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ABSTRACT
Background: There is no systematic evidence review of the long-term
results of surgical pulmonary valve replacement (PVR) dedicated to
adults with repaired tetralogy of Fallot (rTOF) and pulmonary
regurgitation.
Methods: Our primary objective was to determine whether PVR
reduced long-term mortality in adults with rTOF compared with con-
servative therapy. Secondary objectives were to determine the post-
operative incidence rate of death, the changes in functional capacity
and in right ventricular (RV) volumes and ejection fraction after PVR,
and the postoperative incidence rate of sustained ventricular
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R�ESUM�E
Contexte : Il n’existe aucune revue syst�ematique des r�esultats à long
terme du remplacement valvulaire pulmonaire (RVP) chirurgical chez
les adultes ayant une t�etralogie de Fallot r�epar�ee (TFr) et pr�esentant
une r�egurgitation pulmonaire.
M�ethodologie : Notre objectif premier �etait de d�eterminer si le RVP
r�eduisait la mortalit�e à long terme chez les adultes ayant une TFr par
rapport à un traitement conservateur. Nos objectifs secondaires
�etaient de d�eterminer le taux d’incidence postop�eratoire de d�ecès, les
variations de la capacit�e fonctionnelle ainsi que des volumes et de la
fraction d’�ejection ventriculaires droits (VD) après le RVP, et le taux
It is estimated that about 17 per 100,000 adults are currently
living with tetralogy of Fallot (TOF).1 Adults with TOF
repaired (rTOF) during childhood who have undergone relief
of right ventricular (RV) outflow tract obstruction with the
use of a transannular patch or pulmonary valvuloplasty are left
with chronic severe (regurgitation fraction � 40%) pulmo-
nary valve regurgitation (PR) in at least one-third of cases.2

Severe chronic PR can result in RV dilation and failure
which can be addressed with the use of pulmonary valve
replacement (PVR).3 Adults with rTOF are at risk of exercise
ll rights reserved.
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arrhythmias. A systematic search of multiple databases for studies
was conducted without limits.
Results: No eligible randomized controlled trial or cohort study
compared outcomes of PVR and conservative therapy in adults with
rTOF. We selected 10 cohort studies (total 657 patients) reporting
secondary outcomes. After PVR, the pooled incidence rate of death
was 1% per year (95% confidence interval [CI] 0-1% per year) and the
pooled incidence rate of sustained ventricular arrhythmias was 1% per
year (95% CI 1%-2% per year). PVR improved symptoms (odds ratio for
postoperative New York Heart Association functional class > II 0.08,
95% CI 0.03-0.24). Indexed RV end-diastolic (�61.29 mL/m2, �43.64
to �78.94 mL/m2) and end-systolic (�37.20 mL/m2, �25.58 to
�48.82 mL/m2) volumes decreased after PVR, but RV ejection frac-
tion did not change (0.19%, �2.36% to 2.74%). The effect of PVR on
RV volumes remained constant regardless of functional status.
Conclusion: Studies comparing PVR and conservative therapy exclu-
sively in adults with rTOF are lacking. After PVR, the incidence rates of
death and ventricular tachycardia are both 1 per 100 patient-years.
Pooled analyses demonstrated an improved functional status and a
reduction in RV volumes.

