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Abstract

Purpose of Review Our review is intended to provide
readers with an overview of disease processes involving the
pulmonic valve, highlighting recent outcome studies and
guideline-based recommendations; with focus on the two
most common interventions for treating pulmonic valve dis-
ease, balloon pulmonary valvuloplasty and pulmonic valve
replacement.

Recent Findings The main long-term sequelae of balloon pul-
monary valvuloplasty, the gold standard treatment for pul-
monic stenosis, remain pulmonic regurgitation and valvular
restenosis. The balloon:annulus ratio is a major contributor
to both, with high ratios resulting in greater degrees of regur-
gitation, and small ratios increasing risk for restenosis. Recent
studies suggest that a ratio of approximately 1.2 may provide
the most optimal results. Pulmonic valve replacement is cur-
rently the procedure of choice for patients with severe pul-
monic regurgitation and hemodynamic sequelae or symptoms,
yet it remains uncertain how it impacts long-term survival.
Transcatheter pulmonic valve replacement is a rapidly evolv-
ing field and recent outcome studies suggest short and mid-
term results at least equivalent to surgery. The Melody valve®
was FDA approved for failing pulmonary surgical conduits in
2010 and for failing bioprosthetic surgical pulmonic valves in
2017 and has been extensively studied, whereas the Sapien
XT valve®, offering larger diameters, was approved for

This article is part of the Topical Collection on Valvular Heart Disease

>4 Richard A. Krasuski
richard.krasuski@duke.edu

1" Duke University Hospital, 2301 Erwin Road, Durham, NC 27710,
USA

failing pulmonary conduits in 2016 and has been less exten-
sively studied.

Summary Patients with pulmonic valve disease deserve life-
long surveillance for complications. Transcatheter pulmonic
valve replacement is a novel and attractive therapeutic option,
but is currently only FDA approved for patients with failing
pulmonary conduits or dysfunctional surgical bioprosthetic
valves. New advances will undoubtedly increase the utiliza-
tion of this rapidly expanding technology.

Keywords Pulmonic valve (PV) - Pulmonic stenosis (PS) -
Pulmonic regurgitation (PR) - Balloon pulmonary
valvuloplasty (BPV) - Pulmonic valve replacement (PVR) -
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Introduction

The pulmonic valve (PV) is probably the least appreciated and
most poorly studied cardiac valve. Its retrosternal location
renders it challenging to assess by standard transthoracic
echocardiography, the most common modality utilized for its
assessment. This aspect is particularly worrisome for younger
patients, among whom early diagnosis of right ventricular
outflow tract (RVOT) abnormalities can be life-saving. It is
well established that the incidence of congenital PV disease
significantly exceeds that of acquired cases. With increasing
numbers of congenital heart disease patients surviving and
thriving into adulthood, it behooves clinicians to have a robust
understanding of the pathophysiology of PV disease and be
able to recognize when problems occur.

Disorders of the RVOT, PV and suprapulmonic region can
disrupt the normal process of PV function and lead to signif-
icant hemodynamic compromise. These disorders can present
as isolated problems or as part of multi-systemic/multi-
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Table 1

Classification of the major diseases that affect the pulmonic valve and their associated lesions

Pulmonary Atresia Pulmonic Stenosis

Pulmonic Stenosis
or Regurgitation

Pulmonic Regurgitation

Valvular:
» Dome-shaped Dysplastic

With an intact ventricular septum;
associated with:
* Hypoplastic right ventricle and/or
hypoplastic tricuspid valve
* Atrial septal defect
* Coronary anomalies

* Bicuspid/quadricuspid
* Acquired causes

With a ventricular septal defect (a form of Supravalvular (pulmonary arterial stenosis):
I) Congenital; associated with:

tetralogy of Fallot); associated with:
* Major aortopulmonary collateral
arteries

* Alagille syndrome
* Keutel syndrome

* Congenital rubella
* Tetralogy of Fallot
* William syndrome

II) Acquired/iatrogenic
Subvalvular:

* Primary infundibular stenosis (part of double

chambered right ventricle)

* Secondary infundibular hypertrophy

(part of Noonan syndrome)

Physiologic (trivial to mild) Carcinoid heart
disease
Primary: Rheumatic heart
» Some forms of tetralogy of Fallot disease
(e.g. with absent pulmonic valve)
* Acquired causes
Secondary: Infectious
« Idiopathic pulmonary arterial endocarditis
dilatation Tatrogenic

 Pulmonary arterial hypertension

(long-standing increase in right ventricular

afterload)

chamber heart diseases. They are divided into three main cat-
egories: atresia, stenosis, and regurgitation. Table 1 lists the
various conditions under each category.

