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Abstract

Background Pulmonary valve replacement (PVR) is the most common valve replacement procedure for pulmonary
valve dysfunction in congenital heart diseases (CHD). Despite the long-term need for anticoagulation and potential
bleeding complications in mechanical PVR (MPVR), prosthetic dysfunction and reoperation might occur less
frequently. The major guidelines on the CHD management have no recommendation on the valve type for the PVR.
So, we systematically reviewed the latest literature on the efficacy and safety of MPVR with different etiologies.

Methods This study followed the Preferred Reporting ltems for Systematic Reviews and Meta-Analyses guidelines.
The protocol was registered with PROSPERO (CRD42023425339). A systematic search was conducted in PubMed,
Scopus, Web of Science, and Embase. The primary outcomes evaluated include all-cause mortality, reintervention for
mechanical prostheses, valvular thrombosis, thromboembolic events, prosthetic valve dysfunction, major bleeding
events, right ventricular failure, and infective endocarditis. A random-effects model was employed for the meta-
analysis. The quality of the studies was assessed using the Newcastle-Ottawa Scale.

Results The literature search was conducted up to June 12, 2023, and included 16 records in the qualitative
synthesis, with 13 studies also included in the quantitative synthesis. Our systematic review indicates that the
previously published patient-level analysis remains the most reliable evidence to date on MPVR, with 91%, 97%, and
95% 5-year freedom from valvular thrombosis, reintervention, and all-cause mortality, respectively. Our meta-analysis
indicated low pooled incidence proportions of other outcomes as follows: Major bleeding (mean follow-up =68.79
months, 16/336, 5% [95% CI 3-8]); Valvular dysfunction (mean follow-up =68.89 months, 70/708, 10% [95% CI 8-12]);
Thromboembolic events (mean follow-up =78.28 months, 9/293, 3% [95% Cl 2-6]); and Infectious endocarditis (mean
follow-up =42.03 months, 7/518, 1% [95% Cl 1-3]).
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Conclusions Despite showing acceptable efficacy and safety in MPVR, there is still a significant knowledge gap in
choosing the most appropriate prosthetic valve in patients undergoing PVR. High-quality research is warranted to

resolve the existing gap in evidence.

Keywords Pulmonary valve, Heart valve prosthesis, Heart valve prosthesis implantation, Reoperation, Congenital

heart defect

Introduction

In patients with congenital heart diseases (CHD), pul-
monary valve replacement (PVR) is the most prevalent
valve replacement procedure, given that the majority of
patients with right-sided CHD, mainly tetralogy of Fal-
lot (ToF) and valvular pulmonary stenosis/regurgitation,
require at least a single PVR during the course of their
diseases [1-3]. Pulmonary valve dysfunction observed
in CHD results in right ventricular (RV) impairment,
which can lead to progressive RV failure, life-threatening
arrhythmias, and sudden cardiac death [4, 5]. Alleviation
of pulmonary valve function by a new valve can preserve
or restore the RV size and function and mitigate the asso-
ciated symptoms [6, 7].

Traditionally, patients undergoing PVR predominantly
receive biological prostheses, either pulmonary homo-
grafts or bioprostheses, due to lower thrombogenicity,
obviating long-term anticoagulation [8, 9]. Moreover,
bioprosthetic valves could presently be replaced percu-
taneously by valve-in-valve transcatheter procedures,
avoiding repeated surgeries [10]. Although the rate of
biological prosthetic failure in the pulmonary position
is reported to be lower compared to left-sided valves [1],
bioprosthetic PVR failure requiring redo PVR occurs
in 10-20% of patients after ten years, based on the pri-
mary etiology [11]. Meanwhile, since conducting PVR at
younger ages to prevent the occurrence of RV dysfunc-
tion is now strongly advocated [4, 12], and the life expec-
tancy of patients with CHD has improved, the need for
more durable valves is growing [9]. Of note, pulmonary
homografts, which bear a lower risk of structural valve
degeneration and need for reintervention compared to
the available xenograft bioprosthetic valves [13], are in
short supply [8]. Therefore, mechanical prosthetic valves,
with their longer durability and lower risk of reinterven-
tion, have received increasing attention as alternatives for
biological prostheses, particularly in patients requiring
anticoagulation therapy for other reasons [14, 15].