d’incidence postop�eratoire des arythmies ventriculaires soutenues.
Nous avons effectu�e une recherche syst�ematique sans restriction dans
plusieurs bases de donn�ees afin de trouver des �etudes pertinentes.
R�esultats : Aucune �etude comparative avec r�epartition al�eatoire ni
�etude de cohorte admissible comparant les r�esultats du RVP et ceux
du traitement conservateur chez des adultes ayant une TFr n’a �et�e
relev�ee. Nous avons retenu 10 �etudes de cohorte (657 patients au
total) les critères d’�evaluation secondaires. Après le RVP, le taux
d’incidence group�e de d�ecès s’�etablissait à 1% par ann�ee (intervalle de
confiance [IC] à 95%: de 0 à 1% par ann�ee), et le taux d’incidence
group�e des arythmies ventriculaires soutenues s’�etablissait à 1% par
ann�ee (IC à 95%: de 1 à 2% par ann�ee). Le RVP a att�enu�e les symp-
tômes: le rapport de cotes pour une classe fonctionnelle de la New
York Heart Association de II ou plus après l’intervention s’�etablissant à
0,08 (IC à 95 %: de 0,03 à 0,24). Le volume t�el�ediastolique VD
(e61,29 mL/m2, de e43,64 à e78,94 mL/m2) et le volume
t�etl�esystolique VD (e37,20 mL/m2, de e25,58 à e48,82 mL/m2) ont
diminu�e après le RVP, mais la fraction d’�ejection VD n’a pas chang�e
(0,19 %, de e2,36 % à 2,74 %). L’effet du RVP sur les volumes VD est
demeur�e constant, sans �egard à la capacit�e fonctionnelle.
Conclusion : Il n’existe aucune �etude comparant le RVP et le traite-
ment conservateur exclusivement chez des adultes ayant une TFr.
Après le RVP, les taux d’incidence de d�ecès et de tachycardie ven-
triculaire �etaient tous deux de 1 par 100 patients-ann�ees. Les r�esultats
des analyses group�ees montrent une am�elioration de la capacit�e
fonctionnelle et une diminution des volumes VD.
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intolerance, congestive heart failure, arrhythmias, and sudden
cardiac death.3,4 Though plausible, it remains uncertain
whether timely PVR prevents these outcomes in adults with
rTOF. Current indications for PVR in adults with rTOF and
PR include the presence of symptoms attributed to PR or the
preservation of ventricular size and function in asymptomatic
patients with ventricular enlargement or dysfunction.5 It is
widely thought that PVR should be performed before the RV
becomes irreversibly dilated.3 Measurements that do not
exceed 150-180 mL/m2 have been associated with regression
of RV size and continue to drive management of PR in pa-
tients with rTOF,6 particularly in asymptomatic patients.

Supportive evidence for performing PVR in adults with
rTOF relies largely on surrogate outcomes, such as RV size,
owing to the low incidence of death and heart failure after
PVR.3 Yet, the surrogate outcomes that adequately predict
heart failureefree survival remain uncertain. No randomized
study has ever been completed to compare PVR with con-
servative therapy in adults with rTOF, especially in asymp-
tomatic patients with enlarged RVs.

Among 48 studies included in a large meta-analysis pub-
lished in 2013, only 29% reported on an exclusively adult
population and 17% included children only.7 Numerous
studies also include a heterogeneous patient population
including lesions such as double-outlet RV, pulmonary atresia
with a ventricular septal defect, absent pulmonary valve syn-
drome, and pulmonary stenosis.7-9 The PVR outcomes in
patients with PR after rTOF or relief valvular pulmonary
stenosis are likely different.10

Thus at the present time, there is no available systematic
evidence review of PVR outcomes dedicated exclusively to
adults with rTOF. We undertook a systematic review and
meta-analysis to review the literature for quantitative evidence
that explores the impacts of PVR in adults with rTOF and
PR. Our primary research question was whether PVR reduced
long-term mortality in adults with rTOF compared with
conservative therapy. Our secondary research questions were
the postoperative incidence rate of death, the changes in
functional capacity and in RV volumes and ejection fraction
after PVR, and the postoperative incidence rate of sustained
ventricular arrhythmias.
Methods
The systematic review and meta-analyses were performed

based on the Meta-analysis of Observational Studies in
Epidemiology guidelines.11 The manuscript was structured
using the recommendations of the Preferred Reporting Items
for Systematic Review and Meta-analysis (PRISMA) state-
ment.12 The primary research questions focused on key
components of PICOTS:

1) Population: asymptomatic and symptomatic patients � 18
years of age with rTOF and PR. Studies that reported
outcomes of PVR in patients with unoperated TOF,
congenital pulmonary stenosis, pulmonary atresia, absent
pulmonary valve syndrome, or Fallot-type double-outlet
RV were excluded.

2) Intervention: surgical PVR or catheter-based pulmonary
valve implantation.

3) Comparison: conservative therapy (no intervention for
PR).

4) Outcomes: the primary outcome was long-term all-cause
mortality (> 1 year).
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5) Timing: from point of intervention (PVR) until > 3
months.

6) Setting: hospital and outpatient care.

