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ABSTRACT

Background: Pulmonary valve replacement (PVR) can be accomplished via surgical, transcatheter, or hybrid
approaches. There are inherent advantages to transcatheter PVR and hybrid PVR without cardiopulmonary
bypass. We review the methods and results of a standardized institutional approach to PVR. Methods: Retrospec-
tive review of all PVR cases between February 2017 and February 2020. Hybrid PVR entailed off-pump RVOT
plication with percutaneous transcatheter PVR. Results: Primary transcatheter PVR was attempted in 37, hybrid
PVR was performed in 11, and on-pump surgical PVR was performed in 9. Median age at PVR was 27 years (6–
65). Primary transcatheter PVR was successful in 35/37 (2 converted to surgical). Standard surgical PVR was uti-
lized for positive coronary compression testing (n = 4), stent/valve system migration (n = 2), or patient preference
(n = 3). In the hybrid group mean RVOT diameter was 34 mm (32–38). Median length of stay was 1 day for
transcatheter PVR, 5 for surgical, and 3 for hybrid (p = 0.02). Median follow-up was 1.5 years. Re-interventions
were one balloon valve dilation in a transcatheter PVR, and one valve dilation with subsequent transcatheter
valve-in-valve PVR in the surgical cohort. One hybrid patient expired 11 months post procedure.
Conclusions: A systematic approach to PVR utilizing all approaches in pre-defined order of preference leads
to consistent outcomes in a wide variety of anatomic configurations. Transcatheter PVR may be accomplished
in the majority of patients. When necessary, hybrid off-pump RVOT plication with transcatheter PVR avoids
the need for cardiopulmonary bypass.
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1 Introduction

Right ventricular outflow tract (RVOT) reconstruction is a common operation performed in patients with
congenital heart disease (CHD), often requiring a series of reoperations during the lifetime of the patient due
to conduit or valvular failure [1–4]. Surgical RVOT revision can be performed with a low mortality and
morbidity, but implanted valves have a limited functional lifespan, commonly less than 10 years.
Furthermore, successive surgical pulmonary valve replacement (PVR) procedures may have progressively
increased risk of complications [5].

This work is licensed under a Creative Commons Attribution 4.0 International License, which
permits unrestricted use, distribution, and reproduction in any medium, provided the original
work is properly cited.

DOI: 10.32604/CHD.2021.014373

ARTICLE

echT PressScience

mailto:allenligon@gmail.com
http://dx.doi.org/10.32604/CHD.2021.014373


Transcatheter PVR has become a widely accepted alternative to surgical PVR utilizing cardiopulmonary
bypass (CPB) [6,7]. In suitable patients, transcatheter PVR avoids the need for CPB and a surgical incision,
and is routinely performed with only an overnight stay in the hospital. Thus, there is a very strong patient
preference for this approach in suitable patients, and medium-term outcomes have proven to be
comparable to the traditional surgical alternative [6,8–12]. Currently available transcatheter valves
approved in the U.S. for use in this setting include the Melody transcatheter pulmonary valve (Medtronic,
Minneapolis, MN) and the Edwards Sapien transcatheter heart valve system (Edwards Lifesciences,
Irvine, CA). Numerous studies have demonstrated efficacy of the Melody valve for transcatheter PVR in
RVOTs smaller than 24 mm and Sapien valve for RVOTs smaller than 30 mm [9,12–15]. Unfortunately, a
large portion of patients requiring PVR have RVOT diameters still too large for these currently approved
balloon expandable valve systems.

In order to overcome this limitation, a few centers have reported on the concept of a hybrid transcatheter-
surgical approach to reduce the RVOT diameter off of CPB. This methodology entails limited dissection and
surgical RVOT/pulmonary artery (PA) plication to allow subsequent implantation of transcatheter balloon
expandable systems [16–19]. Data is however, limited in regards to this hybrid approach. Since February
2017, our institution has offered an off-pump hybrid procedure as an additional approach for PVR in
patients with an RVOT too large for available transcatheter valves. The objective of this study is to
outline our institutional systematic approach to PVR, which includes this hybrid approach in preference
to traditional surgical PVR in suitable patients.