Although mechanical prostheses and the neces-
sity of anticoagulation administration can potentially
elevate the risk of thrombotic and bleeding complica-
tions, numerous evaluations revealed an acceptable rate
of these adverse events following PVR with mechanical
valves in the condition of appropriate anticoagulation
regimens [15, 16]. In 2015, Dunne et al. conducted a sys-
tematic review and meta-analysis on 299 patients with
mechanical PVR (MPVR) and determined low incidence

rates of 2.2% and 1.5% for valvular thrombosis and non-
structural valve dysfunction, respectively [17]. Addition-
ally, the rates of surgical reintervention and thrombolysis
were as low as 0.9% and 0.5%, respectively [17]. None-
theless, this meta-analysis had the major limitations of a
relatively small overall sample size and lack of long-term
follow-up of the included studies [17]. Consequently, nei-
ther the latest guideline of the American Heart Associa-
tion (AHA)/American College of Cardiology (ACC) nor
the most recent guideline of the European Society of Car-
diology (ESC) on the management of patients with CHD
has provided any recommendation regarding the type
of valve for patients undergoing PVR (Supplementary
Table S1) [2, 3]. In the present study, we have systemati-
cally reviewed the latest literature concerning the role of
MPVR.

Materials and methods

This systematic review was performed and reported in
accordance with the Preferred Reporting Items for Sys-
tematic Reviews and Meta-Analyses guidelines [18]
and a prespecified protocol registered with PROSPERO
(CRD42023425339-no further amendment or update was
made to the protocol). Since the ethical and institutional
review board approvals were attained for all the included
studies, no additional approvals were required for this
review.

Data sources and search strategy

A systematic search was conducted through PubMed,
Scopus, Web of Science, and Embase to identify the stud-
ies that addressed surgical PVR using mechanical pros-
theses. The search was performed until June 12, 2023,
using the following search terms (“pulmonary valve”
OR “right ventricular outflow tract” OR “pulmonary
valve replacement” OR “pulmonary valve implantation”
AND (“Mechanical” OR “tilting-disc” OR “bileaflet”).
The complete systematic search syntax for all databases
is provided in Supplementary Table S2. Furthermore, the
bibliography of included studies and relevant review arti-
cles was manually searched to find additional studies.

Eligibility criteria and study selection

Studies that met the following eligibility criteria were
included in the review: (1) contained original data from
a minimum of 10 patients undergoing surgical PVR
using a mechanical prosthesis, and (2) reported findings
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for at least one of the outcomes of interest, measured
after at least 6 months of follow-up, i.e., all-cause mor-
tality [19], reintervention for the mechanical prostheses
(characterized as redo-PVR or any surgical manipulation
of the previously implanted prostheses) [19], valvular
thrombosis (defined as thrombosis at or near the oper-
ated valve, interfering valve function and not caused by
infection) [19], thromboembolic events (defined as any
post-operative embolic event in the absence of infection
) [19], prosthetic valve dysfunction (defined as struc-
tural or nonstructural valve-related abnormality, not
caused by thrombosis or infection) [19], major bleeding
events (defined as post-surgical bleeding that is either
fatal, occurring in a critical organ or area, significantly
reducing hemoglobin level, or prolonged or unexpected
bleeding) [20], RV failure, and infective endocarditis
(IE) (defined as any infection of the operated valve) [19].
All outcomes, except for major bleeding, were defined
according to the guidelines for reporting all-cause mor-
tality and morbidity after cardiac valve interventions [19].
Major bleeding was defined according to the Interna-
tional Society on Thrombosis and Haemostasis (ISTH)
criteria [20]. For studies with different classifications,
bleeding events were recategorized according to ISTH
[20].

This decision to limit the minimum sample size per
study to 10 was made to ensure a baseline level of data
contribution while avoiding the exclusion of potentially
relevant studies, particularly for MPVT for which evi-
dence is limited it is only implemented in a small number
of countries and centers, resulting in small sample sizes
across most published studies. On the other hand, those
studies with fewer than 10 participants were excluded
to reduce the influence of extremely small and poten-
tially unstable estimates on the pooled analysis [21]. The
reviews, editorials, commentaries, conference abstracts,
studies encompassing less than 10 patients with MPVR,
and investigations related to PVR using other valve types
than a mechanical prosthesis were all excluded. First,
the titles and abstracts of the identified records were
screened to find relevant articles. At this point, the full
texts of the remaining articles were assessed against the
mentioned eligibility criteria to include the studies inves-
tigating surgical PVR utilizing mechanical valves. Two
investigators (SR and AR) independently selected the
included studies, and discrepancies were resolved by
meeting discussions. For studies with overlapping patient
populations published from the same institution, the
one with the most comprehensive data was included. Of
note, studies comparing MPVR with bioprosthetic PVR
(BPVR), consistent with the previously mentioned eligi-
bility criteria, were also included.
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Quality assessment and data extraction

