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ABSTRACT

Congenital heart disease (CHD) affects about 1% of live births. Among them, about 20% will undergo one or
more surgical or percutaneous maneuvers on the right ventricle outflow tract or pulmonary valve. Transcatheter
pulmonary valve implantation is a recently available less invasive alternative to surgery for treatment of right ven-
tricular outflow tract dysfunction. Thus, residual dysfunction can be treated early and with a lower risk profile.
This narrative review aimed to describe the state of the art of percutaneous pulmonary valve implantation.
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1 Introduction

Congenital heart disease (CHD) affects approximately 1% of live births [1]. Among these, about 20%
will undergo one or more surgical or percutaneous procedures involving the right ventricle outflow tract
(RVOT) or pulmonary valve (PV). The most common CHDs involved are Tetralogy of Fallot (ToF),
pulmonary valve stenosis (PVS), pulmonary atresia with ventricular septal defect (PA-VSD), or without
ventricular septal defect (PA-IVS), truncus arteriosus, some subtypes of double outlet right ventricle
(DORYV), and transposition of great arteries (TGA). Additionally, some left heart CHDs, where the
pulmonary valve might be used as an autograft (like the Ross procedure and further variants) might also
be included.

The surgical approach to these pathologies has undergone significant changes over the past four decades
Until the 1980s pulmonary valvectomy (with or without RVOT enlargement using a trans-annular patch) was
the most common procedure. Although this approach was effective in the short and mid-term follow-up,
patients developed progressive RV dysfunction in adulthood. Thus, surgical PV repair or replacement
became part of the treatment strategy of these patients [2].

The long-term durability of surgical correction is influenced by several factors, including the patient’s
age at the time of surgery, the underlying congenital heart defect the severity of PV-RVOT stenosis and/or
dysplasia, the type of surgical approach, the presence of infections, and other patient-specific variables,
some of which remain poorly understood. Despite advancements in surgical techniques, the durability and
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functional outcomes of surgically manipulated pulmonary valves are generally inferior to those of native PV.
The need for multiple re-interventions is common, the type of RVOT dysfunction (stenosis, regurgitation, or
mixed diseases) is closely related to the initial surgical procedure: regurgitation and RV volume overload are
the most common sequelae following RVOT patching, monocusp patch and PV valvectomy or
commissurotomy; whereas stenosis and increased RV afterload are more frequently observed with valved
conduit and biologic prosthetic valves [3].

Transcatheter pulmonary valve implantation (TPVI) is a relatively recent less invasive alternative to
surgery for the treatment of RVOT/PV dysfunction. This percutaneous technique allows for the early
treatment of residual dysfunction with a lower risk profile. This narrative review aims to provide an
overview of the current state of the art of percutaneous pulmonary valve replacement.

2 History of TPVI

The history of TPVI dates back to 2000 when Bonhoeffer et al. first reported a case series of TPVI in a
lamb model [4]. Later that year, the same group published the first-in-human” TPVI in a 12-year-old boy
TOF with severe conduit stenosis [5]. This landmark procedure marked the introduction of Melody®®
Valve (Medtronic, Inc.; Minneapolis, MN, USA) which became the first commercially available
percutaneous valve. The favorable outcomes associated with the Melody valve played a pivotal role in
advancing the development of percutaneous aortic valve replacement techniques. Following minor
improvement, the Melody valve received the CE Marking and Health Canada approval, in 2006 and then
the U.S. Food and Drug Administration (FDA) approval in 2010 [6].

Since its initial clinical application, early trials conducted both in Europe and the United States
demonstrated substantial reductions in conduit pressure gradients, with an immediate restoration of valve
competence [7,8]. Among the most frequently reported post-implant complications were stent fractures
and recurrent stenosis due to the “hammock effect”. The stent fractures were primarily a result of high
radial stress from the stenotic conduit, residual RVOT muscularization, and the pulsatile force exerted by
the aortic beat on the stent. These fractures were markedly reduced through systematic conduit
rehabilitation and pre-stenting before Melody valve implantation. With this technique, the two stents
increased exponentially the resistance to fractures. The “hammock effect” which arises from blood
accumulation between the stent and the conduit, leads to stenosis in the mid-segment of the valve. To
prevent this, the conduit was sutured to the stent not only at the ends but also for the length of the stent.
In patients showing the hammock effect, a valve-in-valve procedure was consistently effective [9].

Concurrently the same research group began exploring devices for percutaneous aortic valve
interventions [10]. In 2002, Alain Cribier performed the first human implantation of a custom-made
device in aortic position [11]. The evolution of that valved device led to the development of the
commercially available Edwards SAPIEN transcatheter heart valve (THV) (Edwards Lifesciences LLC,
Irvine, CA, USA [12]. In 2008, the COMPASSION trial was initiated to assess the outcomes of the
Sapien valve implanted in the pulmonary position, demonstrating an excellent safety/efficacy profile [13,14].

Driven by marketing factors, the portfolio of aortic valves has expanded exponentially since 2010. For
TPVI, the choice of devices was initially limited to the Melody valve (for annular diameters between 16 and
22 mm), and Sapien valve (for diameters between 23 and 29 mm). These devices underwent incremental
technical improvements, including enhancements to the valve, delivery sheath, and specific maneuvers to
facilitate valve accommodation [15,16].

