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Abstract

Transcatheter valve therapeutics has revolutionized interventional cardiol-
ogy in the twenty-first century. When Bonhoeffer and colleagues per-
formed the first-in-man percutaneous pulmonary valve implantation 
(PPVI) in 2000, it changed the treatment paradigm of what we can offer 
patients with congenital heart disease (CHD). In the span of this chapter, 
we will discuss the underlying burden of pulmonary valve disease in the 
CHD population and the current indications for surgical pulmonary valve 
replacement. We will outline the PPVI procedure from procedural and 
technologic perspective and then review the state of the evidence regard-
ing clinical outcomes, risks & benefits, and potential future perspectives.
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 Introduction

Transcatheter valve therapeutics has revolution-
ized interventional cardiology in the twenty-first 
century. When Bonhoeffer and colleagues per-
formed the first-in-man percutaneous pulmonary 
valve implantation (PPVI) in 2000, it changed the 
treatment paradigm of what we can offer patients 
with congenital heart disease (CHD). In the span 
of this chapter, we will discuss the underlying 
burden of pulmonary valve disease in the CHD 
population and the current indications for surgi-
cal pulmonary valve replacement. We will out-
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line the PPVI procedure from procedural and 
technologic perspective and then review the state 
of the evidence regarding clinical outcomes, risks 
& benefits, and potential future perspectives.

 Pulmonary Valve Disease Burden

The majority of pulmonary valve pathology is 
either congenital or a consequence of surgery 
or intervention. Native pulmonary valve steno-
sis or right ventricular outflow tract (RVOT) 
obstruction occurs in ~25% of patients with 
CHD, in isolation or in association with other 
congenital syndromes such as Tetralogy of 
Fallot (TOF). The majority of isolated congen-
ital pulmonary stenosis (PS) is valvular; while 
patients with TOF or Williams syndrome can 
present with PS at the subvalvular, valvular, 
and supravalvular anatomic levels. Depending 
on the patient’s age and the degree of obstruc-
tion to pulmonary blood flow, PS can lead to 
variable clinical presentations. In the case of 
severe fetal PS or pulmonary atresia, a neonate 
may present with ductal- dependent physiology 
requiring emergent intervention. Children with 
mild or moderate valvular PS may be asymp-
tomatic; but symptoms can develop or progress 
in severity later in life. Worsening PS can lead 
to secondary RV hypertrophy, decreased com-
pliance, and elevated diastolic filling pressures. 
Patients may seek medical attention with exer-
tional dyspnea, dysrhythmias, or rarely con-
gestive heart failure.

Pulmonary regurgitation (PR) is a common 
finding in CHD patients especially in those with 
repaired conotruncal abnormalities. While sig-
nificant PR may be present as an isolated con-
genital condition, it is typically iatrogenic from 
cardiac surgery or intervention. PR can develop 
after surgical valvotomy or balloon valvuloplasty 
performed for valvular pulmonary stenosis. After 
surgical TOF repair, PR is a near universal find-
ing especially when a transannular patch is 
inserted. It can develop as a consequence of valve 
dysplasia, bilateral pulmonary artery (PA) steno-
sis, or with significant pulmonary hypertension. 
Adding to disease prevalence, with the passage of 

time, nearly all surgical implanted homografts, 
monocusps or bioprosthetic valves in the pulmo-
nary position will develop some combination of 
PS and/or PR.

Historically severe PR was considered benign 
as it can be tolerated for many years. However, 
by the third or fourth decade, many patients will 
notice changes in exertional capacity or other 
symptoms. Chronic RV volume loading will lead 
to RV dilation, secondary decrease in LV filling 
volumes, and reduction in biventricular efficiency 
and cardiac output. Changes in RV compliance 
and dimensions can further lead to fibrosis, 
reduced ejection fraction in both ventricles, sec-
ondary tricuspid regurgitation, an increased pre-
ponderance for dysrhythmias and electrical 
instability. In addition to dyspnea/fatigue with 
exertion, patients may present with palpitations, 
syncope, edema, hepatic congestion, and sudden 
cardiac death.

 Surgical Pulmonary Valve 
Replacement

Up until the start of this century, the only defini-
tive therapy available for pulmonary valve dis-
ease was surgical replacement. Surgical PVR 
has been the gold standard in the treatment of 
severe PR, mixed native PS or PR, or failure of a 
prior surgical bioprosthetic valve, homograft, 
monocusp or conduit implants. In patients who 
develop symptomatic PV disease, including 
changes in functional status, the decision to offer 
surgery is relatively straightforward (Table 17.1). 
The more controversial question has been when 
to offer surgical PVR to the “asymptomatic 
patient” with severe PR—given the inherent pro-
cedural risks associated with open heart surgery 
and the limited durability of most valve prosthe-
sis. Several observation studies have suggested 
cut offs of RV-end diastolic volume index 
(RVEDVI) of >150 to >170 ml/m2 to offer 
asymptomatic patients surgical PVR [1–4] in 
addition to objective findings on formal exercise 
testing and Holter monitoring. Most adult con-
genital heart disease (ACHD) specialists use a 
holistic, individualized approach combining RV 
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size and function, LV function, functional status 
and disease burden in deciding when to offer sur-
gical PVR.

Isolated surgical PVR is an effective therapy 
with low perioperative mortality (~1–2%) and 
relatively little perioperative morbidity [5]. 
There remain a variety of surgical approaches 
in performing PVR that depend on the choice 
of prosthesis, reduction of prior RVOT surgical 
patch, and the need for any additional repairs 
(e.g. tricuspid valve repair, RA MAZE proce-
dure, pulmonary arterioplasty). The majority 
of PVR operations are performed with cardio-
pulmonary bypass, though off-bypass PVR has 
been described. The choice of prosthesis should 
take into account the patient’s age, potential 
for growth and the need for future reopera-
tions or interventions. In general, mechanical 

valves have not been implanted in the pulmo-
nary position due largely to theoretical con-
cerns of valve thrombosis in a low pressure 
system [6–8]. Homografts are commonly used 
in the children with complex RVOT obstruction 
because of the availability of smaller diameters 
[9]. Bioprosthetic implants are xenograft based 
valves (porcine, bovine, or equine) either animal 
valves or reconstructed pericardium encased 
in a metallic ring/stent or using a “stentless” 
design. Finally monocusp valves are constructed 
individually by the surgeon to fit the patient’s 
anatomy using pericardial tissue or polytetra-
fluoroethylene (PTFE) [10].

