Percutaneous pulmonary valve
implantation: the Munich experience

Percutaneous pulmonary valve implantation is one of the most significant advances in catheter
interventional treatment of patients with congenital heart disease within the last 10 years. The lifetime
of biological conduits in the right ventricular outflow tract can be expanded and, hence, patients may
have fewer open heart surgeries during their lifetime. Careful patient selection is mandatory. The correct
timing of percutaneous pulmonary valve implantation, especially in the presence of prevailing pulmonary
regurgitation, is still a matter of debate. Prestenting ensures a good hemodynamic result, lowers the
incidence of stent fractures and enables the treatment of patients with a ‘native’ right ventricular outflow
tract. Coronary arterial compression and conduit rupture are the major periprocedural hazards. The only
fatalities occurred after coronary arterial compression. Further studies are needed to demonstrate the
excellent short time results are sustained over time. The intervention should only be carried out by an

experienced interventionalist.
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In 2000, Bonhoeffer ¢z al. introduced per-
cutaneous pulmonary valve implantation
(PPVI) as a new treatment option for right
ventricular outflow tract (RVOT) dysfunction
(1. The aim of this novel catheter intervention
was to reduce the total number of open heart
surgeries over a patient’s lifetime. By percuta-
neous implantation of a stented valve into a
dysfunctioning biological valve, the lifetime
of the stenotic or regurgitant valved conduit
can be expanded. Today, surgical replacement
of a pulmonary valve can be performed with a
very low mortality [2,3]. However, the morbid-
ity of repeated cardiothoracic operations is sig-
nificant. Additionally, these operations become
technically more demanding with every con-
secutive procedure (e.g., adhesions and progres-
sive scaring). For this reason, PPVI has emerged
as the preferred treatment for selected patients
with conduit dysfunction in the pulmonary
position at some centers. This review summa-
rizes the experience with PPV at the German
Heart Centre Munich (Munich, Germany).

Patient selection for PPVI

Patients are scheduled for PPVT if they ful-
fil the criteria for surgical valve replacement
in the RVOT [45]. Box 1 depicts the inclusion
criteria for PPVI treatment at the German
Heart Centre Munich. At our center we use
a combination of clinical data, serial echo-
cardiographic examinations, treadmill tests
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with VO, max assessment, a 24 h Holter and
a cMRI examination. The cMRI plays a key
role in this assessment not only for anatomi-
cal depiction to approve technical feasibility of
PPVI. Determination of ventricular volumes,
ventricular function, an assessment of pulmo-
nary regurgitation (PR) and a determination of
flow ratios to the pulmonary arteries [6,7] adds
significant information for correct timing of
this catheter intervention. In patients with pre-
dominant RVOT stenosis, the indication for
treatment is relatively clear (right ventricular
[RV] systolic pressure >60 mmHg, tricuspid
regurgitation velocity >3.5 m/s). However, in
predominant PR or in combination of stenosis
and regurgitation, timing for treatment is not as
simple. Most patients with RVOT dysfunction
show a combination of obstruction and regur-
gitation. Relief of RVOT obstruction during
repair of tetralogy of Fallot (TOF) in infancy
often involves the placement of a transannular
RVOT patch. The degree of the resultant PR
is dependent on the regurgitation orifice area,
the compliance of the right ventricle, the diasto-
lic pressure difference between the main pul-
monary artery and the right ventricle and the
duration of diastole (8]. PR may be tolerated
well for years and even decades, but leads to
RV dysfunction [9], and is not a benign car-
diac lesion. In adults with corrected TOF and
severe PR, at 40 years of age only 50% were
free of cardiac symptoms [10]. Furthermore,
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Box 1. Indications for surgical valve replacement in the right ventricular

outflow tract.

— Free PR associated with:

170 ml/m?)
= Moderate to severe RV dysfunction
= Important tricuspid regurgitation
= Atrial or ventricular arrhythmias

= European Society of Cardiology guidelines [13]:

pressure >60 mmHg, TR velocity >3.5 m/s)

of the following criteria is present:

= Decrease in objective exercise capacity
= Progressive RV dilation

= Progressive RV systolic dysfunction

= Progressive TR (at least moderate)

= Sustained atrial/ventricular arrhythmias

= The following situations may warrant intervention following repair [4]:

= Progressive or moderate to severe RV enlargement (RV end diastolic volume of greater than

= Symptoms such as deteriorating exercise performance

— PVR should be performed in symptomatic patients with severe PR and/or stenosis (RV systolic

— PVR should be considered in asymptomatic patients with severe PR and/or PS when at least one

= RVOT with RV systolic pressure >80 mmHg (TR velocity >4.3 m/s)

PR: Pulmonary regurgitation, PS: Pulmonary stenosis; PVR: Pulmonary valve replacement; RV: Right ventricular,
RVOT: Right ventricular outflow tract; TR: Tricuspid regurgitation.

