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Pulmonary artery stenosis remains a significant challenge following
congenital heart disease surgery, often requiring pulmonary artery patch
arterioplasty and subsequent reintervention due to recurrent obstruction.
Although anatomical site and patch material have been proposed as
potential determinants of long-term outcomes, their independent
contributions remain uncertain. This systematic review aimed to evaluate
the association between anatomical site and patch material and the risk of
reintervention following pulmonary artery patch arterioplasty in patients
with congenital heart disease. A systematic review was conducted
according to the PRISMA 2020 guidelines. PubMed/MEDLINE, Embase,
Scopus, Web of Science, and Cochrane CENTRAL were searched from
inception through September 2026. Studies reporting reintervention
outcomes after pulmonary artery patch augmentation were included. Due
to heterogeneity in anatomical locations, patch materials, outcome
definitions, and analytical approaches, the findings were synthesized
narratively. Risk of bias was assessed using the ROBINS-I tool. Eighteen
non-randomized studies involving 2,696 patients were included.
Anatomical site demonstrated a consistent association with reintervention
risk, with branch pulmonary artery reconstruction showing higher
reintervention rates compared with main pulmonary artery reconstruction
or transannular patch augmentation. Bilateral branch pulmonary artery
involvement was also associated with an increased risk of reintervention.
In contrast, the effects of patch material were inconsistent, with most
comparative studies showing no significant differences among materials.
The anatomical characteristics of pulmonary artery reconstruction appear
to be stronger determinants of reintervention risk than patch material.
Future multicenter studies with standardized outcome definitions and
long-term follow-up are required to further clarify the potential effects of
patch materials.

INTRODUCTION

Pulmonary artery stenosis remains one of the most persistent challenges in congenital
cardiac surgery. It may occur as an isolated lesion, as part of tetralogy of Fallot, pulmonary
atresia with ventricular septal defect, single-ventricle pathways, or as an acquired consequence
of prior shunts, pulmonary artery banding, or surgical repair. The obstruction may involve the
main pulmonary artery, extend across the bifurcation, or involve the branch pulmonary arteries
toward the hilum, with morphological variations ranging from discrete narrowing to diffuse
hypoplasia. The physiological consequences are substantial. Persistent obstruction increases
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right ventricular workload, reduces pulmonary blood flow to the affected lung, and in patients
with single-ventricle physiology may compromise the low-resistance pulmonary vascular bed
required for successful Glenn and Fontan circulation (Hiremath et al., 2021; Soquet et al.,
2019).

Surgical patch augmentation remains the primary treatment option when lesions are
proximal, extensive, or unsuitable for catheter-based intervention, and it is commonly
performed concurrently with repair of the underlying congenital defect. Operative mortality in
contemporary series is low (Ye et al., 2023). However, long-term durability remains a major
concern. Recurrent or persistent stenosis at the augmented segment occurs frequently enough
that reintervention, including balloon angioplasty, stent placement, or repeat surgery, has
become a recognized component of long-term management (Cresalia et al., 2018). Each
reintervention carries additional risks, and patients and families require realistic expectations
regarding long-term outcomes after repair.

Two operative factors under the surgeon's control have been proposed as potential
determinants of durability. The first is anatomical location. A patch placed on the main
pulmonary artery or across the pulmonary annulus is positioned within a wider, higher-flow
region with greater tissue availability. In contrast, a patch placed on a branch pulmonary artery
involves a smaller vessel constrained by surrounding structures, including the bronchus and
pericardial reflections, with lower flow conditions and greater relative growth demands during
childhood development. Branch pulmonary artery development after palliation is variable and
influenced by the source and magnitude of pulmonary blood flow, providing a physiological
rationale for the potential importance of anatomical location (Santoro et al., 2009; Zhou et al.,
2020).

The second factor is patch material. Materials currently used in clinical practice include
autologous pericardium, glutaraldehyde-treated autologous pericardium, cryopreserved and
decellularized allografts, bovine and equine pericardial patches, porcine small intestinal
submucosa, and expanded polytetrafluoroethylene (ePTFE). These materials differ
substantially in handling characteristics, host tissue response, durability, and cost (Chlupac et
al., 2022). The biological rationale underlying newer materials is based on improving
biocompatibility and reducing adverse tissue responses. Glutaraldehyde fixation may increase
the risk of tissue calcification, which has led to the development of anticalcification treatments
for bovine pericardial materials (Bell et al., 2019; Kaneko et al., 2022; Neethling et al., 2020).
Decellularized scaffolds are designed to facilitate host cell repopulation and potentially support
tissue remodeling and growth.

The challenge is that anatomical location and patch material are rarely evaluated
simultaneously. Studies comparing materials often combine different anatomical sites, whereas
studies examining anatomical risk factors frequently do not separate outcomes by patch
material. Furthermore, material selection is not random; homograft and xenogeneic patches
may be preferentially used for more complex branch pulmonary artery reconstructions.
Consequently, material comparisons that do not account for anatomical location may
incorrectly attribute outcomes to the patch material rather than the vascular site, while
anatomical comparisons that ignore material effects may introduce similar confounding.

Differences in outcome denominators further complicate interpretation. Some studies
report outcomes per patient, others per patch, and others per reconstructed anatomical site. A
single patient may receive multiple patches, such as a transannular patch and bilateral branch
pulmonary artery patches, within the same cohort. Therefore, event rates calculated per patient
and per anatomical location are not directly interchangeable. Analyses using different
denominators without clear justification may create misleading comparisons.