Congenital heart diseases can involve the PV either directly
or indirectly, the latter being consequent to hemodynamic per-
turbations or surgical/transcatheter interventions. PV interven-
tion often leaves behind a partly stenotic and/or regurgitant
PV that necessitates regular follow up and, not uncommonly,
future interventions [1,2¢+]. While heart surgery has long been
the gold standard for treating PV disease, transcatheter ap-
proaches are growing in availability and offer less invasive
approaches to increasingly complicated patients. In this re-
view, we will focus mainly on pulmonic valve stenosis (PS)
and pulmonic valve regurgitation (PR) and review the patho-
physiology, diagnosis, and up-to-date treatment options.

Pulmonic Stenosis

PS is primarily a congenital condition. Acquired cases can
also occur, but are considerably less common. The latter eti-
ologies include infectious endocarditis, carcinoid heart dis-
ease, rheumatic heart disease and iatrogenic causes [1, 3].
Stenosis can occur at the level of the PV, above the PV or
below it. Typically, PS occurs as an isolated lesion, but it
can also coexist with other congenital heart lesions.
Importantly, it is one of the four cardinal features of tetralogy
of Fallot (TOF). PS is also part of many syndromes that affect
the in-utero development of the PV, including Noonan, 22q11
deletion and Williams syndromes [4—6].
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Valvular stenosis is the most common form of PS, account-
ing for 80 to 90% of cases of right ventricular outflow tract
(RVOT) obstruction [7]. It is further divided into three clini-
cally significant morphologies: domed, dysplastic, and bicus-
pid/multicuspid. All three morphologies are characterized by a
narrowed valvular orifice, resulting in the development of a
pressure gradient across the valve and a pressure load on the
RV.

Dome-shaped PV morphology accounts for 40-60% of
valvular PS. It is characterized by bowing of the PV leaflets
into the pulmonary trunk caused by incomplete separation of
valve cusps, coupled with preserved valvular motion. The
leaflets have varying degrees of fibrous thickening and are
fused along their commissures. Dilation of the pulmonary
artery is frequently present due to the eccentric flow resulting
from the stenosis, as well as possible intrinsic connective tis-
sue abnormalities within the pulmonary trunk itself. In fact,
many cases of isolated valvular PS are incidentally detected
after chest radiography or computed tomography scanning
(CT) demonstrate an enlarged main and/or left pulmonary
arteries, as most patients remain asymptomatic until
narrowing is significant. The predilection for left pulmonary
artery dilatation results from its less acute takeoff from the
pulmonary trunk.

Dysplastic PV morphology accounts for 20% of valvular
PS, and is most commonly seen in patients with Noonan syn-
drome. PV leaflets are prominently thickened with little or no
commissural fusion and limited mobility [8, 9]. Other seg-
ments along the RVOT may also be narrowed. PV stenosis
in such cases is often severe, requiring intervention during
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early childhood. Bicuspid PV is thought to be rare [10] and
often associated with other congenital heart anomalies such as
TOF [11]. Quadricuspid PV is more likely to be asymptomatic
than bicuspid PV, yet pulmonary regurgitation does frequently
occur with this morphology [12, 13].

Supravalvular PS can involve single or multiple sites along
the main pulmonary artery or any of its branches [14], and
lesions vary from focal narrowing to diffuse pulmonary hypo-
plasia. It is usually associated with variety of different con-
genital diseases including Alagille and Keutel syndromes,
congenital rubella, TOF and Williams syndrome [6, 15-17].
Other causes include prior pulmonary banding and post-
surgical complications of Blalock-Taussig, Pott’s, Waterston
or central shunts, as well as Jatene arterial switch for surgical
treatment of d-transposition of the great arteries (d-TGA) [18].