QRS prolongation and reduced exercise tol-
erance were described in these patients [11.12].
Gatzoulis et al. highlighted the association of
an increased risk of malignant dysthythmia
and sudden cardiac death with QRS-complex
prolongation (>180 ms) [13,14].

In contrast to the volume loaded right ventri-
cle, the pathophysiology of the left ventricle in
response to chronic volume load due to aortic
regurgitation has been studied extensively [15].
After avariable period of time during which left
ventricular (LV) dilatation is potentially revers-
ible, a ‘point of no return’ is reached, which is
characterized by irreversible ventricular dila-
tation with myocardial scaring, fibrosis and
increased interstitial collagen [16]. Hence, in
these patients myocardial dysfunction persists
even after aortic valve replacement [17]. Although
there are similarities in the pathophysiological
response of the volume loaded right and left

ventricle, significant differences are present in
chamber geometry, myofiber architecture, myo-
cardial contraction pattern, coronary arterial
morphology and physiology, and the conduc-
tion system of both ventricles. After analyzing
(RV radionuclide ventriculography) right ven-
tricle size and function of patients with TOF,
significant PR, dilated right ventricles before
and after pulmonary valve replacement (PVR)
Therrien ez al. asked the question whether their
patients were treated too late, since a signifi-
cant number of their patients failed to show
RV remodeling after valve replacement [18]. The
same group proposed a RV end diastolic volume
index of 170 ml/m? BSA as a cut off value for
decision-making for PVR [19]. However, in a
study with younger patients with TOF and PR
Buechel et al. demonstrated that RV remod-
eling after PVR was possible at even higher RV

end diastolic pressure volume indices [20]. In

Box 2. Contemporary inclusion criteria for percutaneous pulmonary valve

implantation at the German Heart Centre Munich.

RV function in cardiac MR

least 18 mm

= Increased RV pressure (>2/3 systemic pressure, echo peak gradient >80 mmHg)
= Pulmonary regurgitation leading to a MRI RVED volume index >150 ml/m?, reduced and declining

= A combination of stenosis and regurgitation with RV dysfunction and dilatation

= Symptomatic (?) patients with declining exercise tolerance (<65% of normals)

= No clear lower age limit, looping of stiff delivery system is limited in small patients

= Conduits or RV outflow tracts that can accommodate a covered stent to be dilated to at

= Inoperable or high-risk patients (e.g., poor ventricular function)
MR: Magnetic resonance, RV: Right ventricular; RVED: Right ventricular end diastolic pressure.
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Figure 1. Angiogram of an 8-year-old
patient. The patient (19.9 kg) had double
outlet right ventricle, transposition of the great
arteries, ventricular septal defect, valvular and
subvalvular pulmonary stenosis after a neonatal
Blalock Taussig shunt and a Rastelli operation
with a 14-mm Shelhigh conduit at 2 years. Now
the peak invasive right ventricle—pulmonary
artery gradient is 45 mmHg (right ventricular
pressure >2/3 systemic). The minimal right
ventricular outflow tract diameter is 8-=9 mm.

conclusion, none of these three studies are con-
trolled randomized trials and all three studies
present rather small case series. However, there
seems to be an age and volume index-dependent
potential of the volume-loaded right ventricle to
remodel after adequate therapy for severe PR.
Oosterhof ez al. reported the results of a pro-
spective multicenter study including 71 adult
patients with TOF and PR. They analyzed
whether a threshold exists above which the right
ventricle does not improve further after sur-
gery and whether preoperative thresholds can
be identified for normalization of RV volumes
after valve replacement. They could not iden-
tify a threshold above which RV volumes did
not decrease after PVR. Normalization of RV
volumes could be achieved when preoperative
RV end diastolic volume was <160 ml/m? or
RV end systolic volume was <82 ml/m? [21].
Another group studied 71 consecutive patients
(mean age: 22 years, 72% TOF) pre and 1 year
after PVR by ¢tMRI [22]. They concluded that
treating patients with an end diastolic vol-
ume <150 ml/m? leads to normalization of
RV volumes, improvement in biventricular
function and submaximal exercise capability.
Normalization of ventriculatory response to
carbon dioxide production was most likely to
occur when surgery was performed at an age
<17.5 years.