In other words, following the initial experience with Melody valve, the main Companies were mainly
focused on developing devices to implant in the aortic position rather than developing devices for the
rarer CHDs. Consequently, pediatric cardiologists were left to adapt a device originally designed and
conceived for aortic valve replacement, by modifying valve orientation for the crimping on the balloon.
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After 15 years without significant innovations, a self-expandable device (previously used for aortic valve
replacement since 2006) became available also for pulmonary position. These included the Venus-P-Valve™
in Europe, the Alterra adaptive pre-stent™, and Harmony®™® trans-catheter pulmonary valve in the USA; and
the Pulsta trans-catheter pulmonary valve™® in Asia. The availability of self-expandable valves significantly
expanded the pool of eligible patients for TPVR, particularly those with native or dilated RVOTs.

3 Available Prostheses
Balloon-Expandable Valves

Balloon expandable valves were the first devices widely used for TPVI. Over the past 20 years,
thousands of devices have been successfully implanted, demonstrating an excellent safety and efficacy
profile. These valves are mounted on a stent with high radial force, which allows them to be used in both
stenotic and regurgitant lesions. Typically, pre-stenting is performed before device deployment, to
stabilize the landing zone, address multi-site stenosis, and minimize the risk of stent fractures and device
embolization. Currently, two balloon expandable valves are available for TPVI; the Melody valve and the
S3 Sapien valve (Table 1).

Melody®® TPV (Medtronic Inc., Minneapolis, MN, USA
European CE mark obtained in 2006, US FDA mark: 2010

Melody was the first percutaneous valve implanted in humans. Currently available the Melody™® TPV
valve consists of a tri-leaflet bovine jugular valve segment (16 or 18 mm), which is first fixed in
glutaraldehyde under pressure and then without pressure. The valve is sutured to a 34 mm CP stent
(NuMED, Inc., Hopkinton, New York, NY, USA) frame by frame, using a blue suture at the distal end of
the valve and a white suture on the proximal end of the device. This color coding assist in ensuring
correct valve orientation during crimping on the dedicated delivery system, which has a blue carrot tip on
the end and a white shaft (“blue with blue and white with white”) [17].

Table 1: Balloon expandable valve characteristics

Melody valve Sapien 3 valve

/
Valve leaflets Bovine jugular vein Bovine pericardial
Stent material Platinum iridium Cobalt chromium
RVOT type Conduit Native or conduit
Ensamble size (mm) 18-20 18-20-22 20 23 26 29
Delivery system size (Fr) 22 22 14* 14* 14* 16*
RVOT diameters range (mm) 12-22 14-24 18-20 20-23 23-26 26-29

Note: *Sized referred to a dedicated expandable sheath, alternatively 24 or 26 Fr Dryseal.

The device is available in two sizes, 20 and 22 mm. The stent used is identical in both cases; the
difference lies in the conduit diameter. The smaller 16 mm valve is designed to accommodate an inner
diameter of up to 20 mm, while the 18 mm valve can be dilated to a diameter of 22-24 mm [17]. The
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valve can be crimped on an 18, 20, or 22 mm Ensamble delivery system, which consists of a nose tip, that
optimizes system trackability; a BiB balloon, for valve dilation; and a sheath, with a larger distal portion to
cover the valve during placement maneuvers. The valve can be used also for smaller diameters, by using
smaller balloon catheters and long sheaths for delivery in RVOT.

Once the valve is in position the sheath is retracted to uncover the valve. Deployment is completed by
sequentially inflating the inner balloon first, followed by inflation of the outer balloon. The ensemble is 22 Fr
large. It can be effectively used bare in the vein, over a stiff exchange guidewire (Fig. 1). Once the valve is
delivered, an 18 Fr sheath can replace it without risk of local bleeding. Alternatively, it can be delivered
through a 24 or 26 Fr Gore™ Dry Seal long-sheath.

Figure 1: Melody valve implantation—step-by-step procedure. (A) Conduit ballon interrogation, aortic root,
and non-selective coronary interrogation by using a 22 mm % 40 mm atlas gold balloon; (B) presenting
of RVOT with a CP stent mounted on a 22 mm X 40 mm atlas gold balloon; (C) 18-10 Melody
valve deployment, mounted on a 22 mm ensemble; (D) aortic angiography after valve deployment,
demonstrating no regurgitation; (E) selective coronary angiography after valve deployment, no coronary
compression; (F) pulmonary angiography demonstrating no regurgitation or paravalvular leak

Melody®™® TPV is currently approved for the treatment of at least moderate dysfunction (stenosis and/or
regurgitation) of RV-PA surgical conduit or biologic prosthetic valves. Additionally, it might also be used
safely in native dysfunctional RVOT if a landing zone with a diameter of less than 22 mm of diameter
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can be achieved [6]. Pre-stenting of the RVOT is strongly recommended to reduce the risk of valve
dysfunction due to stent fractures.