Primary subvalvular (infundibular) PS is caused by diffuse
fibromuscular narrowing of the RVOT, and is commonly con-
sidered part of the spectrum of double-chambered right ven-
tricle [19]. Isolated cases account for 0.4% of patients with
congenital heart disease [20]. More commonly, this condition
is found in association with TOF or d-TGA [18, 21]. It is
important to note that primary infundibular PS can occasion-
ally be confused with secondary RVOT narrowing resulting
from compensatory RV hypertrophy. The latter results from a
long-standing increase in RV afterload, and often regresses
following afterload normalization [22].

Patients with isolated, mild PS are usually asymptomatic
and their probability of long-term survival is similar to the
general population [23]. Also, stenosis rarely progresses rap-
idly, with patients typically maintaining normal functional sta-
tus through adulthood. With greater degrees of stenosis, symp-
toms may begin to appear resulting from the decrease in car-
diac output. Symptoms most commonly include dyspnea on
exertion and fatigue. Since the RV adapts poorly to hemody-
namic burden, it usually hypertrophies with more than mild
stenosis, and RV diastolic and eventually systolic dysfunction
results if stenosis is not relieved [24]. Patients with severe PS
most often present during childhood with RV failure and cy-
anosis, with the latter more common in the presence of
interatrial shunting. However, if PS is successfully treated,
prognosis is generally excellent [23].

Despite its limitations, echocardiography remains the pri-
mary diagnostic test for evaluation of PS [25]. Two- and three-
dimensional echo can be helpful in assessing the morphology
and location of the stenosis, and in evaluating the size and
function of the RV. Continuous wave Doppler velocity mea-
surements estimate the gradient across the PV, with calcula-
tions demonstrating close correlation with values simulta-
neously obtained at cardiac catheterization [26, 27]. Finally,
color Doppler can detect and quantify pulmonary regurgita-
tion, which is a common complication in patients having un-
dergone surgical valvotomy or percutaneous balloon
valvuloplasty [22, 28, 29]. Newer imaging modalities such

as CT and magnetic resonance imaging (MRI) can also pro-
vide valuable information about the morphology, location,
and grade of the stenosis. CT angiography is additionally use-
ful for assessing the pulmonary arteries and the proximity of
the coronary arteries to the valve annulus, whereas MRI can
accurately assess degree of regurgitation (regurgitant fraction,
regurgitant volume), velocity of flow across the valve, quan-
titate right ventricular size and systolic function and help to
distinguish valvular from dynamic subvalvular stenosis
resulting from infundibular hypertrophy [30].

Pulmonic Regurgitation

Incomplete apposition of the PV leaflets results in backflow
into the RVOT early in diastole [31]. Trivial or mild PR is a
common finding in normal individuals (30% of normal hearts)
[32, 33]. Pathologic PR can be classified into primary and
secondary causes. Primary causes have considerable overlap
with etiologies of PS, including iatrogenic regurgitation, con-
genital anomalies, infectious endocarditis, rheumatic disease
and carcinoid heart disease [25, 34, 35]. While iatrogenic PS
itself is not a very common condition, iatrogenic PR is the
most common cause of severe regurgitation, occurring after
surgical valvotomy, percutaneous valvuloplasty or TOF-
related RVOT repair [2, 36, 37]. Congenital PR is most likely
to be a component of complex diseases such as TOF with an
absent PV [38, 39]. In this case, PR tends to occur with con-
comitant PS. Secondary causes of PR are the result of pulmo-
nary arterial dilation, either idiopathic or resulting from pul-
monary arterial hypertension in patients who have morpho-
logically normal valves [40, 41].

