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Aortic, mitral and tricuspid valve regurgitation are commonly encountered in
patients with continuous-flow left ventricular assist devices (CF-LVADs). These
valvular heart conditions either develop prior to CF-LVAD implantation or are
induced by the pump itself. They can all have significant detrimental effects on
patients’ survival and quality of life. With the improved durability of CF-LVADs
and the overall rise in their volume of implants, an increasing number of patients
will likely require a valvular heart intervention at some point during CF-LVAD
therapy. However, these patients are often considered poor reoperative
candidates. In this context, percutaneous approaches have emerged as an
attractive “off-label” option for this patient population. Recent data show
promising results, with high device success rates and rapid symptomatic
improvements. However, the occurrence of distinct complications such as
device migration, valve thrombosis or hemolysis remain of concern. In this
review, we will present the pathophysiology of valvular heart disease in the
setting of CF-LVAD support to help us understand the underlying rationale of
these potential complications. We will then outline the current
recommendations for the management of valvular heart disease in patients with
CF-LVAD and discuss their limitations. Lastly, we will summarize the evidence
related to transcatheter heart valve interventions in this patient population.

KEYWORDS

transcatheter heart valve interventions, LVAD (left ventricular assist device), TAVR—
transcatheter aortic valve replacement, percutaneous valve intervention, valvular heart
disease (VHD), aortic regurgitation (AR), tricuspid regurgitation (TR), mitral regurgitation (MR)

1. Introduction

The transition from pulsatile to continuous-flow left ventricular assist devices (CF-
LVAD) has allowed significant prolongation of LVAD support because of improved
reliability, durability and survival (1). As a result, the therapeutic use of CF-LVADs has
expanded from bridge-to-transplant or bridge-to-candidacy strategies to destination
therapy for end-stage congestive heart failure. The lack of donor organ availability and
the change in organ allocation system are also creating a strong demand for durable
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LVAD implantation, with prolonged expected waiting time on the
transplant list, up to five years even as bridge-to-transplant (2).
However, the growing use of LVAD support has been
accompanied by a greater recognition of their side effects and
complications over time. One of the most noticeable aspects of
their adverse events profile is the progression or de novo
development of valvular heart disease (VHD), particularly aortic
insufficiency (3). VHD can negatively impact the quality of life
and survival of this patient population (4, 5). The increasing
appreciation of the detrimental effects VHD can have on patients
with CF-LVAD has led societal guidelines to advocate for a more
aggressive management (6).

Many surgical techniques can be used to address these
pathologies but they introduce major risks for a patient subgroup
who is already particularly vulnerable (7).
(THV)

revolutionized the management of VHD. The field has evolved

Transcatheter heart valves interventions have
rapidly since the first introduction of transcatheter aortic valve
replacement (TAVR) for the treatment of aortic stenosis in 2002
(8). Within two decades, indications for THV interventions have
extended not only to lower-risk patients, but also to off-label use
for patients with no other therapeutic options (9-12). This has
stimulated interest in less invasive treatment alternatives for
VHD in LVAD patients who are poor surgical candidates. Since
the first reported case of TAVR for LVAD-induced aortic
insufficiency in 2012, an increasing number of case reports have
shown encouraging results (13). Nonetheless, THV interventions
in patients with CF-LVAD come with unique decision-making
and technical challenges.

After a brief overview of the pathophysiology of VHD in the
setting of CF-LVAD support, we will present the current
recommendations for their management. This will be followed by
a discussion on the available evidence describing THV in

patients with CF-LAVD.

2. Pathophysiology of valvular heart
disease induced by LVAD support

Aortic valve insufficiency, mitral valve insufficiency and
tricuspid valve insufficiency are the types of VHD that are most
commonly encountered in patients under CF-LVAD support (3).
They are either induced by the CF-LVAD itself or precede its
implantation.

2.1. Aortic valve insufficiency

Unlike mitral regurgitation, aortic regurgitation is rarely present
before LVAD implantation (14); when present, it is usually managed
at the time of LVAD implant. However, it becomes an increasing
concern over time after initiation of LVAD support. More than
25% of patients develop at least moderate aortic regurgitation
within the first year of CF-LVAD therapy (15-18). This risk
seems to be time-dependent: Cowger et al. showed that between 6
months and 18 months post LVAD, the proportion of patients
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who had moderate to severe aortic regurgitation went from 11%
to 51% (17). The likely
multifactorial, but the most commonly proposed phenomenon is

underlying pathophysiology is

sometimes referred to as the “disuse theory” (18).

The CF-LVAD draws blood from the left ventricle and directs it
in parallel into the ascending aorta via an outflow cannula, thus
bypassing the aortic valve. This effectively increases forward flow
and decompresses the left ventricle, but it occurs at the expense
of a reduced or absent aortic valve opening. The increased flow
in the ascending aorta, coupled with unloading of the left
ventricle create a continuous positive transvalvular pressure
gradient across the aortic valve, further promoting aortic valve
closure. The constant apposition of the coronary cusps stimulates
collagen production and proteolytic enzymes activity (19). This
eventually leads to leaflet adherence and fusion of the
commissures (19). In addition, the high-velocity and turbulent
flow in the ascending aorta generates high-shear stress which can
cause aortic valve damage and aortic sinus dilation through
smooth muscle cell apoptosis (20). The increase in aortic wall
stress is directly influenced by the anastomotic angle of the
outflow cannula (21). All these factors lead to retraction of the
leaflet tips and creation of a fixed central orifice. The pan-cyclic
positive transvalvular pressure gradient and high retrograde
pressures from the inflow cannula produce a continuous
regurgitant jet into the left ventricle. Aortic valve degeneration is
further accelerated by thrombus formation on the left ventricular
surface owing to the limited antegrade flow and resultant stasis
of blood (19). Initiation of CF-LVAD support may also
exacerbate pre-existing aortic regurgitation via these same
mechanisms (22).