Prospective comparisons between these surgi-
cal options are limited. Most retrospective series 
suggest ~50–80% 10-year freedom from redo- 
PVR, regardless of chosen valve type [5, 11–14]. 
Valve degradation over time is conjectured to 
occur from exaggerated fibrosis and calcification 
of valve leaflets related to the chemical cryo-
preservative used for the valves and possibly 
exacerbated by an autoimmune response. In gen-
eral, it appears that most patients after surgical 
PVR will require a repeat operation ~5–15 years 
after implantation.

 Percutaneous Pulmonary Valve 
Replacement

While surgical PVR remains a success story in 
congenital cardiac disease, there are many clini-
cal scenarios in which surgery is high risk or con-
traindicated. Young patients undergoing RVOT 
reconstruction will likely require multiple ster-
notomies throughout their lives. Each subsequent 
surgery adds surgical risk and higher periopera-
tive mortality from adhesions, scar tissue, and 
anatomic disruption [15]. Each subsequent ven-
triculotomy theoretically increases the possibility 
of scar related VT from the healed incision. Some 
patients are poor surgical candidates due to 
comorbidities including physical or mental chal-
lenges that can complicate post-op recovery. The 
desire to find alternatives to open heart surgery 
also stems from the drive to minimize risk. Our 
patients demand the least invasive means of 

Table 17.1 Suggested Indications for Pulmonary Valve 
Replacement

Figiola et al. [1]

    •  Significant PR (PR fraction ≥35% on MRI) with 
progressive RV dilation and dysfunction. RV/LV 
end-diastolic ratio ≥ 1.5 in symptomatic patients

    •  RV/LV end-diastolic ratio ≥ 2 in asymptomatic 
patients

    •  Reduced exercise capacity with or without 
documented arrhythmias

Geva et al. [2]

    •  Moderate or severe PR (PR fraction ≥25% on 
MRI) and 2 or more of the following:

    •  RV end-diastolic volume index ≥150 ml/m2  
(z score >4)

    • RV end-systolic volume index ≥80 ml/m2

    • LV end-diastolic volume index ≥65 ml/m2

    • RV ejection fraction ≤47%

    • RV outflow tract aneurysm

Clinical criteria: exercise intolerance, symptoms and 
signs of heart failure, cardiac medications, syncope, 
sustained ventricular tachycardia

    •  Presence of other hemodynamically significant 
lesions

    •  Patients who underwent TOF repair at 
age ≥ 3 years, PVR may be indicated sooner and 
in the presence of less severe RV dilation and 
dysfunction due to higher risk of adverse clinical 
outcomes

PVR pulmonary valve replacement, PR pulmonary regur-
gitation, MRI magnetic resonance imaging, RV right ven-
tricular, LV left ventricular, TOF tetralogy of Fallot
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accomplishing the medical task—in order to 
minimize procedural risk. Patients intuitively 
seek out approaches that will minimize discom-
fort and recovery times. Likewise, cosmetic con-
cerns related to sternotomies, wound healing, 
complications related to cardiopulmonary bypass 
all come into play.

After overcoming multiple technologic hur-
dles of developing compressible valves that can 
be delivered through catheter-based systems, the 
first-in-man percutaneous PVR was performed 
by Dr. Philipp Bonhoeffer in 2000 [16]. Since 
then, thousands of pulmonary valves have been 
implanted worldwide using primarily the 
Medtronic Melody® valve (Minneapolis, MN) 
and Edwards SAPIEN®, Sapien XT® and Sapien 
3® valves (Edwards Life Sciences, Irvine, CA).

 Indications

PPVI has become an alternative to surgi-
cal pulmonary valve replacement (PVR) in 
patients with dysfunctional bioprosthetic pul-
monary valves, homografts, or conduits with 
intermediate-to- long-term follow-up [17, 18]. 
Severe PR, progressive symptoms, exercise 
intolerance, arrhythmias, RV dilation and dys-
function are all (in various combinations) con-
sidered criteria for replacement or implantation 
of a pulmonary valve (see Table 17.1) [19]. 
Patient selection is important and as in all con-
genital heart disease should be performed using 
a multidisciplinary construct using echo and 
MRI assessment of outflow tract morphology 
and PR severity, cardiopulmonary exercise test-
ing (as a measure of exercise capacity), serial 
assessment of change in symptoms, and cardiac 
catheterization to confirm findings, assess PA 
pressures, and examine the coronary arteries. 
One must ensure that there is no subvalvular or 
supravalvular (including PA) obstruction that 
requires treatment with stents prior to PPVI. In 
patients for whom additional repairs are needed 
such as atrial arrhythmia treatment (MAZE) or 
with significant tricuspid valve regurgitation 
and requires direct repair, surgery remains a 
preferred strategy over PPVI.

 The Valve Systems

The two valve systems with greatest worldwide 
experience for percutaneous PVI are the Melody® 
valve and Ensemble® delivery system (Medtronic 
Inc) and the Edwards Sapien® Pulmonic 
Transcatheter valve (Edwards Lifesciences) and 
the Edwards RetroFlex III® transfemoral delivery 
system. Newer generation valves from Edwards 
(Sapien XT® and Sapien 3®) and newer delivery 
systems (Novoflex® and Commander®) have also 
been used in the pulmonic position.

The Melody® valve and corresponding 
Medtronic Ensemble® delivery system (Fig. 17.1) 
were approved in Canada and Europe in 2006 
and by the U.S. Federal Drug Administration 
(FDA) in 2010. The Melody® valve consists of a 
harvested valve bovine jugular vein that is sutured 
into a 28 mm long, 18 mm in diameter platinum/
iridium stent frame. The valve is preserved in a 
proprietary mixture of glutaraldehyde and alco-
hol and must be manually crimped onto a 22 Fr. 
balloon-in-balloon catheter (BIB, NuMED Inc., 
Hopkinton, New York) with available balloon 
diameters of 18, 20 and 22 mm (stent-valve outer 
diameter up to 24 mm on the 22 mm balloon). 
The Ensemble® delivery system allows the valve 
to remain sheathed until positioned in the landing 
zone, achieving the correct position at the pulmo-
nary annulus.

