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Over the last two decades, implantable continuous flow left ventricular assist

devices (LVAD) have proven to be invaluable tools for the management of

selected advanced heart failure patients, improving patient longevity and

quality of life. The presence of concomitant valvular pathology, including that

involving the tricuspid, mitral, and aortic valve, has important implications

relating to the decision to move forward with LVAD implantation. Furthermore,

the presence of concomitant valvular pathology often influences the surgical

strategy for LVAD implantation. Concomitant valve repair or replacement is

not uncommonly required in such circumstances, which increases surgical

complexity and has demonstrated prognostic implications both short and

longer term following LVAD implantation. Beyond the index operation, it is

also well established that certain valvular pathologies may develop or worsen

over time following LVAD support. The presence of pre-existing valvular

pathology or that which develops following LVAD implant is of particular

importance to the destination therapy LVAD patient population. As these

patients are not expected to have the opportunity for heart transplantation

in the future, optimization of LVAD support including ameliorating valvular

disease is critical for the maximization of patient longevity and quality of

life. As collective experience has grown over time, the ability of clinicians

to e�ectively address concomitant valvular pathology in LVAD patients has

improved in the pre-implant, implant, and post-implant phase, through

both medical management and procedural optimization. Nevertheless, there

remains uncertainty over many facets of concomitant valvular pathology

in advanced heart failure patients, and the understanding of how to best

approach these conditions in the LVAD patient population continues to evolve.

Herein, we present a comprehensive review of the current state of the

field relating to the pathophysiology and management of valvular disease in

destination LVAD patients.

KEYWORDS

heart failure, left ventricular assist device, LVAD, tricuspid regurgitation, aortic
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Introduction

Albeit the term “destination” appeared in the literature in

the mid-nineties (1), destination therapy (DT) in reference to

the implantation of durable mechanical support devices for

advanced heart failure became embedded in the heart failure

lexicon with the publication of the Randomized Evaluation of

Mechanical Assistance for the Treatment of Congestive Heart

Failure (REMATCH) study in 2001 (2). In this multicenter

prospective randomized trial, 128 end-stage heart failure

patients ineligible for heart transplantation were randomized

to either left ventricular assist device (LVAD) with the first-

generation HeartMate VE (Thoratec Corporation, Pleasanton,

CA) or to receive optimal medical management. Investigators

reported a 48% reduction in the risk of death from any cause

in the LVAD group as compared with the medical-therapy

group, with Kaplan–Meier estimates of survival at 1 and 2 years

being 52 vs. 25%, and 23 vs. 8%, respectively. In November

2002 the Food and Drug Administration (FDA) expanded the

approved indications for the HeartMateTM SNAP VE LVAS

device from bridge to transplantation to include DT; the

approval order stated that the device “is now also indicated for

use in patients with New York Heart Association Class IV end-

stage left ventricular failure who have received optimal medical

therapy for at least 60 of the last 90 days, who have a life

expectancy of <2 years, and who are not eligible for cardiac

transplantation” (3).

Since this initial FDA approval of implantable LVAD for

DT, LVAD technology and strategies for managing LVAD

patients have evolved considerably. Pre-existing native

valvular heart disease as well as in-situ valvular prostheses

were traditionally considered a contraindication to LVAD

implantation (4). Due to the rapid initial expansion seen in

the field of mechanical circulatory support, it was shown

early on that surgical intervention could be undertaken

to facilitate LVAD candidacy in patients with pre-existing

valvular pathology with acceptable early morbidity or

mortality (4, 5). The International Society for Heart and

Lung Transplantation (ISHLT) in 2013 issued a list of

recommendations providing guidance to all aspects of clinical

management including associated valvular heart disease;

an evidence-based approach was followed with majority of

recommendations being level of evidence C or consensus

agreement (6). Since then, the literature has been enriched by

numerous clinical studies providing further insight into the

underlying pathophysiology and associated mid- and long-term

clinical outcomes.

In this review, we critically appraise the impact of

valvular heart disease on LVAD patient outcomes and delineate

the current state of the field regarding how concomitant

valve disease is addressed both medically and surgically in

this population. Furthermore, we review current concepts

of development of de-novo valvular pathology post LVAD

implantation and proposed preventative strategies.

Aortic valve

In a conventional arrangement, continuous-flow

LVADs funnel left ventricular blood into the ascending

aorta creating a transvalvular pressure gradient across

the aortic valve. Theoretically, when the gradient is >0,

the aortic valve remains persistently closed throughout

the cardiac cycle altering not only physiological flow

patterns within the aortic root, but also the distribution

of mechanical stress on the proximal ascending aorta and

aortic valve apparatus. The ensuing pathophysiological

changes of leaflet deterioration, commissural fusion, and

aortic sinus dilation may lead to worsening of pre-existing

aortic insufficiency (AI) or lead to the development of de

novo AI.