The “disuse theory” has been supported by observational studies.
It was found that aortic regurgitation occurs 6 times more frequently
in patients in whom the aortic valve remains closed compared to
patients with frequent aortic valve opening (16).

The
regurgitation are significant. The regurgitant blood is diverted

physiologic and clinical consequences of aortic
from the left ventricle into the pump. The pump then propels
this blood forward to the ascending aorta, but it returns back into
the left ventricle down the continuous pressure gradient owing to
the aortic insufficiency. This creates a closed loop circulation,
rendering the CF-LVAD output ineffective (23). Recirculating
blood in the left ventricle also increases left ventricular volumes
and pressures, which leads to recurrence of heart failure
symptoms (24). Early identification and evaluation of the severity
CF-LVAD

challenging since traditional echocardiographic criteria, which are

of aortic insufficiency under support may be
based on diastolic volume overload, markedly underestimate the
severity of this regurgitation (21). Although small amounts of
aortic regurgitation can be tolerated, more severe regurgitation

requires intervention as it can lead to end-organ malperfusion (17).

2.2. Mitral valve insufficiency

Most cases of mitral insufficiency in LVAD patients are

functional in nature and can be attributed to ventricular
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remodeling and left ventricular dilatation present prior to LVAD
implantation (3). Close to 60% of CF-LVAD recipients have at
least moderate mitral regurgitation at the time of CF-LVAD
implantation (25). However, unlike aortic regurgitation, the
severity of mitral regurgitation can be decreased with the use of
CF-LVAD alone: left ventricular decompression reduces left
ventricular dimensions and increases mitral leaflet coaptation
(26). In a retrospective study of 100 consecutive CF-VADs,
Morgan et al. showed that CF-LVAD significantly decreased the
proportion of patients having moderate or severe mitral
regurgitation from 76% at 1 month to 8% at 6 months (26).
Unfortunately, this beneficial effect of CF-LVAD support does
not occur in all patients. In a single-center retrospective analysis,
persistent moderate or severe mitral regurgitation was still
observed in 26% of patients after 6 months of CF-LVAD therapy
(27). The absence of improvement in mitral regurgitation could
be explained by suboptimal left ventricular decompression.
Several factors can prevent effective ventricular unloading:
fluid
inadequate pump speed, inadequate pump position, pump
thrombosis or frequent suction events. These factors cannot

significant aortic regurgitation, intractable retention,

always be corrected without an invasive intervention. For
example, malalignment of the apical inflow cannula could result
in an obstruction of its orifice owing to an inward bowing of the
interventricular septum or ventricular free wall. This situation
usually warrants surgical intervention (28). Several studies have
documented the effects of residual mitral regurgitation after CF-
LVAD implantation. It was found to be associated with persistent
pulmonary hypertension, worse right ventricular hypertension,
higher risk of renal failure, repeat hospitalizations and increased
mortality (29-31).

2.3. Tricuspid valve insufficiency

Tricuspid insufficiency in patients under LVAD support is
typically functional (32). One-third to two-thirds of patients with
advanced heart failure will have associated tricuspid insufficiency
(32). Functional tricuspid regurgitation (TR) often appears in
conjunction with left-sided valve disease and left ventricular
dysfunction despite the presence of a structurally normal
tricuspid valve. It is caused by dilatation of the right ventricle
with secondary annular enlargement, apical leaflet displacement
This
condition triggers a vicious cycle where tricuspid regurgitation

and resultant tethering and incomplete coaptation.
further contributes to right ventricular failure through right-sided
volume overload and decreased ejection. The evolution of
tricuspid regurgitation under CF-LVAD support can take many
forms. On one hand, by allowing mechanical unloading of the
left ventricle, CF-LVAD support decreases left ventricle end-
diastolic pressure and pulmonary venous pressure which, in turn,
decreases right ventricular afterload (3). Since the right ventricle
is highly afterload-sensitive, a decrease in pulmonary pressures
improves right ventricular contractility and decreases right
ventricular end-diastolic dimensions, as well as tricuspid annular

diameter. On the other hand, by reducing left ventricular
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volumes, the CF-LVAD can also acutely exacerbate tricuspid
regurgitation (3). First, it may cause a leftward shift of the
interventricular septum, resulting in a restriction of the tricuspid
leaflets (33). Second, as systemic flows improve with CF-LVAD
support, venous return and right ventricular preload also
increase, which can worsen an already marginal right ventricular
function and tricuspid regurgitation (34). Given the opposing
effects of CF-LVAD on tricuspid regurgitation, progression of
this VHD is difficult to predict in patients with CF-LVAD.
Furthermore, patients with chronic heart failure often develop
pulmonary hypertension from pulmonary arterial
vasoconstriction and remodelling resulting from the chronically
increased left-heart filling pressure (35). Although pulmonary
hypertension usually improves with CF-LVAD support, it may
not be normalized in all patients (36). Residual pulmonary
hypertension in patients under CF-LVAD support contributes to
right-sided  heart thus

regurgitation (34).

failure, and secondary tricuspid

In a retrospective study of 127 patients with over 1 year of
LVAD support, the incidence of moderate to severe residual
found to be 24% (37). The
regurgitant transpulmonary flow, thereby
reducing CF-LVAD filling and systemic output (38). In addition,

the increased diastolic pressure in the right ventricle can cause

tricuspid regurgitation was

fraction impairs

septal shift and compression of the left ventricle, which may also
reduce LVAD filling (38). Systolic reversal of flow in the vena
cava may be responsible for end-organ venous congestion. This
could negatively affect liver and renal functions, to the point
where cardiac transplantation alone becomes contraindicated.
Uncorrected moderate or severe tricuspid regurgitation is
associated with increased duration of inotropic support and
hospitalization, increased rates of right ventricular assist devices,

as well as decreased survival in patients with CF-LVAD (32, 39).