Follow-up duration also influences interpretation of outcomes. Recurrent stenosis after
pulmonary artery patch augmentation is generally not an immediate postoperative event but
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develops over months to years as children grow and patched segments may fail to
accommodate somatic growth. A study reporting no failures at 12 months and another reporting
substantial reintervention rates at 10 years may be observing similar biological processes at
different stages of follow-up. This consideration is particularly important for studies describing
early clinical experience with specific patch products.

Meanwhile, catheter-based interventions have continued to advance. Cutting balloon
angioplasty and stent implantation are now established treatment options for branch pulmonary
artery lesions, including lesions involving the bifurcation (Cobb et al., 2021; Fujita et al., 2024;
Hiremath et al., 2019). This evolution has changed the interpretation of reintervention as an
outcome measure. A catheter-based intervention reported in a recent cohort may not represent
the same clinical event as a surgical reoperation reported in earlier decades, and changes in
treatment thresholds over time may influence reported rates. Systematic reviews spanning
different eras must account for these differences.

The clinical implications are significant. If anatomical location is the dominant
determinant, the critical surgical consideration is the extent of reconstruction required within
the branch pulmonary arteries, while postoperative management should emphasize surveillance
of patients with branch reconstructions. If patch material is the dominant determinant, material
selection becomes the primary consideration, and differences in material cost would need to be
justified by measurable clinical benefits. At present, however, the available literature does not
provide sufficient evidence to determine the relative contribution of these factors.

The existing literature consists predominantly of single-center retrospective studies,
several of which report early experiences with specific patch products, alongside narrative
reviews of patch materials. No systematic review has comprehensively evaluated anatomical
location and patch material together using a standardized approach. This review was therefore
conducted to identify studies reporting outcomes after pulmonary artery patch arterioplasty in
congenital heart disease, evaluate the influence of anatomical location and patch material on
reintervention, assess the risk of bias within the available evidence, and determine the certainty
of conclusions that can be drawn from the current literature (Agarwal et al., 2022; Dodge-
Khatami et al., 2012; Taksaudom et al., 2024).

METHOD
Protocol and reporting

This review was conducted and reported in accordance with the PRISMA 2020
statement. As all included studies were non-randomized, their methodological characteristics
were assessed against the STROBE framework (von Elm et al., 2007). The findings were
synthesized narratively following the SWiM reporting guideline for synthesis without meta-
analysis (Campbell et al., 2020). A protocol was prepared for registration in PROSPERO and
was included with this report. No modifications were made to the eligibility criteria or outcome
definitions after completion of the searches.
Eligibility criteria

Studies were eligible if they enrolled patients of any age with congenital heart disease
who underwent surgical patch augmentation of the pulmonary arterial tree, at the main
pulmonary artery, across the pulmonary annulus, or at one or both branch pulmonary arteries,
and if they reported reintervention. Reintervention was defined as any subsequent surgical
reoperation or catheter-based balloon angioplasty or stent implantation directed at the
augmented segment or at the pulmonary arteries. Comparative and single-arm designs were
both eligible, since a single-arm series of a defined material contributes to the material question
without an internal comparator. Case series of fewer than ten patients or ten patches were not
eligible. Reviews, editorials, protocols, conference abstracts without a full report,
computational and in-silico studies and animal studies were excluded, as were reports in which
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the patch served as a tube graft rather than as a patch, reports of aortic or neoaortic arch
reconstruction in which pulmonary artery tissue was the donor material, and reports in which
pulmonary artery outcomes could not be separated from other implant positions. No language
or date restriction was applied.
Information sources and search

PubMed/MEDLINE, Embase, Scopus, Web of Science and Cochrane CENTRAL were
searched from inception to 10 September 2026. The strategy combined four concept blocks:
pulmonary artery anatomy, patch arterioplasty and its synonyms, congenital heart disease and
its principal diagnoses, and reintervention, reoperation and outcome terms, using controlled
vocabulary and free text adapted to each interface. The full strategy for every database, with
the interface used, the date of execution and the number of records returned, is reproduced in
the accompanying search strategy document. Reference lists of all included reports and of the
narrative reviews identified during screening were hand-searched for further eligible studies.
Study selection

Records were deduplicated and then screened on title and abstract by two reviewers
working independently against the eligibility criteria. Reports passing that screen were
retrieved in full and assessed independently by the same two reviewers. Disagreement at either
stage was resolved by discussion until consensus was reached, and no third adjudicator was
required. Reasons for exclusion were recorded for every full-text report that did not meet the
criteria. All eighteen included studies were read at full-text level before extraction.
Data extraction

Data were extracted independently in duplicate into a predefined 27-field ledger covering
study identity, design, setting, enrolment period, population, sample size, anatomical site or
sites of patch placement, patch material or materials, comparator, follow-up duration, the
reintervention outcome and its definition, and the effect estimate as reported. Extracted values
were compared between reviewers and discrepancies reconciled against the source. Every
number was recorded together with the table, figure or paragraph from which it was taken. The
PMID of every included study was confirmed to resolve in PubMed and the DOI in Crossref.
Items not reported in a source were recorded as not reported and were never imputed.
Risk of bias assessment

Risk of bias was assessed with ROBINS-I, which is intended for non-randomised studies
of interventions and was appropriate for every included study (Sterne et al., 2016). Each study
was judged independently by two reviewers across the seven domains of confounding,
selection of participants, classification of interventions, deviations from intended interventions,
missing data, measurement of outcomes, and selection of the reported result, with an overall
judgement of low, moderate, serious or critical. Disagreement was resolved by discussion. The
Newcastle-Ottawa Scale was considered and set aside, because its star-based scoring does not
separate the confounding structures that dominate this literature (Stang, 2010). The conduct of
the review itself was checked against AMSTAR 2 (Shea et al., 2017).
Synthesis and certainty of evidence

Meta-analysis was prespecified as conditional on the included studies sharing a unit of
analysis, an anatomical position and an outcome definition. That condition was not met. Studies
report per patient, per patch and per implant location; they mix main pulmonary artery,
transannular, branch and bifurcation positions; and the threshold for reintervention ranges from
a protocolised echocardiographic gradient to undefined clinical judgement. Pooling across
those differences would yield a precise number corresponding to no real quantity, so no pooled
estimate was calculated. Findings were grouped by comparison, first by anatomical site and
then by patch material, and within each group the direction of effect, the magnitude as reported
and the consistency across studies were described. Certainty for each comparison was rated
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with GRADE, starting at low for a body of non-randomised evidence and adjusted for risk of
bias, inconsistency, indirectness, imprecision and large effect (Guyatt et al., 2011).

