 0.625) 40 20 0 20 40
Test for overall effect (random effects): t, = -0.59 (p = 0.615)

C. Change from pre-op to post-op RVEDV (mL) in TVI+PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 98.00 45.00 8 166.40 33.00 ————
Roubertie 2017 (severe TR group) 8 8000 9.00 8 168.00 1500 ==
Cramer 2015 18 106.90 4200 18 175.40 62.00 —!—’—

1

Fixed effect model 34 34 <>
Random effects model -
Heterogeneity. I* = 0%, p = 0.405
Test for overall effect (fixed effect): z = -15.09 (p < 0.001) 100 50 0 50 100
Test for overall effect (random effects): £ = -15.87 (p = 0.004)

-68.40 [-107.07,-29.73] 8.0% 8.0%
-88.00 [-100.12;,-7588] 819%  819%
-68.50 [-103.10;-33.90] 10.1% 10.1%

-84.46 [-95.43;-73.49] 100.0% -
-84.46 [-107.36; -61.57] -~ 100.0%

D. Change from pre-op to post-op RVEDV (mL) in PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TRgroup) 16 86.00 3200 16 160.20 19.00 -5
Roubertie 2017 (severe TR group) 9 86.80 18.00 9 179.00 3500 —#+-

<7420 [-9244;-5596] 569%  50.3%
9220 [-117.91,-6649] 286%  315%
-56.60 [-9268;-2052] 14.5% 18.2%

Cramer 2015 18 100.70 50.00 18 157.30 60.00 e —

Fixed effect model 43 43
Random effects model

Heterogeneity: I° = 25%, p = 0.264

Test for overall effect (fixed effect). z = -10.94 (p < 0.001)

Test for overall effect (random effects): t, = -8.78 (p = 0.013)

-76.79 [-90.54; -63.04] 100.0% -
-76.66 [-114.22; -39.11] -~ 100.0%

E. Difference in change in RVEDV (mL) between TVI+PVR and PVR

TVHPVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 -68.40 1973 16 -7420 9.30 —_— 580 [-861,2021] 210% 281%
Roubertie 2017 (severe TR group) 8 -88.00 6.18 99220 13.10 —gr= 420 [-537,1377) 476% 38.4%
Cramer 2015 18 -68.50 1765 18 -56.60 1840 —*— -11.90 [-2368;-0.12] 31.4% 33.4%
Fixed effect model 34 43 - -0.62 [-7.12; 6.08] 100.0% -
Random effects model -0.74 [-24.90; 23.43] - 100.0%

Heterogeneity: P =62%, p =0072
Test for overall effect (fixed effect): z = -0.16 (p = 0.877)
Test for overall effect (random effects): t, =-0.13 (p = 0.908)

20 10 0 10 20
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Figure S8. Forest plots for RVESV (mL). Pooled mean difference and conclusions plot for
all comparisons. Cl, confidence interval; MD, mean difference; PVR, pulmonary valve
replacement; RVESV, right ventricular end-systolic volume; SD, standard deviation; TVI,
tricuspid valve intervention.

A. Difference in pre-op RVESV (mL) between TVI+PVR and PVR

TVHPVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 8050 2800 16 71.30 17.00 ——— 920 [-1192,3032] 372% 37 2%
Roubertie 2017 (severe TR group) 8 7540 2000 9 8640 2600 —F—— -1100 [-3262;1092] 345%  345%
Cramer 2015 18 7920 2700 18 7320 4500 — = 600 [-1824,3024] 282% 282%

Fixed effect model 34 43 . 1.32 [-11.56; 14.20] 100.0% -
Random effects model ’%‘ 1.32 [-26.18; 28.82] -~ 100.0%
Heterogeneity: I* = 0%, p = 0,388

Test for overall effect (fixed effect) z = 0.20 (p = 0.841) 30 20 10 0 10 20 30

Test for overall effect (random effects) t; = 0.21 (p = 0.855)

B. Difference in post-op RVESV (mL) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean  SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 5800 2900 16 4900 2200 ——T % 900 [-13.80,31.80] 19.6% 19.6%
Roubertie 2017 (severe TR group) 8 47.70 14.00 9 53.80 17.00 — 610 [-20.85; 865] 46.8% 46.8%
Cramer 2015 18 47.90 2400 18 4580 29.00 — 210 [-1529,1949] 336%  336%