PR is generally better tolerated than aortic regurgitation,
and patients can be asymptomatic for years [42]. This can
partly be attributed to the low resistance of the pulmonary
vasculature, which favors systolic upstream flow of blood
towards the pulmonary capillary bed. Moreover, in patients
with severe PR and restrictive RV physiology, echo or MRI
often show late diastolic forward flow in the pulmonary trunk
concomitant with each atrial contraction [30]. This suggests
that right atrial contraction helps maintain forward blood flow
in these patients. Consequently, even in patients with severe
PR, the percentage of regurgitant flow is often less than 50%
[43]. This can be further influenced by RV afterload, RV com-
pliance, regurgitant orifice size and duration of diastole [44].
As time passes, however, the RV eventually succumbs to the
excess volume load and dilates in an effort to preserve cardiac
output [45]. Progressive RV dilation ultimately results in RV
dysfunction, decreased exercise tolerance, generation of atrial
and/or ventricular arrhythmias and can potentially result in
sudden cardiac death [46—49]. As such, the presence of >
moderate PR in patients with TOF or in patients post-PV
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repair/replacement is the strongest predictor of short- and
long-term adverse outcomes [50, 51].

MRI is considered the most accurate method for quantify-
ing PR and assessing its secondary hemodynamic sequelae,
including RV dilation and dysfunction [52—-55]. Since it does
not expose patients to ionizing radiation, MRI can be ideal for
regular follow-up of patients at high-risk for disease progres-
sion. Additionally, MRI can assess regional wall motion ab-
normalities, myocardial scar and fibrosis and the function of
conduits [56-58]. However, the limited availability of cardiac
MRI and its relatively high cost remain limiting factors to its
widespread application. Therefore, patients with suspected PR
should first be evaluated by echocardiography, which gener-
ally confirms the diagnosis, assesses severity and provides
information regarding etiology. The reliability of echo as a
longitudinal screening tool in patients following TOF repair
or valvotomy has nonetheless been challenged by conflicting
results [40, 59, 60]. Recently, Zdradzinski and colleagues
found cardiac MRI superior to echo in assessing patients at
risk for PR [61¢]. PR severity by MRI closely correlated with
indexed right ventricular end-systolic volume, while echo-
assessed PR did not. This suggests that in these patients, car-
diac MRI should be a featured modality for surveillance.
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Fig. 1 33-year-old woman who presented with progressive fatigue and
dyspnea on exertion. Continuous wave Doppler (A) showed a peak
velocity of 3.9 m/s (61 mmHg gradient) and anteroposterior right
ventriculography (B) demonstrated a doming pulmonic valve (first
arrow) with valvular and mild subvalvular narrowing. The annulus
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Pulmonic Valve Interventions

The first operative attempt to treat PS occurred in Paris in 1913.
A tenatome was introduced into the RV to excise the stenotic
PV, but unfortunately the patient died on the day following
surgery. It then took three decades to reintroduce new tech-
niques to dilate the PV. The first pulmonic valvuloplasty via
cardiac catheterization occurred in 1979. The main procedures
currently available for treatment of PS are surgical valvotomy,
balloon pulmonary valvuloplasty (BPV), and pulmonary valve
replacement. For the vast majority of patients, BPV is the pro-
cedure of choice, as it is less invasive and has a very high
success rate (>90% of patients) [62]. Furthermore, a recent
study suggested that BPV can be safely and effectively per-
formed solely under echocardiographic guidance, thus
avoiding the risks of radiation and contrast media if needed
[63]. This can be particularly useful when a pregnant patient
presents with hemodynamically significant PS.

BPV is currently recommended for asymptomatic patients
with domed valve morphology and peak echo gradient
>60 mmHg (mean > 40) with <moderate PR and for symp-
tomatic patients with peak echo gradient >50 mmHg
(mean > 30) with <moderate PR [64]. Figure 1 demonstrates

measured 20 mm. A 24 mm Vida balloon (Bard; Murray Hill, NJ) was
used to dilate the valve (initial phase of inflation, C, and full inflation, D).
Full leaflet excursion (E; second arrow) was seen on post dilatation right
ventriculography. A 15 mmHg gradient was seen on follow-up echo
6 months later (F) and the patient’s symptoms had resolved completely
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a case of PS that was successfully treated percutaneously.
Surgical intervention is typically reserved for patients with
hemodynamically significant PS accompanied by a hypoplas-
tic pulmonary annulus or by severe PR [64]. It is also per-
formed in the majority of cases of dysplastic valvular PS,
subvalvular PS and supravalvular PS.