A consensus was reached among the authors to adapt the
research question in case of lack of evidence to answer the
primary research question. Specific PICOTS elements related
to our secondary research question were as follow:

1) Population: asymptomatic and symptomatic patients � 18
years of age with rTOF and PR assessed before and after
PVR. Studies that reported outcomes of PVR in patients
with unoperated TOF, congenital pulmonary stenosis,
pulmonary atresia, absent pulmonary valve syndrome, or
Fallot-type double-outlet right ventricle were excluded.

2) Intervention: surgical PVR or catheter-based pulmonary
valve implantation.

3) Comparison: assessment performed before and after PVR.
4) Outcomes: the secondary outcomes were long-term post-

operative all-cause mortality, PVR improvement in New
York Heart Association (NYHA) functional class, im-
provements in RV volumes and ejection fraction, and
sustained ventricular arrhythmias. RV volumes and ejec-
tion fraction (RVEF) were measured by means of cardio-
vascular magnetic resonance (CMR) imaging.

5) Timing: from point of intervention (PVR) until > 3
months.

6) Setting: hospital and outpatient care.
Eligibility

Studies were included in the systematic review if they met
the following eligibility criteria: 1) randomized controlled trial
(RCT) or cohort study with � 20 adult participants; 2) pa-
tients with rTOF and PR with � 10% of the study cohort
with a primary diagnosis of pulmonary stenosis; 3) publication
in a peer-reviewed journal; 4) inclusion of only adults (age �
18 years) or separate reporting of outcomes for adult patients;
5) follow-up for � 3 months after PVR with � 90% of the
study population with complete follow-up; 6) reporting of �
1 of the primary or secondary outcomes; 7) Newcastle-Ottawa
scale � 713; and 8) in case of overlapping cohorts between
studies, only the most recent study unless an outcome is re-
ported in an earlier study and not reported in the most recent
study. Only studies that reported outcomes of PVR in adults
(age � 18 years) with PR since childhood were included
because cardiologists caring for adults with congenital heart
disease are faced with decision making in this specific clinical
situation.

Evidence acquisition

The search strategy was developed with input from the
project team, then reviewed by a librarian not otherwise
associated with the project. Three databases were searched:
Medline, Embase, and Cochrane CENTRAL. No study
design, date, or language limits were imposed on the search.
The search strategy is provided in Supplemental Table S1. To
improve the sensitivity of the literature search, we performed
citation chasing in Google Scholar, Scopus, and Web of Sci-
ence. For the cited reference searches, we used a narrative
review published in 2013 by Ferraz Cavalcanti et al.7 Related
journals (Annals of Thoracic Surgery, Journal of Thoracic and
Cardiovascular Surgery, European Journal of Cardio-Thoracic
Surgery, Circulation, and Journal of the American College
Cardiology) that publish abstracts of major scientific meetings
(years 2000-2019) and lists of references of selected articles
were also crosschecked for other relevant studies.

Data management

The literature search results were uploaded into EPPI-
Reviewer 4 (EPPI-Centre, London, UK), an internet-based
software program that facilitates collaboration among re-
viewers during the study selection process, text mining, cita-
tion chasing and duplicate removal. Test screening questions
and forms for level 1 and 2 assessments based on the inclusion
and exclusion criteria were developed. Before the formal
screening process, a calibration exercise was undertaken to
refine the screening questions.

Selection process

The study selection was performed by three independent
reviewers (W.B.A., I.B., and F.-P.M.) through the following 2
levels of screening: The titles and abstracts of the searched
studies were screened at the first level, and then the full texts
were reviewed at the second level. The reviewers were not
blinded to the journal titles, study authors, or institutions.
Reasons for exclusion were recorded. Controversies were dis-
cussed and resolved via e-mail discussions.

Data extraction

Using standardized forms, 2 reviewers (W.B.A. and F.-
P.M.) extracted data independently and in duplicate from
each eligible study. To ensure consistency across reviewers,
calibration exercises were performed before starting the re-
view. Abstracted data included demographic information,
methodology, intervention details, and all reported patient-
important outcomes. Disagreements were discussed and
resolved via verbal and e-mail discussions, and 1 arbitrator
(A.M.) adjudicated unresolved disagreements as necessary.
Summary statistics for each outcome were extracted (n, mean
� SD) before and after the intervention. When data were
expressed in median (range or interquartile range), the mean
and SD were calculated based on equations reported by Luo
et al.14 and Wan et al.15

Risk of bias assessment

Risk of bias was assessed with the use of the Newcastle-
Ottawa scale13 (NOS) and the Cochrane Risk of Bias 2.0
tool16 for cohort studies and randomized studies, respectively,
by 2 independent reviewers (W.B.A. and F.-P.M.). The NOS
was preferred over the Risk of Bias in Nonrandomized Studies
of Interventions tool17 because it was more suitable for cohort
studies. Funnel plots were used to study publication bias.