Fixed effect model 34 43 0.39 [-10.47; 9.70] 100.0% -
Random effects model ’_'_—;?'_'_‘ -0.39 [-18.28; 17.51] - 100.0%
Heterogeneity: i* = 0%, p = 0.520

Test for overall effect (fixed effect): 7 = -0.08 (p = 0.940) -30 -20 10 0 10 20 30

Test for overall effect (random effects). ;= -0.09 (p = 0.934)

C. Change from pre-op to post-op RVESV (mL) in TVI+PVR

Postop Preop Weight  Weight
Study Total Mean SD Total Mean SD Mean Difference MD 956%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 58.00 2900 8 8050 2800 —=—1 -2250 [5043; 543] 153%  153%
Roubertie 2017 (severe TR group) 8 47.70 14.00 8 7540 2000 —— 2770 [44.62,-10.78] 418%  41.8%
Cramer 2015 18 47.90 2400 18 7920 27.00 —F— -31.30 [47.99,-1461] 429% 429%

|

Fixed effect model 34 34 _ -28.45 [-39.38; -17.52] 100.0% -
Random effects model - -28.45 [-37.65; -19.25] - 100.0%
Heterogeneity: I° = 0%, p = 0.863
Test for averall effect (fixed effect): z = -5.10 (p < 0.001) 40 20 0 20 40

Test for overall effect (random effects): - = -13.30 (p = 0.006)

D. Change from pre-op to post-op RVESV (mL) in PVR

Postop Preop Weight  Weight
Study Total Mean  SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 16 49.00 2200 16 71.30 17.00 L 2230 [-35.92, -868] 57.0%  57.0%
Roubertie 2017 (severe TR group) 9 53.80 17.00 9 8640 2600 —*F{— -3260 [5290;-1230] 257% 257%
Cramer 2015 18 4580 29.00 18 73.20 45.00 . T— -2740 [52.13; -267] 17.3% 17.3%
|
Fixed effect model 43 43 <I> -26.83 [-36.11; -15.54] 100.0% -
Random effects model —_— -25.83 [-39.20; -12.46) = 100.0%
Tt T 1

Heterogeneity. I° = 0%, p = 0.704
Test for overall effect (fixed effect) z =-4.92 (p < 0.001) 40 20 0 20 40
Test for overal effect (random effects) t, =-8.31 (p = 0.014)

E. Difference in change in RVESV (mL) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)

Roubertie 2017 (moderate TR group) 8-2250 1425 16 -2230 695 _— 020 [-10.65,1025 220%  233%
Roubertie 2017 (severe TR group) 8-27.70 863 9 -32.60 10.35 — 490 [-4.13;1393] 295% 30.3%
Cramer 2015 18 -31.30 851 18 -27.40 1262 — -390 [-10.93; 313] 485%  464%

Fixed effect model 34 43 -0.49 [-5.39; 4.41] 100.0% -
Random effects model -0.37 [-11.84; 11.09] - 100.0%
Heterogeneity: I° = 12%, p = 0.320

Test for overall effect (fixed effect): z = -0.20 (p = 0.843) 0 5 0 5 10

Test for overall effect (random effects): t; =-0.14 (p = 0.901)
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Figure S9. Forest plots for RVEF (%). Pooled mean difference and conclusions plot for
all comparisons. Cl, confidence interval; MD, mean difference; PVR, pulmonary valve
replacement; RVEF, right ventricular ejection fraction; SD, standard deviation; TVI, tricuspid
valve intervention.

A. Difference in pre-op RVEF (%) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)

Roubertie 2017 (moderate TR group) 8 3810 800 16 4150 700 -340 [992 312] 281% 333%

Roubertie 2017 (severe TR aroup) 8 4250 500 9 3830 500 420 [-056; 8.96] 526%  338%
Cramer 2015 18 561.00 13.00 18 523.00 11.00 —#*— 3800 [3013;4587] 19.3% 329%
Fixed effect model 34 43

8.58 [ 5.13;12.04] 100.0%
. -

Random effects model [-41.75; 67.30 100.0%
Heterogeneity I° = 97%, p < 0.001
Test for overall effect (fixed effect) z = 4 87 (p < 0.001) 40 20 0 20 40

Test for overall effect (random effects). t; = 1.01 (p = 0.420)

B. Difference in post-op RVEF (%) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference mMD 95%-Cl (fixed) (random)

Raubertie 2017 (maderate TR group) 8 4340 1100 16 4430 700 090 [-926,746) 96%  307%

