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ABSTRACT

Transcatheter pulmonary valve replacement was first performed by Dr Philip Bonhoeffer, who implanted a Medtronic Melody valve in a human in 2000. Over the past
2 decades, there have been many advances in transcatheter pulmonary valve technology. This includes the use of the SAPIEN transcatheter heart valve in the pul-
monary position, modifications and refinements to valve implantation procedures, and development of self-expanding valves and prestents to treat large diameter
native or patched right ventricular outflow tracts. This article reviews the current transcatheter pulmonary valve technologies with a focus on valve design, screening

process, implant procedure, and clinical outcomes.

Introduction

Over the past 22 years, transcatheter pulmonary valve replacement
(TCPVR) has become the standard of care at most large centers for
congenital heart disease. Although the initial balloon-expandable
valves, the SAPIEN transcatheter heart valve (THV) from Edwards
Lifesciences and the Melody valve from Medtronic, were initially
approved and used in conduits and bioprosthetic valve TCPVR, many
companies have now provided us with larger self-expanding valves
and stent constructs, which have allowed us to extend TCPVR
routinely to patients with native and “patched” right ventricular
outflow tracts (RVOTs; Central Illustration).

Although the balloon-expandable SAPIEN and Melody valves are
available worldwide, the newer self-expanding valves and “prestents” are
only available regionally. The Harmony valve (Medtronic) and Alterra
Adaptive Prestent (Edwards Lifesciences) have been approved by the US
Food and Drug Administration (FDA), but none of the other valves dis-
cussed have even begun trials in the United States. This review describes
all the valves currently available around the world and details the se-
lection process, implantation procedure, and data available for each

valve/prestent. The intent is to provide an overview of all available
TCPVR technologies (Figure 1).

Medtronic Melody valve

The Medtronic Melody valve was the first transcatheter valve
implanted in a human in 2000 by Dr Philip Bonhoeffer.! It is also the first
valve to be commercially available in the world and the first to receive
FDA approval in the United States, initially with a humanitarian device
exemption, which was later upgraded to an investigational device
exemption type FDA approval.? Most importantly, Medtronic’s training
program for the Melody valve implanters provided all congenital inter-
ventionalists with standardized training for conduit management and
TCPVR. Both the device and its training and proctoring program worked
to make TCPVR the standard of care in congenital heart disease and
provided standardized worldwide training. The Melody valve is now
indicated for pulmonary valve replacement in the dysfunctional right
ventricle to pulmonary artery (RV-PA) conduits or surgical bioprosthetic
valves in pediatric and adult patients. Since FDA approval, off-label
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Balloon Valve Stent/frame Year of first  Country Valve sizes at Pre-procedural  Suitable Frame Frame
expandable or material material published of origin implant imaging anatomy width (mm)  length
self-expanding implant (mm)
Medtronic Melody = Balloon Bovine Platinum 2000 England 18, 20,22 mm TTE, can Conduit, Same as 28,30
Valve expandable jugular vein iridium ider cross- bioprosthetic impl. |
sectional valve valve size
Ay imaging
Edwards SAPIEN Balloon Bovine Cobalt 2006 United 20, 23,26, 29 TTE, can Conduit, Same as 15.5,18,
Transcatheter expandable pericardium chromium States mm consider cross- bioprosthetic implanted 20,225
Heart Valve sectional valve, native valve size
€ imaging RVOT
Medtronic Self-expanding Porcine Nitinol 2013 United 22,25 mm ECG gated Native RVOT 22,25 55501
Harmony Valve pericardium States CTA
K
Edwards Alterra Self-expanding NA Nitinol 2018 United Accommodates ECG gated Native RVOT 40 49
Adaptive Prestent States 29 mm S3 THV CTA
MW
Med-Zenith PT- Self-expanding Porcine Nitinol 2019 China 20, 23,26 ECG gated Native RVOT 28, 32, 36, 38-54
Valve pericardium CTA 40, 44
|
Pulsta Valve Self-expanding Porcine Nitinol 2018 South 18-28 in 2 mm TTE or CTA Native RVOT 22-32 28-38
pericardium Korea increments
Venus P-valve Self-expanding Porcine Nitinol 2014 China 18-36 in 2 mm Cardiac MRI Native RVOT 28-46 25-30
\ pericardium increments (does not
include
flared
ends)

Figure 1. Comparison of valve and prestent types. TTE, transthoracic echo; RVOT, right ventricular outflow tract; NA, not applicable; S3 THV, Sapien 3 Trans-

catheter Heart Valve

Melody implantation into native/patched RVOTs with prestenting has
also been adopted in many centers.®

Valve and delivery system

The Melody valve is made from a glutaraldehyde-treated valved
bovine jugular vein sewn into a platinum-iridium stent (the Cheatham
Platinum stent). The vein is sewn to the stent circumferentially at both
ends. It is also sewn to the stent at each stent node with an interrupted
suture. The bovine jugular veins are either 16 or 18 mm in diameter and
are designated as TPV 20 and TPV 22, respectively. The intended
maximum diameter for TPV 20 is 20 mm, and the maximum diameter for
TPV 22 is 22 mm. The unexpanded valve height is 28 mm for TPV 20 and
30 mm for TPV 22 (Figure 2). It has been shown that the TPV 22 can be
deployed or dilated to 24 mm without sacrificing valve function.”