2 Material and Methods

We performed an institutional retrospective chart review of all PVR cases and patient follow up
evaluations from February 2017 to February 2020. Transthoracic echocardiograms were performed on all
patient’s pre-procedure, before hospital discharge, and at routine visits postoperatively to evaluate valve
function. Other pre-procedure workup included cardiac magnetic resonance imaging (MRI) if clinically
indicated and feasible. In those patients unable to undergo cardiac MRI (e.g., -non-compatible pacemaker),
a cardiac computed tomographic scan and pulmonary perfusion scan was performed. Indications for PVR
included patient clinical symptomatology in addition to objective measures obtained during
cardiopulmonary exercise testing, echocardiographic, and cardiac MRI data. Echocardiographic measures of
importance included stenosis defined by a transvalvular peak instantaneous pressure gradient greater than
40 mmHg (or mean gradient greater than 30 mmHg), presence of diminished right ventricular (RV)
function, or an RV pressure greater than 75% of systemic pressure (2/3 systemic if symptomatic).
Parameters for valve regurgitation by cardiac MRI included grade 1/mild (<25%), grade 2/moderate (20–
35%) or grade 3/severe (greater than 35%) regurgitant fraction and/or evidence of progressive RV dilation
(having reached an indexed RV end-diastolic volume greater than 150 mL/m2 or indexed RV end-systolic
volume greater than 75 mL/m2). Subgroups within the 3 cohorts were created based on primary indication
for PVR (stenosis versus insufficiency), to avoid skewing of data variables based on different indications.
All patients underwent cardiac catheterization for assessment of coronary artery disease if over 35 years of
age, and transcatheter RVOT balloon sizing with coronary compression testing prior to index intervention.
Transcatheter PVR was performed during the same catheterization in suitable patients.

All patients who underwent PVR were instructed to maintain excellent dental hygiene and to observe
antibiotic prophylaxis precautions at appropriate times for prevention of infective endocarditis. Medical
therapy with low-dose aspirin was recommended indefinitely after the index procedure in all patients.
This study was approved by the Institutional Review Board at Memorial Healthcare Systems in
Hollywood, FL. Statistical analysis included categorical variables reported as absolute numbers and
percentages. Continuous variables are expressed as mean ± standard deviation or as the median value
(range) if there was not a normal distribution of values. Patient groups (transcatheter, surgery, and hybrid
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PVR) were further divided into two groups based on their primary indication of stenosis or insufficiency for
accurate data comparison. Comparison of continuous variables was performed using the two-tailed Student
test for paired data and comparison of discrete variables was done with the Fisher exact test. A one-way
ANOVA test was utilized to search for statistically significant differences between the 3 independent
groups. For all tests, a p-value of less than 0.05 was considered statistically significant.

2.1 Percutaneous Transcatheter Approach
Percutaneous transcatheter PVR was performed in a cardiac catheterization laboratory under general

anesthesia. Biplane angiography of the RVOT was performed to assess native diameters and length of the
RVOT. Balloon sizing was performed in the RVOT or “landing zone” (whether native RVOT, surgical conduit
or bioprosthetic valve), making special note of the diameter of the waist in the balloon as well as
simultaneous coronary compression testing via an aortogram. Pre-stenting of the RVOT was performed when
there was felt to be a significant risk of extrinsic compression of the valve, or in some cases of heavy conduit
calcification. The Melody transcatheter pulmonary valve (Medtronic, Minneapolis, MN) was preferentially
utilized for RVOT diameters less than 24 mm, unless it was felt that the RVOT needed significant additional
structural support. In Melody PVR patients, they underwent pre-stenting of the RVOT prior to valve
placement for system stability. The Edwards Sapien transcatheter heart valve system (Edwards Lifesciences,
Irvine, CA) was preferentially utilized in RVOT diameters greater than 24 mm, or if it was felt that the RVOT
was subject to significant risk of compression. The appropriate valve delivery system was advanced into the
RVOT over a stiff guidewire that was anchored in a peripheral pulmonary artery branch. The valve was
deployed by filling the balloon to the manufacturer-recommended pressure or volume. Post-dilatation was
performed with an ultra-high pressure non-compliant balloon in warranted cases to improve final valve-stent
system expansion. Valve function was assessed with angiography and transthoracic echocardiography.