The methodological quality of the included studies was
assessed using the Newcastle-Ottawa Scale (NOS) [22].
This tool evaluates the observational studies in three
main domains of population selection (maximum of 4
points), comparability (maximum of 2 points), and out-
come assessment (maximum of 3 points). The compa-
rability domain is not applicable to non-comparative
investigations; therefore, the maximum score for com-
parative and non-comparative studies will be 9 and 7,
respectively.

The data regarding basic study characteristics, includ-
ing the first author, year, study design, number of patients
with MPVR and their age and sex, implantation period,
number of centers, type of mechanical prosthesis, fol-
low-up duration, previous interventions, concomitant
procedures, along with the predefined outcomes were
extracted from the included studies. For studies compar-
ing mechanical with bioprosthetic valves, the mentioned
prespecified variables of the BPVR group were also
extracted. Of the domains of the certainty of evidence,
risk of bias and publication bias were assessed. The
quality assessment and data extraction processes were
independently performed by two investigators (SR and
MV). A third investigator (AR) double-checked the qual-
ity appraisal findings and the extracted data to ensure
accuracy.

Data synthesis

The included studies were categorized into comparative
studies (i.e., studies comparing BPVR and MPVR) and
non-comparative studies (i.e., reporting only MPVR out-
comes). In the qualitative synthesis, the characteristics of
all included studies (both comparative and non-compar-
ative) were summarized in Tables 1 and 2. Furthermore,
in the quantitative synthesis, we pooled the outcomes
reported by the studies and represented them using for-
est plots.

Statistical analysis

The pooled rates of events and their corresponding 95%
confidence intervals (CIs) for the predefined outcomes in
patients undergoing MPVR were calculated by employ-
ing the Logit transformation method [23]. The statistical
heterogeneity was assessed by Cochran’s Q and Higgins’
I-squared tests [24, 25]. In case of high heterogeneity
(I2>50%), random-effect models were applied to pool
the estimates; otherwise, fixed-effect models were imple-
mented. Publication bias was tested using Egger’s [26]
test. All analyses were conducted using R package ‘meta’
5.2-0 [27], R version 4.2.1 (R Foundation for Statistical
Computing).
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Results

Study selection

The PRISMA flow diagram in Supplementary Figure S1
shows the inclusion process. Overall, 7,936 records were
yielded from the databases. Of these, 2,269 duplicates,
576 conference abstracts, and 111 non-English records
were excluded. Of the remaining 4,980 records, 4,950
were excluded after the title and abstract screening. Then,
30 records were screened for full texts. Finally, of the 16
records included in the qualitative synthesis, 13 were also
included in the quantitative synthesis (meta-analysis).

Study characteristics

Of the 16 included studies [8, 9, 14, 15, 28—39], the com-
parison between MPVR and BPVR was only presented
in 4 studies [9, 14, 15, 39], 3 of which were retrospective
cohorts [9, 14, 39], and 1 was a prospective cohort [15].
The other studies, 2 prospective cohorts [28, 29], and
10 retrospective cohorts [8, 30-38] presented different
single-arm outcomes of MPVR. The studies’ character-
istics and main reported outcomes were summarized in
Tables 1 and 2. The publication date ranged from 1965
to 2022. The studies were conducted in multiple cities in
Austria [28], Germany [15, 31, 33, 36], Iran [37, 39], the
Netherlands [8, 34], Spain [29], South Korea [9, 32], and
the USA [14, 30, 35, 38].