SAPIEN XT THV and SAPIEN 3 THV (Ewards Lifesciences LLC, Irvine, CA, USA)
European CE mark obtained in 2016 (SAPIEN XT), 2021 (SAPIEN 3 THYV)
US FDA mark in 2016 (SAPIEN XT), 2020 (SAPIEN 3 THYV)

Since the first implant in 2002, Sapien valves were progressively improved, increasing the size
availability (actually 20-23-26-29 mm), modifying the stent material (from steel to chrome-cobalt)
lengthening the stent and reducing the size of the delivery sheath (from 24 Fr to 16 Fr). However, these
improvements were initially tailored to the aortic valve anatomy and were later adapted for TPVI. The
valve is handmade sutured in the stent, by using pericardial bovine tissue. Sapien XT received its first CE
mark approval for TPVI in 2016; and Sapien S3 in 2020. Sapien Ultra is still not on-label for TPVL
Sapien XT is currently out of production, thus, Sapien S3 is the only version available for TPVI [18,19].

Sapien S3 valves can range from diameters between 20-29 mm. Compared to the Melody valve, it is
designed for larger diameters, and it is significantly shorter in length. Compared to XT, the S3 is longer
due to the addition of a proximal skirt which helps to prevent potential para-valvar leaks. In addition, it
can be used in a DrySeal long sheath. Therefore, S3 might be implanted in RVOT without pre-stenting in
selected cases [20]. However, pre-stenting is still performed in approximately 80% of cases before
S3 implantation Unlike the Melody valve, the device size is referred to as the external diameter.
Additionally, S3 can also be over-dilated to fit a 1-2 mm diameter larger than the nominal size, still
preserving leaflet coaptation, some elastic recoil might be observed at larger diameters [21].

Sapien valves are crimped using a dedicated system and should be used by certified operators. The valve
is mounted outside of the balloon, to reduce the whole delivery sheath size. After introduction via the femoral
access, the balloon (which features both proximal and distal radio-opaque marker) is advanced through the
RVOT and aligned to the stent. The valve is delivered within the sheath up to the deployment site. To enhance
the system trackability and to reduce the risk of iatrogenic tricuspid valve injury, the valve is advanced in a
26 Fr Dry-Seal long-sheath (WL Gore, Flagstaff, AZ, USA). Once the valve reaches the RVOT, the sheath is
retracted to expose the valve. The ensemble can be angulated using a flex wheel to facilitate the crossing of
kinking or acute angles but before deployment, the system should be straightened again and the valve fully
uncovered before balloon inflation (Fig. 2).

Sapien valves can be used both in native RVOT, and RV-PA conduits and for valve-in-valve
procedures [22].

Self-Expandable Valves

Although self-expandable valves were available in the early era of percutaneous aortic valve
replacement, their use in the pulmonary position represents an innovation of this decade. Self-expandable
valves have expanded the procedural feasibility, particularly for large native or surgically patched RVOT
[23]. While balloon-expandable valves have a cylindrical design, self-expandable valves feature a dual
funnel shape. The stent is made of Nitinol, which facilitates easier crimping and subsequently adaptation
to the anatomy of dilated native RVOT. Once deployed, these valves often adopt an elliptic shape, owing
to their low radial force. On the other hand, self-expandable valves are contraindicated in cases of
stenosis and should only be used in patients with severe pulmonary valve regurgitation [19]. To date, the
prostheses available on the market are Venus Valve, Harmony Valve, Alterra Adaptive Prestent, and
Pulsta Valve (Table 2).

Venus Pulmonary Valve (Venus Medtech, Shanghai, China)
European CE mark in 2022, US FDA mark: under investigation
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The Venus Pulmonary Valve (Venus Medtech, Shanghai, China) consists of a self-expandable Nitinol
multi-level support frame with a tri-leaflet porcine pericardial tissue valve sutured with PTFE sutures to
the frame. The valve is constructed with porcine pericardial tissue which is fabricated from three equal
sections of buffered glutaraldehyde to fully crosslink the tissue while preserving its flexibility and
strength [24].

Aortic root

F

Figure 2: Sapien S3 valve implantation. (A) RVOT angiography demonstrating landing zone on the
distal trunk, 23 mm large (B). (C) Aortic root angiography during balloon interrogation, no significant
aortic root distortion or coronary compression were detected. (D) Pre-stenting by using a 57 mm Andra
stent XL, was implanted from the left pulmonary artery, intentionally jailing the right pulmonary artery,
by using a 18 mm x 60 mm Atlas Gold Balloon. The stent was dilated proximally by using a
26 x 40 atlas gold balloon; Finally, a 29 mm Sapien S3 valve was deployed (E). (F) Final aortic root
angiography after valve deployment demonstrated no complication on the aorta and coronary tree

Table 2: Self-expandable valve characteristics

Venus P Alterra

28-30-32-34-36  18-20-22-24-26-28
38-46 (10 + VS)  26-36 (4 + VS) 40

Valve sizes (mm) 22
Inflow diameter 41
(mm)

Outflow 32 46 38-46 (10 + VS)  26-36 (4 + VS) 40
diameter (mm)

(Continued)
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Table 2 (continued)

Harmony Venus P Pulsta Alterra
Total length 55 51 53-67 28, 31, 33, 38 49
Coverage Fully covered Distal edge Both the edges Distal edge
uncovered uncovered uncovered
Stent material Nitinol Nitinol Nitinol Nitinol
Valve leaflets Porcine pericardial Porcine pericardial Porcine pericardial -
Delivery system 25 22-24 21 16
(Fr)
How to recapture By using By using Delivery system up to Delivery system up
Gore®®Dry seal ~ Gore®*Dry seal 30% of deployment to 30% of
Sheath 26 Fr Sheath 26 Fr deployment