BPV has several immediate effects on the PV and RV
[65—67]. First, the transvalvular pressure gradient and the
RV systolic pressure drop significantly, with little or no in-
crease in PA pressure. Second, doming of the PV decreases
and its leaflets become more mobile. Finally, RV function can
improve with a concomitant decrease in tricuspid regurgita-
tion, even though the cardiac output may only minimally in-
crease. Recently, Mahfouz and colleagues demonstrated that
BPV improved the longitudinal right ventricular motion, as
well as inter- and intraventricular dyssynchrony in pediatric
patients [68]. Dyssynchrony was significantly increased in PS
patients compared to controls, and returned to near normal
following BPV. Acute complications of BPV are usually be-
nign, with major complications occurring in 0.6% of cases and
mortality in 0.2% [69]. An important major acute complica-
tion is transient, severe RVOT obstruction (aka “suicide right
ventricle”), which can occur immediately after valvular steno-
sis is relieved [70, 71]. This is similar to the pathophysiology
responsible for left ventricular obstruction in patients with
hypertrophic obstructive cardiomyopathy. Increased RV
afterload secondary to PS results in RV infundibular hypertro-
phy, which narrows the RVOT. When the RV end systolic
pressure decreases dramatically after BPV and contractility
increases, the narrowing gets acutely exacerbated. It can be
treated with intravascular volume expansion and beta
blockers, and fully resolves as contractility returns to normal
and hypertrophy regresses [72]. Infundibular obstruction can
be implicated in many cases when a residual gradient is im-
mediately present following BPV, with progressive decline
occurring over several months as RV hypertrophy progres-
sively diminishes [69].

The long-term outcomes of BPV have been studied in chil-
dren and adults, although the duration of follow-up remains
shorter than that described for valvotomy. The two most com-
mon long-term complications following BPV are progressive
PR and restenosis. Until recently, only one study in the pedi-
atric population has reported outcomes at >10 years [73]. All
48 patients in this study developed late PR, but none had
significant RV dysfunction or required PV replacement
(PVR). In the largest study reporting pediatric PBV outcomes
over >10 years, Devanagondi and colleagues noted at least
moderate PR in 60% of the 103 patients with echocardio-
graphic follow-up data [2¢e]. Interestingly, PR was well toler-
ated in the majority of patients. Only 5% had RV dysfunction
and only 3% required PVR. In accordance with another study
[74], small BSA at the time of BPV was an independent risk
factor for >moderate PR. In general, PR that develops

following BPV tends to be progressive in the pediatric popu-
lation; however, significant RV dilation and dysfunction rarely
develop [2¢¢,73-76]. Fawzy and colleagues followed 85
adults up to 17 years after BPV (mean follow-up 10 years)
and found that PR increased from mild (prior to BPV) to
moderate (after BPV) in 2%, and that new mild PR developed
in 28% [65]. No case of PR progressed over follow-up, and no
RV dilation resulted. On the other hand, other studies have
shown progression of PR and consequent RV dysfunction in
a small number of patients [77, 78]. In a recent, retrospective
study of 41 adults with mean follow up of 11.3 years, 26.8%
of patients had mild PR and 7.3% moderate PR at the last
follow-up [79], yet none required PVR. Notably, the
balloon:annulus ratio was between 1.2 and 1.4 in many of
the aforementioned studies [65, 74, 76] and a balloon:annulus
ratio higher than this appeared to be a significant risk factor for
PR [75, 80].

Assessing long-term impact of chronic PR following BPV
will require studies with longer durations of follow-up. Since
no such studies currently exist, surgical valvotomy or
valvectomy studies provide important surrogate data. They
suggest that chronic PR following surgical intervention is gen-
erally well tolerated for the first several decades before the RV
function starts to deteriorate and symptoms begin to appear.
Earing and colleagues examined patients for a mean of
33 years after surgery [36]. Although the rate of surgical re-
intervention was relatively low during the first 25 years, 40%
of patients eventually required PVR for severe PR, which was
the most common indication for reintervention. Furthermore,
of the patients who did not require PVR, all had PR at the
latest follow-up, with half having moderate or severe PR.
Most importantly, patients who did not undergo PVR had
shorter follow-up, suggesting that many will still require
PVR in the future, highlighting the need for continued moni-
toring for PR progression and RV compromise after BPV.