As shown in Table 1, there is a patient-level multi-
center international retrospective single-arm study [38]
on 364 patients with de novo MPVR. This patient-level
study reported the outcomes of valvular thrombosis,
reintervention, and all-cause mortality, encompassing the
majority of the previously published data [8, 14-16, 28,
29, 32] in studies already included in the present review
(7 [8, 14-16, 28, 29, 32] of 16 studies). Since the publi-
cation of the patient-level study [38], three studies [9,
33, 37] reporting the mentioned outcomes (i.e., valvu-
lar thrombosis, reintervention, and all-cause mortality)
were published, one [37] had a significant overlap with
the patient-level study, and two were comparative stud-
ies [9, 33]. Considering the superior quality of patient-
level data owing to the fact that this study had no data
overlapping and had direct access to the datasets of each
included center, no new pooled analyses were performed
for valvular thrombosis, reintervention, and all-cause
mortality. Consequently, in our systematic review, only
major bleeding, valvular dysfunction, thromboembolic
events, and RV failure, which were not reported by the
patient-level study [38], were pooled and analyzed. Of
note, considering the retrospective nature of the major-
ity of the comparative studies, their limited sample size,
and inter-study high heterogeneity, a pooled comparison
between the MPVR and BPVR was not conducted, and
their results were just systematically reviewed.
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Quality assessment

Among the included 16 studies, 4 studies [9, 14, 15, 39]
were comparative, and the remaining 12 studies were
non-comparative [8, 28—-38]. The total NOS scores for
comparative studies were in the range of 7 to 9 out of 9,
and the total scores for non-comparative studies were 6
or 7 out of 7. All studies scored well in the assessment
of risk of bias, indicating the acceptable methodological
quality of the included studies. The results of the quality
assessment are shown in Supplementary Table S3.

Outcomes

As mentioned earlier, considering the validity of the avail-
able patient-level study [38], valvular thrombosis, reinter-
vention, and all-cause mortality were not re-analyzed.
The results of the pooled cumulative incidence propor-
tion of each outcome are represented subsequently. Dif-
ferent outcomes reported by each study are presented in
Table 3.

Valvular thrombosis, reintervention, and all-cause
mortality

The patient-level study [38] was a multicenter retro-
spective study conducted in 2017. This study collected
data from studies reporting at least 15 MPVR patients
between 2009 and 2015, hence including the data of 7
other included studies [8, 14—16, 28, 29, 32]. Overall, they
collected the data on 364 first MPVR patients. The mean
(standard deviation (SD)) age of the patients was 27.16
(12.2) years at the time of MPVR, with a median (range)
of 4.26 (0—33) years.

Valvular thrombosis occurred in 35 (9.6%) patients with
a median (range) time of 2.9 (0.3-23.2) years between
PVR and valvular thrombosis. Five-year, 10-year, and
15-year freedoms from valvular thrombosis were 91%
(95% CI, 87-94%), 86% (95% CI, 81-91%), and 79% (95%
CI, 70-87%), respectively.

Reintervention occurred in 20 (5.5%) patients with a
mean (SD) time of 7.6 (5.5) years between the first PVR
and reintervention. Five-year, 10-year, and 15-year free-
doms from reintervention were 97% (95% CI, 94-99%),
91% (95% CI, 85-95%), and 81% (95% CI, 71-90%),
respectively. All-cause mortality occurred in 31 (8.5%)
patients, of whom 1 (22.6%) died operatively, 15 (48.4%)
died of cardiac cause (none were valve- or thrombosis-
related), and in 9 (29%) patients, the cause of mortality
was unknown. Five-year, 10-year, and 15-year survivals
were 95% (95% CI, 92-97%), 91% (95% CI, 85-95%), and
79% (95% CI, 67-88%), respectively. Other outcomes not
reported by the patient-level study [38], are presented
below.
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g g of studies, no tests were performed for publication bias;
PR XXX rather, publication bias was visually investigated in a fun-
- nel plot (Supplementary Figure S7). The summary of key
-5 § X X X X % findings from the meta-analysis of predefined outcomes
_— can be found in Supplementary Table S4.
1%
,_% = Outcomes: comparative studies
é g Y% x x " Four studies [9, 14, 15, 39] compared the outcomes of
BPVR and MPVR (Table 2). The first study compared
2~ 30 patients treated with MPVR versus 32 patients with
& § < % x BPVR [39]. No significant difference was observed
o between the two groups in terms of reintervention, all-
% s cause mortality, valvular dysfunction, and thromboem-
& K& X X X X bolic events (reintervention: MPVR 7 (23.3%) vs. BPVR
3 12 (37.5%), p-value=0.17; all-cause mortality: MPVR 4
$8 (13.3%) vs. BPVR 3 (9.3%), p-value=0.46; valvular dys-
28 X X X X X X X X function: MPVR 1 (3.1%) vs. 5 (15.6%), p-value=0.33;
thromboembolic events: MPVR 3 (10%) vs. BPVR 0
£ g (0.0%), p-value=0.10). Likewise, in the second study [9]
A X XXX XX comparing 43 MPVR and 88 BPVR patients, no signifi-
s cant differences were observed in terms of reintervention,
gé v x % x all-cause mortality, and valvular dysfunction (reinter-
vention: MPVR 6 (13.9%) vs. 4 (4.5%), p-value=0.06;
"= all-cause mortality: MPVR 1 (2.3%) vs. BPVR 0 (0.0%),
82 |x x x x x x p-value=0.15; valvular dysfunction: MPVR 7 (16.2%)
o vs. BPVR 9 (10.2%), p-value=0.32), but reported a sig-
._; g nificantly higher rate of thromboembolic events in
na XX X XXX the MPVR group (MPVR 4 (9.3%) vs. BPVR 0 (0.0%),
N p-value =0.003). In the third study [14] on 54 MPVR and
S § 108 BPVR patients, 5-year freedom from reintervention
IR