Statistical analysis

Long-term mortality risk and linearized incidence rates of
sustained ventricular arrhythmias were calculated (number of
events per number of patient-years or %/y) for each individual
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Figure 1. Preferred Reporting Items for Systematic Review and Meta-analysis (PRISMA) flow diagram. “Other diagnoses” included double-outlet
right ventricle Fallot type, pulmonary atresia, and absent pulmonary valve syndrome.
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study and pooled on a logarithmic scale with the use of the
inverse variance method in a fixed-effects model. The pre- vs
postoperative treatment effect of PVR was measured by
calculating the odds ratio (OR) with the associated 95%
confidence interval (CI) for the functional class outcome and
weighted mean difference (WMD) before and after the
intervention with the associated 95% CI for the RV volume
and RVEF outcomes. DerSimonian-Laird random-effects
models were used to calculate OR, WMD, and their 95%
CIs. Meta-regression analysis was used to investigate the ef-
fects of covariates, especially variations in patient characteris-
tics, on observed PVR effects. Analyses were performed with
the use of Stata software (StataCorp, College Station TX).
Results

Literature search results

Primary research question: mortality with PVR
compared with conservative therapy in adults with
rTOF. After the first- and second-level screening processes,
only 3 studies18-20 were found that reported a direct com-
parison between a matched cohort of PVR and conservative
treatment of rTOF and PR. None of these studies met the
eligibility criteria, however. The studies by Harrild et al. and
Quail et al. did not report outcomes for adults only.19,20 The
study by Gengsakul et al. included patients with double-outlet
RV.18

Secondary research question. The search identified 1265
studies. After the first-level screening of article titles and ab-
stracts, 187 articles remained for full-text review. Among
those, 10 articles reporting secondary outcomes met full in-
clusion criteria and were included in the meta-analysis. The
flow chart in Figure 1 represents the selection and inclusion of
articles in the meta-analysis for the secondary outcomes.
Common factors limiting study eligibility were study design,
cohort size < 20 patients, inclusion of both children and
adults without separate reporting of results for adults, severe
risk of bias (NOS < 7) and > 10% of included patients with
severe pulmonary stenosis.
Study characteristics

Ten cohort studies21-30 fulfilled the eligibility criteria for
the secondary outcomes, including a total of 657 patients
(Table 1). Among the 10 included studies, 6 were published
from 2017 to 2018. PR was addressed surgically in all of the
series; no study of catheter-based pulmonary valve
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implantation met the inclusion criteria. The mean age ranged
from 26 to 38 years, and the mean follow-up duration ranged
from 2 to 22 years.

Risk of bias assessment

All studies were assessed with the use of the NOS. NOS
item quotations are listed in Supplemental Table S2. Funnel
plots were examined and showed almost symmetric distribu-
tions and did not raise any major concerns about potential
publication bias for NYHA functional class and indexed RV
end-diastolic volume (RVEDVi), end-systolic volume
(RVESVi), and RVEF (Supplemental Fig. S1). However, the
possibility of such bias still exists and should be taken into
account when considering the results.

Evidence synthesis

Formal meta-analyses were performed for the secondary
outcomes of interest with results from at least 2 separate
studies meeting eligibility criteria.

Long-term mortality. Seven studies21,22,25-29 including 560
patients reported long-term mortality. Pooled long-term mor-
tality risk was 1 per 100 patient-years (95% CI 0-1 per 100
patient-years; Fig. 2). Only 1 study reported no long-term death
with a mean follow-up of 2.36 � 2.24 years. There was no
evidence of significant heterogeneity among the studies.