Roubertie 2017 (severe TR group) 8 4610 200 9 4330 400 280 [-0.16, 576] 76.3%  366%
Cramer 2015 18 578.00 1000 18 559.00 11.00 —*— 1000 [1213;2587] 142% 327%
Fixed effect model 34 43 < 474 [ 216; 7.32] 100.0%

Random effects model 96 [-18.98; 32.89] - 1000%
Heterogeneity: I° = 90%, p < 0.001
Test for overal effect (fixed effect): z = 3.60 (p <0.001) 20 10 0 10 20
Test for overall effect (random effects). £, = 1.15 (p = 0.368)

C. Change from pre-op to post-op RVEF (%) in TVI+PVR

Postop Preop Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)
Roubertie 2017 (moderate TR group) 8 43.40 11.00 8 3810 800 : 530 [-4.13;1473] 112% 282%
Roubertie 2017 (severe TR group) 8 4610 200 8 4250 500 [ 360 [-013;733] 715% 396%
Cramer 2015 18 578.00 10.00 18 561.00 13.00 PiITTF— 1700 [9.42,24.58] 173%  321%
Fixed effect model 34 34 <= 6.11 [2.96; 9.27] 100.0% -~
Random effects model === §.38 [-9.77; 26.54] -~ 100.0%
Heterogeneity: I = 79%, p = 0.008
Test for overall effect (fixed effect): z = 380 (p <0.001) 20 -10 0 10 20

Test for overall effect (random effects) t; = 1.99 (p = 0.185)

D. Change from pre-op to post-op RVEF (%) in PVR

Postop Preop Weight  Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-C| (fixed) (random)
Roubertie 2017 (moderate TRgroup) 16 4430 7.00 16 4150 7.00 =t} i 280 [-205 765 357% 336%
Roubertie 2017 (severe TR group) 9 4330 400 9 3830 500 [ 500 [082 918 480% 338%
Cramer 2015 18 559.00 11.00 18 523.00 11.00 i —=— 3600 [2881;43.19] 163%  326%
Fixed effect model 43 43 & 9.26 [ 6.36; 12.16] 100.0% -
Random effects model e =435 [-31.49; 60.19] -~ 100.0%
Heterogeneity: I* = 97%, p < 0.001

Test for overall effect (fixed effect): z = 6.26 (p <0.001) 40 20 0 20 40

Test for overall effect {random effects): ¢, = 1.35 (p = 0.310)

E. Difference in change in RVEF (%) between TVI+PVR and PVR

TVI+PVR PVR Weight Weight
Study Total Mean SD Total Mean SD Mean Difference MD 95%-Cl (fixed) (random)

Roubertie 2017 (moderate TR group) 8 530481 16 280 247
Roubertie 2017 (severe TR group) 8 3.60 1.90 9 500213
Cramer 2015 18 17.00 3.87 18 36.00 3.67 =

250 [-105; 605] 154%  330%
-140 [-332 052] 527%  336%
-19.00 [-21.46;-16.54] 31.9%  334%

Fixed effect model 34 43
Random effects model

Heterogeneity: 7 =09% p <0.001

Test for overall effect (fixed effect): z = -9.03 (p < 0.001) 20 10 0 0 20
Test for overall effect (random effects). t; = -0.91 (p = 0.460)

641 [-7.80; -5.02] 100.0% -
-6.00 [-34.44; 22.45] - 100.0%
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Figure S10. Forest plot for 30-day mortality. Pooled odds ratio and conclusions plot. Cl,
confidence interval; OR, odds ratio; PVR, pulmonary valve replacement; TVI, tricuspid valve
intervention.

TVI+PVR PVR Weight Weight
Study Events Total Events Total Odds Ratio OR 95%-Cl (fixed) (random)
Roubertie 2017 0 16 2 25 : 028 [0.01; 633] 33.2% 11.3%
Cramer 2015 0 18 0 18 i 0.0% 0.0%
Kogon 2015 0 16 0 19 E 0.0% 0.0%
Deshaies 2020 6 180 5 362 T 246 [0.74; 818] 556% 75.6%
Lueck 2018 1 10 1 18 . 1.89 [0.11;33.89] 111% 13.1%

Fixed effect model 240 442 : 1.67 [0.62; 4.52] 100.0% -
Random effects model ’% 1.86 [0.24; 14.61] - 100.0%
Heterogeneity: I~ = 0%, p = 0.437

Test for overall effect (fixed effect): z = 1.02 (p = 0.309) 01 0581 2 10

Test for overall effect (random effects): {; = 1.30 (p = 0.324)