AI in the context of LVAD physiology effectively creates

a closed-loop circulation between the ascending aorta and

left ventricle, leading to suboptimal left ventricular unloading,

reduced peripheral perfusion, and eventually recurrence of

heart failure symptoms. Multiple studies have documented an

increasing incidence of AI with the introduction of second-

generation LVADs (7, 8). Furthermore, in a systematic review

and meta-analysis of de novo AI during log-term LVAD support,

investigators reported a pooled incidence of significant AI of

25% (11%−42%) during a support period of 412± 281 days (9).

ISHLT guidelines have recommended consideration for surgical

intervention during device implantation in cases with more

than mild aortic insufficiency (Class 1, Level of evidence 3)

(6). A comprehensive list of representative studies regarding the

interplay of AI during LVAD implantation is provided in Table 1.

Patients developing moderate to severe AI during follow-

up exhibit significantly higher left ventricular end-diastolic

diameter, reduced cardiac output, and higher levels of brain

natriuretic peptide. Furthermore, reduced left ventricular

unloading in this circumstance is ultimately reflected back

toward the unsupported right ventricle, increasing right

ventricular afterload. This predisposes to right ventricular failure

and potentially limits the duration in which a single ventricular

support configuration will be viable for the patient, which

of course is paramount concern for the DT patient who is

unlikely to have an alternative viable support strategy. With

these thoughts in mind, it is unsurprising that significant AI

after LVAD implantation has correlated with higher rates of

rehospitalization and mortality conditional upon survival to 1

year (17). Another extremely rare but dreaded complication that

may be seen in this clinical setting is aortic valve and aortic root

thrombosis (20).
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TABLE 1 Key studies in chronological order of publication reporting on the interaction of AI and LVAD implantation.

References Design Year Study groups N Main outcome

Cowger et al. (7) Retrospective

Single institutional

2010 LVAD (HM-XVE/HM II) 78 Early evidence of progressive nature of AI post LVAD

implantation

Pak et al. (8) Retrospective

Single institutional

2010 LVAD (HM-XVE/HM II) 130 De novo AI with LVADs shown to occur frequently

Toda et al. (10) Retrospective

Single institutional

2011 LVAD (Toyobo-VAS/HM

II/Novacor)

47 Significantly worse survival in patients who developed de

novo AI at 1 year after LVAD implantation

Dranishnikov et al. Retrospective 2012 LVAD (HVAD/HM II/Incor) with Concomitant aortic valve replacement and LVAD

(11) Single institutional -AV replacement 19 implantation is not associated with an impaired outcome

-No AV procedure 299

Rajagopal et al.

(12)

Retrospective

Single institutional

2013 LVAD (HM-XVE/Novacor/HM

II/HVAD/Ventracor VentaAssist)

184 De novo or progression of native AI more pronounced

with Cf-LVADs to control cohort (medical treatment)

Control 132

Cowger et al. (13) Retrospective

Single institutional

2014 LVAD (HM II) 166 Albeit common post LVAD implantation, AI was not seen

to affect survival

Hiraoka et al. (14) Retrospective

Single institutional

2015 LVAD (HM II/HVAD/Ventracor

VentaAssist)

99 AI was not seen to affect survival at 1 year

Robertson et al. Retrospective 2015 LVAD (mostly HM II) with AV closure was associated with increased mortality when

(15) Registry (INTERMACS) -AV closure 125 compared with repair or replacement in patients with AI

-AV repair 95 who underwent LVAD implantation

-AV replacement 85

Holley et al. (16) Retrospective

Single institutional

2017 LVAD (HM II) 237 AI was seen to increase over time without having an

impact on long-term mortality

Truby et al. (17) Retrospective

Registry (INTERMACS)

2018 LVAD (Continuous Flow LVADs) 10,603 1,399 patients on LVAD support developed moderate to

severe AI; investigators showed negative impact on

hemodynamics, hospitalizations, and survival

Tanaka et al. (18) Retrospective 2020 LVAD (HM II/HVAD) with Uncorrected mild aortic insufficiency had a higher risk of

Single institutional -mild AI 111 progression to moderate or greater aortic insufficiency

-trace or no AI 493 after left ventricular assist device implantation with worse

functional status and higher incidence of heart failure

related readmission

Jimenez Contreras Retrospective 2022 LVAD A trend for less progression to moderate/severe AI seen

et al. (19) Single institutional -HM II 452 with HM3 implantation

-HM 3 252

AI, aortic insufficiency; AV, aortic valve; LVAD, left ventricular assist device; HM2, heartmate 2; HM3, heartmate 3; HVAD, heartware ventricular assist device.