Anchorage is achieved through a flared, uncovered distal end, which ensures adequate perfusion of
pulmonary artery branches in the event of jailing. The valve is typically deployed in or just below
pulmonary artery bifurcation, with the symmetric proximal end, covered to close possible paravalvular
leaks. The proximal landing zone should ideally be positioned near (or better above) the native (or
former) pulmonary valve annulus. The valve is available in five sizes, corresponding to the smallest
(valved) stent diameter, ranging from 28 to 36 mm in 2 mm increments. The edges of the device are
about 10 mm larger than the valve diameter. In addition, there are two lengths available for any diameter,
25, and 30 mm, indicating the length of the central (cylindrical) segment of the device. The cylindrical
segment of the valve is marked with six radiopaque markers, to facilitate the deployment maneuvers [25].
The funnel-shaped edges are both 15 mm in height. The valve must be loaded into the delivery system
using a dedicated crimping system. To improve the ductility of the device, it should be manipulated in an
iced sterile saline solution, to facilitate crimping maneuvers. The valve is secured to three hooks located
on the proximal edge of the stent similar to the S3 Sapien valve, this valve is advanced in a 26 Fr
Gore™® DrySeal long-sheath (Fig. 3). Once deployment is started, the valve can be retrieved when up to
75% of the device is deployed.

Harmony™® TPV (Medtronic Inc., Minneapolis, MN, USA)
European CE mark under investigation to date, US FDA mark: 2021

The Harmony TPV is constructed from a porcine pericardial tissue which is treated with alpha-amino
oleic acid anti-mineralization treatment to minimize leaflet calcification. The stent is self-expanding and
made in nitinol, with the frame covered in a polyester knit fabric. The valve is available in two sizes:
22 and 25 mm with the diameter referring to the valve size. In both sizes, the central segment is
cylindrical and the proximal edge is larger than the proximal one:

-Harmony ““TPV 22 mm: 41 mm inflow diameter, 32 mm outflow diameter; total length 55 mm
-Harmony®™® TPV 25 mm: 54 mm inflow diameter, 43 mm outflow diameter; total length 51 mm

The valve can be easily crimped by the operator. It is secured to the delivery cable through 9 suture
loops, which have to be attached to the delivery system by a spiral system. Once loaded the valve, is
advanced in a 26 Fr Gore®™® DrySeal sheath. Upon reaching the desired landing zone it can be easily
deployed. The valve might be potentially retrieved and re-adjusted during the deployment phase if the
suture loops are still secured to the delivery system when a DrySeal is used [26].
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Figure 3: Venus P valve implantation. Virtual reality simulation of device implantation based on CT, in right
anterior oblique (A) and lateral (B) views. (C) RVOT angiography demonstrating a narrowest diameter of
27.5 mm. (D) A 34 mm x 25 mm Venus P valve was implanted. (E) Final RVOT angiography
demonstrated an effective device function. AO: Aorta, LPA: Left pulmonary artery, RPA: Right
pulmonary artery, RV: Right ventricle, RA: Right atrium

To date, the Harmony valve is the largest valve available for TPVI. Unlike the Venus Valve, it is fully
covered. Thus, the operators should take care to avoid jailing pulmonary branches. On the other hand, the
covered distal edge might reduce or abolish paravalvular leaks in huge RVOTs.

The Alterra Adaptive Pre-stent (Edwards Lifesciences, Irvine, California)
European CE mark under investigation to date, US FDA mark: 2021

Alterra Adaptive Pre-stent was designed as an “infundibular reducer” to expand the feasibility of TPVI
using Sapien devices by reducing and reconfiguring RVOT morphology, thus creating a favorable landing
zone for the SAPIEN 3 THV 29 mm.

The Alterra system is a self-expanding, radiopaque, nitinol frame assembly with a fabric covering of
polyethylene terephthalate (PET). It features distinct inflow and outflow ends both flared, the final shape
of the device is a double funnel with the diameter of both ends measuring 41 mm. The central landing
zone is 27 mm in diameter; the total device length is 48 mm. The inflow section is differentiated from the
outflow section by two key features: first the presence of two triangular tabs which are used for
attachment to the delivery system, and a circumferential covering of all cells. Like in the Venus-P valve,
the distal part of the stent is uncovered, to avoid pulmonary artery branches jailing.

The Alterra Adaptive Pre-stent comes pre-loaded in a 22 Fr dedicated delivery system. The use ofa 26 Fr
DrySeal to accommodate the whole system in RVOT is strongly suggested. The delivery system is designed
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to provide slow controlled deployment and allows the operator to recapture two times the pre-stent using a
one-handed rotational knob [27]. Once the Alterra device is deployed, a Sapien valve can be used to complete
TPVL

Pulsta Valve

Pulsta Valve (TaeWoong Medical Co, Gimpo, Republic of Korea) is a 3-leaflet decellularized porcine
pericardial valve attached to a self-expandable Nitinol stent. The valve’s size refers to the narrowest
diameter of the stent, ranging from 18 to 32 mm, with 2 mm increments. The edges are 4 mm larger than
the valve size, regardless of the chosen diameter. The total length ranges from 28 and 38 mm depending
on the stent diameter. The first row of cells and the two most distal rows are uncovered, while one row of
proximal cells and two rows of distal cells are left uncovered to avoid obstructing flow through the
pulmonary branches.