Figure 2. An inflated 18-mm Atlas balloon
completely occludes the left coronary
arterial system: ‘positive balloon test’.
Percutaneous pulmonary valve implantation is
not possible in this patient.

In conclusion, we believe it is too late to wait
until patients with RVOT dysfunction are clini-
cally symptomatic. The currently used indica-
tion criteria for PPVI in Munich are depicted in
Box 2. However, since long-term results of PPVI
remain to be analyzed overtreatment of patients
should be avoided. After the indication for PPVI
is fixed the findings should be discussed in an
interdisciplinary team conference.

Percutaneous pulmonary valve
implantation

Patients with an indication for PPVI are
scheduled for a complete hemodynamic and

Figure 3. Preparation of landing zone with
two stents. It may be necessary to implant a
second stent. Here, a second 28-mm covered
Cheatham Platinum stent is implanted more
proximally for total relief of the stenosis.
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Figure 4. The Melody® valve is implanted
with an 18-mm double balloon in this
patient.

angiographic study. Ficure 1 shows the lateral
view of the RVOT with measurements. At our
center, we use general anesthesia for PPVI. A
superstiff 0.0035 inch guidewire (Lunderquist®;
Cook Medical, Bjaeverskov, Denmark, or back-
up Meier, Boston Scientific, Maple Grove, MN,
USA) is positioned distally into a pulmonary
artery. To exclude potential coronary arterial
compression a balloon test is performed as sug-
gested by Sridharan ez al. [23]. For the balloon
test a high-pressure balloon (Atlas balloon,
Bard Inc. Tempe, AZ, USA, Mullins balloon,
NuMed Inc., Best, The Netherlands) with

Figure 5. Final result after prestenting and Melody® valve implantation in
lateral view.

the expected end procedural RVOT diameter
is inflated. At the same time an aortogram is
performed, which depicts the coronary arter-
ies, together with the inflated balloon. If the
balloon compromises a coronary artery (Ficure 2
positive balloon test) the procedure is aban-
doned. It may be necessary to repeat the balloon
test with selective coronary angiograms. We
prefer to start the balloon test with an aorto-
gram since compression of a coronary arterial
ostium may be missed, if a coronary catheter
‘intubated’ the coronary artery. Originally,
prestenting of the RVOT was not suggested
(24]. However, Nordmeyer ez al. reported a sig-
nificant incidence of stent fractures (21%) in
patients with PPVI without prestenting [25]. We
therefore adopted a policy of prestenting and
recently demonstrated a reduced incidence of
stent fractures of 5% [26]. Currently, a stent is
positioned into the RVOT via a long sheath of
Cheatham Platinum™ covered or uncovered
stent, NuMed Inc., Best, The Netherlands;
MaxLD EV3, Plymouth, MN, USA, or Andra
Stents®, Andramed, Reutlingen, Germany). If
the RVOT is narrow, a covered stent is prefer-
rably placed to prevent RVOT rupture during
PPVI. The stented ‘landing zone’ for the tran-
scutaneous valve is dilated to the previously
tested RVOT diameter, if necessary with high-
pressure balloons. In some patients it may be
necessary to implant additional stents until the
complete outflow tract is wide enough (Ficure 3).
The balloon deflation is then recorded and
reviewed. In case of a significant stent-recoil
during balloon deflation further stents are
delivered into the RVOT. The Melody® valve
can then be delivered into the RVOT (Ficure 4).
If the prepared landing zone in the RVOT has
a diameter <22 mm a Melody valve is chosen,
if the diameter is >22 mm up to 26 mm the
Sapien™ valve (Edwards Lifesciences; Irvine,
CA, USA) is implanted at our center [27]. The
final result is depicted in Ficures 5 & 6. During
prestenting in preparation of implantation of
the Sapien valve a fluoroscopic image in the
en face view should be obtained to ensure that
the prestented conduit landing zone appears
circular prior to implantation of the valve.
The currently available Melody valve
(Medtronic, Minneapolis, MN, USA) consists
of a 34-mm bare metal Cheatham Platinum
stent (8zig NuMED; Cornwell, ON, Canada)
into which a Contegra™ bovine jugular venous
valve has been sawn into (Ficure 7). The valve
is crimped on an 18-, 20- or 22-mm double
balloon delivery system, which has an external
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diameter of 22 F. Over a guidewire the system
is advanced into the target position, where it
can be inflated. After valve delivery, the hemo-
dynamics are reassessed and if necessary the
RVOT is postdilated with high-pressure ball-
oons. The residual RVOT gradient should be
less than 20 mmHg. A gradient >20 mmHg has
been shown to be a risk factor for early valve
dysfunction [28].