The valve is implanted on the Medtronic Ensemble II delivery system,
which is available in 3 sizes: 18, 20, and 22 mm. It utilizes a balloon-in-
balloon catheter mounted within a Teflon sheath. The distal portion of
the sheath, which covers the valve, is 22F, and the remainder of the
delivery system is 16F. The tip of the delivery system has a carrot, which
tapers and is used as an introducer to allow for a smooth transition into
the vein. The valve is hand-crimped onto the balloon-in-balloon catheter.
The Ensemble delivery system has proven to be incredibly effective in
TCPVR, even in patients weighing slightly less than 20 kg.®

Preprocedural evaluation

The preprocedural evaluation may include cardiac magnetic reso-
nance imaging (MRI) or computed tomography to assess the RVOT
anatomy and proximity of the coronary arteries, but it is not absolutely
necessary. Although neither imaging modality can predict coronary
compression with absolute certainty, they can help assess the risk of
coronary artery compression.®’

Implant procedure

The implant procedure depends on the type of pulmonary valve
present: conduit versus bioprosthetic valve versus a native or “patched”
RVOT. In general, most cases require the interventionalist to build and
test the landing zone with balloons and stents before Melody valve
insertion. In cases of RV-PA conduit stenosis, a stiff guide wire is posi-
tioned across the conduit. Serial balloon dilation of the conduit is per-
formed, followed by coronary artery compression testing with either
selective coronary or aortic root angiography with simultaneous angio-
plasty of the conduit intended to mimic the valve implantation. Patients
with a prior Ross procedure or an anomalous origin of the coronaries in
the tetralogy of Fallot are at the highest risk of coronary compression.®
Compression of the aorta has also been observed and, in its most severe
form, can be a contraindication for transcatheter intervention.” This
approach is used for all balloon-expandable pulmonary valves.

Covered stent implantation may be required for the treatment of
conduit tears and is sometimes placed prophylactically in conduits that
are believed to be at higher risk for a tear or rupture. However, usually,
coronary compression testing should precede any stent placement.
Following dilation of the conduit, bare metal stents are implanted to
provide radial strength and minimize the risk of valve-stent fracture,
which was shown to be an issue in early studies. The valve is then
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Figure 2. Melody Valve and Ensemble delivery system.
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Figure 3. Edwards SAPIEN THV iterations. (A) SAPIEN XT valve, (B) SAPIEN 3 valve, (C) SAPIEN 3 Ultra valve.

implanted within the landing zone created by the previously placed
stents. Mounting up to 3 prestents over the Melody valve on the Ensemble
delivery system has also been shown to be an effective method of
deploying the prestents and valve in 1 step.!®!! In smaller patients, the
Melody valve has been delivered with a hybrid approach in which the
surgeons access the RVOT, and a sheath is placed directly into the right
ventricle.'? In some cases, surgeons have also created a landing zone for
the Melody valve by reducing the RVOT surgically before valve
delivery.'>!*

In cases of bioprosthetic valves, a prestent is usually not necessary
before Melody valve insertion, but for conduits and native RVOTs, pre-
stenting has become almost universal.

When a bioprosthetic valve is present, the valve may be intentionally
fractured in certain cases to allow for a larger valve diameter.'® In gen-
eral, for older patients, pulmonary valves of >20 mm in internal diameter
are preferred; thus, most of the smaller bioprosthetic valves will require
fracture.

Clinical experience

Since the investigational device exemption study of the Melody valve
began in 2007, there have been >18,000 implants and a vast amount of
data and publications. In general, the Melody valves, which remain
implanted and free of endocarditis, continue to have excellent valve
function. On follow-up of the initial 149 patients followed long-term
from the investigational device exemption cohort, there was 10-year
freedom from mortality of 90% and freedom from reintervention of
60%.'° The rate of frame fracture has greatly diminished with improved
prestenting techniques from 33.5% to 16.7%.'” The Munich Comparative
Study showed equivalent results between 241 Melody valve implants and
surgically implanted bioprosthetic valves. Both groups had 87% survival
at 10 years. The annualized incidence of infective endocarditis (IE) was
1.6% in the Melody valve group and 0.5% in the surgical group; however,
there was no difference in survival free of endocarditis.'®

In early follow-up, multiple studies documented high freedom from
reintervention and improved quality of life.'°?! However, IE has
emerged as a threat to valve longevity, with most data sets reporting
annualized incidence rates of IE of approximately 2% after Melody im-
plantation, but some studies have documented annualized rates as high
as >4%.%%?% The largest studies of balloon-expandable valves (which
included both the Melody valve and SAPIEN THV) by McElhinney et
al>*?> showed comparable rates of survival and reintervention to surgi-
cally placed valves with an incidence of endocarditis of 16.9% at 8 years.
It has been very difficult to compare the Melody valve with the SAPIEN
THYV, as these comparisons are confounded by the differing landing zones
and patient populations: the Melody valve is much more commonly used
in conduits and bioprosthetic valves versus native landing zones for the
SAPIEN THYV. Although initial publications have shown comparable rates

of endocarditis between the Melody valve and surgically placed valves,
the latest data have trended toward a significant difference/increase in
the rate of Melody valve IE versus surgical IE.'° Relationships between IE
pathogenesis and TCPVR have been found in postimplant hemody-
namics, prosthetic material, and immune function.?>?° It is hoped that
identification of these risk factors can help minimize infection risk in all
future TCPVR patients. Additionally, it is important to note that if sig-
nificant valve dysfunction is not present, an explant of the valve may not
be necessary.?®