NYHA functional class. Four studies21,22,26,27 including
252 patients reported NYHA functional class before and after
PVR. PVR improved NYHA functional class with a 12.5-fold
(1/0.08) odds of being asymptomatic (NYHA functional class
I) after vs before PVR (Fig. 3). There was evidence of sig-
nificant heterogeneity between studies (I2 statistic 62.8%). No
sensitivity study was conducted owing to the small number of
series included in this analysis.

RV volumes and function according to CMR. There were
significant reductions in RV volumes but no significant
improvement in systolic function. RVEDVi was reported in 5
studies22,24,26,29,30 including 251 patients. There was a signifi-
cant reduction of 61 mL/m2 in RVEDVi after PVR (Fig. 4A).
The same studies reportedRVEF.Meta-analysis of these data did
not reveal any significant improvement in RVEF after PVR
(Fig. 4C). Four studies22,24,26,29 including 220 patients reported
RVESVi. There was a significant net decrease of 37 mL/m2 in
RVESVi after PVR (Fig. 4B). There was evidence of significant
heterogeneity among the studies for all CMR outcomes. Ameta-
regression was conducted to explore the effect of the interstudy
heterogeneity on the observed RV volumes reductions. The
interstudy heterogeneity of patient preoperative NYHA func-
tional class had no statistically significant effect on the observed
difference in terms of RVEDVi (P ¼ 0.257; Fig. 5A) and
RVESVi (P ¼ 0.387; Fig. 5B).

Long-term sustained ventricular arrhythmia. Six
studies22,25-29 including 535 patients reported long-term
sustained ventricular arrhythmia. The pooled linearized inci-
dence rate of sustained ventricular arrhythmia after PVR was 1
per 100 patient-years (95% CI 1-2 per 100 patient-years;



Figure 2. Forest plot of long-term mortality meta-analysis. Effect size (ES) expressed as incidence rates in patient-years.
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Fig. 6). There was no evidence of significant heterogeneity
among the studies.
Discussion

Summary of results

We report the only systematic review of PVR in adults
with rTOF. We found that cohort studies comparing PVR
and conservative therapy exclusively in adults with rTOF were
lacking. We found that the pooled incidence rate of death
after PVR is 1 per 100 patient-years (95% CI 0-1 per 100
patient-years). The benefits of PVR include a substantial
improvement in functional class and a reduction in RV vol-
umes. The reduction of RV volumes is observed even if
symptoms have developed at the time of PVR. The pooled
incidence rate of sustained ventricular arrhythmias after PVR
is 1 per 100 patient-years (95% CI 1-2 per 100 patient-years).

Earlier meta-analyses

Previously published meta-analyses of PVR in patients
with rTOF included studies of both children and adults. In
the meta-analysis by Cheung et al.,8 adult and pediatric
studies were separated based on the mean age at PVR.
However, a mean age > 18 years does not guarantee that the
cohort falls in the adult or pediatric age group if the confi-
dence interval is wide. Previous meta-analyses included studies
with heterogeneous causes of PR, such as repaired double-
outlet RV, pulmonary atresia with a ventricular septal
defect, and pulmonary stenosis.7-9 In the meta-analysis by
McRae et al.,9 TOF patients composed the largest proportion
of the study groups of the selected studies. However, caution
should be exercised in pooling outcomes of patients with
various forms of congenital heart disease,31 even if the un-
derlying pathophysiology is similar, such as PR in rTOF or
after relief of congenital pulmonary valvular stenosis.10

Compared with patients with rTOF, patients with PR after
relief of congenital pulmonary stenosis require less RV aneu-
rysm resection and pulmonary artery angioplasty at the time
of PVR and show more substantial improvement in RVEF
after PVR.10 Patients with a congenital pulmonary valvular
stenosis do not have prior cyanosis, and have a less extensive
surgical history, smaller preoperative RV size, and less ven-
tricular dyssynchrony.10

Mortality with PVR compared with conservative therapy
in adults with rTOF

No cohort study could show a mortality benefit for pa-
tients with rTOF undergoing PVR for PR compared with
patients with rTOF and PR treated conservatively. The 3