3. Indications for intervention

The most recent recommendations for the management of
VHD in the context of anticipated long-term LVAD support
were published in 2013 by the International Society for Heart
and Lung Transplantation (6). They are only based on expert
opinion or small retrospective studies and concern mainly
management of VHD at the time of LVAD implantation.

3.1. Aortic valve

Given that aortic regurgitation almost invariably progresses
under CF-LVAD support and given its significant hemodynamic
and clinical consequences, addressing moderate to severe aortic
regurgitation at the time of LVAD implantation is a class I
indication (level of evidence (LOE) C) (6). In the presence of any
concomitant aortic  stenosis, bioprosthetic  aortic valve
replacement should be favored over other surgical interventions
(Class I, LOE C) (6). Pre-existing aortic stenosis is less of a

concern since pump output does not depend on aortic valve

frontiersin.org


https://doi.org/10.3389/fcvm.2023.1071805
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Dagher et al.

opening. Accordingly, aortic valve replacement for severe aortic
stenosis is a class IIb recommendation (LOE C) (6).

3.2. Mitral valve

Since there is an expected improvement in mitral valve
regurgitation under CF-LVAD support, recommendations for the
surgical management of mitral regurgitation remain conservative.
As per these international guidelines, routine surgical intervention
for severe mitral insufficiency is not recommended, unless there is
expectation of cardiac recovery (class III, LOE C) (6). Significant
mitral stenosis impairs left ventricular filling, thus CF-LVAD
filling. Guidelines therefore recommend a mitral valve replacement
at the time of CF-LVAD implant for at least moderate mitral
Other suggested
concomitant mitral valve intervention in the following select

stenosis  (6). authors have considering
scenarios: (i) patients with severe mitral regurgitation and
pulmonary hypertension who are bridge-to-transplant or bridge-
to-candidacy, (ii) severe mitral regurgitation with posterior
displacement of the coaptation point, and (iii) destination therapy

patients with borderline right ventricular function (34).

3.3. Tricuspid valve

Guidelines advocate a liberal approach to concomitant
tricuspid valve repair in the presence of moderate to severe
tricuspid regurgitation with long-term LVAD support (class IIa,
LOE C) (6). However, this approach is still controversial and
largely debated. Recent studies, including one randomized clinical
trial—the TVVAD trial (NCT03775759) —, found that concurrent
tricuspid valve repair at the time of LVAD implantation does not
appear to lower the incidence of right heart failure (40-42).

Only one study compared concomitant tricuspid valve repair
and replacement during LVAD implant (40). After a mean time
of 12.3+9.7 months, they found that late mortality and the
magnitude of reduction in regurgitation severity was similar
between groups.

4. THV interventions

While current guidelines address the presence of VHD at the
time of LVAD implantation, there is no consensus yet on the
management of VHD once LVAD support has been initiated.
While for the majority of cases, tricuspid or mitral regurgitation
may be dealt with at the time of LVAD implantation, aortic
regurgitation develops as a consequence of LVAD support. In
addition, previously implanted prosthetic valves might eventually
fail over time. This is especially true for bioprosthetic valves in
the aortic position since they are prone to the disuse
phenomenon (43). With the overall increase in CF-LVAD
support duration, more and more patients may reach a point
where valve intervention is deemed necessary. Conventional
surgical procedures are certainly feasible, but they hold a high
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risk of complications (34). Patients with CF-LVAD often have a
high burden of comorbidities, a history of prior sternotomy and
poor right ventricular function. Therefore, there is an
understandable reticence to prolong CF-LVAD surgery or to
expose these patients to another invasive cardiac surgery after
CF-LVAD implant. In this context, transcatheter heart valve
interventions appear as an attractive alternative. However,
literature detailing these approaches is largely confined to case

reports and small case series (Table 1).

4.1. Aortic valve

Transcatheter options include TAVR and aortic valve closure
with a percutaneous septal occluder.

4.1.1. TAVR

TAVR has been widely adopted for aortic stenosis. It has also
been established as a therapeutic option for aortic insufficiency
from degenerative bioprosthesis (94). However, several important
technical challenges have limited the suitability of TAVR for
native aortic insufficiency. With or without CF-LVAD, native
aortic insufficiency typically exists in non-calcified valves. Most
TAVR systems rely on the radial tension applied by the
prosthesis on the aortic complex, as well as on the interaction of
the stent frame with aortic calcifications for proper anchoring. In
the setting of aortic insufficiency induced by LVAD, the lack of
stability  (95).
Furthermore, the presence of aortic root dilation is not

calcifications may compromise prosthesis
uncommon in patients under CF-LVAD (96). These changes can
occur as early as within the first 6 months after initiation of CF-
LVAD support and are thought to be caused by an increase in
aortic wall sheer stress (64). The absence of an anchoring
support leads to an increased risk of device misplacement or
migration and paravalvular regurgitation from an incomplete seal
(95). These can be corrected by using a valve-in-valve strategy in
which a second valve is delivered to hold the first valve in place
and prevent its migration (44, 64). If not properly anchored, the
prosthesis could migrate into the left ventricular outflow tract or
the left ventricle, where it could obstruct the inflow cannula of
the CF-LVAD. These catastrophic scenarios occur suddenly and
require emergent sternotomy and salvage surgery (44, 45). The
risk of migration during TAVR deployment is further increased
by the hydrodynamic forces exerted by the LVAD: on one hand,
the inflow cannula creates a continuous suction effect towards
the apex of the left ventricle, and on the other hand, the flow
from the outflow cannula causes an opposing force against the
valve during its deployment. To minimize this risk, LVAD flows
should be temporarily decreased or turned off during valve
deployment (44).