The other common long-term complication of BPV is re-
stenosis. In the largest published cohort of BPV, McCrindle
and colleagues found that 23% of the 533 patients in the
Valvuloplasty and Angioplasty of Congenital Anomalies reg-
istry developed restenosis (gradient >36 mmHg) after median
follow-up of 33 months [66]. Sixteen percent of patients re-
quired reintervention; half of whom underwent surgical
valvotomy/valvectomy and half repeat BPV. Risk factors for
restenosis included dysplastic valve morphology, small pul-
monary annulus diameter, high residual gradient immediately
following BPV and small balloon:annulus ratio (< 1.2). In a
study published by Rao and colleagues, 11% of the 82 chil-
dren and adolescents followed at a 2 year interval had reste-
nosis (gradient >50 mmHg) [76]. Again, high residual gradi-
ent immediately after dilation and small balloon:annulus ratio
(< 1.2) were predictors of restenosis.

After a thorough analysis of available data, Rao recom-
mended a balloon to annulus ratio of 1.2 to 1.25 [70].

@ Springer



108 Page 6 of 13

Curr Cardiol Rep (2017) 19: 108

Recently, Pathak and colleagues examined the effectiveness of
a more conservative balloon:annulus ratio of <1.2 compared
to>1.2 [81] and found significantly less PR, but no significant
difference in gradient reduction. Reintervention rates were
also not statistically different between groups.

Surgical Pulmonic Valve Replacement

Patients with >moderate PR or those who have undergone an
intervention known to increase the risk for chronic PR (RVOT
repair, BPV, etc.) require regular follow up with echocardiog-
raphy and/or cardiac MRI to monitor for PR progression and
changes in RV size and function, even if the patient remains
asymptomatic. Waiting for symptoms to develop can result in
RVs that can remain markedly dilated and/or dysfunctional
after correction. PVR is the treatment of choice in most pa-
tients, as it has been shown to improve pulmonary blood flow,
reduce tricuspid regurgitation and improve RV mechanics,
resulting in clinical improvement [82—84, 85¢¢]. It is notewor-
thy that evidence supporting timing of PVR is mostly derived
from patients with repaired TOF, and whether it can be applied
to PR from other etiologies remains uncertain.

Indications for PVR in TOF include severe PR and either
the presence of cardiac MRI-derived RV end-diastolic indexed
volume > 150 mL/m? or RV end-systolic indexed
volume > 80 mL/m?, QRS duration >180 ms or prolongation
>3.5 ms/year, residual shunt defects, RVOT obstruction (RV
systolic pressure > 2/3 systemic pressure), symptoms of exer-
cise intolerance or heart failure and sustained arrhythmia
[86—88]. PVR should ideally take place prior to the onset of
PR-related symptoms and before RV dysfunction occurs, with
the hope that earlier intervention will facilitate more efficient
reverse remodeling and improve long-term outcomes [89-91].
However, it remains uncertain whether PVR improves long-
term survival and several studies have now shown reduction
in RV volumes after PVR without concomitant improvement
in RV ejection fraction [92,93¢¢]. As such the decision to pro-
ceed with PVR should also consider the likelihood of eventual
valve failure and the need for multiple, repeated interventions.