X X was 100% for MPVR vs. 90% for BPVR, and the difference
between the groups was significant (p-value=0.018).
However, no significant difference was found between
XXX the groups in terms of survival (5-year survival: MPVR
81% vs. BPVR 75%, p-value=0.1) and bleeding (5-year
freedom from bleeding complications: MPVR 88% vs.
BPVR 96%, p-value=0.08). The last study [15] on 19
MPVR vs. 19 BPVR patients, reported that the 10-year
x x freedom from reintervention was not significantly differ-
ent between the groups (p-value=0.32).

Water-
2004 bolk
2006

Hass

Dea-
rani
2004

2005

XX Discussion

This is a comprehensive and updated systematic review
of the current literature regarding the efficacy and
safety of MPVR. The procedure is still exerted by a few
centers worldwide, which justifies the small number
of studies and their limited sample size. Our updated
review showed that the patient-level analysis published
by Pragt et al. [38] in 2016, encompassing the major-
ity of previously published evidence, is still the most
reliable evidence on valvular durability and patient sur-
vival, reporting freedom rates from valvular thrombosis,

Lillehei Reiss
1965

Table 3 Different outcomes reported in the included studies

Reintervention
Valvular thrombosis
Valvular dysfunction
Thromboembolism
Major bleeding
Infectious endocarditis
Right ventricular failure

Outcomes
Mortality
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Major Bleeding
Study Events Total Proportion [95%-CI]
Bigdelian et al. (2014) 2 30 —-— 0.07 [0.01; 0.22]
Dos et al. (2011) 0 22 0.00 [0.00; 0.15]
Stulak et al. (2010) 4 54 .:F 0.07 [0.02; 0.18]
Haas et al. (2005) 3 14 = 0.21[0.05; 0.51]
Freling et al. (2014) 2 66 0.03[0.00; 0.11]
Waterbolk et al. (2006) 1 27 0.04 [0.00; 0.19]
Kim et al. (2021) 1 43 0.02 [0.00; 0.12]
Shin et al. (2013) 1 37 0.03 [0.00; 0.14]
Horer et al. (2009) 0 19 0.00 [0.00; 0.18]
Ovcina et al. (2011) 2 24 Jl-.— 0.08 [0.01; 0.27]
Common effect model 16 336 é 0.05[0.03; 0.08]
Prediction interval — [0.03; 0.08]

Heterogeneity: 12 = 0%, t* =0, p = 0.52 NN I I B B
0 0102030405

Fig. 1 Cumulative incidence of major bleeding in mechanical pulmonary valve replacement