Figure 3. Odds of having impaired functional capacity after pulmonary valve replacement (PVR). Effect expressed as odds ratio of being in New York
Heart Association (NYHA) functional class II or greater after PVR compared with before PVR.
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available studies did not meet the inclusion criteria for our
meta-analysis. In matched cohort studies, Harrild et al. and
Gengsakul et al. found that PVR did not reduce the incidence
of ventricular tachycardia or death compared with rTOF pa-
tients who had not undergone PVR.18,19 In the cohort re-
ported by Harrild et al., patients undergoing PVR had more
RV dilation.19 In a propensity-matched cohort study, Quail
et al. tested the hypothesis that delaying PVR in patients with
rTOF would lead to deterioration in biventricular dimensions
and function.20 They did not observe a significant deteriora-
tion in biventricular measurements in the matched patients
treated conservatively over a median of 1.8 years.20 No patient
died in either patient group.20 The lack of eligible studies in
the present systematic review highlights a substantial gap in
evidence for the management of adults with rTOF and PR.
Even though existing studies cannot be pooled, the compar-
ison between PVR and conservative treatment does not
identify a definite survival advantage with PVR in adults with
rTOF, which is especially relevant for decision making in
asymptomatic patients.

Long-term mortality after PVR in adults with rTOF

Previously published meta-analyses reported post-
operative mortality rates from 0.87% to 2.1% and long-
term mortality rates from 0.5%/y to 2.2%/y after
PVR.7-9 Mortality data were pooled with the use of a va-
riety of methodologic approaches. Ferraz Cavalcanti et al.
pooled the total number of deaths divided by the total
number of patients with known vital status across studies at
30 days and at 5 years.7 Cheung et al. used, as we did,
incidence rates to account for the variable duration of
follow-up across studies.8 In one cohort study of PVR in
rTOF, operative mortality was 1.4%.32 Predictors of
operative mortality included older age at TOF repair, > 3
previous cardiac surgeries, advanced functional class, and
large body surface area at the time of PVR.32 In the same
cohort, 15-year survival after PVR was 79.6%.32 In a
cohort of 873 adults with rTOF, the best predictive model
for death or sustained ventricular tachycardia was composed
of RV mass-to-volume ratio > 0.3 g/mL, LVEF < 55% in
men or < 54% in women, or RVEF < 48% in men or <
50% in women and a history of atrial tachyarrhythmias.33

RVEDVi was not associated with mortality,33 although
such an association had been previously observed in a
smaller cohort.34 Therefore, if PVR is performed, the
postoperative incidence rate of death should be w1 per
100 patient-years.

Effect of PVR on symptoms and functional class

We observed that PVR improves the NYHA functional
class of adult patients with rTOF undergoing PVR. The
NYHA functional class is used as an index of symptomatic
status that can be pooled across studies. Symptomatic
improvement reinforces the indication for PVR in symp-
tomatic adults with rTOF, even if PVR has little impact
on measured peak oxygen consumption.26,35 If adults with
rTOF adapt their activity level to PR and exercise intol-
erance, subjective symptomatic improvement may therefore
be more important than measured peak oxygen con-
sumption. However, it is thought that relying on symp-
toms leads to patients receiving a PVR when their RV has
become markedly dilated and dysfunctional.3 While this is



Figure 4. Effect of pulmonary valve replacement on right ventricular
size and function. Forest plots of mean differences in (A) indexed right
ventricular end-diastolic volume (RVEDVi, mL/m2), (B) indexed right
ventricular end-systolic volume (RVESVi, mL/m2), and (C) right ven-
tricular ejection fraction (RVEF, %).

Figure 5. Meta-regression analyses. (A) The proportion of symptom-
atic patients (defined as NYHA class � II) had no effect on the
observed weighted mean difference (WMD) in RVEDVi (P ¼ 0.257). (B)
The proportion of symptomatic patients (defined as NYHA class � 2)
had no effect on the observed WMD in RVESVi (P ¼ 0.387). Abbrevi-
ations as in Figures 3 and 4.
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a legitimate concern, performing PVR in asymptomatic
patients with a dilated or dysfunctional RV must be
balanced against operative mortality and the eventual need
for repeated PVR. In a mixed cohort of patients who
underwent PVR (rTOF, pulmonary atresia with ventricular
septal defect, double-outlet RV, absent pulmonary valve
syndrome), freedom from redo PVR at 10 years was
74.7%, and freedom from prosthetic valve failure and
dysfunction was 50.3%.36 Our meta-regression results
suggest that the reduction of RVEDVi and RVESVi after
PVR persists regardless of symptomatic status. The effect
of PVR on RV volumes can be expected even if the pa-
tient has changed from asymptomatic to symptomatic.
The slopes of the meta-regressions (Fig. 5) raise the pos-
sibility of clinically meaningful association between
symptomatic status before PVR and RV remodelling after
PVR, but that may due to the small number of available
studies and should be studied further.