Surgical PVR is currently pursued in most patients with
native RVOTs. Although mechanical valves offer higher du-
rability, bioprosthetic valves are preferred in this anatomical
position due to lower risk for thrombosis (no need for system-
ic anticoagulation) and the ease of access to the pulmonary
vascular bed for future interventions. Aortic and pulmonary
homografts were historically the most commonly utilized
valves, though accelerated degradation was a major pitfall,
especially in younger patients who may have an enhanced
immune response [94-96]. Current bioprosthetic valve op-
tions include homografts, porcine, or bovine tissue valves,
with or without stents. Stented valves typically mimic the
anatomy of the native valve and are mounted inside or outside
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of a supporting stent, whereas stentless valves offer a bigger
valve orifice perhaps at the expense of less structural support
[97]. There does not appear to be a single best valve option for
all patients; and the choice should be influenced by several
factors including primary diagnosis, RVOT anatomy, age and
size of the patient, previous surgical history and patient
choice. Short- and mid-term outcomes for bioprosthetic PVR
appear encouraging [98—101]. Calcium deposition and subse-
quent valve thickening is a major cause of late bioprosthetic
valve failure, often requiring reintervention within 10 years
[102]. Recently, Nomoto and colleagues published results of
611 congenital heart patients who underwent bioprosthetic
PVR over an 18-year period [103]. Shorter time to
reintervention was seen in younger patients, patients with low-
er BMI and those receiving the Sorin Mitroflow LXE valve.

Transcatheter Pulmonic Valve Replacement

Transcatheter pulmonic valve replacement (TPVR) emerged
in 2000 as a less invasive treatment option for PR and PS
[104]. It initially found use in patients with RV-to-PA conduit
dysfunction, given the need for an adequate landing zone
[105]. Conduits are implanted during surgical management
of certain congenital heart diseases such as pulmonary atresia
and truncus arteriosus, and as part of the Rastelli repair for d-
TGA. All RVOT conduits eventually become dysfunctional
(either obstructive or regurgitant) and require further interven-
tion. TPVR has additionally become utilized as the procedure
of choice in patients with failed bioprostheses via valve-in-
valve implantation [106, 107].

The first transcatheter valve to be developed was the
Melody® valve (Medtronic, Minneapolis, MN), made of bo-
vine jugular vein. It offers diameters between 18 and 22 mm,
limiting its use to delivery zones that are <24 mm in diameter
[108, 109]. Short-term studies have shown excellent results,
with decrease in RV size and ECG QRS duration following
valve implantation [110-112], and mid-term studies up to
9 years demonstrating good hemodynamic and clinical out-
comes [113, 114, 115¢]. Moreover, the 5-year freedom from
re-intervention after Melody implantation exceeded 90% in
two of the main clinical trials [116, 117]. A major cause of
Melody valve dysfunction appears to be restenosis due to stent
fracture. The incidence of this problem has decreased dra-
matically after pre-stenting has become widely adopted
[1152,117]. The Melody was FDA approved for failing
conduits in 2010 and for failing bioprostheses (valve-in-
valve) in 2017.

In 2016, the Edwards Sapien XT valve (Edwards
Lifesciences, Irvine, CA) received FDA approval for use in
failing pulmonary conduits. It is a bovine pericardial tissue
valve that offers diameters from 23 to 29 mm [118]. This is
extremely helpful for select patients who have larger native
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Fig. 2 A 38-year-old woman
with tetralogy of Fallot and near
pulmonary atresia who had
undergone a right ventricular to
pulmonary artery conduit at age 6
and then a pulmonic valve
replacement at age 25 presented
with dyspnea on exertion,
palpitations and fatigue and her
echocardiogram revealed severe
pulmonic regurgitation and
moderate right ventricular
dilatation. There was a question
of an outflow tract aneurysm, but
pulmonary angiography (A)
revealed this to be the original,
native outflow tract before the
conduit. Aortography with
balloon inflation (B) showed no
coronary artery compression. A
Sapien S3 valve (Edwards
Lifesciences; Irvine, CA) was
unsheathed in the inferior vena
cava (C) and delivered into the
orifice of the bioprosthesis (D).
Post intervention pulmonary
angiography (E) showed trivial to
no pulmonic regurgitation

RVOTs, transannular-patched RVOTs, larger RV-to-PA con-
duits [119] as well as larger bioprostheses. Figure 2 illustrates
transcatheter implantation of the newest Sapien valve, the S3,
into a patient with failed RV-to-PA conduit. Studies using the
Sapien valves in the pulmonary position are few to date, with
little long-term data available. Wilson and colleagues recently
followed 25 patients for a mean of 3.5 years after Sapien
TPVR [120]. Only one patient required reintervention for se-
vere PR; no other patient had clinically significant PR, and
valve function was preserved during follow up. Table 2 com-
pares the structural characteristics of the two currently ap-
proved valves for TPVR.