The valve can be crimped by the operator itself, without any specific device. It is attached to the delivery
system through three hooks. The valve can be retrieved when at least 33% of the device is still in the delivery
sheath. To date, the largest experience is limited to Asian countries, because this device is still awaiting CE
and FDA approvals [28-30].

4 Imaging for Right Ventricular Outflow Tract (RVOT)

Imaging in RVOT diseases has a double purpose: to assess the impact of the residual defect on heart
function (indicating treatment) and to provide detailed anatomical information when treatment is
indicated. Several imaging tools are available, each one with tips and tricks [31,32]. A comprehensive
understanding of this option is essential to approach these patients and to create an effective diagnostic
flowchart [33,34]; Additionally, periodical updates on eligibility criteria should be shared between hub
and spoke centers to screen candidates for TPVI [35].

To thoroughly assess RVOT anatomy the experienced cardiologist may therefore choose among
different imaging modalities, including echocardiography (Echo), cardiac magnetic resonance imaging
(CMR), and computed tomography (CT) [36]. The selection of appropriate imaging techniques depends
on the clinical scenario, patients’ characteristics, and the specific information required. A multi-modality
imaging approach is generally preferred to overcome the limitations of individual techniques enabling a
more comprehensive and reproducible assessment of RVOT anatomy before TPVI. Pre-procedural
imaging provides detailed information about TPVI contraindication, especially the relationship between
RVOT and coronary artery anatomy [37]. Furthermore, the integration of artificial intelligence (Al) in
clinical practice has promoted the evolution of cardiac imaging with accordingly customized treatment
strategies for each patient’s cardiac morphology [38]. Computational sciences and automated software can
merge information derived from multimodality imaging, providing image segmentation and three-
dimensional (3D) reconstruction which facilitate catheter-based interventions and optimize risk
assessment during invasive procedures [39].

Echocardiography

The conotruncal region is routinely and longitudinally assessed with color and spectral Doppler Echo. It
provides real-time images to assess instantaneously ventricular function, pulmonary valve motion, and blood
flow, without safety concerns due to its non-invasive nature.

The widespread availability of Echo makes it particularly well-suited for bedside evaluations in critically
ill patients. A poor acoustic window is the most frequent limitation, because of prior sternotomies or RVOT
calcifications. However, the assessment of volumes and RV function is now feasible bedside. Thanks to
advancements in probes and software technology widened the availability of this new tool. Recent studies
demonstrated a good agreement between echo and CMR data [40]. Nevertheless, the acoustic window in
these patients might be challenging, due to its peculiar shape, anterior position, and post-surgical scars.
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Native pulmonary valve, RVOT conduit, and bio-prosthetic valve stenosis can be effectively evaluated
by echo, either for stenosis [41,42] or to assess for regurgitation [43—45].

In conclusion, the Echo remains the first tool to quantify right heart valve dysfunction. The latest 3D
probes further enhanced the role of Echo in RV volume quantification. However, once a clinically
relevant RVOT dysfunction is suspected, second-level imaging is always recommended.

Cardiac Magnetic Resonance

CMR is a recognized tool for both structural and functional RVOT assessment, spanning from the
prenatal period to adulthood [46-50]. The four-dimensional flow CMR (4D-Flow CMR) imaging
technique establishes a comprehensive assessment of blood flow in a single free-breathing acquisition,
enabling dynamic blood flow visualization and quantification, which is relevant when assessing PR [51-53].

In the case of RVOT obstruction, CMR analyzes the impact of this hemodynamic burden on the right
ventricle [54]. It remains the gold standard for RV volumes and ejection fraction assessment, as well as
for pulmonary valve regurgitation. Despite its advantages, CMR still relies on the practitioner’s expertise.
Operators should be adequately trained to calculate volumes in post-surgical anatomies and to collect
helpful and comprehensive RV and RVOT views, including pulmonary branches and aneurysms in the
region of interest. Unfortunately, metallic materials like stents, clip devices, or calcifications, might
compromise the collection of anatomic details.

Furthermore, the role of CMR in the assessment of coronary arteries before TPVI is still debated.
Malone et al. highlighted that CMR is not the dedicated imaging modality to evaluate any potential
coronary artery compression after TPVI [37]. Concerns about CMR are its limited availability, high costs,
need for experienced cardiologists, and long time needed for a comprehensive evaluation. Additionally,
patients implanted with cardiac devices, and suffering from claustrophobia may be not suitable for CMR
imaging. Some studies demonstrated potential toxic effects in patients with kidney diseases and brain
accumulation in patients undergoing repeated exams [55]. However, a contrast medium is not necessary
to follow RV function and volumes and to study RVOT anatomy.

Computed Tomography

Computed tomography (CT) plays a pivotal role in RVOT assessment, providing high spatial resolution
images. It is the first-choice technique when there are CMR contraindications or when comprehensive
coronary artery assessment is required before performing invasive procedures [31,37]. CT is the current
standard for the detection and quantification of calcifications (such as the Agatson score) [56], which is
crucial for planning the optimal strategy for TPVI. Moreover, ECG-gated image acquisition minimizes
artifacts and further increases spatial resolution. Finally, by using end systolic and end diastolic ECG-
gated sequences, it is now possible to add functional data to anatomic data.