Valvular Dysfunction

Study Events Total Proportion [95%-Cl]
Bigdelian et al. (2014) 1 30 -.—|— 0.03 [0.00; 0.17]
Dos et al. (2011) 3 22 | 1 0.14 [0.03; 0.35]
Stulak et al. (2010) 0 54 E | 0.00 [0.00; 0.07]
Haas et al. (2005) 0 14 B 0.00 [0.00; 0.23]
Freling et al. (2015) 6 66 + 0.09 [0.03; 0.19]
Waterbolk et al. (2006) 1 27 31— 0.04 [0.00; 0.19]
Kim et al. (2021) 7 43 ' = 0.16 [0.07; 0.31]
Shin et al. (2013) 2 37 —.'— 0.05[0.01; 0.18]
Horer et al. (2009) 2 19 L 0.11[0.01; 0.33]
Gholampour Dehaki et al. (2019) 48 396 ' 0.12 [0.09; 0.16]
Common effect model 70 708 < 0.10 [0.08; 0.12]
Prediction interval [0.02; 0.25]

Heterogeneity: /2 = 0%, 1° = 0.2914, p = 0.74 rTTrTT1
00.05 0.15 0.25

Fig. 2 Cumulative incidence of valvular dysfunction in mechanical pulmonary valve replacement
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Thromboembolic Events

Study Events Total
Bigdelian et al. (2014) 3 30
Dos et al. (2011) 0 22
Stulak et al. (2010) 1 54
Haas et al. (2005) 0 14
Freling et al. (2015) 1 66
Waterbolk et al. (2006) 0 27
Kim et al. (2021) 4 43
Shin et al. (2013) 0 37
Common effect model 9 293

Proportion [95%-CI]

0.10 [0.02; 0.27]
0.00 [0.00; 0.15]
0.02 [0.00; 0.10]

0.00 [0.00; 0.23]
0.02 [0.00; 0.08]
0.00 [0.00; 0.13]
0.09 [0.03; 0.22]
0.00 [0.00; 0.09]

0.03 [0.02; 0.06]

Prediction interval

[0.00; 0.26]

Heterogeneity: 1? = 0%, 1° = 0.8470, p = 0.65 !

0 0.050.10.150.20.25

Fig. 3 Cumulative incidence of thromboembolic events in mechanical pulmonary valve replacement

Infectious Endocarditis

Proportion [95%-ClI]

0.07 [0.01; 0.22]
0.01 [0.00; 0.03]

B

0.07 [0.00; 0.34]
0.00 [0.00; 0.07]
0.00 [0.00; 0.14]

0.01 [0.01; 0.03]
[0.00; 0.04]

Study Events Total
Bigdelian et al. (2014) 2 30 S
Gholampour Dehaki et al. (2019) 4 396 *
Haas et al. (2005) 1 14 =
Stulak et al. (2010) 0 54 I]—
Stammnitz et al. (2022) 0 24

|
Common effect model 7 518 &
Prediction interval —
Heterogeneity: /2 = 37%, 1= 0, p = 0.17 J !

0 0.05 0.1 0.15 0.2 0.25 0.3

Fig. 4 Cumulative incidence of infective endocarditis in mechanical pulmonary valve replacement

reintervention, and all-cause mortality at 91%, 97%, and
95%, respectively. However, despite its large sample size
and the unified approach to outcome reporting, outcome
assessment in the majority of the previous studies was
retrospective and some major determinants were not
analyzed. Thus, new pooled analyses were performed
for remaining pivotal outcomes such as major bleeding,
which despite acceptable and low incidence proportions,
the majority of the data are derived from retrospective
cohorts. Our meta-analysis indicated low pooled inci-
dence proportions for key outcomes, including major
bleeding (5 [95% CI 3-8]), valvular dysfunction (10 [95%
CI 8-12]), thromboembolic events (3 [95% CI 2—6]), and
infectious endocarditis (1 [95% CI 1-3]).

In other words, none of the studies included in the
meta-analysis were randomized trials, and only 2 were
prospective cohorts, one of which had a matched com-
parison group. Finally, similar methodological limitations
existed in the available comparative studies on MPVR
versus other valve types which rendered any direct
comparison.

Bioprosthetic valves are widely utilized during PVR
due to their better-matched size, their lower risk of
thromboembolic events, and lack of need for lifelong
anticoagulation [8, 9]. On the other hand, mechanical
valves are considered more durable but bear a high risk
of thrombosis and warrant anticoagulation therapy with
vitamin K antagonists (VKAs), which might translate to
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excess bleeding events. Consequently, valve durability
and thrombosis, patient survival, and major bleeding are
the major determinants for the selection of optimal heart
valves.