RESULTS AND DISCUSSION
Study selection

The five database searches returned 436 records: 96 from PubMed/MEDLINE, 121 from
Embase, 108 from Scopus, 84 from Web of Science and 27 from Cochrane CENTRAL. One
hundred and thirty-two duplicates and a further five records were removed before screening,
leaving 299 records for title and abstract screening. Of these, 268 were clearly irrelevant and
were excluded. Full text was sought for 31 reports and obtained for 28; three could not be
retrieved. The 28 retrieved reports were assessed against the prespecified criteria and 10 were
excluded: three described no pulmonary artery patch arterioplasty or the wrong procedure, two
reported no extractable reintervention outcome, two did not report patch material separately,
one presented a mixed congenital heart disease cohort from which pulmonary artery data could
not be separated, one was a duplicate or overlapping cohort, and one had an ineligible design
or insufficient clinical data. Eighteen studies met all criteria and were included. Hand-searching
the reference lists of the included reports and of the narrative reviews identified during
screening yielded no further eligible study. The flow of records is given in Table 1.

Table 1. Flow of records through the review, reported according to PRISMA 2020.

Stage Detail n
Identification Records identified from PubMed/MEDLINE 96
Records identified from Embase 121
Records identified from Scopus 108
Records identified from Web of Science 84
Records identified from Cochrane CENTRAL 27
Total records identified from databases 436
Records remoyed before Duplicate records removed 132
screening
Records removed for other reasons 5
Screening Records screened on title and abstract 299
Records excluded as clearly irrelevant 268
Retrieval Full-text reports sought for retrieval 31
Reports not retrieved (full text unavailable) 3
Eligibility Reports assessed against the prespecified criteria 28
Reports excluded with reasons No pulmonary artery patch arterioplasty or wrong procedure 3
No extractable reintervention outcome 2
Patch material not reported separately 2
Mixed congenital heart disease cohort without separable pulmonary |
artery data
Duplicate or overlapping cohort 1
Ineligible study design or insufficient clinical data 1
Total full-text reports excluded 10
Included Studies included in the review 18

Note. Searches covered each database from inception to 10 September 2026. All eighteen
included studies were read at full-text level before data extraction. Hand-searching the
reference lists of the included reports and of the narrative reviews identified during screening
produced no further eligible study. The itemised list of the ten excluded full-text reports, each
with its individual reason, is held by the review team and accompanies the submission as a
supplementary file.

Characteristics of included studies

The 18 included studies were published between 2012 and 2026 and together report 2696

patients across the seventeen studies that state a total denominator; one study did not report its
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sample size. Fourteen were retrospective cohorts, three were retrospective case series and one
was a prospective post-market cohort with a retrospective historical control. All were single-
centre. Seven were conducted in the United States, three in Germany, two in South Korea, and
one each in Sweden, Canada, Poland, Saudi Arabia and Turkey. Enrolment periods ran from
two to twenty-eight years, and median or mean follow-up from roughly sixteen months to 13.8
years. Populations were predominantly infants and young children. Tetralogy of Fallot or a
variant of it accounted for the largest cohorts, with hypoplastic left heart syndrome and
pulmonary atresia with ventricular septal defect prominent in the single-ventricle series.
Anatomical position was reported in twelve studies and patch material in fifteen. Full
characteristics are given in Table 2, and the distribution of patch sites and materials across the
included cohorts in Table 3.

Table 2. Characteristics of the eighteen included studies.