The original Sapien® valve consisted of 
bovine pericardial leaflets with a proprietary 
Thermafix® treatment to prevent calcification, 
sewn into a balloon expandable stainless steel 
platform. The Sapien XT® and Sapien 3® use a 
cobalt chromium alloy in place of stainless steel 
and the Sapien 3® adds a polyethylene terephthal-
ate outer skirt to minimize paravalvar leak. The 
Sapien 3® is available in 20 mm, 23 mm, 26 mm, 
and 29 mm sizes—and given its lower profile 
with improved stent design is expected to sup-
plant prior valve generations. The Commander® 
delivery system requires an Edwards eSheath® 
that is 14 Fr. for smaller valve sizes and 16 Fr. 
for the 29 mm valve (that expands to 18 and 
20 Fr. outer diameter— allowing delivery in 
vasculature ≥5.5 mm and ≥6 mm in diameter 
respectively).
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 Procedural Summary

PPVI should be conducted under general anesthe-
sia to minimize movement and patient discomfort 
during valve delivery. Biplane or multi-angle sin-
gle plane angiography will delineate the anatomy 
and confirm measurements made with non-inva-
sive imaging. The lateral projection or a shallow 
RAO projection will usually provide optimal 
views of the conduit. Both the Melody® and 
Sapien 3® valves use balloon expandable delivery 
systems. Occasionally, rapid right ventricular pac-
ing may be used to assure valve stabilization at the 
target zone. In the pulmonary (or tricuspid valve-
in-valve) position, access is usually from the fem-

oral or internal jugular vein—which should be of 
adequate size to accommodate the delivery sheath. 
In addition, periventricular valve delivery has 
been described using hybrid approach with direct 
surgical RV ventriculotomy [20]. The Edwards 26 
and 29 mm valves allow for implantation in larger 
RVOTs than the Melody® valve (Table 17.2; 
Fig. 17.2). Beyond considerations of annulus size, 
there are several differences between these two 
valve platforms that should be considered when 
choosing one over the other. It is optimal for an 
ACHD cath lab to have access to both valve 
choices if performing PPVI.

Table 17.3 summarizes a procedural guide 
for performing a PPVI. A stiff exchange length 

a b

Fig. 17.1 The Medtronic Melody® Transcatheter 
Pulmonary Valve and Ensemble® Delivery System. Panel 
A. The Medtronic Melody® Valve which is a harvested 
bovine jugular vein valve that is sewn onto a 28 mm long 
platinum/iridium stent. Panel B. Medtronic Ensemble® 
delivery system is 22 Fr. delivery system with an inte-

grated sheath designed for Melody® valve via the femoral 
or internal jugular veins. The Ensemble® delivery system 
comes with expandable balloon sizes of 18, 20, and 
22 mm. Images published with permission—Melody® and 
Ensemble® systems are trademarks of Medtronic

Table 17.2 Approved valves in North America used for PPVI

Medtronic melody® valve Edwards SAPIEN XT® valve

Valve sizes Initial diameter: 18 mm 16, 17, 20, 22 mm

Crimped diameter: 6 mm Specialized crimper

Final diameter: 16–22 mm 20, 23, 26, 29 mma

Valve type Bovine jugular Bovine pericardial

Balloon BiB – 18, 20, 22 mm Semi-compliant 23 or 26 mm

Stent platform Platinum/iridium Cobalt chromium

Sheath size 22 Fr. 22 or 24 Fr. (outer diameter 25 or 28 Fr.)

Delivery catheter Ensemble® delivery system Retroflex 3® system

Nose cone sheath Deflectable nose cone

PPVI percutaneous pulmonary valve implantation, BIB balloon in balloon
aThe final diameters for the Melody® valve is the inner diameter, for the Sapien® it is the outer diameter, depending on 

balloon size for the Melody® vale. The Sapien XT® valve comes in four different sizes
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wire should be positioned in the pulmonary 
artery, preferably the left PA when coming 
from a femoral approach. PA position should 
initially be achieved via a balloon tipped cath-
eter to avoid catheter entanglement at later 
stages with the tricuspid valve apparatus. Prior 
to valve implantation, compression coronary 
angiography must be performed to assess for 
coronary impingement. Using simultaneous 
non-compliant balloon inflation in RVOT to 
similar sizes as expected with the pulmonary 
valve implant, coronary angiography of the left 
and right coronary arteries should be per-
formed obtained for evidence of coronary com-
pression (see Fig. 17.3). This phenomenon can 

occur in 1–4% of patients and is more common 
in ToF with anomalous coronary origins, pul-
monary homografts and valves after the Ross 
procedure [21].

Pre-stenting is generally recommended in all 
implants using the Melody valve to reduce the 
incidence of stent fracture [22] and in most 
implant situation with the Edwards valve other 
than valve-in-valve into bioprosthetic rings. 
Where available we recommend using a covered 
stent, i.e., the Cheatham-Platinum (CP) covered 
stents® (NuMED Inc., Hopkinton, New York) 
for homograft or conduit preparation. This 
accounts for any possible dissection or rupture 
that calcified homografts and conduits can be 

a

bFig. 17.2 Edwards 
SAPIEN® transcatheter 
heart valve and 
transfemoral delivery 
A. Edwards SAPIEN® 
Valve—Consists of 
bovine pericardial 
leaflets sewn into a 
balloon expandable 
cobalt chromium 
platform. Currently 
available in 23 mm and 
26 mm sizes 
B. RetroFlex 3® delivery 
system—transfemoral 
delivery catheter used 
for the Edwards 
SAPIEN® valve. Images 
published with 
permission—Edwards, 
Edwards SAPIEN, 
Edwards SAPIEN XT, 
RetroFlex®, RetroFlex 
2®, RetroFlex 3®, and 
SAPIEN® are 
trademarks of Edwards 
Lifesciences 
Corporation)
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prone to [23]. In addition, Palmaz XL® series 
(J&J Interventional Systems Co., Warren, NJ) 
stents and Andrastent XL® or XLL® series 
(Andramed, Reutlingen, Germany) are bare 
metal stent options when placing a covered stent 
is unfavorable. It is important to receive full 
stent expansion at this stage without residual 
gradient.

For both Melody® and SAPIEN® valves, posi-
tioning and catheter stability are the crucial tenets 
during implantation. Once the Melody® valve is 
in position, the sheath is pulled back unveiling 
the valve. The Edwards valve is brought directly 
up to position. Slow inflation with either the BiB® 
or Edwards balloon allows time to make micro-
adjustments in the event of device slippage. Once 
the valve is in place, post- inflation is occasionally 
needed to achieve full stent-valve expansion.

Table 17.3 Basic procedural steps leading up to valve implantation

    •  Time-out—check list of equipment, personnel, and patient

    •   General anesthesia—patient is sedated and intubated for the procedure

       – valve implantation can be painful and relies on precise placement

    • Large caliber venous access (22–24 Fr.)