The Edwards Sapien transcatheter heart
valve is made of three bovine pericardial leaf-
lets sewn inside a stainless steel stent (Ficure 8)
and the valve implantation is very similar
to the procedure mentioned above. First an
adequate landing zone has to be prepared by
stent implantation. The valve is subsequently
pushed over the stiff guidewire into the cor-
rect position. The Sapien valve (dimensions:
23 x 14.3 mm and 26 x 16.1 mm) is mounted
on a high-pressure balloon, which is inflated
once the valve is in position (Ficure 9). The valve
is crimped on the balloon with a defined fluid
volume in a special crimper and was originally
designed for aortic valve replacement via an
antegrade or retrograde approach. To facilitate
delivery of the valve in a retrograde fashion,
a specially designed stearable delivery catheter
(retroflex) is used [29]. Prestenting is manda-
tory for the Sapien valve. The Sapien valve can
be used in larger diameter RVOTs, however,
the large introducer assembly limits the use in
small patients.

The experience with the Melody valve is
documented in three larger clinical studies
26,28,30], but the experience with the Sapien valve
is limited so far [31,32].

Complications during PPVI

There are two severe periprocedural complica-
tions which occurred during PPVI — coronary
compression and RVOT perforation/rupture.
Coronary arterial compression occurred and
has contributed to the reported death in at
least two patients so far (one patient in Munich
and one patient in Berlin). Ficure 10 shows the
selective coronary angiogram with a balloon
test (Atlas 16 mm) in a 10-year-old patient
after a Ross operation with systemic pressure
in the right ventricle. A 34-mm covered stent
was implanted along with a Melody valve on a
18-mm double balloon. After repetitive dila-
tation with an 18-mm Atlas balloon the ori-
gin of the left coronary artery was completely
occluded (Ficure 11). The patient was put on
a extracorporal membrane oxygenation in
the catheterization laboratory and received
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Figure 6. Final result after prestenting and Melody® valve implantation in

posteroanterior view.

a LV assist device 2 weeks later. He died on
the waiting list for cardiac transplantation
whilst on LV assist device support. During
a Ross operation, the coronary arteries are
repositioned and this in combination with
the extra-anatomic position of the conduit in
the RVOT may impose an increased risk for
potential coronary arterial compression. The
second potential severe complication is RVOT
rupture (Fieure 12). This occurred in four of our
cases and was controlled by implantation of a
covered stent (Ficure 13). In the initial cohort of
Bonhoeffer, emergency rescue surgery was nec-
essary in six of 152 (3.9%) patients (homograft
rupture two, valve dislodgement two, ‘jailing’
of the right pulmonary artery one, coronary
compression one) [33]. All patients survived this
operation. If proximity of the coronary arteries

18-, 20- and 22-mm
double balloons

Figure 7. Melody® valve.
Photos were provided courtesy of Medtronic, Inc.
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Figure 8. Sapien™ valve.

Reproduced with permission from Edwards Lifesciences.

to the landing zone is suspected, at our unit we
abandon the procedure, or at least perform the
balloon test with a high-pressure balloon that
equals the maximal anticipated RVOT diam-
eter. If severe complications (coronary com-
pression, RVOT rupture with hemodynamic
compromise) occur, the surgical team needs

G 35y, 21y

Eaal b ) = Pasd 122 1)
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Figure 9. Implantation of an Edwards
Sapien™ valve on a 26-mm ballon. An
Edwards Sapien valve can be implanted in right
ventricular outflow tracts with a diameter

<26 mm. An adequate landing zone has to be
prepared. In this patient, a 36-mm Max™ Ld
stent was implanted on a 24-mm double
balloon.

to be involved in further decision-making for
therapeutic options.