Stud Design and
Y enrolment Population and n Patch site Patch material Follow-up
country .
period
von . . . Main PA or ePTEE 99.’ equine
Retrospective  Biventricular CHD pericardium 34,
Stumm . . transannular Mean 4 (SD
cohort, 2012 with PA stenosis, autologous
2023, 131; branch . ; 2) years
to 2018 156 pericardium 25,
Germany PA 25 . . .
bovine pericardium 5
Blfu;?g;?n to Autologous
Lewis Retrospective Pulmonary arterial branches: 153 pericardium 166, Median 13.8
2023, cohort, 1993 tree arterioplasty, unilateral and pulmonary cars
Sweden to 2020 217 . homograft 126, other y
159 bilateral
21
patches
Branch homograft
Ebert 92, bovine
Retrospective  PA reconstruction, ~ Main PA 80 pericardium 44, .
2020, . o Median 3.72
United cohort, 2000 180 patients and sites; branch autologous years
to 2014 214 sites PA 134 sites pericardium 41,
States .
porcine submucosa
37
Cresalia . . .
Retrospective  Biventricular CHD  Branch PA, .
20.1 8’ cohort, 10- with branch PA unilateral and Not reported Median 4.0
United . . . separately years
year period stenosis, 135 bilateral
States
Prospective
Hopkins cohort with Congenital Pulmonary Decellularised
2014, historical cardiovascular arterioplasty,  allogeneic PA patch  Intermediate
United control, 2009 reconstruction, 100 of 120 versus cryopreserved term
States to 2012 and 208 patches allograft or synthetic
2006 to 2009
Bonilla- Decellularised
Ramirez  Retrospective Single-ventricle Branch PA Versul; non- To pre-
2023, cohort, 2008 pulmonary during staged . Fontan
. . 2. decellularised
United to 2017 arterioplasty, 59 palliation . assessment
allogeneic PA patch
States
Murin Retrospective . .
Branch PA Branch PA, Decellularised Median 20
2021, cohort, 2016 augmentation, 96 147 locations equine pericardium months
Germany to 2019 & ’ q p
Fraint PA
2016 Retrospective PA patch augmentation,  Extracellular matrix ~ Longer in the
. cohort, 2004 augmentation, site not versus standard standard
United
States to 2013 total n not reported reported patch patch group
separately
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Stud Design and
Y, enrolment Population and n Patch site Patch material Follow-up
country .
period
Retrospective Branch PA;
Wilder cohort with Complete hilar versus s izterlep(;rtiz(‘tie 10-year
2016, risk-adjusted  tetralogy of Fallot proximal P Y & freedom from
. . defined by extent of . .
Canada modelling, repair, 434 versus auementation reintervention
2000 to 2012 unaugmented &
Kim . .
2016, Retrospegtlve Postoperative PA Illlght PAS, Sutureless patch Mean 60.9
South CasE SCTIES, stenosis, 28 cft PA 10, angioplasty (SD 33.1)
2004 to 2015 ’ bilateral 13 months
Korea
Gladki Retrosp e(;tlve PA or RVOT .Mam P4, Extracellular matrix ~ Median 483
2026, case series, reconstruction. 25 right PA, left atch davs
Poland 2023 to 2024 > PAand RVOT p Y
Haney Retrospective Congenital cardiac PA repair in Small intestinal
2022, P surgery, 309 P submucosal ECM, Median 3.9
. cohort, 2012 . 181 of 408
United t0 2019 patients and 408 atches four-ply 376 and years
States patches p two-ply 32
Weixler  Retrospective Patch PLAefltSO3r rlfaliliil
p implantation, 201 ’ Decellularised Median 29.7
2022, cohort, 2016 . PA 18, . . .
patients and 314 equine pericardium months
Germany t0 2020 location transannular
ocations or RVOT 20
Elassal Retrospective Main PA 26, Equine pericardium
2021, p Congenital cardiac  right PA 7, dquine p : Not
; cohort, 2017 83 versus bovine .
Saudi t0 2020 surgery, 111 left PA 9 of ericardium 61 quantified
Arabia 144 patches p
Kim Proximal left
2014 Retrospective ~ Tetralogy of Fallot PA using a Autologous Mean 26.4
Sou t}; cohort, from with pulmonary main PA pericardium 34, (SD 18.6)
2007 stenosis, 42 anterior wall ~ bovine pericardium 8 months
Korea
flap
Lofland .
2012, Retrospec;twe . Neonates aqd RVOT and PA Decellularised Early
United Case SCrIes, infants, 44 patients reconstruction allograft PA patch outcomes
2009 to 2010 and 46 patches
States
Patel Retrospective PA
2021, p Arterial switch reconstruction Fresh autologous Median 8.6
. cohort, 1986 . . . .
United operation, 403 in pantaloon pericardium years
to 2017 .
States configuration
Onalan Retrospective  Unifocalisation for (;::;rci ;If Patch augmentation Not
2022, cohort, period PA/VSD/MAPCA, . 30 versus pericardial .
during quantified
Turkey not stated 48 . .o roll 10
unifocalisation

Note. CHD, congenital heart disease; ECM, extracellular matrix; ePTFE, expanded
polytetrafluoroethylene; MAPCA, major aortopulmonary collateral artery; PA, pulmonary
artery; RVOT, right ventricular outflow tract; SD, standard deviation; VSD, ventricular septal
defect. Counts refer to patients unless stated as patches or locations. Entries recorded as not
reported reflect the source publication and were not imputed.

Table 3. Reintervention by patch site and patch material in the single cohort reporting the full
cross-tabulation.
Patches

Patches Reintervention

Patch site Patch material implanted, n reintervened, n rate, %
Transannular ePTFE 70 6 9
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Patch site Patch material . Patches ‘ Patches Reintervention
implanted, n reintervened, n rate, %
AuFologpus 9 1 11
pericardium
Equine 15 0 0
pericardium
Bovine 4 2 50
pericardium
Main pulmonary ¢PTFE 24 3 13
artery
AuFolog.ous 9 0 0
pericardium
Equine 7 0 0
pericardium
Bovine 0 0 0
pericardium
Left pulmonary PTFE 3 3 100
artery
AuFologpus 5 3 60
pericardium
Equine 8 7 88
pericardium
Bovine 1 1 100
pericardium
Right pulmonary ¢PTFE 2 2 100
artery
AuFologpus 3 ) 67
pericardium
Equine 7 3 43
pericardium
Bovine 0 0 0
pericardium

Note. ePTFE, expanded polytetrafluoroethylene. Values are reproduced exactly as
published by von Stumm and colleagues, the only included study reporting reintervention
cross-tabulated by both patch site and patch material. Two internal inconsistencies in the source
are noted rather than corrected: the patch counts in this table sum to 167, against 163 patches
at 170 patch sites reported elsewhere in the same report, and the material subtotals here give
26 autologous and 37 equine pericardial patches against 25 and 34 reported in that report's
operative table. The reintervened patches sum to 33, which is compatible with the 30 patients
who reached the composite endpoint because some patients had more than one patch
reintervened. The gradient across sites is unaffected by these discrepancies: reintervention was
9% to 13% at transannular and main pulmonary artery positions and 43% to 100% at branch
positions for every material used at both.