In patients with pure aortic regurgitation who are not under
CF-LVAD support, systematic reviews from observational studies
showed promising results with TAVR, especially with newer
generation systems, despite the need to perform a valve-in-valve
procedure in 7 to 30% of cases (95, 97, 98). In a meta-analysis of
12 studies, representing a population of 638 patients, Haddad
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TABLE 1 Percutaneous devices used so far and potential complications of transcatheter heart valve interventions under left ventricular assist device

support.
Valve Percutaneous Number of References | Reported complications Ways to prevent or to manage
devices used so far | reported cases
Aortic CoreValve, Evolut R, 41 (44-63) Valve migration Valve oversizing, valve-in-valve, valve-in-ring, self-
Evolut Pro fixating prosthesis
Sapien, Sapien XT, Sapien 17 (13, 46, 47, 55, | Paravalvular leak Valve oversizing, balloon overinflation (for balloon-
3 64-72) expandable models), valve-in-valve
ACURATE Neo 1 (73)
JenaValve 1 (74) Valve deterioration by disuse Ramp study to allow at least partial aortic valve
opening
Melody 1 (43) Valve thrombosis Ensure optimal anticoagulation, prompt recognition
Unknown (TAVR) 87 (75) and diagnosis
Amplatzer Occluder 34 (46, 76-89) Hemolysis (with septal occluders) | Avoid peridevice regurgitant flow
Mitral MitraClip 33 (90-92) Increased transvalvular pressure | Appropriate patient selection to identify best suited
gradients/iatrogenic mitral valve morphology, Avoid excessive adduction of the
stenosis anterior and posterior leaflets
Valve-in-Valve (Sapien 1 (52) Inter-atrial shunt Avoid placing >2 MitraClips, Percutaneous ASD
XT) closure
Tricuspid | MitraClip XTR (93) Residual regurgitant jet Additional clips deployment
Leaflet tear Caution with MitraClip G4 systems
Conduction abnormalities Avoid excessive radial strain with valve deployment
1 Single-leaflet device attachment Additional clips deployment
Valve thrombosis Ensure optimal anticoagulation, prompt recognition
and diagnosis
Stent migration (TriCinch or Avoid if bridge-to-transplant or if vena cava are too
CAVI) dilated

ASD: atrial septal defect, CAVI: caval vale implantation, TAVR: transcatheter aortic valve replacement.

et al. compared the short-term outcomes of non-LVAD patients
with pure native aortic regurgitation who underwent TAVR
between 2007 and 2016 (98). Mean logistic EuroScore II was
11.7+12.9% in first generation valves and 9.3 +6.4% in second
generation valves (98). The mean STS score in first generation
13.1+£2.0% compared to 9.1+3.6% in second
generation valves (98). The rate of device success was 92% (95%

valves was

CI from 83% to 99%) in second generation valves compared to
68% (59%-77%) for first generation valves (98). The occurrence
of residual moderate or severe aortic regurgitation went from
16% (6%-29%) with first generation valves to 1% (0%-5%) with
second generation valves (98). Conversion to surgical aortic valve
replacement was also lower in second generation valves, 1% (95%
CI from 0% to 4%), compared to first generation valves, 2%
(95% CI from 0% to 6%) (98).

Newer generation transcatheter aortic valves offer many
benefits, including repositionability, self-positioning geometry,
and specific fixation mechanisms, that have the potential to
improve the performance of TAVR in patients with native aortic
regurgitation (95). The JenaValve (JenaValve Technology, Inc.,
Munich, Germany) and the ACURATE TA (Symetis, Ecublens,
Switzerland) are currently the only devices with Conformité
Européenne mark for the treatment of aortic regurgitation. They
also received approval from the United States Food and Drug
Administration for the conduct of clinical trials. The JenaValve is
a self-expanding porcine valve on a nitinol frame made of three
integrated feelers (also called locators). The locators allow to
align the device with native aortic valve anatomy and clip onto
the native leaflets which forms a natural seal and fixation
independent of valve calcification (99). The first case series of
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TAVR in aortic regurgitation using the JenaValve showed a
procedural success of 97%-100% (100-102). Ranard et al.
recently reported the first use of the JenaValve to address severe
aortic regurgitation in a CF-LVAD patient (74). The procedure
was uncomplicated and there was no transvalvular or
paravalvular leak after deployment of one prosthesis. The
ACURATE TA system (Symetis, Ecublens, Switzerland) features a
self-fixing mechanism made of two crowns, suitable for larger
annuli, but requires transapical access (99). Other promising
systems include Direct Flow Valve System (Direct Flow Medical,
Santa Rosa, California), J-Valve (Jie Cheng Medical Technologies,
Suzhou, China), Engager valve (Medtronic Inc., Minneapolis,
MN, United States) and the Lotus valve (Boston Scientific,
Natick, Massachusetts) (99).

While awaiting the approval of these devices, the CoreValve
(Medtronic Inc., Minneapolis, MN, United States) and Sapien
(Edwards Lifesciences Inc., Irvine, California) systems have
shown good results (46). However, given the paucity of data on
TAVR in patients supported with LVADs, there is a lack of
consensus on which of the two systems is better suited for this
off-label use. The CoreValve has the advantage of aortic fixation,
while the SAPIEN, with its balloon-expandable deployment,
applies enhanced radial force on the ring and is associated with
lower paravalvular leakage. Some authors deliberately oversize the
valve to further increase radial pressure and improve anchoring.
In the first reported case of TAVR in a patient with LVAD,
D’Ancona et al. used a 29 mm SAPIEN valve within a 21 mm
annulus that would normally require a 23 mm valve (13). Pal
et al. successfully deployed a 31 mm CoreValve -oversized by
17%- followed by a 29 mm valve-in-valve SAPIEN-3 in two
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patients with CF-LVAD (47). The CoreValve fixation within the
aorta served as a scaffold to anchor the SAPIEN-3 in the absence
while the SAPIEN-3
paravalvular leakage once overinflated. However, due to the costs

of annular calcifications, eliminated
associated with the use of two prostheses, this technique cannot
be universally used. In our local practice, we favor the CoreValve
over the Sapien valve. The ability to recapture and reposition the
CoreValve at up to 80% deployment is very advantageous in this
clinical context. After positioning the valve, it is deployed right
before the point of no recapture and the pump speed is
increased slowly. The operator then ensures that the valve
remains stable before completing deployment, reducing the risk
of valve embolization.