       – consider preclose technique using a suture mediated closure device

       – Prostar XL® (Abbott Vascular, Santa Clara, CA) and Perclose ProGlide® (Abbott Vascular)

    • Bail out equipment for femoral, iliac, or inferior vena cava stenting

       – e.g. Bard Fluency stent

    • 5–6 Fr. arterial access for pressure monitoring and coronary injections

       –  frequent catheter flushing, heparin 100 U/kg to goal ACT ~250; perioperative antibiotic dose 1 h prior to 
procedure

    • Diagnostic evaluation:

       –  right heart catheterization—use balloon tipped catheter to enter PA (avoid tricuspid apparatus), confirm no 
associated branch or peripheral PA stenosis that must be addressed

       – Use stiff exchange wire (e.g. Amplatz Ultrastiff® or Lunderquist®) with shaped end for positioning

       – L-PA preferable to R-PA for easier valve delivery

    • RVOT angiographic assessment via 6 or 7 Fr. Multi-track® catheter

       – keep distal wire position while allowing for both pull back pressure measurements and angiography

       –  Balloon predilation—use non-compliant balloon sized to valve (~22 mm) with full inflation and simultaneous 
coronary injections.

       –  ensure that coronaries are distant from implant site—otherwise an abrupt coronary occlusion can be a lethal 
(and avoidable) complication

    • Pre-stenting—choose stent size, type, and number

       – availability of covered stents; number of stents planned

       – sequential angiographic and hemodynamic assessment

    • Placement of percutaneous pulmonary valve

       – Melody® or SAPIEN® valve and their corresponding delivery systems

       – final angiograms and pressure measurements

Fig. 17.3 Selective angiogram in a child with a single 
coronary artery during balloon occlusion of a right ven-
tricular to pulmonary artery conduit. Note (star) area of 
obstructed flow in the coronary during balloon inflation

17 Transcatheter Pulmonary Valve Replacement: Impact on Management
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 Evidence and Outcomes of PPVI

With nearly two decades of experience, PPVI 
implantation can be achieved with high proce-
dural success and overall good procedural 
safety. PPVI achieves clinical results similar to 
surgical PVR. In the treatment of PR, there is 
reverse remodeling with a reduction in RV size 
and improvement in RV function over time. 
PPVI achieves increases in LV end diastolic 
volumes with subsequent improvement in early 
diastolic filling, decreased RV wall stress, and 
more balanced intraventicular septal interac-
tion [24, 25]. When treatment is performed for 
PS, PPVI leads to reduction in RV systolic 
pressure and improved hemodynamics that is 
sustained in intermediate and long-term fol-
low-up [26].

 Periprocedural Outcomes

The largest published evidence pool in the pulmo-
nary position rests with the Melody® valve. The 
U.S. Melody Transcatheter Pulmonary Valve study 
is a prospective, nonrandomized trial designed to 
assess safety, procedural success, and short-term 
efficacy of the Melody® valve in patients with dys-
functional RVOT conduits, following patients up to 
7 years after their procedure [17]. This US 
Investigational Device Exemption trial enrolled 
171 pediatric and adult patients at a median age of 
19 years. Of the 148 patients who received a valve 
and were discharged were followed for a median of 
4.5 years (range, 0.4–7 years). Thirty-two patients 
underwent right ventricular outflow tract re-inter-
vention for obstruction (n = 27, with stent fracture 
in 22), endocarditis (n = 3, 2 with stenosis and 1 
with pulmonary regurgitation), or right ventricular 
dysfunction (n = 2). Eleven patients had the 
Melody® valve explanted as an initial or second re-
intervention. Five-year freedom from re- 
intervention and explantation was 76 ± 4% and 
92 ± 3%, respectively. Conduits that were preste-
nted and those with a lower right ventricular out-
flow tract gradient at hospital discharge had longer 
freedoms from re-intervention. Of 113 patients 
who were alive and re-intervention free, the follow-

up gradient (median, 4.5 years after implantation) 
was unchanged from early after valve implantation, 
and all but 1 patient had mild or less pulmonary 
regurgitation. Almost all patients were in New York 
Heart Association class I or II. More severely 
impaired baseline spirometry was associated with a 
lower likelihood of improvement in exercise func-
tion after TPV replacement. In a similar study of 
consecutive patients from both a pediatric and adult 
congenital heart disease program, cardiac MRI, 
echocardiography, metabolic exercise testing, chest 
radiography, and hemodynamics before interven-
tion were compared with repeated follow-up mea-
surements to assess changes over time. Fifty- one 
patients (including 23 patients <16 years old) were 
followed for a mean 4.5 ± 1.9 (0.9–6.9) years after 
Melody® valve implantation. Freedom from any re-
intervention was 87% and 68% at 3 and 5 years, 
and freedom from surgery was 90% at 5 years. For 
every decade younger at implantation, there was an 
increase of 3.9% ± 1.0% in cardiac MRI left ven-
tricular ejection fraction (p < 0.001) and 
2.4 ± 0.9 ml/kg/min in maxVO2 (P = 0.005) and a 
decrease of 0.7 ± 0.2 cm in RV end-diastolic 
dimension (p < 0.001) after intervention. Younger 
patients displayed an additional decline in the RV/
left ventricular end-diastolic volume ratio 
(p = 0.05) and trended toward improved RV ejec-
tion fraction in late follow-up (50% ± 7% versus 
41% ± 12%, p = 0.07) [27].

With regards to the Edwards SAPIEN® and 
Sapien XT® valves, these valves have been in clin-
ical use for RVOT lesions since 2011. The 
COMPASSION trial (COngenital Multicenter trial 
of Pulmonic vAlve regurgitation Studying the 
SAPIEN interventIONal) is a prospective, nonran-
domized multicenter study that uses the SAPIEN® 
valve in the treatment of dysfunctional RV-to-PA 
conduits with moderate to severe PR or with 
PS. The FDA Phase I results were reported on 36 
patients with the SAPIEN® valve resulting in an 
acute reduction in RV pressure to a median of 
42 mm Hg and a reduction in peak gradients across 
the RVOT to a median of 12 mm Hg. There was 
trace or no PR in 31 of 33 patients on post-proce-
dure angiography [18]. In a similar single centre 
‘real world’ study from Toronto [28], 25 patients 
(70% male, mean age 34 ± 8.9 years) with an 
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underlying diagnosis of Fallot’s tetralogy in 15, 
after a Ross procedure in 5, and 5 miscellaneous 
RVOT surgeries underwent either a Sapien® or 
Sapien XT® valve implant. The RV outflow tract 
characteristics included: 16 biological valve and 9 
homografts. Technical success was 96%. One 
patient required an elective surgical pulmonary 
valve replacement for a high residual gradient. 
Pre-stenting was performed in all cases (half with 
covered stents). Valve sizes were 23 mm in 8, 
26 mm in 15), and 29 mm in 2 patients. Acute 
hemodynamics noted a decrease in the mean 
RV-to-systemic pressure ratio (p < 0.001) and 
RV-to-PA gradient (p < 0.001). No patient had 
clinically significant PR. At a mean follow-up of 
3.5 ± 2.1 years (range 0.3–7.2 years), there were 
no deaths with 1 patient requiring re-intervention 
for severe PR at 1 year having a valve-in-valve 
procedure. There were no episodes of endocarditis 
and no stent fractures and there was preserved 
valve function during follow-up with no change in 
RV-to-PA gradient nor PR severity.