Effect of PVR on RV volumes and function

Our pooled analysis showed that RV volumes consistently
decrease while RV function, in terms of RVEF, remains stable
after PVR. These results are consistent with previous pooled
analyses that found reductions in RVEDVi and RVESVi
without improvement in RV function.7-9 Although 170 mL/
m2 and 85 mL/m2 have been suggested as preoperative



Figure 6. Forest plot of long-term ventricular arrhythmia meta-analysis. Effect size (ES) expressed as incidence rates in patient-years.
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thresholds beyond which RVEDVi and RVESVi may not
normalize after PVR,37 a larger study has not identified pre-
operative upper thresholds for RV volumes to normalize after
PVR,22 suggesting that RV remodelling is the main benefit
that can be expected from PVR. The question of whether RV
size is an appropriate surrogate outcome to improve survival in
adults with rTOF remains unanswered. Burchill et al. noted
that given the association between RV dilation, increased
QRS duration, ventricular tachycardia, and sudden cardiac
death, it is tempting to relate normalization of RV volumes to
superior clinical outcomes.38 However, in a matched study,
adolescents and adults with moderate RV dilation and severe
PR were at low risk for progression in the absence of PVR.20

Moreover, in a mixed cohort (75% of patients with rTOF),
Hallbergson et al. have shown that RV volumes gradually
return toward preoperative values by 7-10 years after PVR and
that RVEF and LVEF follow a downward trend over the years
which seems to be unaltered by PVR.39

Ventricular arrhythmias

In our meta-analysis, the pooled incidence rate of sustained
ventricular arrhythmias after PVR in adults with rTOF was 1
per 100 patient-years (95% CI 1-2 per 100 patient-years).
Although this rate could not be compared with patients
without PVR, it is not lower than rates reported in cohorts of
adults with rTOF at large (w0.4 per 100 patient-years40).
Moreover, matched-cohort studies failed to show that surgical
PVR was protective against ventricular arrhythmias.18,19

Similarly, observational studies of patients undergoing trans-
catheter PVR have not demonstrated a reduction in ventric-
ular arrhythmias.41 Consistent with those observations, a
study in defibrillator recipients with rTOF after PVR noted a
persistently high rate of appropriate shocks.42 Importantly,
published data limited to rates of ventricular arrhythmias after
PVR do not allow us to separate the effects of PVR alone from
PVR with concomitant surgical ventricular arrhythmia abla-
tion, which likely affects the incidence rate of subsequent
ventricular arrhythmias. In one large cohort study (19% of
patients with TOF and pulmonary atresia), RVEF < 40%,
RV mass-to-volume ratio � 0.45 g/mL, and age at PVR � 28
years were independent and incremental predictors of the
occurrence of death or sustained ventricular tachycardia after
PVR.43 That study did not report whether patients had un-
dergone surgical ventricular arrhythmia ablation at the time of
PVR. The pooled incidence rates of death and sustained
ventricular arrhythmias after PVR in our meta-analysis are
similar. This observation may generate the hypothesis that
residual mortality after PVR is primarily driven by arrhythmic
rather than hemodynamic complications.

Clinical implications

The present study was conducted in the context of the
2019 update of the Canadian Cardiovascular Society Guide-
lines for the Management of Adults with Congenital Heart
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Disease. This meta-analysis highlights that conclusive evi-
dence linking PVR for PR late after TOF repair to improved
survival is still lacking. The increasing frequency of PVR44

based on relatively low-quality evidence is concerning. The
findings of our meta-analysis should stimulate further detailed
examination of the indications and outcomes of PVR in adults
with rTOF. Further evidence should ideally be derived from
multicentre cohort studies comparing intervention and
nonintervention groups. Presumed causal associations be-
tween RV size and function, the development of symptoms,
and outcomes should be tested. The current evidence specific
to adults with rTOF does not allow balancing the risk of PVR,
especially in an asymptomatic patient, with the consequences
of decades of iatrogenic severe or free PR. PVR carries a
postoperative mortality that is similar to primary TOF repair
(0.68% during 1-8.8 years of follow-up)3 and a risk of rein-
tervention (w25% at 10 years36).