In patients under LVAD support with a history of aortic valve
replacement, the prosthesis itself can be used for anchoring. Yap
et al. used a 26 mm SAPIEN-3 in a structurally deteriorated
29 mm Toronto Freestyle (65). The fibrotic response at the sewing
ring provided sufficient resistance to allow proper anchoring and
the TAVR was placed in a subannular position. Chung et al.
proposed a novel solution by placing an internal aortic
annuloplasty ring in a patient with mild aortic regurgitation at the
time of LVAD implantation, which could serve as an anchor for
subsequent TAVR, in the event of progressive aortic regurgitation
(48) but this strategy needs to be further studied.

Regarding access planning for TAVR in patients with aortic
regurgitation, the transapical approach is most commonly used
(42%-55% of cases), closely followed by transfemoral approach
(39%-41% of cases) (95, 97). Any TAVR procedure relies on the
measurements of aortic annulus, aortic root, and iliofemoral
anatomy for access planning and valve selection. Patients under
LVAD with end-stage ischemic heart disease may have significant
peripheral vascular disease, precluding transfemoral access.
Transapical access has been reported, but care should be taken
the LVAD (13). A
preoperative chest computed tomography helps identify a safe

not to compromise inflow cannula
route for access through the apex (13). TAVR deployment
directly via the LVAD inflow cannula has also been done (66).
This approach was performed in the context of concomitant
LVAD pump exchange, which already required initiation of
cardiopulmonary bypass and LVAD pump removal (66). Because
of the short length of the LVAD inflow graft, a Dacron graft was
anastomosed end-to-end to the LVAD inflow graft in order to
provide additional working length for the placement of the large
bore sheath of the TAVR (66).

Transcatheter valves are also vulnerable to LVAD-induced
structural deterioration. Derryberry et al. described complete
fusion of an Evolut R leaflets within 5 months of LVAD support
(49). The patient was a bridge-to-transplant and was therefore
not affected by this premature deterioration. Parry et al. reported
complete fusion of a CoreValve 33 days after implantation in a
64-year-old patient with a “bridge-to-recovery” scenario (50).
This complication was discovered in the operating room while
attempting LVAD explant. Less than a week later, the patient
died from an extensive stroke. Autopsy revealed the presence of
organizing thrombus covering the ventricular surface of the
CoreValve with overlying recent thrombus, despite appropriate
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anticoagulation therapy (50). This unfortunate case demonstrates
that the unique physiology of an LVAD might lead to worrying
complication and early TAVR deterioration. Efforts to maintain
regular valve opening by running the LVAD at lower speed than
usual might prevent bioprosthetic aortic valve thrombosis,
although cusps may be difficult to visualize due to the metal
frame of the TAVR. If that is the case, a high pulsatility index
may indicate aortic  valve.

probable opening of the

Transesophageal echocardiography or multiphase computed
tomography can be performed in case of high suspicion for
thrombosis and inconclusive transthoracic echocardiogram, such
as in the event of increasing valvular gradients or visual
(51). Noteworthy, the

recommendations for the management of antithrombotic therapy

thickening of the valve recent
in patients undergoing TAVR do not mention LVAD patients
(103). After diagnosing TAVR thrombosis in a LVAD patient,
Rao et al. started unfractionated heparin and increased LVAD
speed to minimize risk of aortic valve opening, and therefore
attempt to mitigate the risk of embolization (51). However,
intravenous anticoagulation was complicated by gastrointestinal
bleeding requiring multiple transfusion and the high LVAD
speed could not be maintained due to persistent suction events
(51).
transplantation (51). This case illustrates the therapeutic dilemma
in patients with LVAD who develop TAVR thrombosis.

Luckily, the patient remained stable while awaiting

4.1.2. Percutaneous transcatheter aortic valve
closure

Percutaneous transcatheter aortic valve closure with a septal
occluder such as the Amplatzer Multi-Fenestrated Septal Occluder
device (St Jude Medical, Saint Paul, MN), is essentially the same
as a surgical left ventricular outflow closure in which the aortic
valve is oversewn. However, similarly to TAVR, this procedure
has only been reported in a few small case series, with a lack of
long-term data (76-86). Potential complications include device
migration, thrombus formation, hemolysis from peri-device
regurgitant flow, erosion in aorto-mitral curtain and coronary
ostia obstruction. In order to reduce the risks of residual
shunting, hemolysis, and device embolization, some authors have
been using an oversizing strategy (87). Acceptable results have
also been reported with smaller device/annulus ratios (88).

Despite the lack of sufficient data to perform a comparative
analysis between TAVR and transcatheter aortic valve closure,
the latter technique was found to have a higher mortality rate
compared to TAVR (46, 88). In addition, closing the aortic valve
results in complete LVAD dependency, which could be fatal in
pump other
mechanical failure. For all these reasons, the use of percutaneous

case of sudden power loss, thrombosis or

transcatheter aortic valve closure in LVAD patients has been
almost exclusively abandoned in favor of TAVR.