2.2 Surgical Approach
The appropriate valve size was determined by standardized valve sizing charts-based on the patient’s

body weight and body surface area. The larger end of the recommended size range was favored in an
attempt to use the largest valve technically possible. All procedures were performed via a redo median
sternotomy. All patients underwent atrial cannulation for venous return with ascending aortic arterial
inflow. If the operation required access to the right side of the heart (in addition to RVOT reconstruction,
such as to include tricuspid valve annuloplasty or repair or pulmonary arterioplasty), bi-caval cannulation
was used and the aorta was not cross-clamped unless a shunt was present.

The native pulmonary valve and proximal pulmonary trunk were incised cranio-caudally and a variety of
materials were used to cover the valve if necessary, including extracellular matrix porcine xenograft
(CorMatrix, Alpharetta, Georgia, USA), or PhotoFix-treated bovine pericardium (CryoLife, Inc,
Kennesaw, GA) or synthetic material (Gore-Tex; W. L. Gore & Associates, Flagstaff, AZ). The new-
generation of stented Carpentier-Edwards Perimount bovine pericardial aortic prosthesis (Magna,
Edwards Lifesciences, Irvine, CA, USA) was inserted in all cases.

2.3 Hybrid Approach
Hybrid PVR entailed off-pump RVOT-PA plication with subsequent transcatheter PVR occurring during

the same procedure. All procedures were performed in a hybrid catheterization suite under general anesthesia.
A femoral venous catheter was advanced to a distal PA branch. Full median sternotomy was then performed to
expose the main PA, with minimal dissection of the heart and aorta. RVOT angiography was performed to
obtain a roadmap of the anatomy with the open chest. An approximate measurement of the main PA was
made to assist in determining the appropriate extent of plication (Fig. 1). Main PA/RVOT plication was
performed with multiple pledgeted horizontal mattress sutures to provide an elongated, waist-like reduction
of the selected landing zone. If there was calcification of a preexisting RVOT patch, a mattress suture,
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usually 4.0 Prolene (Ethicon, Somerville, NJ), was used to provide focal narrowing of the RVOT to
approximately the required minimal diameter for the planned transcatheter device. Circumferential
dissection of the main PA was not required. Following completion of mPA/RVOT plication, repeat RVOT
angiography and balloon sizing was performed to re-assess the anatomy of the landing zone and ensure that
a diameter suitable for a transcatheter valve was achieved (Fig. 2). If the post-plication diameter was still
too large for the valve, then further plication was performed. If clinically indicated for the valve system
(e.g., - Melody PVR, small conduits/RVOT < 24 mm, etc.), the main PA was pre-stented to create a landing
zone for the valve construct and delivered via either femoral vein. In one patient, the delivery system could
not be advanced from the femoral approach to the landing zone due to alteration in angle following RV
plication. The valve was successfully delivered via a direct PA insertion. After deployment of a valve, the
function of the valve was assessed by angiography and transthoracic echocardiography.

Figure 1: Baseline Angiography, prior to Hybrid Intervention. A) Anteroposterior view of a right
ventriculogram with distal wire in the distal left pulmonary artery. B) Lateral view of the large right
ventricular outflow tract with a landing zone (white arrow) too large for transcatheter valve placement. C)
Balloon sizing of the right ventricular outflow tract demonstrating measurements too large for current
transcatheter valve systems, narrowest portion being 38.8 mm during balloon sizing. D) Coronary artery
compression testing via aortogram during balloon sizing of the right ventricular outflow tract–no concerns
for coronary artery insult or pathology
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3 Results

During the study period, 55 patients underwent PVR with the breakdown as outlined in Tab. 1. Primary
transcatheter PVRwas attempted in 37 patients (67%) and was successful in 35 patients (95%). Surgical PVR
was performed in 9 patients (16%)-including the 2 failed transcatheter valve patients, 4 with positive
coronary compression testing, and 3 who preferred the standard surgical approach over the newer hybrid
approach. Finally, 11 patients (20%) underwent surgical RV plication then subsequent transcatheter PVR
(“hybrid PVR”). All hybrid PVR patients had RVOT measurements too large for transcatheter PVR
without RV plication, ranging from 32–38 mm on balloon sizing.