Edwards SAPIEN THV

The Edwards SAPIEN THV is a balloon-expandable valve made from
the bovine pericardium. The SAPIEN THV was originally designed for
placement in the aortic position but was found to have high success rates
when placed in the pulmonary position, with the first successful pul-
monary implantation in 2006.% Although the SAPIEN XT and SAPIEN 3
Ultra versions can be used in the pulmonary position, currently, the
SAPIEN 3 is the version being actively marketed and most commonly
used for pulmonic implantation.

Valve and delivery system

The bovine pericardium is shaped into a 3-leaflet valve and is
mounted on a cobalt-chromium frame using polyethylene terephthalate
(PET) fabric. The biomedical-grade chromium-cobalt frame consists of 4
rows and 4 columns, providing excellent radial strength to prevent
fractures and promote uniform expansion. The valve tissue is treated with
a patented Edwards ThermaFix process that uses a heat process to remove
glutaraldehyde molecules and a patented chemical process that removes
98% phospholipids to prevent calcification. Compared with the Melody
valve, the SAPIEN XT THV is short, with valve heights varying between
14.3 mm for the 23-mm valve and 19.1 mm for the 29-mm valve. The
SAPIEN 3 THV has an additional PET skirt on the outer aspect of the
frame that is intended to decrease the incidence of perivalvar leaks. The
SAPIEN 3 THV has a slightly taller valve height than the XT, varying
between 15.5 mm for the 20-mm valve and 22.5 mm for the 29-mm valve
(Figure 3A, B). The most important difference between the SAPIEN 3
Ultra THV, the latest iteration, and SAPIEN 3 THV pertains to the
textured PET outer skirt, which has an approximately 40% increased
height designed to allow up to 50% more surface contact area aimed at
improved annular sealing (Figure 3C).

The SAPIEN XT and SAPIEN 3 are mounted onto the Novaflex or
Commander delivery systems (Edwards life sciences) and crimped using
a specialized crimper developed by the company to provide uniform
placement on the delivery system due to the strength of the frame. The
delivery systems minimize profile by allowing the valve to be crimped
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Figure 4. Harmony TPV 22 and TPV 25. TPV, transcatheter pulmonary valve.

onto the shaft of the balloon and then pushed onto the balloon in vivo
once advanced through low-profile 14F and 16F expandable sheaths. The
SAPIEN THYV is available in diameters of 19, 23, 26, and 29 mm. These
larger valve sizes allow for percutaneous intervention in patients with
large native RVOTSs, transannular patches, and large RV-PA conduits.
Currently, the SAPIEN XT and SAPIEN 3 have received FDA approval for
implantation in the pulmonary position within dysfunctional and bio-
prosthetic valves. There is published literature on using the SAPIEN THV
within native or patched RVOT with significant success.?*

Preprocedural evaluation

The details regarding the baseline anatomy and surgical correction
are likely to impact candidacy and outcomes. The presence of a non-
expendable conduit or bioprosthetic valve might lead to under expansion
of the deployed SAPIEN THV with significant residual stenosis. A base-
line transthoracic echocardiogram should be performed to evaluate the
biventricular function, right ventricular pressures, RVOT dysfunction
(stenosis and degree of pulmonary regurgitation [PR]) and degree of
tricuspid regurgitation. Advanced imaging with MRI or electrocardio-
gram (ECG)-gated computed tomography angiography (CTA) for volu-
metric assessment of the right ventricle, especially in patients with PR, is
recommended. The evaluation of coronary artery proximity to the site of
implantation can be performed, although compression testing is
routinely performed.®”

Implant procedure

The RVOT is evaluated using biplane or 3-dimensional rotational
angiography to define dimensions in a stenotic conduit. Conduit reha-
bilitation in a stenotic RVOT involves serial angioplasty along with cor-
onary compression testing, as described above. Prestenting might be
performed before SAPIEN THV implantation if the area of stenosis is
longer than the length of the implanted SAPIEN THV. Fracture of the
bioprosthetic valve to increase the effective orifice is often performed
before valve-in-valve implantation.'® Implantation of the SAPIEN THV
within a native or patched RVOT is usually preceded by balloon sizing,
especially in patulous and pulsatile outflow tracts, to better define the
landing zone. Primary SAPIEN THV implantation without prestenting has
been performed with good outcomes.?®?° Initially, the use of the Nova-
flex and Commander delivery systems required the valve to be advanced

through the right heart uncovered, which resulted in tricuspid valve
injury with an incidence of 6% to 8%.°%>! Thus, a Gore Dryseal (Gore and
Associates) sheath is typically used to deliver the valve to the RVOT,
which has been shown to significantly reduce the risk of tricuspid valve
injury. %32