4.2. Mitral valve

In 2020, the American College of Cardiology/American Heart
Association (ACC/AHA) Valvular Heart Disease Guidelines
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incorporated transcatheter edge-to-edge repair using the MitraClip
(Abbott Vascular,
recommendation  for

Santa Clara, California) as a Class Ila

intervention for secondary mitral
regurgitation in patients with persistent severe symptoms despite
therapy  (104).

Therefore, it is expected that an increasing number of CF-LVAD

treatment with guideline-directed medical
candidates will have a MitraClip in place at the time of CF-
LVAD implantation. A number of case reports and small case
series have documented the feasibility and safety of LVAD
MitraClip  (105-108).
Transcatheter mitral valve repair did not impact hemodynamic
nor mortality in patients with LVAD (105-108). On the other
hand, in patients with end-stage heart failure and secondary

implantation in patients with prior

mitral regurgitation, it remains unclear whether MitraClip has
any value as a bridge to transplant or bridge to LVAD and
whether it would be more beneficial to perform a mitral
valvuloplasty at the time of LVAD implantation (109-111).

A few cases of MitraClip procedures performed following CF-
LVAD implantation have been reported (90-92). The largest series
was comprised of 30 patients (92). In this registry study, Tanveer
et al. compared the short-term outcomes of patients with LVAD
who underwent MitraClip (n=30) vs. surgical mitral repair (n=
199) between 2016 and 2018 in the United States (92). Patients
who underwent MitraClip implantation were older on average
(61.2 vs. 56.4 years, p=0.223) and had a higher prevalence of
renal failure, peripheral vascular disease, atrial fibrillation,
smoking history and previous permanent pacemaker/implantable
cardioverter defibrillator. In-hospital mortality was higher in the
MitraClip group (Cell count < 11 out of 30 patients for MitraClip
vs. 6.9% for surgical repair). Nonfatal complications including
acute kidney injury, bleeding requiring transfusion and vascular
complications were lower in the MitraClip group. Patients who
underwent MitraClip intervention also had, on average, a shorter
hospital stay and lower hospital costs. Given the small sample
size and retrospective nature of the study, these findings remain
hypothesis-generating, but they certainly show a promising

potential for MitraClip in patient with LVAD.

Some authors questioned whether the presence of >2 MitraClips
-an uncommon event- could negatively affect LVAD therapy by: (i)
affecting right ventricular function due to the presence of an inter-
atrial shunt through the residual atrial septal defect and (ii)
decreasing left ventricular filling and LVAD flow as a result of a
reduced valve area combined with the increased flow rates after
LVAD initiation (112, 113). Raghunathan et al. reported a case of
bidirectional -predominantly right-to-left- shunting immediately
after the delivery of two MitraClip XTR in an LVAD patient with
right ventricular dysfunction (91). Percutaneous closure of the
transseptal puncture with an Amplatzer occluder device led to
symptomatic improvement of the patient’s heart failure symptoms
(91). Of note, less than 30% of patients have a residual iatrogenic
atrial septal defect 1 year from MitraClip treatment (114). This
proportion is however unknown in the presence of an LVAD and
Meduri
successful mitral valve replacement in a patient with LVAD and

abnormal right-sided pressures. et al. reported a

severely stenotic bioprosthetic mitral valve. A 29 mm Sapien XT
was deployed in a stenotic 27 mm Carpienter-Edwards Perimount
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mitral prosthesis (Edward Lifesciences, Irving, CA) via transseptal
access (52). The patient also developed symptoms from a
significant right-to-left shunt secondary to iatrogenic atrial septal
defect and required percutaneous closure (52). While these
adverse events may seem anecdotal, they should be investigated
further.

From a procedural standpoint, care should be taken not to
damage the LVAD inflow cannula when crossing the mitral valve
with the mitral valve devices. In addition, the LVAD can create a
prominent “waterfall” color Doppler artifact, interfering with the
evaluation of transmitral flows pre- and post-procedure (115).

4.3. Tricuspid valve

Currently used tricuspid valve catheter devices can be divided
into four categories, according to their mode of action:
devices, valve

annuloplasty  devices, edge-to-edge

replacement devices and caval valve implantation (116). The type

repair

of device should be tailored to the underlying mechanism of
tricuspid valve disease and should take into account the presence
of pacemaker leads. The indication for LVAD implantation
should also be taken into account when choosing the optimal
transcatheter tricuspid valve procedure. For example, an edge-to-
edge repair might be favored over a replacement approach as an
acceptable shorter-term solution in bridge-to-transplant or
bridge-to-recovery therapies while avoiding the extra costs of
transcatheter bioprosthesis. In a bridge-to-transplant strategy, the
TriCinch system (4Tech Cardio, Galway, Ireland) or caval valve
implantation would not represent an optimal solution due to the
risk of stent migration in the inferior vena cava during the heart
transplantation. Transcatheter tricuspid technologies are still
under preclinical or initial clinical evaluation but early safety and
feasibility trials conducted to date have shown promising results
(117). In addition, tricuspid valve regurgitation is typically
addressed at the time of LVAD implantation. These factors
explain the lack of data on percutaneous tricuspid valve
with  CE-LVAD.
multivariate analysis of the Transcatheter Tricuspid Valve

interventions in  patients Furthermore,
Therapies (TriValve) registry data revealed the existence of
multiple factors associated with lower procedural success,
independent of the device used: increased coaptation depth,
larger annular diameter and increased pulmonary artery pressure
(118). Although patients from this registry were not under LVAD
support, these results

suggest that transcatheter tricuspid

interventions should be performed earlier, preceding the
development of severe right ventricular remodeling, in order to
increase the chance of procedural success. Therefore, in patients
with CF-LVAD who frequently have some degree of right
ventricular dysfunction, the optimal timing to address the
tricuspid regurgitation might very well be at the time of LVAD
implantation.