3.1 Transcatheter PVR
For the transcatheter PVR cohort (n = 35), the most common diagnosis was tetralogy of Fallot (n = 25)

with a median patient age of 30 years (range, 6–65 years) and weight of 68 kg (14.2–170.4 kg). Within this
transcatheter PVR cohort, there were 20 patients (57%) with the primary indication being stenosis. Pre-
operatively, their mean RVOT gradient by echocardiogram was 59.2 ± 16.2 mmHg and the pulmonary

Figure 2: Right Ventricular Outflow Tract Rehabilitation via Hybrid Pulmonary Valve Replacement. A)
Following surgical plication of the right ventricle, there is a new appearance to the right ventricular
outflow tract on the lateral view with a new landing zone (white arrow). B) Upon balloon sizing, there
are now measurements suitable for transcatheter pulmonary valve replacement as the narrowest portion
measures about 27 mm. Following placement of a 29 mm Edwards Sapien transcatheter valve system
(Edwards Lifesciences, Irvine, CA), there is a well seated valve in the anteroposterior (C) and lateral (D)
views without any evidence for valve insufficiency
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insufficiency grade 2 ± 1. As measured on the pre-intervention cardiac MRI or computed tomography scan,
the landing zone diameter was 23.5 ± 4.9 mm. Following transcatheter PVR, the median implanted effective
orifice valve size (final, following any post-dilation) was 22 (18–27 mm) with either the Edwards Sapien
(n = 5) or Medtronic Melody (n = 15) valve systems. The mean post-valve implantation peak RVOT
gradient measured at the end of the catheterization was 7.3 ± 4.5 mmHg. The median outpatient follow-
up interval for this subgroup was 585 days (93–958 days) and the peak RVOT echocardiographic
gradient during that evaluation was 16.5 ± 7.2 mmHg.

Table 1: Patients that underwent pulmonary valve replacement during study period. Constituting all those
patients and follow-up evaluations from February 2017 to February 2020 (n = 55) performed at our institution

Variable Transcatheter Surgical Hybrid p-value
(n = 35) (n = 9) (n = 11)

Diagnosis:

tetralogy of Fallot 25 6 8

Pulmonary Stenosis 1 1 3

Pulmonary Atresia 3 1 0 –

Aortic Stenosis s/p Ross 4 0 0

Double Outlet Right Ventricle 2 1 0

Age (years) 30 (6–65) 18 (8–43) 27 (11–54) 0.08

Weight (kg) 68 (14.2–170.4) 49.3 (24.2–107) 66.4 (34–141.5) 0.12

Primary Indication: Stenosis 20 4 0

Pre-op Echo Gradient (peak, mmHg) 59.2 ± 16.2 50.3 ± 8.6 – 0.21

Pre-op PR Grade (1–3) 1 ± 1 2 ± 1 – 0.29

Pre-op Minimal RVOT diameter (mm) 23.5 ± 4.9 24 ± 1.8 – 0.58

Effective Orifice of Implanted Valve (mm) 22 (18–27) 23 (20–25) – 0.39

Post-op Echo Gradient (peak, mmHg) 7.3 ± 4.5 8.1 ± 3.4 – 0.85

Peak Echo Gradient at F/U visit (peak, mmHg) 16.5 ± 7.2 15.5 ± 10.5 – 0.34

Primary Indication: Insufficiency 15 5 11

Pre-op Echo Gradient (peak, mmHg) 20.6 ± 9.3 13.4 ± 10.5 16.4 ± 10.3 0.24

Pre-op PR Grade (1–3) 3 ± 0.5 3 ± 0.5 3 ± 0.5 0.17

Pre-op cMRI Minimal RVOT diameter (mm) 26.3 ± 3.2 29.2 ± 5.5 30.6 ± 4.1 0.08

Pre-op cMRI Indexed RVEDV (mL/m2) 172.6 ± 31.7 175.7 ± 26.9 160.5 ± 30.8 0.21

Pre-op cMRI RV Ejection Fraction (%) 42 ± 9 48 ± 7 37 ± 9 0.15

RVOT Diameter after RV Plication (mm) – – 25 (22–27) –

Effective Orifice of Implanted Valve (mm) 25 (22–29) 24 (22–26) 27 (22–29) 0.07

Post-op Echo Gradient (peak, mmHg) 4.0 ± 3.5 5.3 ± 3.1 4.1 ± 2.2 0.87

Peak Echo Gradient at F/U visit (peak, mmHg) 12.9 ± 3.1 14.4 ± 7.3 13.5 ± 7.5 0.38

Length of Stay (days) 1 (1–120) 5 (3–10) 3 (2–91) 0.02

Follow-up Interval (days) 554 (36–958) 659 (55–979) 401 (88–1006) 0.44

Re-intervention(s) / Mortality(s) 1–balloon
angioplasty

2–balloon
angioplasty, TPVR

1–mortality, CA
insult

–

NYHA Classification I/II at Most Recent Outpatient F/U
Visit (Patient Number)

35 (100%) 9 (100%) 11 (100%) –

Note: Values are expressed as Mean ± Standard Deviation or Median (range) as appropriate. Abbreviations: RVOT = right ventricular outflow tract,
PR = pulmonary regurgitation (grade 1/mild being <25% regurgitant fraction, grade 2/moderate 20–35% regurgitant fraction or grade 3/severe >35%
regurgitant fraction), cMRI = cardiac magnetic resonance imaging, F/U = follow up, RVEDV = right ventricular end-diastolic volume, TPVR =
transcatheter pulmonary valve replacement, CA = coronary artery, NYHA = New York Heart Association.

290 CHD, 2021, vol.16, no.3



The remaining 15 patients (43%) in the transcatheter cohort underwent PVR secondary to insufficiency
as the primary indication. Pre-operatively, the mean RVOT gradient by echocardiogram was 20.6 ±
9.3 mmHg and the pulmonary insufficiency grade 3.5 ± 0.5. As measured on the pre-intervention cardiac
MRI, the mean landing zone diameter was 26.3 ± 3.2 mm, the indexed RV end-diastolic volume 172.6 ±
31.7 mL/m2, and the right ventricular ejection fraction 42 ± 9%. Following transcatheter PVR, the
median implanted effective orifice valve size (final, following any post-dilation) was 25 (22–29 mm) with
either the Edwards Sapien (n = 10) or Medtronic Melody (n = 5) valve systems. The mean post-valve
implantation peak RVOT gradient measured at the end of the catheterization was 4.0 ± 3.5 mmHg. The
median outpatient follow-up interval for this subgroup was 427 days (36–930 days) and the peak RVOT
echocardiographic gradient during that evaluation was 12.9 ± 3.1 mmHg.

The subsequent inpatient median length of stay for the entire transcatheter PVR cohort was 1 day (range
1–120 days), as 31 patients without significant co-morbidities were discharged the following day. Three
patients required 3 days of inpatient stay for diuresis or heart failure management. Another patient (n = 1)
required 21 days of inpatient stay due to respiratory issues. The final patient (n = 1) with inpatient stay
(post-procedure) of 120 days was already admitted for heart failure management/failing physiology, felt
unrelated to transcatheter PVR placement (cardiomyopathy present at time of index procedure). At the
last documented outpatient evaluation, the median follow-up interval for the entire transcatheter PVR
cohort was 554 days (36–958 days) and all patients (n = 35) reported New York Heart Association
Classification System Class I-II. One patient underwent repeat intervention following transcatheter PVR,
which included balloon valve dilation due to high gradient 183 days following implantation. There were
no reported episodes of endocarditis and no known stent fractures.