In contrast to CMR, CT is much faster and less operator-depending. Thus, it is the preferred imaging tool
to plan TPVI. CT scan acquisitions can be easily 3D reconstructed and post-processed. Unlike CMR, which
requires dedicated views and slices, CT protocols are simpler and might be demanded by spoke centers,
facilitating more efficient pre-operative RVOT assessment.

Ideally, a CT scan for pre-operative RVOT assessment should be performed with ECG gating and
recorded at least in two phases: systolic phase (30% of the cardiac cycle) and end-diastolic phase (90% of
the cardiac cycle) [57,58]. The systolic phase provides the maximum RVOT diameters and the
relationship between RVOT (and any associated calcifications) with the aorta and coronary arteries. The
diastolic phase helps assess tissue: a fixed diameter, with tiny differences between systole and diastole,
indicates a stiffer landing zone (due to calcium, scars, or prosthetic rings), while larger differences in
diameter might indicate a compliant, and distensible tissue, that should be further studied by an invasive
balloon sizing [59,60].
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Despite the advancements in newer machines that reduce radiation exposure ionizing radiation is the
main limitation of CT. Recent papers raised warnings on the extensive use of ionizing radiation and the
higher rate of cancer in CHD patients, especially when performed at younger ages [61]. Therefore, its use
should be carefully evaluated, because of the low repeatability of this exam. The iodine contrast medium
is mandatory for RVOT assessment [57]. It should be carefully used in case of impaired renal function
and in case of proven or suspected allergy to iodine contrast medium. Finally, CT cannot assess valvular
function, neither for stenosis nor for regurgitation [62].

5 Procedural Details

In pediatric patients, TPVI is performed under general anesthesia. Although adults may sometimes be
performed under local anesthesia, the procedure might take longer than expected and be painful, so many
centers prefer to perform (at least the interventional maneuvers) in deep sedation or general anesthesia.

The procedure requires a large venous access (22 to 26 Fr) Additionally a second venous sheath and an
arterial access should be achieved, rather on the contralateral groin or on the right arm.

For Melody valve, the minimum weight for a percutaneous approach is 20 kg, whereas, for Gore™®
26 Fr DrySeal sheath, patients weighing more than 30 kg are typically preferred. However, most of the
procedures are performed on adolescents and adults.

The use of contrast medium should be carefully weighed, particularly due to the repeated administration
of both invasive and non-invasive imaging tools. Therefore, the operators should rely upon CT or MRI scans
to determine the optimal plane to approach RVOT, minimizing the need for angiographies as much as
possible. Once the reference images are obtained, a stiff guidewire should be placed, there are no pre-
fixed rules about which guide wire to use, or where to accommodate it. Generally, a Lunderquist or a
Back-up Meier 0.035” guidewires are the stiffest ones and most used.

The left pulmonary branch, which is positioned more cranially, usually presents a close angle with the
hilum, when the guidewire is positioned distally in the lower lobe. This angle might create friction during the
deployment maneuvers and could cause guidewire displacement; however, the vertical course of the
guidewire may facilitate the crossing of the infundibulum, particularly when calcifications and stenosis
produce some friction to advance long-sheath or the device ensemble. In contrast, the right pulmonary
branch is more caudal, the vessel is longer and the curvature is more homogeneous, resulting in a lower
risk of contra-lateral branch jailing and easier guidewire manipulation with less risk of displacement.
Unfortunately, the left-convex curvature on the RVOT may create a significant impingement point on the
infundibulum, when wall anomalies (pseudo-aneurysms, hypertrophic trabeculae, calcifications, etc.) are
present.

Regarding patient-specific characteristics, the selection should consider factors such as the size of the
pulmonary branches, the presence of proximal stenosis, distal wall injuries, risk of bleeding, concomitant
maneuvers to perform before valve placement, the presence of any stent, clips, and any other surgical
material that may be at risk of damage or may impede or damage the balloon during inflation. Of note,
the operator might choose to change the guidewire position during the procedure, especially, before stent
or valve implantation, if he finds the position unstable during the earliest interventional steps.

Regardless of the valve type to be implanted and the pre-procedural non-invasive anatomic assessment,
the RVOT sizing is recommended before stent or device implantation; the purpose of sizing is to confirm the
diameter of the landing zone. Differently from procedures on the aorta where the landing zone is delimited by
the native valve annulus, in CHDs with native RVOT obstruction, the pulmonary annulus is widened and
RVOT enlarged by surgical patch, the prosthetic valve landing zone may be found at various levels of the
pulmonary trunk according to individual anatomical characteristics. Moreover, patched RVOT shows
large diameter variations between systole and diastole.
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A large balloon can simulate the accommodation of the valve. Once balloon stability is achieved, a right
ventricular injection should be performed to confirm the stop flow (stability might be due to the impingement
in a pulmonary branch). For large RVOT, when considering self-expandable valves, the sizing can be just
performed with low-pressure and very compliant balloons, like a 34 mm Amplatzer Sizing Balloon or
40 mm PTS-X balloon. In case of RVOT stenosis, or before implanting a balloon-expandable valve, the
sizing procedure should be performed with a high-pressure balloon, to simulate the radial force generated
by the stent on the surrounding structures, mostly aortic valve, ascending aorta, and coronary arteries.
Once checked stop flow on the RVOT, the angiography should be repeated in the aortic root to exclude
new onset of aortic valve regurgitation and/or coronary compression, a potential contraindication to TPVR.