To our knowledge, only one case report to this date has
described a transcatheter tricuspid valve intervention on a patient
under LVAD support (93). The patient was a 59-year-old female

who previously underwent a HeartMate III implantation and
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tricuspid annuloplasty with a 32 mm rigid ring as a bridge to
transplantation. After two months, she developed recurrent
with
decompensation needing continuous inotropic support. The

severe  tricuspid  regurgitation right  ventricular
cause of the tricuspid regurgitation was identified as being a
partial detachment of the prosthetic ring. She was successfully
treated with a transcatheter edge-to-edge repair using the
MitraClip XTR system. A first device was used to clip the antero-
septal commissure, and, because of a residual regurgitant jet, a
second clip was placed between the septal and the posterior
leaflet. This is reminiscent of the “triple orifice technique” or the
“clover technique” originally described in conventional tricuspid
repair surgery (119, 120). Using these two MitraClips, the
tricuspid regurgitation was reduced by 50%, leading to a
postoperative effective regurgitant orifice area of 0.7 cm* (93).
The patient’s demands for inotropic support stabilized and she was
successfully transplanted 30 days after the clipping procedure (93).
The off-label use of the MitraClip has been the first-choice
with secondary tricuspid

regurgitation, likely because of wide availability and operator

approach for high-risk patients
familiarity with the device (11). However, steering the MitraClip
through the right atrium remains challenging given the anatomic
obstacles inherent to right-sided interventions and its use in
tricuspid procedures will certainly become obsolete with the
commercial availability of the dedicated TriClip system (Abbott
Vascular, Santa Clara, California) (121). The TriClip has a
similar configuration as the MitraClip, including a clip delivery
system and a steerable guide. It’s safety and efficacy were recently
shown in the TRILUMINATE trial (121). Moreover, the next-
generation TriClip G4 system (NT, XT, NTW, and XTW) has
wider clip arms and allows independent leaflet capture, which
should facilitate leaflet grasping even in the presence of broader
coaptation gap. The TriClip and TriClip G4 are currently being
tested in the TRILUMINATE Pivotal Trial (NCT03904147). The
rate of single-leaflet device attachment will certainly deserve
attention as large coaptation gaps are commonly found in
with functional TR and
remodeling, often requiring multiple grasping attempts and clips.

patients advanced ventricular

Regarding transcatheter tricuspid valve replacement, many
devices are actively being studied in early feasibility trials (116).
Factors that could hinder prosthetic valve positioning in patients
with CF-LVAD include the lack of annular calcifications, a large
annular size and the presence of pre-existing cardiac implantable
electronic devices (11). Improper anchoring may lead to device
leak,

thrombosis. On the other hand, too much radial strain could

malfunction, paravalvular valve embolism, or valve
compromise the atrioventricular node or bundle of His and lead
to conduction abnormalities. Indeed, conduction abnormalities
seem to occur more frequently with transcatheter tricuspid valve
replacement compared to surgical or transcatheter repair (122).
In addition, since right-sided valves are exposed to low pressures
and low velocity flows, the risk of valvular thrombus formation is
believed to be higher than that of left-sided valves (123).

The unique procedural challenges related to the characteristics
of the tricuspid valve (leaflet fragility, large non calcific annulus,

angulation in relation to the vena cava, presence of chief
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surrounding structures) make multimodality imaging key not
only for preprocedural planning, but also for intraprocedural
monitoring. In patients with LVAD, imaging guidance might be
limited by the
Transesophageal echocardiography imaging might also be limited

presence of shadowing or artefacts.
by the anterior location of the tricuspid valve, making the use of

intracardiac echocardiography an appealing alternative (37).

5. How do THV interventions compare
to surgery in CF-LVAD patients?

Patients under LVAD support have a high-risk profile and may
be deemed unfit to sustain conventional redo open-heart surgery,
which involves general anesthesia, endotracheal intubation,
cardiopulmonary bypass and aortic cross clamping. In this
context,

percutaneous approaches are,

attractive “off-label” option. However, the techniques are still in

understandably, an

their infancy and there is still a lot of uncertainty regarding
long-term outcomes.

Few observational studies compared the short-term and
midterm outcomes of secondary surgical aortic valve replacement
(SAVR) vs. TAVR in patients with CF-LVAD. Zaidi et al.
conducted a retrospective analysis of all relevant patient
information extracted from the Nationwide Readmission
Database in the United States between 2016 and 2018 (75). A
total of 148 patients were included, 87 in the TAVR group and
61 in the SAVR group. The inpatient mortality in the SAVR
group was numerically higher compared to the TAVR group, but
did not reach statistical significance (<16% vs. <8%, adjusted
odds ratio (aOR) 2.45, confidence interval (CI) 0.41-14.7, p=
0.32). Mean length of hospital stay was significantly higher in the
SAVR group (40 vs. 13.8 days, aOR 19.9, CI 9.65-30.1, p<
0.001). Thirty-day all-cause readmission rate, cardiogenic shock,
bleeding and vascular complications were also higher in the
SAVR group compared to the TAVR group. Rali et al. reviewed
patients from the National Inpatient Sample database from 2015
to 2018 (124). During the study period, a total of 105 TAVR
implantations and 50 SAVR procedures were performed in
LVAD patients. Patients undergoing TAVR were older but had a
lower comorbidity index compared to the SAVR group. They
were also more likely to undergo the procedure electively. The
difference in baseline characteristics is counter-intuitive since one
would expect TAVR to be favored in sicker patients. This might
reveal a certain hesitation from surgeons and interventionalists to
use an emerging off-label technique in higher risk situations. The
composite outcome of in-hospital mortality, stroke, transient
ischaemic attack, myocardial infarction, pacemaker implantation,
need for open aortic valve surgery, vascular complications and
cardiac tamponade was higher among patients undergoing SAVR
(30%) compared with those undergoing TAVR (14%), including
after multivariable adjusted analyses (aOR 0.24; 95% CI [0.06-
0.97]; p=0.045). The prevalence of postprocedural moderate-to-
severe paravalvular regurgitation (TAVR: 14%; SAVR: 0%), acute
kidney injury (TAVR: 33%; SAVR: 60%) and bleeding requiring
transfusions (TAVR: 0%; SAVR: 20%) did not significantly differ
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between the two groups after adjustments in the multivariable
model.