Clinical experience

The COMPASSION trial (COngenital Multicenter trial of Pulmonic
vAlve regurgitation Studying the SAPIEN interventional THV) was a
prospective multicenter study to assess the safety and efficacy of the
SAPIEN XT for the treatment of dysfunctional RV-PA conduits.>* A total
of 69 patients were implanted from 2008 to 2010. Fifty-seven patients
were accounted for at the 3-year follow-up visit from a total of 69 im-
plantations in 81 enrolled patients. Functional improvement in New York
Heart Association functional class was observed in 93.5% of patients. The
mean peak conduit gradient decreased from 37.5 + 25.4 to 17.8 + 12.4
mm Hg (P < .001), and the mean right ventricular systolic pressure
decreased from 59.6 + 17.7 to 42.9 + 13.4 mm Hg (P < .001). PR was
mild or less in 91.1% of patients. Freedom from all-cause mortality at 3
years was 98.4%. Freedom from reintervention was 93.7% and that from
endocarditis was 97.1% at 3 years. There were no observed stent
fractures.

A multicenter retrospective study included 774 patients enrolled from
23 centers who had been implanted with a SAPIEN THV.> The baseline
demographic characteristics revealed 397 (51%) patients with a nati-
ve/patched RVOT, 183 (24%) patients with a conduit, and 194 (25%)
patients with a bioprosthetic valve. Most patients were implanted with
the SAPIEN 3 (78%) and SAPIEN XT (22%), with most patients receiving
a 29-mm (39%) or 26-mm (34%) valve. The implant was technically
successful in 754 (97.4%) patients. Serious adverse events were reported
in 67 (10%) patients, with no difference between the RVOT anatomy
groups. Valve function at discharge was excellent in most patients, but
moderate or severe PR or a maximum Doppler gradient of >40 mm Hg
was documented in 58 (8.5%) patients. During the limited follow-up (n =
347; median, 12 months), 9 patients were diagnosed with endocarditis,
and 18 additional patients underwent surgical valve replacement or
valve-in-valve TCPVR (stenosis in 8, PR in 3, endocarditis in 4, unspec-
ified in 3). One of the mechanisms of early valve failure is subclinical
leaflet thrombosis, which can result in reduced leaflet motion. The ideal
anticoagulation strategy postimplant remains unknown, with significant
practice variation present among interventional cardiologists.>*>°
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Figure 5. Harmony screening report. The report contains a (A) perimeter plot in systole and diastole, (B) virtual implantation, and (C) estimated fluoroscopic

viewing projections with landing zone.

Medtronic Harmony valve

The Medtronic Harmony valve is the first FDA-approved self-
expanding valve designed specifically for the treatment of regurgitation
in native or patched RVOTs. The initial concept for this self-expanding
valve was championed by Dr Philipp Bonhoeffer, who realized that
most patients with congenital heart disease in need of pulmonary valve
replacement would not be able to be treated by smaller balloon-
expandable valves. The Harmony valve design utilizes a wire frame
knitted into a polymer cloth, which was originally a technology utilized
in self-expanding stent grafts. Although the frame is designed to adapt to
large-diameter RVOTs, the valve housings contain a 22- or 25-mm pul-
monary valve. If needed in the future, a balloon-expandable valve can be
placed within the Harmony valve frame.

Valve and delivery system

The Harmony valve is made from a knitted PET cloth covering with a
nitinol wire frame sewn into it. The leaflets are a-amino oleic acid—
treated porcine pericardial tissues. As shown in Figure 4, the original
Harmony valve, now referred to as TPV 22, was longer and smaller in
diameter than the second version, which is now referred to as TPV 25.
The TPV 22 has a valve that is 22 mm in diameter, whereas the TPV 25
has a valve that is 25 mm in diameter. The TPV 22 version is 55 mm in
length, whereas the TPV 25 is 51 mm in length. The TPV 25 is designed to
treat larger RVOTs. The proximal skirt on the TPV 25 is 54 mm compared

with 41 mm on the original TPV 22. In the clinical trial, there was an
initial version of the TPV 25 originally called “clinical TPV 25,” which
was less predictable in terms of deployment of the frame. The clinical
TPV 25was modified to produce the current version of the TPV 25, which
is now FDA approved.

The delivery catheter system (DCS) was designed for both TPV 22 and
TPV 25 based on the Ensemble delivery system. It is a 25F catheter that
enables the Harmony valve to be compressed into a capsule. It has a
nosecone that articulates with the capsule but can also be extended
beyond the capsule. The delivery system allows the valve to be easily
advanced into the RVOT and slowly uncovered from its distal and
proximal end. When in position, the valve can be released from the de-
livery system by rotating the handle of the delivery system in a counter-
clockwise fashion to release the bottom of the Harmony valve frame.
After deployment from the capsule, the valve frame cannot be recaptured
into the DCS but can be recaptured if a 26F DrySeal sheath is utilized.