Once RVOT balloon interrogation is completed self-expandable valves can be implanted without further
maneuvers. The selected valve size should guarantee both device stability and valve competence with the
device being 2—4 mm larger than the waist size. For the Pulsta Valve and Venus Valve, the diameter is
referred to as the central waist. For Alterra and Harmony devices, the retention is warranted by the edges
because the central part is smaller.

Regarding balloon-expandable valves, the operator should decide whether to perform a direct implant or
to proceed with an RVOT pre-stenting. The direct implant option might be considered when a safe landing
zone is detected, and when the risk of device under-expansion and residual stenosis is low. For Melody valve,
it might be considered in valve-in-valve procedures, when the expected final annulus will result adequate to
the patient’s size. For the Sapien, it might be preferred either in valve-in-valve procedures or when it is
possible to oversize the valve diameter 10%—-15% more than the landing zone diameter. In case of
stenotic conduits, diffuse calcifications, irregular RVOT profile, and borderline landing-zone sizes, an
RVOT rehabilitation with a pre—stenting should be considered to straighten and to get a uniform caliper
of the vessel. The most used stents are CP stent and Andra Stent (XL or XXL sizes). Covered stents
might be preferred to pre-dilate stenotic conduits, bare metal stents represent the first option in the
remaining cases.

After device deployment, final pulmonary angiography and aortic root injection should confirm the
effectiveness of the device and the absence of iatrogenic coronary or aortic injuries. Despite an
appropriate RVOT balloon interrogation, coronary compression and new-onset aortic valve regurgitation
might be found in 2%—-5% of cases. Aortic valve distortion and coronary stenosis can be resolved with
surgical device removal. On the other hand, coronary occlusion might represent a life-threatening
problem. Thus, in case of progressive stenting dilatation, coronary artery patency should be checked
before any further step.

Hybrid Procedures

In challenging anatomies, hybrid procedures have emerged as a less invasive option, offering the
potential to reduce surgical risks, enhance procedural feasibility, and improve overall outcomes [63].
Percutaneous implantation of the pulmonary valve through peripheral vascular access may be limited by
factors such as poor venous access, low patient weight hemodynamic or rhythmic instability, and huge
RVOT sizes [64]. In such cases, a hybrid approach might be considered to mitigate procedural risk, when
re-do surgery might result in challenging or contraindicated (Fig. 4).

Indications of hybrid approaches can be different, and a multidisciplinary team assessment (including
cardiologists, imaging experts, interventional cardiologists, cardiac surgeons, and anesthesiologists) is
always recommended.

Dedicated hybrid operating rooms should be prioritized, to facilitate the cooperation of different equips.
Surgical access is planned based on the patient’s size, intended procedure, and bleeding risk [65]. In general,
the objectives of hybrid procedures are to perform off-pump procedures, to minimize surgical invasiveness,
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and to shorten overall surgical times [65,66]; on the other hand, interventional cardiologists expand the
procedural feasibility by utilizing various devices. In literature, hybrid approaches are described either for
balloon expandable and for self-expandable valves; in case RVOT size is too large, other surgical
maneuvers are planned, or in case of inadequate venous access to deploy the device [67-69].

LPA
. 290 Diameter (mm) 339 x 352

RVOT Diastole

s e

Figure 4: Hybrid procedure to implant a 25 Harmony TPV. (A) RVOT size by CT data. (B) Virtual
renderings, CT based, of Harmony deployment. (C) Device deployment. The valve was secured through a
suture on the distal part of the stent by a left anterior thoracotomy, while the proximal edge of the device
was still anchored to the suture loops. (D) Final fluoroscopy after complete device deployment

Despite self-expandable valves expanding the feasibility spectrum of the procedure to huge native
RVOT, some patients still present diameters too large for the classical percutaneous approach. In this
setting, hybrid procedures by pulmonary trunk plication and percutaneous device implantation are
becoming an emerging option [70].
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Long Term Complications

The most common complications impacting TPVR outcome are infective endocarditis, stent fracture,
and device deterioration.

Bacterial Infective Endocarditis

The incidence of infective endocarditis (IE) is about 16-27 in 1000 patients per year. Known risk factors
for endocarditis are previous endocarditis, residual RVOT stenosis with invasive residual
gradient >15 mmHg, and stenotic and calcified conduits [71-73]. Currently, evidence is just limited to
balloon-expandable valves, because the follow-up of self-expandable devices is too short to evaluate this
outcome.