Symptomatic patients. According to the present meta-
analysis, PVR improves functional class in symptomatic
adults with rTOF and PR. Therefore, PVR appears to be
justified for the symptomatic patient. The presence of
symptoms does not preclude the reduction of RV volumes.
No predictor emerges to identify symptomatic patients for
whom PVR would be futile. RV dysfunction appears to be
irreversible despite PVR. However, an RVEF threshold that
would preclude PVR remains to be clearly established.

Asymptomatic patients. To propose PVR to asymptomatic
adults with rTOF, the intervention must decrease mortality,
prevent fatal arrhythmias, prevent RV dysfunction or clinical
heart failure, or improve unrecognized exercise intolerance with
low postoperative mortality and morbidity. No data could be
pooled to determine if PVR decreased mortality or sustained
ventricular arrhythmias. According to our pooled analysis,
RVEF does not increase after PVR. However, RVEF may
improve along with normalization of RV volumes in 22% of
patients after PVR.10 Corrected RVEF (net pulmonary flow/
RVEDV) is also known to improve after PVR, suggesting
improved forward cardiac output.26 PVR is associated with
obligatory reinterventions as valve prostheses age. Whether
documented early improvement in RV size is sustained has been
questioned.39 Overall, if PVR is proposed to carefully selected
adults with rTOF and PR, the current pooled data does not
document measurable effects on key outcomes beyond a
reduction in RV size. Patient age, comorbidities, level of activity
and exercise capacity, longitudinal change in RV size and
function, planned pregnancy, and personal choice may be
additional factors to consider when determining the ultimate
management plan for an individual patient.

Study limitations

This study is a meta-analysis and thus carries the limitations
of the individual studies. The number of sufficiently compa-
rable studies to perform a meta-analysis remains small. We
excluded several large studies of PVR in rTOF patients because
they did not report results separately for adults or they included
patients with pulmonary atresia, double-outlet RV, absent
pulmonary valve syndrome, or > 10% of patients with pre-
dominant pulmonary stenosis instead of PR. This meta-analysis
was not designed to study outcomes of PVR performed during
childhood or adolescence, and its results apply only to patients
with rTOF who have survived until adulthood. We were also
unable to pool studies with event rates in comparable groups of
adults with rTOF with and without PVR. The impact of PVR
on mortality cannot be assessed by a meta-analysis of studies
that compare outcomes before and after PVR. Addressing this
issue requires comparing PVR with conservative therapy. We
explored the possibility of conducting such a meta-analysis but
no suitable studies were identified. As such, there are currently
no data to support a survival benefit from PVR in adults with
rTOF. Comparisons between studies are also limited by the
variable duration of follow-up for clinical events and by the
variable time interval between PVR and assessment of func-
tional class or RV volumes by means of CMR. To mitigate the
effect of variable duration of follow-up, we used incidence rates
for pooled analysis of mortality and occurrence of sustained
ventricular arrhythmias. For RV volumes and function, we
pooled the mean differences in RVEDVi, RVESVi, and RVEF
regardless of duration of follow-up, based on the finding that
most of the reduction in RVEDVi occurs in the first 14 days
after PVR.26 Individual studies reported means or medians for
continuous variables such as RVEDVi, RVESVi, and RVEF.
We used robust formulas to transformmedians intomeans.14,15

We elected not to pool results for repeated PVR, because
prosthetic pulmonary valve degeneration depends on the type
of prosthesis, which was not consistent within and between
studies.
Conclusion
In conclusion, pooled data analysis on the impact of PVR

in adults with rTOF was notably limited owing to the lack of
not only randomized controlled trials, but also observational
studies with data comparing those with PVR and those
without. When data were pooled to analyze incidence rates of
adverse outcomes, we were able to demonstrate that the
incidence rate of death after PVR is performed is 1 per 100
patient-years. The few cohort studies in this population
demonstrated improvement in functional status and RV vol-
umes and function as shown by means of CMR. However,
our findings suggest that at the time of this publication,
insufficient data are available to determine the impact of PVR
on mortality rates in adults with rTOF.
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