General considerations on PPVI

In our personal experience in Munich after 94
successful PPVI procedures to date, only one
emergency operation has been necessary due to
coronary compression. If valvular function dete-
riorates, the valve-in-valve concept proved to be
feasible (34]. Initially, PPVI was only suggested

Figure 10. Selective injection into the left
coronary artery and balloon test with a
16-mm Atlas high-pressure balloon.
Proximity of the left coronary artery and the
balloon is observed.
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Figure 11. Complete occlusion of the left
coronary artery after Melody®
implantation. After stent implantation
(covered Cheatham Platinum 34 mm) and
Melody implantation with a 18-mm double
balloon, the valve was postdilated with an
18-mm high-pressure balloon. This resulted in
total occlusion of the origin of the left coronary
artery. The patient is now on a left ventricular
assist device waiting for cardiac transplantation.

if a biological conduit was present in the RVOT
(28]. However, in selected patients PPVT is also
possible in patients with a ‘native’ RVOT [26,35].
In a recent study, a total of 65 patients (pulmo-
nary stenosis [PS] 35, PR 30) with sustained
effects of PPVI were studied before, 1 month
and 12 months after the intervention with cMRI
and cardiopulmonary exercise testing [36]. There
was a significant decrease in RV end diastolic
pressure volume early after PPVI. RV ejection
fraction only improved in patients with PS
(p < 0.001). In patients with PR, no difference
in ejection fraction was seen. Late after the inter-
vention, there were no further changes in the
MRI parameters [36]. In the PS group at cardi-
opulmonary exercise testing, there was a signifi-
cant improvement in peak oxygen uptake early
(p = 0.008), with no further significant change
late. In the PR group, no significant changes in
peak oxygen uptake from early to late could be
demonstrated [36]. The authors concluded that
in patients with sustained hemodynamic result
1 year after PPV], a prolonged phase of main-
tained cardiac function is observed. However,
there is no evidence for further positive func-
tional remodeling beyond the acute effects of
PPVI. Another study documented electrical
remodeling following PPV [37]. In patients with
predominant PR, QRS duration decreased sig-
nificantly (p < 0.007). Yet long-term results are
missing after this intervention.

Figure 12. Rupture of the homograft after
the balloon test. A rupture of the right
ventricular outflow tract occurred in this patient
after the balloon test with a 16 mm high-
pressure balloon. The patient was
hemodynamically stable.

Comparison of PPVI & surgery:
periprocedural complications

Finally, the results of patients with RVOT dys-
function from our institution treated surgically
(n = 56) and by PPVI (n = 53) were compared
(38]. Whereas the leading lesion in the surgi-
cal collective was PR, stenosis was the leading
lesion in the PPVI group. The median post-
interventional hospital stay was significantly
shorter after PPVI (2 vs 17 days, p < 0.001).
Peri-interventional complications occurred in

Figure 13. Successful treatment of the
ruptured homograft by covered stent
implantation. The perforation was sealed with
a 34-mm covered Cheatham Platinum stent and
the Melody® valve was then implanted. The
angiogram after this intervention did not show
an extravasation of contrast.
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38% of the surgically treated patients (urgent
reoperations two patients, pacemaker one,
fever of unknown reason 13, severe arrhyth-
mia with medical treatment four and seizures
one) and only in 4% of the catheter interven-
tionally treated patients (fever of unknown
reason one patient and temporary complete
AV-block). The peak systolic Doppler gradi-
ent was 30 mmHg after PPVI versus 19 mmHg
in the surgical group (p < 0.0001) 1 year after
the intervention.

Conclusion

In conclusion, PPVT is feasible and relatively safe
after adequate patient selection, if performed
by an experienced interventionalist. Good and
sustained hemodynamic results at mid term
follow-up are documented so far.

Future perspective

Until now only patients with RVOT dys-
function and a RVOT diameter <26 mm were
amenable for catheter based interventional

treatment. Usually in prevailing PR the RVOT
is significantly enlarged (often >26 mm). The
advent of a self expanding stent in combination
with an inserted valve (‘outflow tract reducer’)
may overcome some of this limitation [39]. This
device may be used in compliant RVOTs, when
prestenting is not an option. Alternatively, tran-
scutaneous valves with a larger internal valve
diameter need to be developed in order to meet
the demands of patients with larger RVOTs. At
the other end of the spectrum, smaller trancu-
taneous valves and delivery systems may enable
treatment in younger children.
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Executive summary

= Percutaneous pulmonary valve implantation is one of the most significant innovations in the catheter interventional treatment of

patients with congenital heart disease within the last 10 years.
= After adequate patient selection the intervention leads to significant improvement in hemodynamics.
= Coronary arterial compression and rupture of the right ventricular outflow tract are the major hazards.
= Long-term studies are needed to demonstrate a persistent effect of the excellent mid-term results.
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