While percutaneous valve implantation in the 
pulmonary position has been a ‘game changer’ in 
the management of the patient with congenital heart 
disease, less than a quarter of patients with RVOT 
dysfunction have conduits. Rather, the majority of 
patients in need of a competent pulmonary valve 
have undergone surgical modification of the RVOT 
with some form of RVOT patch with or without 
crossing the annulus. As a result PR is the dominant 
lesion that must be addressed. As the Sapien® series 
has a 29 mm diameter valve, a number of investiga-
tors have implanted this valve into the RVOT of 
patients with transannular patch RVOT reconstruc-
tions in the 26 mm diameter range [29–36].

 Long-term Outcomes

In long-term prospective studies, PPVI has been 
found to be an effective therapy to achieve a com-
petent PV without significant regurgitation. There 
has been no direct randomized comparison with 
surgical PVR—however, studies examining equiv-
alent populations have suggested similar clinical 
outcomes. Published follow-up after Melody® 
PPVI has been reported up to 7 years. Overall free-

dom from reintervention/reoperation are reported 
at 90–95% at 1 year, 85–90% at 2 years [37] and 
freedom from RVOT re- intervention 95% at 1 year 
and 88% at 2 years. A smaller Toronto series 
examined PPVI performed in an adolescent popu-
lation and found freedom from transcatheter rein-
tervention to be 91%, 80%, and 80%, at 12, 24, 
and 36 months, respectively [38]. Eicken et al. 
have published their 2-institution clinical experi-
ence 102 patients receiving PPVI between 2006 
and 2010 [39]. Pre-stenting was routinely per-
formed, and they report one procedural death sec-
ondary to coronary compression. At a median of 
1 year clinical follow-up, 1 valve (1%) was 
removed secondary to endocarditis; 8 valves (8%) 
required repeat dilation for residual gradients from 
which 4 led to repeat valve-in-valve procedures.

With regards to stent fractures after PPVI, clini-
cal series have reported 1-year rates ranging as low 
as 5% to as high as 40%, likely depending on case 
mix, incidence of pre-stenting, and the rigor of 
follow-up [37, 39–41]. At a mean of 13 months 
follow-up, Nordmeyer et al. reports a 21% rate of 
stent fracture with fracture free survival of 85.1% at 
1 year, 74.5% at 2 years, and 69.2% at 3 years [40]. 
with most events occurring in the first 400 days. 
The Melody® Transcatheter Pulmonary Valve 
study has also reported stent fracture rates of 22% 
at 14 months follow-up. There are considerably 
fewer PPVI patients who have received a SAPIEN® 
compared to Melody® valves; however, there were 
no reported stent fractures at 6 months in the phase 
I of the COMPASSION trial [18]. Whether this 
finding will hold up over longer term and with 
increased patient numbers is unknown.

Published studies have consistently shown an 
improvement in New York Heart Association 
(NYHA) class after PPVI [42]. There are hemo-
dynamic differences after PPVI seen between 
lesions treated for predominantly RVOT obstruc-
tion vs. significant PR [26, 43]. Reduction of RV 
afterload leads to improvement in RV functional 
parameters and functional capacity as seen on 
peak oxygen uptake during cardiopulmonary 
exercise testing, while this has not been found 
with resolution of pulmonary regurgitation alone 
[43]. The majority of the improvement in systolic 
RV function after PPVI for obstructive lesions 
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occurs early, and little additional improvement 
has been noted on sequential MRI evaluations 
beyond 1 year [25].

In the cohort treated for severe PR, Plymen et al. 
found a statistically significant decrease in QRS 
duration and in QTc dispersion after PPVI, akin to 
observations after surgical PVR [44]. The decrease 
in QRS duration was not statistically significant for 
the PPVI cohort treated for RVOT obstruction. To 
date there is no evidence correlating improvement 
in ECG parameters after PPVI with any reduction 
in clinical arrhythmia burden; however, it is hypoth-
esized that increased homogeneity in repolariza-
tion is a sign of favorable electrical remodeling.

Recent studies have identified an increased 
risk of endocarditis in patients receiving bovine 
jugular vein implants to the RVOT compared to 
homograft implants [45–49]. Precise risk factors 
have yet to be determined, although the effect of 
a residual outflow gradient, turbulence in the 
valve sinuses, and the development of layered 
thrombus within the valve have been considered. 
Data are incomplete as to the endocarditis risk 
with a Sapien® valve, as the numbers of implants 
in the RVOT and length of follow up have been 
limited although endocarditis on the valve in the 
RVOT has been reported [50].

 Up and Coming Pulmonary Valve 
Technologies

While PPVI has emerged as an alternative to sur-
gical valve implantation, the diameters of the 
existing commercially available valves limits 
their application to surgically placed conduits, or 
those patients with small (26–27 mm) outflows as 
noted above. However, the majority (over three- 
quarters) of patients with congenital heart disease 
who undergo management of right ventricular 
outflow tract lesions have post operatively in 
longer- term follow up, large patulous outflows 
not amenable to existing transcatheter therapies 
[51]. As such, treatment of PR in this setting has 
traditionally been limited to surgical valve 
replacement. New techniques and technologies 
are being developed to facilitate valve insertion 
in such cases. Outflow tract reducers [52], valves 
placed in a hybrid manner (with simultaneous 
plication of the outflow)  (Fig. 17.4) [53], and 
large diameter valve implants are currently under 
investigation (Fig. 17.5) [54–56]. Successful 
completion of these clinical trial will signifi-
cantly alter the management options for the 
patient with CHD, the timing of interventions 
and ultimately indications.