3.2 Surgical PVR
For the surgical PVR cohort (n = 9), the most common diagnosis was tetralogy of Fallot (n = 6) with

median patient age 18 years (range, 8–43 years) and weight 49.3 kg (24.2–107 kg). Surgical valve
implantation performed on cardiopulmonary bypass was indicated for 4 patients due to positive coronary
compression testing, 2 patients required removal of stent/valve system that had migrated during attempted
transcatheter PVR, and 3 patients preferred to undergo surgical PVR over the newer hybrid approach.
There were 4 patients (44%) in the surgical cohort that underwent PVR with stenosis as the primary
indication. Pre-operatively, the mean RVOT gradient by echocardiogram was 50.3 ± 8.6 mmHg and the
pulmonary insufficiency grade 2.5 ± 1. The mean landing zone diameter was 24 ± 1.8 mm as measured
on the pre-intervention cardiac MRI or computed tomography scan. Following surgical PVR, the median
implanted effective orifice valve size (final, following any post-dilation) was 23 mm (20–25 mm). The
mean post-valve implantation peak RVOT gradient by echocardiogram was 8.1 ± 3.4 mmHg. The median
outpatient follow-up interval for this subgroup was 624 days (55–821 days) and the peak RVOT
echocardiographic gradient during that evaluation was 15.5 ± 10.5 mmHg.

The remaining 5 patients (56%) in the surgical cohort underwent PVR due to insufficiency as the
primary indication. Pre-operatively, the mean RVOT gradient by echocardiogram was 13.4 ± 10.5 mmHg
and the pulmonary insufficiency grade 3.5 ± 0.5. As measured on the pre-intervention cardiac MRI, the
mean landing zone diameter was 29.2 ± 5.5 mm, the indexed RV end-diastolic volume 175.7 ±
26.9 mL/m2, and the right ventricular ejection fraction 48 ± 7%. Following surgical PVR, the median
implanted effective orifice valve size was 24 (22–26 mm) and the post-valve implantation peak RVOT
gradient by echocardiogram measured 5.3 ± 3.1 mmHg. The median outpatient follow-up interval for this
subgroup was 659 days (433–979 days) and the peak RVOT echocardiographic gradient during that
evaluation was 14.4 ± 7.3 mmHg.

The subsequent median inpatient length of stay for the entire surgical cohort was 5 days (range,
3–10 days). At the last documented outpatient evaluation, the median follow-up was 659 days
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(55–979 days) and all patients (n = 9) reported Class I–II within the New York Heart Association
Classification system. One patient underwent subsequent transcatheter valve-in-valve PVR 413 days
postop and another patient had balloon valve dilation 512 days postop–both secondary to a high
RVOT gradient.

3.3 Hybrid PVR
In terms of the hybrid PVR cohort (n = 11), the most common diagnosis was tetralogy of Fallot (n = 8)

and all patients underwent PVR due to insufficiency as the primary indication. The median patient age was
27 years (range, 11–54 years) and weight 66.4 kg (34–141 kg). The RVOT gradient by echocardiogram prior
to intervention was 16.4 ± 10.3 mmHg and the pulmonary insufficiency grade 4 ± 0.5 (range, 1–4). As
measured on the pre-intervention cardiac MRI, the landing zone diameter was 30.6 ± 4.1 mm, the
indexed RV end-diastolic volume 160.5 ± 30.8 mL/m2, and the right ventricular ejection fraction 37 ±
9%. The median landing zone diameter following RV plication was 25 mm (22–27 mm) and then
subsequently the median implanted effective orifice valve size was 27 mm (range, 22–29 mm). The post-
implantation peak gradient by echocardiogram was 4.1 ± 2.2 mmHg. One patient necessitated surgically
guided direct trans-PA insertion of the transcatheter system, which required the usage of CPB. This was
felt to be secondary to the change in RVOT configuration pre- and post-RV plication, creating difficulty
in transfemoral delivery of the valve system. All other patients (n = 10) underwent TPVR placement from
the femoral route following RV plication.