Preprocedural evaluation

The screening for candidacy for a Harmony valve is performed
completely through data from an ECG-gated CTA with reconstructions
performed in both the systolic and diastolic frames. To simplify the
screening process, Medtronic devised what is now known as the
“perimeter plot” to graphically represent the anatomy of the RVOT. This
plot, shown in Figure 5A, allows for a graphical comparison of the
perimeter average diameter of the valve frame compared with the RVOT
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Figure 6. Alterra Adaptive prestent. The Alterra Adaptive prestent is shown with the SAPIEN 3 THV. The proximal inflow portion of the pre-stent is covered, while

the distal outflow portion has an open-cell design.

anatomy in both phases of the cardiac cycle. Good candidates for Har-
mony valve implantation have adequate interference of the anatomy of
the RVOT with the valve frame both distally and proximally. Originally,
Medtronic focused only on the diastolic anatomy, but more recently,
there has been a focus on both the systolic and diastolic anatomy when
evaluating valve fit. Essentially, the valve needs to be oversized vis a vis
the patient’s RVOT anatomy both distally and proximally to be consid-
ered a good fit.>’

Implant procedure

Once the valve has been confirmed to be a good fit for patient anat-
omy, no further screening, balloon sizing, or coronary compression
testing is performed. Typically, the RVOT is imaged after stiff guide wire
placement in the distal pulmonary artery, and the valve is loaded and
implanted with serial angiography in the anatomical position predicted
to be favorable by the computed tomography scan. The biggest challenge
to implantation is being able to correlate the position of the valve during

delivery by angiography to the favorable position predicted by the
computed tomography scan analysis. In addition to the perimeter plot,
Medtronic provides operators with graphical predictions of the fluoro-
scopic appearance of the RVOT in several camera angles and 3-dimen-
sional reconstructions of virtual implantations of the Harmony valve
(Figure 5B, C).

Clinical experience

Before the FDA approval, 3 different clinical trials were conducted
for both versions of the Harmony valve. The initial early feasibility
study included only patients who received TPV 22.3® The pivotal study
enrolled 50 patients, of which 10 were the modified, now commer-
cially available TPV 25. The continued access study enrolled 37 pa-
tients, which included only 2 patients who received a TPV 22.
Excluding the prototype clinical TPV, there were 87 patients in the
pivotal and continued access studies who received the now commer-
cially available TPV 22 and TPV 25.%°

Delivery System
A Marker Band Deployment Wheel
Inner Shaft l )
';‘rb—«l g} —— A . 1 3,
‘ ‘ t ' J,é:ﬂ;—__—,:lﬂ\ll/}'
Guidewire Lumen/
Tapered Tip Prestent Outer Shaft Flush Port

Connector

<>~
=2

Figure 7. Alterra Prestent delivery system. (A) Schematic diagram showing the Alterra Prestent delivery system components. (B) Enlarged image of the distal end of
the delivery system with approximately 50% of the Alterra Prestent deployed. At this point, recovering, recapture, and subsequent redeployment are possible. (C) With

the outer shaft completely withdrawn, the Alterra Prestent is completely deployed.
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Four of 87 patients who received TPV 22 and TPV 25 required
placement of the Harmony valve through a jugular vein approach
because of lack of access from the femoral vein. In this patient
cohort, there were no significant perivalvar leaks in any of the pa-
tients at the last follow-up, and there was nearly complete freedom
from more than mild PR (1 patient had moderate PRs and none had
severe PR at the 1-year follow-up). There were no patients in this
82-patient cohort with mortalities, sustained ventricular tachycardia
(VT), or endocarditis in the 1-year follow-up data. Two patients who
received TPV 22 in the early feasibility study required explant, 1 for
valve fracture and 1 for migration because of inadequate interfer-
ence. Several patients have required stenting and redo TCPVR
because of intimal growth into the Harmony frames with resultant
obstruction.*’

There is concern that both balloon-expandable and self-expanding
pulmonary valves can trigger VT and hinder VT ablations. Especially
self-expanding valves, which interact with the muscular RVOT, can cover
up the critical isthmus for VT ablations.*’ Therefore, as clinical experi-
ence with Harmony increases, we will continue to need to monitor for
sustained VT cases and explore the benefits of electrophysiology studies
before implantation.

Edwards SAPIEN 3 TPV with the Alterra Adaptive Prestent

The Alterra Adaptive Prestent (Edwards Lifesciences) was designed to
internally remodel a wide variety and sizes of RVOT morphologies,
thereby creating a suitable “landing zone” for the implantation of a 29-
mm SAPIEN 3 THV. The FDA has approved the use of the Edwards SA-
PIEN 3 TPV system with the Alterra Adaptive Prestent (SAPIEN 3 with
Alterra) for patients with severe PR in 2021.%2

Valve and delivery system

The Alterra Adaptive Prestent is designed to be used as a docking
adaptor for the 29-mm SAPIEN 3 THV within the RVOT. It comprises a
self-expanding, radiopaque, nitinol frame assembly and PET covering
and has designated inflow and outflow ends (Figure 6). Three radiopaque
markers are positioned at the prestent waist to facilitate the placement of
the SAPIEN 3 THV. The inflow section is identifiable by the presence of 2
triangular tabs that are attached to the delivery system and circumfer-
ential covering of all cells.