Fig. 17.4 The 
Harmony® self- 
expanding valve 
(Medtronic Inc. 
Minneapolis MN) is a 
22 mm bovine 
pericardial valve (seen 
in the mid-portion of the 
right panel), shown into 
a Dacron® tube 
supported by a Nitinol® 
framework. Left panel 
shows the inflow portion 
of the implant. This 
implant has undergone 
an Early Feasibility 
FDA approved study and 
now in an early 
multicenter clinical trial

H.S. Singh and L. Benson



243

References

 1. Frigiola A, Giamberti A, Chessa M, Di Donato M, 
Abella R, Foresti S, Carlucci C, Negura D, Carminati 
M, Buckberg G, Menicanti L. RESTORE group. 
Right ventricular restoration during pulmonary valve 
implantation in adults with congenital heart disease. 
Eur J Cardiothorac Surg. 2006;29:S279–85.

 2. Geva T. Repaired tetralogy for Fallot: the roles of 
cardiovascular magnetic resonance in evaluating 
pathophysiology and for pulmonary valve replace-
ment decision support. J Cardiovasc Magn Reson. 
2011;13:9–32.

 3. Buechel ER, Dave HH, Kellenberger CJ, Dodge- 
Khatami A, Pretre R, Berger F, Bauersfeld 
U. Remodelling of the right ventricle after early pul-
monary valve replacement in children with repaired 
tetralogy of Fallot: assessment by cardiovascular 
magnetic resonance. Eur Heart J. 2005;26:2721–7.

 4. Therrien J, Provost Y, Merchant N, Williams W, 
Colman J, Webb G. Optimal timing for pulmonary 
valve replacement in adults after tetralogy of Fallot 
repair. Am J Cardiol. 2005;95:779–82.

 5. Lee C, Park CS, Lee CH, Kwak JG, Kim SJ, Shim WS, 
Song JY, Choi EY, Lee SY. Durability of bioprosthetic 
valves in the pulmonary position: long-term follow-
 up of 181 implants in patients with congenital heart 
disease. J Thorac Cardiovasc Surg. 2011;142:351–8.

 6. Ilbawi MN, Lockhart CG, Idriss FS, DeLeon SY, 
Muster AJ, Duffy CE, Paul MH. Experience with St. 
Jude Medical valve prosthesis in children. A word of 
caution regarding right-sided placement. J Thorac 
Cardiovasc Surg. 1987;93:73–9.

 7. Miyamura H, Kanazawa H, Hayashi J, Eguchi 
S. Thrombosed St. Jude Medical valve prosthesis in 
the right side of the heart in patients with tetralogy of 
Fallot. J Thorac Cardiovasc Surg. 1987;94:148–50.

 8. Waterbolk TW, Hoendermis ES, den Hamer IJ, Ebels 
T. Pulmonary valve replacement with a mechani-
cal prosthesis. Promising results of 28 procedures 
in patients with congenital heart disease. Eur J 
Cardiothorac Surg. 2006;30:28–32.

 9. Gulbins H, Kreuzer E, Reichart B. Homografts: a 
review. Expert Rev. Cardiovasc Ther. 2003;1:533–9.

 10. Turrentine MW, McCarthy RP, Vijay P, Fiore AC, 
Brown JW. Polytetrafluoroethylene monocusp valve 
technique for right ventricular outflow tract recon-
struction. Ann Thorac Surg. 2002;74:2202–5.

 11. Oosterhof T, Meijboom FJ, Vliegen HW, Hazekamp 
MG, Zwinderman AH, Bouma BJ, van Dijk AP, 
Mulder BJ. Long-term follow-up of homograft 
function after pulmonary valve replacement in 
patients with tetralogy of Fallot. Eur Heart J. 
2006;27(12):1478–84.

 12. Brown JW, Ruzmetov M, Vijay P, Rodefeld MD, 
Turrentine MW. Right ventricular outflow tract recon-
struction with a polytetrafluoroethylene monocusp 
valve: a twelve-year experience. J Thorac Cardiovasc 
Surg. 2007;133(5):1336–43.

 13. Discigil B, Dearani JA, Puga FJ, Schaff HV, Hagler 
DJ, Warnes CA, Danielson GK. Late pulmonary 
valve replacement after repair of tetralogy of Fallot. J 
Thorac Cardiovasc Surg. 2001;121(2):344–51.

 14. Yemets IM, Williams WG, Webb GD, Harrison DA, 
McLaughlin PR, Trusler GA, Coles JG, Rebeyka 
IM, Freedom RM. Pulmonary valve replacement late 
after repair of tetralogy of Fallot. Ann Thorac Surg. 
1997;64(2):526–30.

 15. Holst KA, Dearani JA, Burkhart HM, Connolly 
HM, Warnes CA, Li Z, Schaff HV. Risk factors and 
early outcomes of multiple reoperations in adults 
with congenital heart disease. Ann Thorac Surg. 
2011;92(1):122–30.

 16. Bonhoeffer P, Boudjemline Y, Saliba Z, Merckx J, 
Aggoun Y, Bonnet D, Acar P, Le Bidois J, Sidi D, 

Fig. 17.5 The Venus P-valve® (Venus MedTech Inc., 
Hangzhou, China) is a Nitinol® self-expanding stent valve 
with leaflets made from porcine pericardium. Left and 

right panels show the outflow and inflow portions of the 
valve, the middle panel the Nitinol framework. Courtesy 
of Dr. S Qureshi

17 Transcatheter Pulmonary Valve Replacement: Impact on Management



244

Kachaner J. Percutaneous replacement of pulmo-
nary valve in a right-ventricle to pulmonary-artery 
prosthetic conduit with valve dysfunction. Lancet. 
2000;356(9239):1403–5.

 17. Cheatham JP, Hellenbrand WE, Zahn EM, Jones TK, 
Berman DP, Vincent JA, McElhinney DB. Clinical 
and hemodynamic outcomes up to 7 years after trans-
catheter pulmonary valve replacement in the US 
melody valve investigational device exemption trial. 
Circulation. 2015;131(22):1960–70.

 18. Kenny D, Hijazi ZM, Kar S, Rhodes J, Mullen M, 
Makkar R, Shirali G, Fogel M, Fahey J, Heitschmidt 
MG, Cain C. Percutaneous implantation of the 
Edwards SAPIEN transcatheter heart valve for con-
duit failure in the pulmonary position: early phase 1 
results from an international multicenter clinical trial. 
J Am Coll Cardiol. 2011;58(21):2248–56.

 19. Warnes CA, et al. ACC/AHA 2008 Guidelines 
for the Management of Adults with Congenital 
Heart Disease: a report of the American College 
of Cardiology/American Heart Association Task 
Force on Practice Guidelines (writing commit-
tee to develop guidelines on the management of 
adults with congenital heart disease). Circulation. 
2008;118:e714–833.