Several studies underlined that the incidence of endocarditis is higher for Melody ®® TPV than for the
Sapien valve. A meta-analysis published by Machanahalli Balakrishna et al. pooled IE incidence of 8.5%
after the implantation of the Melody valve and pooled incidence of 2.1% after the implant of the Sapien
valve [74-76]. Bovine jugular xenograft appears to be more prone to infections than handmade devices
by using bovine pericardial tissue, because of the different tissue fixation processes [77,78]. However,
some confounding factors might explain potential statistical bias. First, the Melody valve is smaller than
the Sapien valve; they are mainly used in stenotic settings and calcific conduits, and the risk of residual
RVOT gradient is higher. Second, differently from left-sided endocarditis, infections in RVOT evolve
more frequently in stenosis and extensive calcifications. Thus, some conduit or patch degeneration might
be due to undiagnosed past endocarditis. Third, the Melody valve is longer, and the stent is covered for
all its length, by creating a larger zone isolated from the blood flow. Both these characteristics might get
more favorable bacterial proliferation and lower the antibiotic concentration in that area.

The diagnosis can be suspected in case of rapidly evolving valve dysfunction (stenosis and/or
regurgitation) or unexplained or recurrent fever. Blood cultures might identify the pathogenic bacteria and
address the most appropriate antibiotic treatment. In patients without hemodynamic instability, the
treatment of IE is based on the use of e.v. Antibiotics for 8—12 weeks. In case of refractory heart failure
or when the infection is poorly controlled, urgent/emergent surgery might be considered [73].

In a large multicenter study (n = 663 Melody ®® TPV), the overall incidence of IE was 9,9%
(n = 66 cases), in 41% of them surgery was needed acutely or in the short-term follow-up. Among non-
invasive variables, an echocardiographic RVOT peak gradient >47 mmHg, or an increase in peak gradient
across the valve of > 24 mmHg at the diagnosis were associated with surgical valve removal [79].

Stent Fractures

Stent fracture can be observed on the valve or the bare stent. These fractures might be classified as single
frame fractures (type I), not impacting on stent or valve function; linear fractures (type II), impacting on stent
or valve shape; and stent breaking (type III), in two or more fragments. If type I fractures might be
incidentally found during fluoroscopy or chest X-ray, types II and III fractures might be suspected in case
of rapid or sudden valve dysfunction. Fractures are usually due to kinking, aortic beats on the stent,
impingement of the stent between the aorta and sternum, and muscular squeezing in RVOT [80,81]. In
challenging anatomies, CP stents offer the highest resistance to fractures. Thus, in patients at risk for stent
fractures, pre-stenting with one or more bare stents before TPVR might reduce the risk of valve
dysfunction [82,83].

Treatment of stent fracture might be percutaneous, through a re-stenting, if the final expected inner
diameter will result adequate for the patient’s size. If the conduit should result too small, or the risk of re-
fracture remains high, surgery should be preferred.

Few data are available on self-expandable devices. Recently, Gillespie et al. reported a case series of
6 patients is the vascular protrusion of the Alterra adaptive, on a CT surveillance. The stent is used in
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native RVOT as a pre-stenting to create a landing zone with a useful diameter to implant a Sapien S3 valve of
29 mm. In some cases, the extravascular portion of the device can be seen contacting or extending into
adjacent vascular structures including the aorta, the left pulmonary vein, and the left atrial appendage. In
the patients described the vascular protrusion did not cause any complication, but it nevertheless has the
potential to be clinically relevant [84].

Post-Implant Ventricular Arrhythmias

Arrhythmias represent the most common cause of morbidity and hospitalization in adult patients with
CHD. Between all, conotruncal defects are particularly prone to ventricular arrhythmias. Pressure
overload, volume overload, scars, infundibular patches, and right ventricular dysfunction are common
triggers for arrhythmias in these patients. Barfuss et al. demonstrated that, after TPVI, native RVOT were
more prone to post-procedural ventricular arrhythmias (OR 4.8, p = 0.02) [85]. The availability of self-
expandable valves raised the issue of the risk stratification of arrhythmias before TPVI. In standard-risk
patients, despite post-TPVI arrhythmias might occur when a stent or valve protrudes below the native
pulmonary annulus. In these cases, it is usually transient and can be easily managed conservatively [86].
In the mid-term follow-up, once preload and afterload improve, the arrhythmic risk might improve [87].
On the other hand, patients with suspected or documented arrhythmic triggers should be studied and
treated before or contextually to TPVI, because that focus might result in not reachable after device
implantation [88].

Self-expandable valves are longer than balloon-expandable valves and the current problem is the stent
protrusion below the pulmonary annulus. Several reports indicated a sub-annular implant as an independent
risk factor for post-procedural arrhythmias. Fortunately, this problem is usually managed conservatively,
through a short-term administration of beta-blocker [89,90]. However, longer follow-up studies should
confirm the risk profile of a sub-annular implant.

6 Conclusion

TPVI has deeply changed the outcome of conotruncal CHD. The availability of a low-risk procedure
compared to surgery has allowed for a timely improvement in pulmonary valve function and subsequent
preservation of RV and tricuspid valve function. Therefore, following the best available evidence, these
patients could preserve exercise capacity and quality of life and improve the long-term complication rate
profile. The range of devices has expanded significantly over the last decade. Thus, the operators should
be aware and skilled about the tips and tricks of these devices, to choose the one that best fits the
anatomy of the individual patient.

The availability of new devices, custom-made devices, and lower-profile delivery systems might further
improve and widen the use of TPVI in these patients.

The learning curve and the follow-up length with self-expandable devices are still short. Future studies
should compare the effectiveness and freedom from adverse events of self-expandable devices with balloon-
expandable devices and with surgery.
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