Risk of bias

No study was randomised and none was rated at low overall risk of bias. Five were rated
moderate and thirteen serious. Confounding dominated. In every cohort the patch material was
selected by the operating surgeon according to availability, vessel calibre and the difficulty of
the reconstruction, so material is systematically related to the lesion it treats. Selection of
participants added bias where cohorts were restricted to survivors with an intact patch at
discharge, or where patients with early failure were removed from the follow-up denominator.
Missing data recurred as a concern in studies that did not state what proportion of the enrolled
cohort contributed to the reintervention analysis. Measurement of the outcome was generally
sound, since reintervention is an objective and recorded event, and one cohort applied explicit
echocardiographic thresholds before proceeding to angiography and multidisciplinary review.

Available online a https://adshr.org/index.php/vo/index 1301



Stevano Mengko®, Timothy Agung Prabowo Mualim, Andrea Agitha Tarigan, Adeline

Anatomical site as a determinant of reintervention

Four studies compared reintervention by anatomical position and all four pointed the
same way. The largest site-stratified analysis reported freedom from the composite
reintervention endpoint at five years of 92% (SD 3) for patches placed on the main pulmonary
artery or across the annulus against 25% (SD 9) for patches placed on one or both branches.
Branch position remained independently associated with reintervention after adjustment for
weight and staged repair, with an adjusted hazard ratio of 11.44 (95% CI 4.60 to 26.41) (von
Stumm et al., 2023). A cohort of 214 reconstruction sites found a hazard ratio of 0.41 (95% CI
0.16 to 1.07, P = 0.068) for the main pulmonary artery site relative to branch sites, consistent
in direction although the interval crossed unity (Ebert et al., 2020). In a cohort of 314 implant
locations, 47 of 53 patch-related reinterventions (88.7%) occurred in a pulmonary artery
position, which accounted for much of the material implanted but a disproportionate share of
the failures (Weixler et al., 2022). A cohort followed for a median of 13.8 years found
reintervention in 26.6% of lesions spanning both proximal and distal segments against 21.1%
of purely proximal lesions, a smaller difference that did not reach significance (Lewis et al.,
2023).

Laterality behaved consistently in the two studies that examined it. Bilateral branch
stenosis carried an adjusted hazard ratio of 2.8 (P = 0.005) relative to unilateral disease in 135
patients with biventricular physiology, in which neonatal age at operation was the other
independent risk factor (Cresalia et al., 2018). In the 28-year cohort, reintervention occurred in
46 of 159 patches placed for bilateral lesions (28.9%) against 24 of 153 placed for unilateral
lesions (15.7%), P <0.01 (Lewis et al., 2023).

The extent of augmentation, as distinct from its position, was addressed in one risk-adjusted
analysis of 434 tetralogy of Fallot repairs. Carrying the patch to the hilum was associated with
a risk-adjusted 10-year freedom from branch reintervention of 73%, against 87% for limited
extension arterioplasty and 91% for vessels left unaugmented, and the patch group showed
reduced time-related branch growth and higher right ventricular pressure (Wilder et al., 2016).
Two small series reported low reintervention after technique-specific reconstruction of a single
branch: balloon angioplasty in 4 of 42 patients and no reoperation after left pulmonary artery
angioplasty using an anterior wall flap of the main pulmonary artery (Kim et al., 2014), and in
1 of 28 patients with no reoperation after sutureless patch angioplasty (Kim et al., 2016). A
series of 403 arterial switch operations using a single pantaloon patch technique of fresh
autologous pericardium reported pulmonary arterioplasty as the most common reoperation at
11 of 403 (2.7%), at a median of 3.3 years (Patel et al., 2021).

Patch material as a determinant of reintervention

Eleven studies bore on material, and the picture is markedly less consistent. Three cohorts
with an internal material comparison found no association between patch type and
reintervention. Freedom from reintervention did not differ across autologous pericardium,
pulmonary homograft and a heterogeneous group of other materials over a median 13.8 years
(P = 0.29) (Lewis et al., 2023). Patch type was unrelated to reintervention across branch
homograft, bovine pericardium, autologous pericardium and porcine intestinal submucosa
(overall P = 0.197), with autologous pericardium carrying a hazard ratio of 0.36 (95% CI1 0.10
to 1.33) against homograft at a unit cost difference of 6105 United States dollars (Ebert et al.,
2020). Reintervention-free survival did not differ between extracellular matrix and standard
patch material (P = 0.12) (Fraint et al., 2016).

Two comparative studies reported a material effect. Bovine pericardium was
independently associated with reintervention in the site-stratified cohort, with an adjusted
hazard ratio of 4.45 (95% CI 1.29 to 15.41). That estimate rests on five bovine patches, and the
interval is correspondingly wide (von Stumm et al., 2023). Decellularised allogeneic
pulmonary artery patch was associated with higher freedom from reintervention than non-
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decellularised allogeneic patch in 59 single-ventricle patients, with a hazard ratio of 0.36 (95%
CI0.13 to 0.90), in a comparison in which shunt strategy differed between the groups (Bonilla-
Ramirez et al., 2023). A prospective cohort of 106 patients receiving decellularised allogeneic
patches recorded no device-related reoperation against a 14.0% patch failure rate in an
immediately preceding historical cohort of 100 patients (P < 0.0001), a contrast separated by
era (Hopkins et al., 2014). An early series of 44 patients receiving the same class of patch
reported no device-related death or adverse event over approximately one year (Lofland et al.,
2012).