 20. Simpson KE, Huddleston CB, Foerster S, Nicholas 
R, Balzer D. Successful subxyphoid hybrid approach 
for placement of a Melody percutaneous pulmonary 
valve. Catheter Cardiovasc Interv. 2011;78(1):108–11.

 21. Morray BH, McElhinney DB, Cheatham JP, Zahn EM, 
Berman DP, Sullivan PM, Lock JE, Jones TK. Risk of 
coronary artery compression among patients referred 
for transcatheter pulmonary valve implantation: 
a multicenter experience. Circ Cardiovasc Interv. 
2013;6(5):535–42.

 22. Nordmeyer J, Lurz P, Khambadkone S, Schievano S, 
Jones A, McElhinney DB, Taylor AM, Bonhoeffer 
P. Pre-stenting with a bare metal stent before per-
cutaneous pulmonary valve implantation: acute and 
1-year outcomes. Heart. 2010;97(2):118–23.

 23. Hainstock MR, Marshall AC, Lock JE, McElhinney 
DB. Angioplasty of obstructed homograft conduits 
in the right ventricular outflow tract with ultra- 
noncompliant balloons: assessment of therapeutic 
efficacy and conduit tears. Circ Cardiovasc Interv. 
2013;6(6):671–9.

 24. Lurz P, Puranik R, Nordmeyer J, Muthurangu V, 
Hansen MS, Schievano S, Marek J, Bonhoeffer P, 
Taylor AM. Improvement in left ventricular filling 
properties after relief of right ventricle to pulmonary 
artery conduit obstruction: contribution of septal 
motion and interventricular mechanical delay. Eur 
Heart J. 2009;30(18):2266–74.

 25. Lurz P, Nordmeyer J, Giardini A, Khambadkone S, 
Muthurangu V, Schievano S, Thambo JB, Walker F, 
Cullen S, Derrick G, Taylor AM, Bonhoeffer P. Early 
versus late functional outcome after successful percu-
taneous pulmonary valve implantation: are the acute 
effects of altered right ventricular loading all we can 
expect? J Am Coll Cardiol. 2011;57(6):724–31.

 26. Coats L, Khambadkone S, Derrick G, Hughes M, 
Jones R, Mist B, Pellerin D, Marek J, Deanfield JE, 
Bonhoeffer P, Taylor AM. Physiological consequences 
of percutaneous pulmonary valve implantation: the dif-
ferent behaviour of volume- and pressure- overloaded 
ventricles. Eur Heart J. 2007;28(15):1886–93.

 27. Borik S, Crean A, Horlick E, Osten M, Lee KJ, 
Chaturvedi R, Friedberg MK, McCrindle BW, 
Manlhiot C, Benson L. Percutaneous pulmonary 
valve implantation: 5 years of follow-up: does 
age influence outcomes? Circ Cardiovasc Interv. 
2015;8(2):e001745.

 28. Wilson WM, Benson LN, Osten MD, Shah A, Horlick 
EM. Transcatheter pulmonary valve replacement with 
the Edwards Sapien System: The Toronto experience. 
JACC Cardiovasc Interv. 2015;8(14):1819–27.

 29. Momenah TS, El Oakley R, Al Najashi K, Khoshhal 
S, Al Qethamy H, Bonhoeffer P. Extended application 
of percutaneous pulmonary valve implantation. J Am 
Coll Cardiol. 2009;53(20):1859–63.

 30. Boudjemline Y, Brugada G, Van-Aerschot I, Patel M, 
Basquin A, Bonnet C, Legendre A, Bonnet D, Iserin 
L. Outcomes and safety of transcatheter pulmonary 
valve replacement in patients with large patched 
right ventricular outflow tracts. Arch Cardiovasc Dis. 
2012;105(8–9):404–13.

 31. Guccione P, Milanesi O, Hijazi ZM, Pongiglione 
G. Transcatheter pulmonary valve implanta-
tion in native pulmonary outflow tract using the 
Edwards SAPIEN™ transcatheter heart valve. Eur J 
Cardiothorac Surg. 2012;41(5):1192–4.

 32. Boshoff DE, Cools BL, Heying R, Troost E, Kefer 
J, Budts W, Gewillig M. Off-label use of percutane-
ous pulmonary valved stents in the right ventricu-
lar outflow tract: time to rewrite the label? Catheter 
Cardiovasc Interv. 2013;81(6):987–95.

 33. Demkow M, Rużyłło W, Biernacka EK, Kalińczuk Ł, 
Spiewak M, Kowalski M, Sitkowska E, Kuśmierczyk 
M, Różanski J, Banaś S, Chmielak Z, Hoffman 
P. Percutaneous Edwards SAPIEN(™) valve 
implantation for significant pulmonary regurgita-
tion after previous surgical repair with a right ven-
tricular outflow patch. Catheter Cardiovasc Interv. 
2014;83(3):474–81.

 34. Malekzadeh-Milani S, Ladouceur M, Cohen S, 
Iserin L, Boudjemline Y. Results of transcatheter 
pulmonary valvulation in native or patched right 
ventricular outflow tracts. Arch Cardiovasc Dis. 
2014;107(11):592–8.

 35. Meadows JJ, Moore PM, Berman DP, Cheatham 
JP, Cheatham SL, Porras D, Gillespie MJ, Rome JJ, 
Zahn EM, McElhinney DB. Use and performance of 
the Melody Transcatheter Pulmonary Valve in native 
and postsurgical, nonconduit right ventricular outflow 
tracts. Circ Cardiovasc Interv. 2014;7(3):374–80.

 36. Cools B, Brown SC, Heying R, Jansen K, Boshoff 
DE, Budts W, Gewillig M. Percutaneous pulmonary 
valve implantation for free pulmonary regurgitation 
following conduit-free surgery of the right ventricular 
outflow tract. Int J Cardiol. 2015;186:129–35.

H.S. Singh and L. Benson



245

 37. McElhinney DB, Hellenbrand WE, Zahn EM, Jones 
TK, Cheatham JP, Lock JE, Vincent JA. Short- and 
medium-term outcomes after transcatheter pulmonary 
valve placement in the expanded multicenter US mel-
ody valve trial. Circulation. 2010;122(5):507–16. 44

 38. Vezmar M, Chaturvedi R, Lee KJ, Almeida C, 
Manlhiot C, McCrindle BW, Horlick EM, Benson 
LN. Percutaneous pulmonary valve implantation in 
the young 2-year follow-up. JACC Cardiovasc Interv. 
2010;3(4):439–48.