The subsequent median inpatient length of stay was 3 days (range, 2–91 days). Most patients were
discharged within 3 days postoperatively (n = 9), but one patient stayed for 12 days secondary to
respiratory failure, felt unrelated to the index procedure. One patient with multiple co-morbidities
experienced right coronary artery injury in the index procedure during dissection for RV plication. This
patient underwent saphenous vein graft to the right coronary artery and subsequently underwent
completion of hybrid PVR, then remained inpatient for 91 days. She was re-admitted and then died
11 months post-index procedure secondary to multiple medical etiologies, but including left coronary
artery occlusion with unclear relation to insult during RV plication. At the last documented outpatient
evaluation, the cohort median follow-up was 401 days (range, 88–1006 days) and the peak
echocardiographic RVOT gradient at that visit was 13.5 ± 7.5 mmHg. This cohort did not require any
subsequent re-interventions (surgical nor transcatheter) during the study period.

4 Discussion

With the wider use of three-dimensional imaging to more accurately measure RV size and function, there
has been a trend toward valve implantation to reduce or eliminate pulmonary insufficiency prior to excessive
RV dilation or decrease in RV function [14,20–23]. Surgically implanted pulmonary valves/homografts/
conduits placed in infancy or childhood frequently require replacement in adolescents-young adults with
numerous prior surgical interventions, thus making reoperation more complex [1,24]. Furthermore,
patients undergoing surgical PVR with a bioprosthetic valve inevitably experience failure of the
prosthetic valve in a time-dependent fashion, and younger patients may experience shorter freedom from
valve dysfunction and/or reintervention [24,25].

The optimal prosthesis and PVR methodologies remain controversial. Historically, surgical PVR has
been used in both children and adults with excellent results [2,3,26,27]. Transcatheter PVR can be
performed as a primary procedure and/or later via valve-in-valve application. Furthermore, some surgical
valves can be fractured then stretched for subsequent valve-in-valve transcatheter valve replacement
[28,29]. These advantages plus the clear patient benefit of the less invasive percutaneous approach, has
spurred an institutional preference for transcatheter-based intervention as the first-line of RVOT therapy
with goal of placing the largest effective orifice valve system. Although the newer alternative of
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transcatheter PVR has proven safe and effective for RVOT treatment, this option has been limited by the size
of currently available transcatheter valve systems [11,30,31]. Emerging options include self-expanding
systems such as the Medtronic HarmonyTM valve (Medtronic, Minneapolis, MN) [32–34] and Edwards
Alterra Adaptive PrestentTM (Edwards Lifesciences, Irvine, CA) [35,36]. However, these technologies are
currently still undergoing clinical trial [32,33,35,37] and a large portion of patients fall out of inclusion
criteria because of anatomic variations. The widespread application of self-expanding stent technologies
to the vast spectrum of RVOT morphologies seen in postoperative CHD patients remains guarded
[38,39]. Since February of 2017, our institution has offered an off-pump hybrid procedure as an
additional approach for PVR in patients with an RVOT too large for available transcatheter valves.
Surgical PVR is reserved as an option for patients in unique/rare situations such as positive coronary
compression testing or adverse events following attempted transcatheter PVR.