The long-term outcomes of TAVR in LVAD patients are very
limited. A small single-center study reported a one-year survival
post TAVR of 73% (125). Al
improvement in their left ventricle end-diastolic diameter (mean
reduction of 6.8+4.4 mm), NYHA functional class and the
Kansas City Cardiomyopathy Questionnaire score at 1 year. For

survivors experienced an

almost two-thirds of these patients, the improvement in their
Kansas City Cardiomyopathy Questionnaire score was >20 points.
The long-term outcomes of secondary SAVR in LVAD patients
have also been poorly investigated. In a single-center study that
included 6 LVAD patients undergoing secondary SAVR between
2009 and 2020, survival was 67% after a median follow-up of 29
(6-64) months (126). Causes of death were pneumogenic sepsis 1
month after surgery and immune reaction following heart
transplant. It is worth nothing that survival rates and long-term
outcomes are difficult to compare in LVAD patients since they are
strongly influenced by the heart failure status and management,
the etiology, the support strategy (bridge to transplant, destination
strategy, etc.) and occurrence of heart transplant. Gathering long-
term outcome data on patients with LVAD for destination therapy
is important not only because they constitute a rising proportion
of LVAD recipients, but also because it would inform as to
whether TAVR and/or secondary SAVR improve the prognosis of
the underlying cardiomyopathy. Until then, the evidence so far,
albeit scarce, suggests that both SAVR and TAVR are viable
treatment options for aortic regurgitation in patients with CF-
LVAD. With TAVR, the risk of device migration and significant
postimplant paravalvular leak should be kept in mind, owing to
the intrinsic anatomical and technical challenges presented
previously. With SAVR, postoperative morbidity such as stroke,
significant bleeding or right heart failure remain a concern. There
are currently no guidelines that recommend one approach over
the other. Some authors have suggested choosing TAVR over
secondary SAVR in destination therapy patients or bridge-to-
transplant patients who are faced with long waiting times (125,
126). TAVR might also be used in certain emergent/rescue
interventions: Wilson et al. reported a successful emergent TAVR
in a patient with a fused aortic valve who suffered a cardiac arrest
as a result of sudden LVAD pump failure (53). On the contrary,
SAVR might be a better option in patients for whom heart
transplantation is closely available, especially in the presence of
aortic root dilation and absence of valve calcification,

Finally, no study to date has compared mitral or tricuspid valve
replacement with THV interventions and long-term outcomes are
largely unknown. However, these devices are not exposed to the
same hemodynamic environment as the aortic valve, and the
risks of sudden, catastrophic intraprocedural complications are
less of a concern compared to TAVR.

6. What's next?

Initial experience in the field of THV interventions is largely
limited to the aortic valve and has shown that most procedures
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are well tolerated, have high procedural success and low in-
hospital and early mortality. However, anatomical, mechanical
and functional features of VHD in patient under CF-LVAD
support introduce unique challenges which are still managed on
a case-by-case basis due to the lack of evidence-based guidelines.
These challenges are both clinical (early recognition, decision to
intervene, optimal timing, balancing the risks and benefits, etc.)
and technical in nature. In particular, the continuous flow,
annular dilation, and absent annular calcifications encountered in
CF-LVAD patients can precipitate device migration in TAVR.
However, delays in management may lead to refractory heart
failure. Data from case reports have suggested that individual
patient-tailored considerations for device selection and choice of
access are of paramount importance for the success of the
procedure. This certainly requires a multidisciplinary heart team
approach, involving specialists from every field of the cardiac
sciences (imaging, heart failure and interventional cardiologists,
intensivist, cardiac anesthesiologist, cardiac surgeon, LVAD
coordinator, etc.). As more data will become available, guidelines
will certainly evolve to address the management of VHD not
only at the time of LVAD implantation but also after LVAD
initiation. They will probably also incorporate guidance about
transcatheter therapies as part of that management.

Optimal THV device selection and sizing algorithms are not
well described at the present time and will be an important topic
for further study. Procedural techniques, including the use of
rapid pacing and CF-LVAD pump speed modulation to optimize
THV stability during deployment will also require further
refinement. Therefore, there is a crucial need to gather more data
from multicenter registries or prospective trials.

Advances in THV technology will continue to address life
threatening complications such as device migration which is a
unique challenge in CF-LVAD patients due to the combined
effects of hydrodynamic forces exerted by the LVAD, the absence
of annular calcifications and the presence of ventricular or aortic
root dilation. On the other hand, the accumulation of patient-
specific data will be an opportunity to develop patient-specific
simulation-based planning to help predict outcomes after THV
interventions in this high-risk patient population. Promising
computational models have already been applied to various
branches of percutaneous cardiac procedures (127-129).

7. Conclusion

Patients under CF-LVAD who require intervention for VHD
are considered poor reoperative candidates. The rise of multiple
transcatheter technologies therefore represents an appealing
therapeutic avenue for these patients. A growing body of
evidence has shown that THV procedures are feasible and safe in
patients with CF-LVAD when adequate perioperative imaging
and a tailored interventional strategy are adopted. However, the
lack of data on mid- to long-term outcomes and the occurrence
of distinct complications such as device migration, valve
remain of concern with these

thrombosis or hemolysis

approaches (Table 1). Future studies assessing larger patient
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cohorts are required to sufficiently evaluate the efficacy of these
techniques.
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