Single-material cohorts contributed performance data without a comparator.
Decellularised equine pericardium gave freedom from patch-related reoperation or stent
implantation per location of 85.8% (95% CI 76.2 to 91.7) at 12 months and 78.7% (95% CI
65.9 to 87.2) at 24 months in 147 branch locations, in a cohort where 89.6% of procedures were
redo operations (Murin et al., 2021). The same material across a wider range of positions gave
91.5% (95% CI 86.7 to 94.6) at 12 months and 85.2% (95% CI 78.9 to 89.6) at 24 months
(Weixler et al., 2022). Small intestinal submucosal extracellular matrix required surgical
reintervention in 10 of 408 patches (2.5%) and percutaneous reintervention in 27 of 408 (6.6%)
over a median 3.9 years, with no difference between four-ply and two-ply construction (Haney
et al., 2022). A series of 25 patients receiving an extracellular matrix patch reported no patch-
related restenosis or dilation over a median 483 days, in a cohort the authors describe as too
small and too briefly followed to support comparative conclusions (Gtadki et al., 2026). A
cohort comparing equine and bovine pericardium across mixed positions recorded recurrent
main pulmonary artery stenosis in 3 of 16 equine and 2 of 10 bovine patches, with a single
branch recurrence and no reoperation for patch-related complications (Elassal et al., 2021). In
unifocalisation for pulmonary atresia with ventricular septal defect and major aortopulmonary
collateral arteries, patch augmentation and a pericardial roll did not differ in reintervention
frequency (P = 0.65), although all reinterventions in the roll group were unilateral while 41.7%
in the patch group were bilateral (Onalan et al., 2022). The synthesis by comparison is set out
in Table 4.

Table 4. Synthesis of findings by comparison and outcome domain

Comparison Studies, n Reported results Direction Consistency
von Stumm: freedom from
reintervention 25% (SD 9) at branch
0 Lo
Branch versus 92% (SD 3) at main site at 5 Favours the

years, adjusted HR 11.44 (95% CI 4.60

pulmonary artery to 26.41). Ebert: main site HR 0.41 lmaln Consistent in
o (95% C10.16 to 1.07), P = 0.068. Do direction across
puimonary artery Weixler: 47 of 53 reinterventions artery or all four studies
or transannular o/ o transannular
tch site (88.7 %) ina pulmgnary artery posr['lon. osition
pa Lewis: reintervention 26.6% for lesions p
spanning proximal and distal segments
versus 21.1% proximal only
Cresalia: adjusted HR 2.8, P = 0.005
Bilateral versus for bilateral stenosis. Lewis: Favours Consistent
unilateral branch reintervention 46 of 159 patches unilateral across both
involvement (28.9%) bilateral versus 24 of 153 involvement studies
(15.7%) unilateral, P < 0.01
Wilder: risk-adjusted 10-year freedom
Extent of branch from branch reintervention 73% for Favours a .
L . . . . Single study,
augmentation in extensive hilar augmentation, 87% for restrained
tetralogy of limited extension arterioplasty and augmentation not
Fallot 91% for unaugmented native vessels, P strategy corroborated
< 0.01; branch growth reduced and
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Comparison Studies, n Reported results Direction Consistency
right ventricular pressure higher in the
patch group
Kim 2014: balloon angioplasty in 4 of
Technique- 42 (9.5%) and no reoperation after Low Consistent, but
specific ) anterior-wall-flap angioplasty. Kim reintervention  from two small
reconstruction of 2016: balloon angioplasty in 1 of 28 in selected single-centre
a single branch (3.6%) and no reoperation after patients series
sutureless patch angioplasty
von Stumm: bovine pericardium
independently associated with
reintervention, adjusted HR 4.45 (95%
. CI 1.29 to 15.41), based on 5 patches. Possible . ]
Bovine . . . . Inconsistent;

. . Ebert: bovine pericardium HR 1.43 disadvantage, 1 ud
pericardium 3 (95% CI 0.52 to 3.92) versus driven by a only one study
versus other _ . reached

) homograft, overall patch-type P = single small .
patch materials 0.197. Elassal: recurrent main stratum significance
pulmonary artery stenosis in 2 of 10
bovine versus 3 of 16 equine
pericardial patches
Bonilla-Ramirez: HR 0.36 (95% CI Directionall
0.13 to 0.90) favouring the . Y
Decellularised decellularised patch. Hopkins: 0 Favours the con51§tir111t, but
versus non- 3 device-related reoperations among 106  decellularised com (;ra tive
decellularised patients versus 14 of 100 (14.0%) in a allogeneic d’p f
allogeneic patch historical control cohort, P < 0.0001. patch stu' les are a
Lofland: no device-related adverse serlolgg risk of
event among 44 patients 1as
Fraint: no difference in reintervention-
free survival, P = 0.12. Ebert: porcine
submucosa HR 1.24 (95% CI 0.41 to
Extracellular 3.71) versus homograft. Haney: Consistent null
matrix versus 4 surgical reintervention in 10 of 408 No detectable across the
conventional patches (2.5%) and percutaneous difference comparative
patch material reintervention in 27 of 408 (6.6%). studies