Several limitations currently preclude widespread use
of TPVR. Asymmetric RVOTs form poor landing zones
and result in incomplete apposition or resultant
paravalvular leaks. Furthermore, the majority patients
who may be the best candidates for TPVR have native
RVOTs that are too dilated for available prostheses.
Gaining proper delivery sheath position for deploying
transcatheter valves can be particularly challenging in
some patients, as the delivery systems are generally not
engineered to follow the many twists and bends of the
pathway from the venous circulation to the pulmonary
outflow tract. Because of these issues, only 15% of

patients initially eligible to receive a transcatheter pulmon-
ic valve are currently able to be treated in this fashion. In
patients who undergo an attempt at transcatheter replace-
ment, two major intraprocedural complications are impor-
tant to recognize and prevent: coronary artery compression
and aortic root compression. Coronary compression is a
potentially life-threatening complication that occurs in 5—
6% of patients [121, 122], whereas aortic root compression
can lead to aortic cusp distortion and aortic valve regurgi-
tation, affecting 10% of patients [123+]. To anticipate and
prevent such complications, 3D modeling and printing

Table 2 Comparison of the 2 currently FDA approved valves for
transcatheter delivery into dysfunctional pulmonary conduits. On the
left is the Melody (Medtronic; Minneapolis, MN) and on the right the
Sapien XT (Edwards Lifesciences; Irvine, CA)

Melody Valve Sapien XT Valve

Valve material Bovine jugular vein Bovine pericardium

Stent materials Platinum 90% Stainless steel
Iridium 10%

Stent height 34 mm 14.5 mm, 16 mm

Available sizes 18-22 mm 20, 23, 26, 29 mm

Delivery sheath size 22 French 16, 18, 20 French
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Fig. 3 A modeling PDF file (A)
derived from a high-resolution
CT scan, permitting the user to
manipulate the image in multiple
dimensions. This can be printed
on a 3D printer and then utilized
to rehearse valve implantation (B,
shows the model with delivery
catheter and valve inside and C is
the representative fluoroscopic
image after valve delivery)

derived from high resolution pre-procedural CT or cardiac
MRI imaging can be utilized (Fig. 3).

Other new techniques are also being developed to help
overcome current limitations of TPVR. Levi and colleagues
recently devised a new method for delivering the 29 mm
Sapien XT valve into the pulmonary position by mounting it
on a larger and more flexible (Nucleus) balloon platform
[124], allowing oversizing of the valve. Hybrid approaches
for PVR, which combine the vascular access and landing zone
modification of surgery with less-invasive transcatheter valve
delivery are already being utilized at many institutions. They
allow for off-pump PVR in patients with dilated RVOTs, who
may otherwise be unsuitable for transcatheter intervention.
Procedural success appears comparable to standard surgical
PVR while potentially reducing perioperative morbidity and
mortality [125, 126]. Other techniques that are currently under
development include RVOT reducers/fillers to create smaller
landing zones [127+], use of self-expanding valve platforms
that can cover larger RVOT diameters [128,129¢+], and finally
tissue engineered self-expanding stent platforms populated
with autologous cells which may prevent the long-term scle-
rosis and calcification that plagues xenograft implants [130].

@ Springer

The majority of these advancements, however, remain
experimental.

Conclusion

Congenital PV disease far outnumbers acquired cases, with
vavular PS being the most common. PBV is well established
as the gold standard intervention, with excellent short- and
long-term outcomes. Recent studies suggest more conserva-
tive balloon:annulus ratios (1.2 and below) to reduce compli-
cations, with PR being the most common. Significant PR,
initially considered benign, inevitably leads to RV dilatation
and failure. While surgical PVR remains the intervention of
choice for most patients, TPVR offers a less invasive ap-
proach with short- and mid-term results comparable to sur-
gery. At this point TPVR is approved for failing conduits
and bioprotheses, and off-label use remains greatly limited
by anatomic and device design issues. New technological
advances will undoubtedly increase the number of patients
who can be successfully treated with this less invasive
approach in the future.
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