 39. Eicken A, Ewert P, Hager A, Peters B, Fratz S, 
Kuehne T, Busch R, Hess J, Berger F. Percutaneous 
pulmonary valve implantation: two-centre expe-
rience with more than 100 patients. Eur Heart J. 
2011;32(10):1260–5.

 40. Nordmeyer J, Khambadkone S, Coats L, Schievano S, 
Lurz P, Parenzan G, Taylor AM, Lock JE, Bonhoeffer 
P. Risk stratification, systematic classification, and 
anticipatory management strategies for stent fracture 
after percutaneous pulmonary valve implantation. 
Circulation. 2007;115(11):1392–7.

 41. Nordmeyer J, Coats L, Lurz P, Lee TY, Derrick G, 
Rees P, Cullen S, Taylor AM, Khambadkone S, 
Bonhoeffer P. Percutaneous pulmonary valve-in-valve 
implantation: a successful treatment concept for early 
device failure. Eur Heart J. 2008;29(6):810–5.

 42. Lurz P, Coats L, Khambadkone S, Nordmeyer J, 
Boudjemline Y, Schievano S, Muthurangu V, Lee TY, 
Parenzan G, Derrick G, Cullen S, Walker F, Tsang V, 
Deanfield J, Taylor AM, Bonhoeffer P. Percutaneous 
pulmonary valve implantation: impact of evolving 
technology and learning curve on clinical outcome. 
Circulation. 2008;117(15):1964–72.

 43. Lurz P, Giardini A, Taylor AM, Nordmeyer J, 
Muthurangu V, Odendaal D, Mist B, Khambadkone S, 
Schievano S, Bonhoeffer P, Derrick G. Effect of alter-
ing pathologic right ventricular loading conditions by 
percutaneous pulmonary valve implantation on exer-
cise capacity. Am J Cardiol. 2010;105(5):721–6.

 44. Plymen CM, Bolger AP, Lurz P, Nordmeyer J, Lee TY, 
Kabir A, Coats L, Cullen S, Walker F, Deanfield JE, 
Taylor AM, Bonhoeffer P, Lambiase PD. Electrical 
remodeling following percutaneous pulmonary 
valve implantation. Am J Cardiol. 2011;107(2): 
309–14.

 45. Van Dijck I, Budts W, Cools B, Eyskens B, Boshoff 
DE, Heying R, Frerich S, Vanagt WY, Troost E, 
Gewillig M. Infective endocarditis of a transcath-
eter pulmonary valve in comparison with surgical 
implants. Heart. 2015;101(10):788–93.

 46. McElhinney DB, Benson LN, Eicken A, Kreutzer 
J, Padera RF, Zahn EM. Infective endocarditis after 
transcatheter pulmonary valve replacement using 
the Melody valve: combined results of 3 prospec-
tive North American and European studies. Circ 
Cardiovasc Interv. 2013;6(3):292–300.

 47. Buber J, Bergersen L, Lock JE, Gauvreau K, Esch JJ, 
Landzberg MJ, Valente AM, Sandora TJ, Marshall 
AC. Bloodstream infections occurring in patients with 
percutaneously implanted bioprosthetic pulmonary 
valve: a single-center experience. Circ Cardiovasc 
Interv. 2013;6(3):301–10.

 48. Mery CM, Guzmán-Pruneda FA, De León LE, Zhang 
W, Terwelp MD, Bocchini CE, Adachi I, Heinle JS, 
McKenzie ED, Fraser CD Jr. Risk factors for devel-
opment of endocarditis and reintervention in patients 
undergoing right ventricle to pulmonary artery 
valved conduit placement. J Thorac Cardiovasc Surg. 
2016;151(2):432–9. 441.e1–2

 49. Hascoet S, Mauri L, Claude C, Fournier E, Lourtet 
J, Riou JY, Brenot P, Petit J. infective endocarditis 
risk after percutaneous pulmonary valve implantation 
with the Melody and Sapien Valves. JACC Cardiovasc 
Interv. 2017;10(5):510–7.

 50. Vollroth M, Daehnert I, Kostelka M, Wagner R. First 
case of blood-culture proven Staphylococcus aureus 
endocarditis of a Sapien® XT valve after percutane-
ous pulmonary valve implantation. Eur J Cardiothorac 
Surg. 2015;48(6):e124–5.

 51. Schievano S, Coats L, Migliavacca F, Norman 
W, Frigiola A, Deanfield J, Bonhoeffer P, Taylor 
AM. Variations in right ventricular outflow tract 
morphology following repair of congenital heart 
disease: implications for percutaneous pulmonary 
valve implantation. J Cardiovasc Magn Reson. 
2007;9(4):687–95.

 52. Schievano S, Taylor AM, Capelli C, Coats L, Walker 
F, Lurz P, Nordmeyer J, Wright S, Khambadkone 
S, Tsang V, Carminati M, Bonhoeffer P. First-in- 
man implantation of a novel percutaneous valve: 
a new approach to medical device development. 
EuroIntervention. 2010;5(6):745–50.

 53. Phillips AB, Nevin P, Shah A, Olshove V, Garg R, 
Zahn EM. Development of a novel hybrid strat-
egy for transcatheter pulmonary valve placement in 
patients following transannular patch repair of tetral-
ogy of fallot. Catheter Cardiovasc Interv. 2016;87(3): 
403–10.

 54. Husain J, Praichasilchai P, Gilbert Y, Qureshi SA, 
Morgan GJ. Early European experience with the 
Venus P-valve®: filling the gap in percutaneous 
pulmonary valve implantation. EuroIntervention. 
2016;12(5):e643–51.

 55. Promphan W, Prachasilchai P, Siripornpitak S, 
Qureshi SA, Layangool T. Percutaneous pulmo-
nary valve implantation with the Venus P-valve: 
clinical experience and early results. Cardiol Young. 
2016;26(4):698–710.

 56. Garay F, Pan X, Zhang YJ, Wang C, Springmuller 
D. Early experience with the Venus p-valve for percu-
taneous pulmonary valve implantation in native out-
flow tract. Neth Heart J. 2017;25(2):76–81.

17 Transcatheter Pulmonary Valve Replacement: Impact on Management


	17: Transcatheter Pulmonary Valve Replacement: Impact on Management
	 Introduction
	 Pulmonary Valve Disease Burden
	 Surgical Pulmonary Valve Replacement
	 Percutaneous Pulmonary Valve Replacement
	 Indications
	 The Valve Systems
	 Procedural Summary

	 Evidence and Outcomes of PPVI
	 Periprocedural Outcomes
	 Long-term Outcomes

	 Up and Coming Pulmonary Valve Technologies
	References