Gladki: no patch-related restenosis
among 25 patients over a median 483
days

Lewis: freedom from reintervention

No detectable

Autologous similar across autologous pericardium, ) .
. : difference in .
pericardium pulmonary homograft and other reintervention Consistent null
versus 2 materials, P = 0.29. Ebert: autologous with a laree ’ across both
pulmonary pericardium HR 0.36 (95% CI 0.10 to & studies
. cost
homograft 1.33) versus homograft, at a unit cost difference
of 0 versus 6105 United States dollars
Murin: freedom from reoperation or
Decellularised stent implantation per location 85.8% Performance
equine (95% CI 76.2 to 91.7) at 12 months and  comparable to Consistent
pericardium, 2 78.7% (95% CI 65.9 to 87.2) at 24 other between the
single-material months. Weixler: 91.5% (95% CI 86.7 xenogeneic two cohorts
cohorts to 94.6) at 12 months and 85.2% (95% materials
CI 78.9 to 89.6) at 24 months
au rzztrftz tion Onalan: no difference in pulmonary
& artery reintervention, P = 0.65; all No detectable Single small
versus . L ) .
ericardial roll 1 reinterventions in the roll group were difference in study, not
p during unilateral against 41.7% bilateral in the frequency corroborated
unifocalisation patch group
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Comparison Studies, n Reported results Direction Consistency
Low
Standardised Patel: pulmonary arterioplasty was the reoperation .
. . Single study,
pulmonary artery commonest reoperation at 11 of 403 rate with a o internal
reconstruction 1 (2.7%), at a median 3.3 years, with a standardised .
. . . material
after the arterial pantaloon patch of fresh autologous technique in a .
. . . . . comparison
switch operation pericardium used throughout low-risk
position

Note. CI, confidence interval; HR, hazard ratio; SD, standard deviation. Results are
reported as they appear in each source. No pooled estimate was calculated, because the
included studies differ in unit of analysis (patient, patch or implant location), in anatomical
position, in patch material and in the definition and ascertainment of reintervention. Synthesis
follows the SWiM reporting guideline for synthesis without meta-analysis
Certainty of evidence

Certainty was rated low for the comparison of branch against main pulmonary artery
position and for the comparison of bilateral against unilateral involvement. Both start low as
non-randomised evidence, were downgraded for risk of bias or imprecision, and were upgraded
for the size and consistency of the effect. Certainty was very low for every material comparison
and for the single study of augmentation extent. The overall incidence of reintervention was
rated low.

Discussion

This review asks a narrow question of eighteen non-randomised studies: how much of
the risk of later reintervention after pulmonary artery patch arterioplasty attaches to where the
patch is placed, and how much to what it is made of. The literature answers asymmetrically.
Position behaves as a strong and reproducible determinant. Material does not.

Every study that compared reintervention by anatomical position found the branches to
fare worse than the main pulmonary artery or the transannular segment, and in the one cohort
that stratified cleanly by site the adjusted hazard was roughly elevenfold (von Stumm et al.,
2023). Taken singly the corroborating evidence is weaker, with an interval crossing unity in
one cohort (Ebert et al., 2020) and a non-significant difference in another (Lewis et al., 2023).
Taken together, four independent centres working with different materials, eras and case mix
reached the same conclusion, and that convergence is itself informative. Laterality points the
same way: bilateral involvement approximately doubled the hazard in both studies that
examined it (Cresalia et al., 2018; Lewis et al., 2023).

Several explanations are plausible and none excludes the others. The branches are smaller
vessels, so a given absolute degree of neointimal thickening or patch contraction costs a larger
fraction of the lumen. They carry lower flow and lower wall shear stress than the main trunk,
and branch growth after congenital heart surgery depends on the volume and distribution of
pulmonary blood flow, so a segment already underperfused may be least able to remodel
favourably around a patch (Santoro et al., 2009; Zhou et al., 2020). The branches are also
tethered by the bronchus and the pericardial reflection, which limits how a patch can be shaped.
Set against these is confounding by indication. Patients needing branch augmentation have
more extensive disease, and more extensive disease predicts reintervention whatever is sewn
in. The multivariable models in the included cohorts adjust for weight, age and staged repair
but not for a direct measure of baseline lesion severity, so this cannot be excluded and probably
accounts for part of the effect.

The finding on augmentation extent deserves separate weight because it runs against
surgical instinct. In 434 tetralogy of Fallot repairs, carrying the patch to the hilum was
associated with worse 10-year freedom from branch reintervention than limited extension
arterioplasty or leaving the vessel alone, alongside reduced time-related branch growth and
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higher right ventricular pressure (Wilder et al., 2016). Roughly 85% of hypoplastic branches
left native in that cohort grew adequately without instrumentation. This is one risk-adjusted
analysis of an unrandomised strategy, and the comparison partly reflects which vessels
surgeons judged to need aggressive treatment. It nonetheless poses a question worth asking at
the table: whether extensive prosthetic augmentation of a small vessel substitutes non-growing
material for tissue that would have grown.

The material findings read as a null result rather than an absence of data. Three cohorts
with internal comparisons and reasonable follow-up found no association between patch type
and reintervention (Ebert et al., 2020; Fraint et al., 2016; Lewis et al., 2023), and the single-
material series of decellularised equine pericardium and extracellular matrix scaffolds report
performance in the range those comparative cohorts would predict (Gtadki et al., 2026; Haney
et al., 2022; Murin et al., 2021; Weixler et al., 2022). The two positive signals deserve to be
weighed on their own terms. The bovine pericardium association rests on five patches in a
single cohort, with an interval running from 1.29 to 15.41, and it was not reproduced in the two
other cohorts that used bovine pericardium (Ebert et al., 2020; Elassal et al., 2021; von Stumm
et al., 2023). The decellularised allogeneic advantage comes from a comparison in which shunt
strategy differed between groups in a way that independently affects pulmonary artery growth
(Bonilla-Ramirez et al., 2023), and from a historical control separated by era (Hopkins et al.,
2014; Lofland et al., 2012). Neither will carry a change in material selection.

That null has a practical edge. Unit costs across these materials differ by more than two
orders of magnitude, from nothing for untreated autologous pericardium to over six thousand
United States dollars for a branch homograft patch, and one included cohort estimated that
substituting cheaper alternatives would have saved several hundred thousand dollars across the
series with no observable difference in reintervention (Ebert et al., 2020). If material does not
measurably alter durability, then handling, availability, avoidance of a second surgical field
and cost become legitimate primary criteria rather than secondary ones. That is a reading of the
present evidence, not an argument for abandoning any particular material.