The outflow section is distinguished by open cells designed to facili-
tate blood flow into the branch pulmonary arteries should the device
need to extend into the orifice of 1 or both of these structures. The PET
fabric is attached by sutures to the inner surface of the frame to create a
seal at the inflow section. The device has a symmetrical frame design,
with the inflow and outflow diameters equal to 40 mm, and the central
section measures 27 mm to provide a rigid landing zone for a SAPIEN 3
THV (29 mm). Although the total unconstrained device length is 49 mm,
the nonfabric covered row of cells at the outflow results in a completely
covered length of approximately 30 mm, allowing for the treatment of
shorter RVOT by placing the distal apices across the orifice of the branch
pulmonary arteries if needed. Currently, suitable anatomy is deemed to
have a landing zone diameter between 27 and 38 mm with a minimum
length >35 mm. Importantly, the Alterra Adaptive Prestent can be
recaptured within the delivery system after up to 50% deployment,
allowing for 2 attempts at placement, if required.*?

The Alterra Adaptive Prestent comes fully loaded in a custom delivery
system consisting of a handle, retractable outer shaft, inner delivery shaft
(upon which the stent sits), prestent connector, and a tapered tip meant
to facilitate tracking through the vasculature (Figure 7). The delivery
handle consists of a single knob that ergonomically allows for a 1-
handed, slow, controlled deployment and potential recapture. The
entire system fits through a 16F eSheath (Edwards Lifesciences).*?
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Pulmonic Delivery System

Figure 8. Edwards Pulmonic delivery system. The system features a covered
balloon assembly that protects the SAPIEN 3 THV and cardiac structures from
one another during navigation through the right side of the heart. THV, trans-
catheter heart valve.

Screening process

The screening process for the Alterra Adaptive Prestent is similar to
that of the Harmony valve. A perimeter plot in systole is created from an
ECG-gated CTA to assess for adequate interference between the prestent
and the patient’s RVOT.*® The main difference in screening for Alterra is
that the screening process currently focuses on the systolic anatomy,
whereas the Harmony reports are graded primarily on the diastolic fit.

Clinical experience

Patients with greater than moderate PR were prospectively evaluated
for entry into a single arm, multicenter trial for the Edwards SAPIEN 3
TPV system with the Alterra Adaptive Prestent. Recently, 1-year data
were evaluated from that study. Over 100 patients were evaluated, and
60 patients were enrolled following the screening process, resulting in a
screen pass rate of 56%. The Alterra Adaptive Prestent and SAPIEN 3
THV were implanted in the intended location in 100% of patients during
a single procedure in all but 1 patient in which the procedure was staged.
There were no instances of device embolization or death at implant or in
follow-up. Transient arrhythmias were reported in 33% of the patients
within the first month after implant, but no arrhythmias were noted after
30 days out to 1 year. New or worsening tricuspid regurgitation was
noted in 16.7% of patients, which is most likely secondary to chordal
damage sustained with the use of the Commander delivery system in the
right heart. The newly designed covered Edwards Pulmonic Delivery
System, designed specifically to navigate a 29-mm SAPIEN 3 THV
through the right heart, should greatly simplify this procedure and
minimize the risk of tricuspid valve damage (Figure 8). In patients with
available paired 1 year MRI data, significant improvements in pulmonary
regurgitant fraction and right ventricular end-diastolic volume were
noted. The mean echocardiographic Doppler RVOT gradient remained
stable for the group through 1 year. Minor type 1 frame fractures of the
Alterra Adaptive Prestent were noted in 12 patients at 1 year with no
apparent clinical impact at this time. There were no reported cases of IE,
and all patients remained with the device in place at 1 year.**

Med-Zenith PT-Valve

The Med-Zenith PT-Valve (Beijing Med-Zenith) is a self-expandable
frame housing with a tissue pulmonary valve designed to treat PR in
native or patched RVOTs. It is currently in clinical trials only in China.

Valve and delivery system

Beijing Med-Zenith Medical Scientific manufactured a symmetric-
shaped, laser-cut, nitinol wire frame covered with porcine pericardium.
Inside, a 3-leaflet porcine pericardial valve with sealed membranes is
sewn in the middle of the frame. The proximal and distal ends of the
frame are softer, wider, and equal in diameter. The valve housing is
smaller and stiffer in an attempt to resist valve leaflet deformation. There
are radiopaque markers at the bottom of the leaflets, with 3 anchors at
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Figure 9. Med-Zenith PT valve. (A) Med-Zenith PT-valve with a (B) schematic diagram. 1, nitinol stent; 2, leaflets; 3, seal membrane; 4, markers; 5, anchors.

the distal frame for attachment and release. There are 3 valve sizes: 20,
23, and 26 mm, and there are 5 frame sizes (Figure 9).*> The delivery
system has a crossing profile of 21F. The loading accessories consist of 3
hooks to attach to the anchors with a loading funnel and a unique
attached crimper to facilitate loading the nitinol frame in ice-cold sterile
saline in a bowl.

Preprocedural evaluation

Like Harmony and Alterra, screening for appropriate patients for the
Med-Zenith PT-Valve is solely performed using an ECG-gated CTA of the
RVOT and pulmonary arteries. Perimeter plots in systole and diastole are
created to assess for adequate interference between the valve and the
patient’s RVOT (Figure 10).