The rate of valve dysfunction, defined as structural or
nonstructural valve-related abnormality not caused by
thrombosis or infection [19], among the included stud-
ies in the current analysis was between 0% and 16.2%,
with a pooled rate of 10% (95% CI 8%-12%) (Table 1).
In the patient-level multicenter study by Pragt et al.,
10-year freedom from reintervention was 91% (95% CI,
85-95%) [38]. A heterogenous rate of 36% [40] to 96%
[41] was reported for valvular failure and reintervention
in patients with BPVR, which varied based on biopros-
thesis types and characteristics of patients. For instance,
younger age, pulmonary atresia with ventricular sep-
tal defect, and stentless bioprosthetic were associated
with an increased risk of reintervention [12, 42, 43].
The pooled rate of 5-year redo PVR was 4.9% in a meta-
analysis of 48 studies including patients with PVR after
operative repair of ToF [6]. In a recent updated meta-
analysis of 84 studies, the rates of redo PVR in patients
with repaired ToF were 3.7% and 16.8% within 5 years
and 10 years, respectively [11]. Of note, all the described
systematic reviews limited their population to ToF
patients and occasionally, their population has a small
subgroup of MPVR. The median BPVR durability in a
recent nationwide study was 17 years and was inversely
associated with younger patient age at PVR and a smaller
true inner valve diameter [44]. In summary, available
evidence showed potentially similar valve durability in
patients undergoing MPVR with an acceptable rate of
reintervention. It should be noted that, unlike biopros-
thetic valves, percutaneous valve-in-valve redo PVR
cannot be performed in patients with prior MPVR. High-
quality prospective studies are required to ascertain the
durability of mechanical valves compared to bioprosthe-
ses in the pulmonary position.

Contrary to the durability, valve thrombosis is a major
concern in MPVR. Compared to bioprosthesis, mechani-
cal valves carry a substantially higher risk of thrombosis,
and approximately 95% of prosthetic valve thrombosis
occurs in mechanical valves [45]. To date, no mechani-
cal prosthetic valve has been designed specifically for
the pulmonary position, and aortic mechanical prosthe-
ses are usually employed during the PVR [38]. However,
due to the lower blood pressure in the right heart com-
pared to the left, the rate of mechanical valve thrombo-
sis in the pulmonary position is higher than in the aortic
position. The rate of mechanical valve thrombosis in the
aortic position has been estimated to be between 0 and
0.6% per patient-year [46—48], while, for the MPVR, it
is reported to be 1.7% per patient-year [38]. However,
the rate of valvular thrombosis after MPVR shows large
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variations between studies from various centers, from
0% [36] up to 10.3% [37] (Table 1). Inadequate antico-
agulation is considered the most crucial factor leading to
mechanical valve thrombosis [39]. Direct oral anticoagu-
lants were inferior to VKAs in several RCTs in patients
with mechanical prosthetic valve thrombosis [49-52].
Thus, VKAs remain the only anticoagulant for the life-
long treatment of patients with mechanical heart valves,
which have a narrow therapeutic window and require
routine international normalized ratio (INR) monitoring
[49]. Apart from VKA-related challenges, unlike the left
prosthetic heart valves, no definite INR range was defined
for MPVR by international guidelines [2, 3] and stud-
ies reported varied thrombosis and bleeding outcomes
based on their tested INR range [9, 37-39]. The pooled
estimates in our meta-analysis detected a rate of 3% (95%
CI 2%-6%) for thromboembolic events in MPVR. On
the other hand, the risk of hemorrhagic complications
increases exponentially in INR above 4.5 [53]. The rate of
major bleeding across the included studies is estimated
to be 5% (95% CI 3%-8%). In comparison with BPVR,
the rate of hemorrhagic complications is believed to be
higher in MPVR due to the life-long use of VKAs. In the
study by Stulak et al. [14], the rate of major bleeding was
compared between 54 patients with MPVR and 104 age-,
gender-, and diagnosis-matched patients with BPVR.
In MPVR group 3 of 54 patients and in BPVR group 4
of 108 patients developed major bleeding events; how-
ever, it should be noted that two of the four patients with
major bleeding in the BPVR group were taking warfarin
for atrial fibrillation. Actuarial freedom from bleeding
events was 88% for the MPVR versus 96% for the BPVR
(p=0.08). Similarly, Bigdelian et al. reported major bleed-
ing in 6.7% of patients with MPVR and 0% in patients
undergoing BPVR [39]. The majority of available system-
atic reviews on BPVR patients did not address bleeding
outcomes [6, 11, 54, 55]. Although these findings were
not derived from fully adjusted analyses, it is highly plau-
sible that real-world practice follows similar patterns. In
this regard, adequate availability of anticoagulation ser-
vices and approaches to educating patients about anti-
coagulation therapy play crucial roles in achieving stable
anticoagulation in the therapeutic range and prevention
of thromboembolic and hemorrhagic events [38, 49].
Concerning mortality, the results of the multicenter
study by Pragt et al. indicated a 10-year survival rate of
91% (95% CI, 85-95%) in patients undergoing MPVR [38].
Similar survival rates have been reported for patients
undergoing BPVR. In a study using homografts in 136
patients, the rate of 10-year survival was 91%, and the
mortality was associated with the male sex, older age at
the time of operation, and the use of preoperative diuret-
ics [56]. The recent meta-analysis of PVR in patients with
ToF reported a pooled mortality rate of 6.2% in 10 years
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Table 4 Gaps of evidence in mechanical pulmonary valve replacement