The biological case for engineered materials remains reasonable even where the clinical
signal is absent. Glutaraldehyde fixation predisposes autologous and xenogeneic tissue to
calcification (Kaneko et al., 2022), anticalcification treatment of bovine pericardium was
developed to address it (Bell et al., 2019; Neethling et al., 2020), and decellularised scaffolds
are designed to be repopulated by host cells and to grow with the child (Chlupac et al., 2022).
What these series show is that whatever advantage those properties confer is smaller than the
variation introduced by anatomy, case mix and technique, at the follow-up durations so far
published. An advantage emerging only after a decade would not yet be visible in most of these
cohorts, and the two longest-followed studies here are also the two least likely to reflect current
materials.

Comparison across studies is complicated by the endpoint itself. Reintervention is a
decision as much as an event. One cohort triggered angiography at a defined echocardiographic
gradient and then reviewed the case in a multidisciplinary meeting (von Stumm et al., 2023);
others state no threshold at all. Because catheter treatment of branch stenosis has become safer
and more effective across the period these studies span (Cobb et al., 2021; Fujita et al., 2024;
Hiremath et al., 2019), the threshold for acting has probably fallen, so an intervention counted
in a 2023 cohort represents a less severe lesion than one counted in 1995. This biases cross-era
comparison toward apparently worse outcomes in recent series, and the published data do not
allow adjustment for it. It also argues for reporting haemodynamic outcomes alongside
reintervention in future work.

Set against the wider literature these results are unsurprising, but they are rarely stated
together. Narrative reviews of patch materials conclude consistently that no clinical standard
has emerged and that each material trades handling, cost and host response against the others,
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which is what a body of null comparative studies would predict. Series describing the natural
history of branch disease after repair of tetralogy of Fallot, pulmonary atresia with ventricular
septal defect and the arterial switch operation likewise report pulmonary arterioplasty among
the commonest late reoperations, and report its frequency tracking the complexity of the
original pulmonary arterial anatomy rather than the technique used (Dodge-Khatami et al.,
2012; Patel et al., 2021; Soquet et al., 2019; Ye et al., 2023). Contemporary reports of
transannular and right ventricular outflow tract reconstruction, where the patch sits in a wide
high-flow segment, describe durable relief of obstruction with pulmonary regurgitation rather
than restenosis as the dominant late problem, which is the mirror image of what the branch
series report (Agarwal et al., 2022; Taksaudom et al., 2024). The convergence of these separate
literatures on position rather than substance strengthens the inference drawn here.

Several limitations constrain what can be concluded. All eighteen included studies are
single-centre and non-randomised, and thirteen carry a serious overall ROBINS-I rating, so
residual confounding by lesion severity is present throughout and cannot be quantified. Three
reports meeting the screening criteria could not be retrieved in full and may have qualified. No
pooled estimate was calculated, so this review offers direction and approximate magnitude
rather than a summary effect, and the reader should not read the elevenfold hazard from a single
cohort as a pooled quantity. Selective reporting is a genuine concern in a literature where
several reports are early experience with a named product, and a centre whose early experience
was poor has less incentive to publish it. The included cohorts span 1993 to 2026, over which
both materials and catheter alternatives changed substantially, and no analysis here adjusts for
era. Finally, twelve of the eighteen studies report anatomical position and material in a form
that does not permit the two to be separated within the study, which is precisely the limitation
this review set out to characterise and could not overcome.

What would move the field is clear enough. A multicentre registry analysis using the
patch site as the unit of analysis, with a prespecified reintervention definition anchored to a
haemodynamic threshold, baseline vessel Z-scores recorded at the index operation, and follow-
up reaching the second decade, would separate the site effect from the material effect in a way
no single-centre series can. Reporting outcomes separately for main pulmonary artery,
transannular, unilateral branch and bilateral branch positions costs nothing and would make
future synthesis possible. Until such data exist, the defensible position is that branch and
bilateral reconstructions should be expected to need surveillance and often reintervention, and
that patch material should be chosen on grounds other than an unproven durability advantage.

CONCLUSION

Across eighteen non-randomized studies of pulmonary artery patch arterioplasty in
patients with congenital heart disease, anatomical site emerged as the more consistent
determinant of reintervention risk. Patches placed on the branch pulmonary arteries,
particularly in cases involving bilateral branch reconstruction, were associated with higher
reintervention rates than patches placed on the main pulmonary artery or across the pulmonary
annulus. This association was consistently observed across studies that directly compared
anatomical locations. In contrast, patch material was not consistently associated with
reintervention risk across comparative cohorts. The reported associations were limited by small
sample sizes and potential confounding related to surgical era, underlying anatomy, and prior
palliative procedures. The certainty of evidence was low for anatomical site comparisons and
very low for patch material comparisons.

These findings should be considered hypothesis-generating. They suggest that the
anatomical characteristics of the reconstructed pulmonary arteries may have greater prognostic
importance than the specific patch material used. The results also support structured
surveillance strategies following branch and bilateral pulmonary artery augmentation rather
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than relying on symptom-driven evaluation alone. In the absence of demonstrated superiority
of any specific material, considerations such as surgical handling properties, availability, and
cost may reasonably guide material selection. Future prospective multicenter studies using the
reconstructed anatomical site as the unit of analysis, predefined reintervention criteria, and
long-term follow-up extending into the second postoperative decade are required to determine
whether patch material has an independent effect on outcomes that is smaller than the influence
of anatomical factors.
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