Implant procedure

The PT-Valve is washed in ice-cold normal saline and loaded onto the
21F delivery catheter. The valve is then delivered to the intended distal

landing zone using a siting angiographic catheter delivered from the
contralateral vein. The valve is then expanded using the clockwise
rotation of the delivery handle until the 3 loading hooks release the
anchors.

Clinical experience

Thirty-seven patients were screened, and 22 patients with significant
PR and right ventricle dilation were enrolled in the Chinese clinical trial.
Valve implantation was successful in all 22 patients. Acutely, there were
no cases of device embolization/malposition, coronary compression,
ventricular arrhythmias, tricuspid valve injury, or >2+ PR or parivalvar
leak. During a follow-up period of 13 to 35 months, 5 patients developed
grade 1 PR or perivalvar leak.*

Pulsta valve

The Pulsta valve (TaeWoong Medical Co) is a self-expanding valve
with flared ends that was developed in South Korea to accommodate
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Figure 10. Med-Zenith PT-valve screening report. Perimeter plots in (A) diastole and (B) systole are generated from an ECG-gated CTA. CTA, computed to-

mography angiography; ECG, electrocardiogram.

TCPVR within larger RVOTs that preclude the placement of balloon-
expandable valves. It is a unique self-expanding valve that does not
have the hourglass shape of the longer Harmony, Alterra, and Med-
Zenith PT constructs.

Valve and delivery system

The Pulsta valve comprises a nitinol stent frame, which is made
using 0.0115-inch thick knitted double-strand wire and is covered by
the treated porcine pericardium. Both ends of the valve are flared to 4
mm wider than the outer diameter for stable valve adaptation to
various RVOT geometries (Figure 11). The proximal and distal ends of
the stent frame are uncovered and can be positioned without concern
of flow obstruction if they protrude into the branch pulmonary ar-
teries or RVOT. The trileaflet valve is made using treated porcine
pericardium for maximal tissue preservation. This porcine pericardium
is tightly hand sewn to the stent wall with 5-0 braided polyester to
allow for good valve coaptation. The valve diameter ranges from 18
to 28 mm with 2-mm increments. The total length of the valve is 28
to 38 mm."’

The delivery system has a tapered tip, which is 17 mm in length and
conical in shape to aid in insertion and a usable catheter length of 110
cm. The diameter of the outer sheath varies from 18F to 20F in the region
of the valve loading zone based on the valve size. The catheter shaft is
12F (Figure 3C). The proximal aspect of the stent frame is inserted onto a

| Total length

Outer diameter
Flare diameter

.

hook block positioned at the proximal part of the valve loading zone, thus
securing the frame and allowing for controlled deployment and posi-
tioning of the valve. The valve is then crimped onto the delivery cable
using4 the Heart Valve Crimper (Model RVS, Blockwise Engineering
LLC)."

Preprocedural evaluation

Anatomic suitability for the Pulsta valve requires the RVOT diameter
to be <28 mm as measured on transthoracic echocardiography or
CTA.47:48

Implant procedure

Valve sizing determination is based on preprocedural imaging
and confirmed by angiography and balloon sizing of the RVOT. The
valve chosen is 2 to 4 mm larger than the narrowest area of the
main pulmonary artery and equal to or slightly larger than the mean
main pulmonary artery size. Serial v angiography is performed
during valve deployment. The valve deployment is performed by
rotating the knob on the delivery catheter clockwise, which retracts
the outer sheath and partially uncovers the valve. After confirming
the device position, complete deployment of the valve is performed
by pulling the slider.*”:*¢

Figure 11. Pulsta valve. The valve diameter ranges from 18 to 32 mm with 2-mm increments. Both ends of the valve are flared 4 mm wider than the outer diameter

and are uncovered.
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Figure 12. Venus P-valve. Self-expanding nitinol stent with a trileaflet porcine
pericardial valve.

Clinical experience

Twenty-five patients with significant PR and right ventricle dilation
were screened and enrolled in the Korean multicenter clinical trial. The
mean age of the patients was 21.6 + 6.6 years (range, 11.2-38.5 years),
and the mean body weight was 55.7 + 12.7 kg (range, 36.8-81.3 kg). All
patients at baseline had severe PR without significant stenosis with right
ventricle dilation on cardiac MRI and mild-to-moderate exercise intol-
erance. The Pulsta valve was successfully implanted in all of the enrolled
patients without any major adverse events.*® Follow-up evaluation after
Pulsta valve placement performed at a mean of 33.1 &+ 14.3 months
(range, 12.0-50.6 months) showed excellent outcomes. There was no
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significant stenosis, with a mean gradient of 6.5 + 3.0 mm Hg (range,
2.0-16.0 mm Hg) and no significant PR in all patients, but mild perivalvar
leak was seen in 4 patients. The New York Heart Association functional
class of patients improved to class I in all patients, and the peak oxygen
consumption also improved significantly.*® The Pulsta valve has also
been implanted in the branch pulmonary arteries in a patient with
severely dilated RVOT that was >30 mm in diameter. Given the shorter
stent frame and uncovered proximal and distal regions of the stent, there
was no jailing of the upper lobe branches or overhang into the main
pulmonary artery.*’

Venus P-valve

The Venus P-valve (Venus MedTech) is a self-expanding transcatheter
valve developed by Venus Medtech in Shanghai, China. Similar to many
of the other valves described above, it was designed to treat patients with
patched RVOTs and secondary PR and right ventricle dilation.