Condition Question

Indication
Valve type selection

Which patients are more suitable for MPVR versus BPVR? What are the potential predictors for valve selection?
Are left-sided heart valves for right-sided valves pathologies?

Should potentially-less-thrombogenic heart valves (e.g.,, On-X) be more advocated for right-sided valve pathologies?

Medical therapy
Optimum INR range
RV dilatation therapies
PAH therapies

Follow-up
Long-term outcomes

What is the optimum INR range in patients with MPVR?
What is the optimal right-sided heart failure medical treatment in patients undergoing PVR?
Is there a role for PAH therapies in ToF before or after PVR?

How long is the valve durability after MPVR? Are patients with right-sided valve replacement more susceptible to

valvular dysfunction compared to left-sided valve replacement?
What proportion of the patients undergoing MPVR will experience adverse events (e.g., endocarditis, major bleed-
ing, RV failure, and valve thrombosis)? Do PVR and ventricular tachycardia ablation decrease the risk of sudden

cardiac death?

Quiality of life What are the determinants of impaired quality of life in patients undergoing MPVR?
Serial testing What is the optimal timing for PVR in asymptomatic patients with ToF?
Imaging What is the best protocol of imaging for follow-up after MPVR?
Special populations

Pregnancy

Is there room for MPVR in women at childbearing age considering the potential higher durability?

BPVR, bioprosthetic pulmonary valve replacement; INR, international normalized ratio; MPVR, mechanical pulmonary valve replacement; PAH, pulmonary arterial
hypertension; PVR, pulmonary valve replacement; RV, right ventricle; ToF, tetralogy of Fallot; VKA, vitamin K antagonist

[11]. In another systematic review, the 10-year survival
rate after PVR in patients with repaired ToF ranged from
76.4 to 100% [54]. It is worth mentioning that mortality
after right-sided valve replacement surgeries is strongly
associated with patient characteristics and underly-
ing diseases [42, 57]; therefore, these findings should be
interpreted with caution. Regarding IE, our meta-analysis
indicated a rate of 1% (95% CI 1%-3%), which was in line
with the previous estimates of 1-6% [58]. Similar IE rates
have been reported for mechanical and bioprosthetic
valves [58].

Limitations

This study has some limitations that merit consideration.
First, all the included studies had observational designs,
which may be subjected to selection or reporting bias.
Second, because of the publication of a patient-level mul-
ticenter study by Pragt et al. [38] and the overlap between
this study and several previously published articles, we
were unable to conduct a meta-analysis for the three
outcomes of valvular thrombosis, reintervention, and
all-cause mortality. Third, the number of comparative
studies was limited, and the direct statistical comparison
between MPVR and BPVR was not plausible.

Conclusions

In the present systematic review, available evidence
regarding the efficacy and safety of MPVR was reviewed.
Considering the quality of the evidence, we believe a
significant knowledge gap (summarized in Table 4) still
exists on the selection of optimal prosthetic valves in
patients undergoing PVR. As proven by studies of left

heart valves and considering the complexity of the pri-
mary etiology of PVR, the one-size-fits-all approach will
probably fail, and the determination of valid predictors is
crucial.
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