Hybrid PVR is a practical and appealing alternative to surgical PVR when transcatheter PVR is not
possible as it reduces the extent of dissection and eliminates the need for CPB as well as possible
cardioplegic arrest, with a reduction in the need for repeated atrial cannulation [16,18]. Although this
approach still requires a sternotomy, the extent of surgical dissection required is less than that needed
for CPB [16,17,19]. For the adult CHD patient, well documented are the deleterious effects of repeat
CPB events and vast concurrent morbidities of this population undergoing PVR [40–44]. Due to the
inherent advantages of hybrid PVR, we transitioned to utilizing this methodology when transcatheter
PVR is technically unable to be performed. It is notable that the length of stay following transcatheter
PVR was the shortest given the majority (31/35; 89%) of patients were discharged one day following
the index procedure. The hybrid PVR maintained a shorter hospital stay when compared to the surgical
cohort as well. For patients undergoing PVR due to insufficiency, those that underwent a hybrid
approach trended towards having larger effective orifice diameters of their implanted prostheses
(p = 0.07) following palliative intervention - possibly allowing for additional future valve-in-valve
interventions. Short-term outcomes (mean 1.5 years for all cohorts) demonstrate that the re-intervention
number was highest in the surgical cohort (2/9; 22%) when compared to transcatheter PVR (1/35; 3%)
and none in the hybrid cohort. Lastly, the hybrid approach has generally proven safe, but the possibility
of coronary artery damage (as occurred in one patient) must be considered post-RV plication. Our
institution now performs routine coronary angiography following RV plication. Lastly, alteration in the
angle of the RVOT following RV plication resulted in the need for transcatheter valve delivery via the
mPA on CPB in one patient.

Unfortunately, the majority of patients with a dysfunctional RVOT have outflow diameters that are too
large for currently available balloon expandable valves [16,31,38,39]. Our approach to patients with a
definitive or borderline large RVOT has now evolved to encompass the hybrid approach in planned
management. All patients undergo a catheterization for definitive balloon sizing and coronary evaluation.
If balloon sizing indicates that the patient is not a candidate for primary transcatheter pulmonary valve
replacement at the initial catheterization, all relevant preparations and evaluations for a hybrid procedure
are accomplished, and the patient is scheduled for a hybrid procedure. In our hybrid group, we found that
plication of the RVOT/main PA could be easily and safely performed on the beating heart and avoiding
CPB is possible in these patients. RV plication reshapes what is often a conical RVOT/PA trunk to a
tubular form, which subsequently allows more secure seating of transcatheter valve system.

Before 2017, approximately one-quarter of the patients referred to our catheterization lab for evaluation
of transcatheter PVR were not candidates due to technology limitations and were thus referred for surgical
PVR. Collaboration between the cardiothoracic surgery and interventional cardiology teams laid the
foundation for a practical and systematic approach to PVR in the CHD patient. This study summarized
all PVR patient outcomes following the implementation of an institutional PVR algorithm which includes
hybrid off-pump PVR-the first of its kind to do so. Transcatheter PVR may be accomplished in the
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majority of patients with RVOT dysfunction. In patients with unsuitably large outflow tract, a stepwise
approach including initial catheterization for more detailed evaluation and preparation followed by hybrid
off-pump plication (without CPB) with transcatheter PVR is safe and effective. Standard on-pump
surgical PVR can then be reserved for patients at risk for coronary compression or following adverse
events during transcatheter procedures.

Our study is limited by its retrospective nature from a single institution, recognizing that the surgical and
transcatheter practices may vary widely from center to center. Statistical analyses of the patient cohorts
proved difficult due to the limited subject size and heterogeneity of the subgroups. A separation into
primary indication: stenosis versus insufficiency represented an attempt to distinguish the vast findings
within the PVR patient and outline our systematic approach to this complex population. Further, the re-
interventions in our short term follow up included a valve balloon angioplasty in the transcatheter cohort,
a valve balloon angioplasty as well as a subsequent TPVR in the surgical cohort and none in the hybrid
cohort. Although there have been no diagnosed episodes of endocarditis at the time of this publication,
our follow up period remains short term (mean follow up 1.5 years) and all patients undergoing PVR by
any technique remains at risk for endocarditis [13,45,46]. We aim to continue data collection with special
attention to re-interventions and more long-term outcomes of PVR methodology.

5 Conclusions

Although technologies will continue to advance and our own institutional PVR algorithm may evolve in
future years, our goal remains to benefit patients over a lifetime versus the first few years following palliative
intervention. The outlined institutional model prioritizes transcatheter PVR and then employs hybrid PVR in
order avoid CPB if at all possible and provides the largest valve effective orifice diameter following
intervention.
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