Valve and delivery system

The Venus P-valve consists of a self-expanding nitinol stent with a
trileaflet porcine pericardial valve sutured inside the stent (Figure 12).
The valve is available in diameters of 18 to 36 mm, and lengths of the
straight section of the stent of 25 to 30 mm. There are flares at both ends,
the proximal one at the RVOT being covered and the distal one at the
pulmonary artery end being uncovered. The latter allows maintaining
patency of the pulmonary artery branches when the flare is placed in the
distal main pulmonary artery. Both the flares are 10 mm larger than the
straight section of the stent. There are radiopaque markers at each end of
the straight section of the stent at the junction with the flares.

The delivery catheter system has a radiopaque tip at its distal end and
a radiopaque marker on the distal part of the protective sheath covering,
which maintains the valve when it has been crimped and compressed

Transcatheter Pulmonary Valve Replacement

Balloon Expandable Valves
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Central Illustration. Transcatheter pulmonary valve replacement has evolved significantly over the last 22 years. Current technologies include balloon expandable

valves, self-expanding valves, and self-expanding prestents.
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(note that the Harmony delivery system is also referred to as the DCS).
There are 2 ears for attaching the valve at the proximal flare to aid with
crimping. At the proximal end of the handle, there is a precise release
handle, which is used to load and deploy the valve in a controlled manner
and eventually release it. The DCS can be passed over a 0.035-inch stiff
guide wire in the pulmonary artery branches. The DCS can be delivered
through 22F or 24F sheaths. The 28- to 30-mm diameter valves can be
accommodated in a 22F sheath and 32- to 36-mm diameter valves in a
24F sheath.

Preprocedural evaluation

Unlike many of the self-expanding valve technologies described
above, only MRI is needed to screen patients for the Venus P-valve. The
Venus P-valve is intended for a population of patients who require a valve
of >29 mm. Because it is being implanted in an expansile RVOT and
because the valve is mounted in a self-expanding stent, some oversizing is
required for satisfactory placement. Therefore, from the initial studies, it
became clear that the valve could be implanted in RVOTs with the nar-
rowest diameters (usually at the pulmonary valve annulus and evaluated
by balloon interrogation) of 32 to 34 mm.

Clinical experience

Since 2013, various publications have reported on the early results of
the Venus P-valve implantation on a compassionate use basis in patients
fulfilling the criteria for percutaneous pulmonary valve
implantation.‘r’o"r’?’ The valve implantations were reported from China,
Thailand, and South America.’®>">> The results have described suc-
cessful valve implantation and adequate remodeling of the right ventricle
with reduction of the indexed right ventricular end-diastolic volume and
abolition of PR. Subsequently, Venus P-valves have been implanted in
many countries, including the United Kingdom. A recent publication has
reported on the international multicenter medium-term results of Venus
P-valve implantation.”? Data were collected from 38 patients in whom
valve implantation was attempted. Failure to implant a valve occurred in
only 1 patient. During a mean follow-up of 25 months, there were no
valve failures or deterioration of valve performance. Frame fractures,
which were actively and systematically screened for, occurred in 27% of
patients and were minor, involving single struts of the stents. On MRI
follow-up assessment, there was a reduction in the index right ventricular
end-diastolic volume from a mean of 151 mL/m? before to 112 mL/m?
after valve implantation. The pulmonary regurgitant fraction reduced
from a mean of 48% before to 4% after valve implantation. There were no
episodes of IE, although further long-term data are needed.

The advantages of the Venus P-valve include the ability to implant the
valve precisely, to deal with larger RVOTs, good durability, and low
incidence of IE. Although some RVOTs were challenging for valve im-
plantation, the recent use of DrySeal sheaths has made the procedure
much easier. When larger sizes of the valve are implanted, it allows for
future valve-in-valve procedures if needed.

Conclusion

Transcatheter pulmonary valve replacement has come a long way
since the first procedure in 2000." After the initial development and use
of balloon-expandable valves for TCPVR, it became evident that larger
self-expanding valve technologies were needed to treat most of our pa-
tients needing pulmonary valve replacement. Over the last decade,
several new self-expanding valves and prestents have been developed
worldwide, which have been shown to be quite effective in the short- and
medium-term and have proven to be an effective treatment modality for
this patient population. Long-term data for balloon-expandable valves in
a multicenter study of 2476 patients have shown that survival and
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freedom from reintervention are comparable with surgically placed
pulmonary valves, but the incidence of IE was 16.9% at 8 years.?*2°
Given the large size of this experience and identification of risk factors
such as residual gradients, younger age, and history of immunosup-
pression and prior endocarditis, it is possible that we can use this sig-
nificant experience to guide future procedures and the development and
design of the next generation of TPV to improve further on outcomes in
this patient population.
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