Aortic insu�ciency at index LVAD
procedure

The decision of whether and/or how to intervene on pre-

existing aortic insufficiency at the time of LVAD implant

is influenced by a variety of factors. Chief among them is

the severity of aortic pre-existing insufficiency. Traditionally,

moderate or greater AI has prompted intervention while mild

AI at the time of LVAD implant has often been managed without

procedural intervention (6). However, as will be discussed in

greater detail later on, it is now well appreciated that AI is

likely to worsen with time following LVAD support. Therefore,

particularly in the DT population where duration of LVAD

support may be anticipated to be relatively longer in comparison

to bridge to transplant patients, there may be consideration

for correction of even mild degree of AI at the time of

LVAD implant.

Once the decision to intervene on the aortic valve at the time

of LVAD implant has beenmade, a variety of surgical approaches

to deal with aortic valve pathology during LVAD implantation

have been described including aortic valve closure (21, 22),

repair (23, 24), and replacement (11, 25). In the presence

of previous mechanical aortic valve replacement, closure

techniques with a sandwich plug or patch (22, 26) have been

described although most groups prefer converting these valves

to bio-prostheses. With in situ bio-prostheses perioperative
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assessment will dictate the requirement of replacement if there

is evident structural deterioration. In native aortic stenosis the

degree of preexisting AI in the case of mixed disease will guide

the need for intervention.

Robertson et al. (15) demonstrated that aortic valve closure

was associated with increased mortality in comparison to

aortic valve repair/replacement analyzing INTERMACS data

from 305 patients who underwent concomitant aortic valve

procedures during LVAD implantation; an increased incidence

of postoperative AI was the pathophysiologic trade-off observed

with aortic valve repair. The main concerns with aortic outflow

tract closure are the potential catastrophic outcome in the

setting of sudden pump failure as well as the limitations

that will be encountered in the event of myocardial recovery

and consideration of LVAD decommission. Many groups have

implemented central oversewing to approximate the fibrous

nodules of Arantius (Park’s stitch) (27) to deal with preoperative

AI with variable mid- and long-term outcomes in regards to

AI recurrence (28–30). The decision-making in this paradigm

is heavily influenced by an attempt to limit aortic cross-clamp

time; operative experience, quality of aortic leaflet tissue, as well

as projected time of support are all factors to be considered by

the operating surgical team.

Aortic insu�ciency after LVAD
implantation

Multiple studies have demonstrated that AI during

continuous flow LVAD support is a progressive disease

(9, 17). Reviewing INTERMACS data from 1,399 patients who

developed moderate to severe AI during follow-up, Truby et al.

(17) reported a temporal increase in the prevalence of significant

AI with predictors of worsening AI including older age, female

sex, smaller body mass index, mild pre-implantation AI, and

DT. Recent data has shown the impact of uncorrected mild

AI at the index implantation with 44% developing moderate

or greater AI within 2 years follow-up (18); interestingly

9% of patients with no AI at the original implantation were

seen to develop de novo AI. Failing conventional medical

treatment strategies for AI, including blood pressure control

(goal mean of 60–80 mmHg), diuretic therapy, and pump speed

optimization with concomitant right heart catheterization (31),

more definitive treatment will be required.

Conventional surgical approaches to ameliorate post-LVAD

AI have been carried out with good results, accepting the risks

of redo sternotomy and right ventricular injury as well as

failure (32). In order to reduce procedural risk in this cohort

of comorbid patients, percutaneous transcatheter approaches

including transcatheter aortic valve replacement (TAVR) and

percutaneous occlude devices of native or bioprosthetic

prostheses have been developed (33–36). In a systematic review

and meta-analysis of percutaneous transcatheter interventions

for AI in continuous flow LVAD, TAVR and occlude devices

demonstrated similar efficacy in significantly reducing severe

AI (37).

Although variable device success has been demonstrated

with TAVR for native pure AI (38), encouraging data has

been produced from second-generation transcatheter heart

valves that incorporate leaflet-clasping mechanisms to anchor

themselves in the absence of valvular apparatus calcification

(39). Such devices may become an important part of the

armamentarium to address post-LVAD AI.

Preventative measures

In a meta-analysis of eight studies with a total of 548

patients, Gasparovic et al. (40) reported a pooled incidence

of de novo AI of 37%, with predictors of development and

progression being older age, persistent aortic valve closure,

female sex, and duration of LVAD support. Furthermore, Patil

et al. (41) reported systolic blood pressure at 3 months, aortic

valve closure and longer support duration being independent

predictors of de novo AI following LVAD implantation. It

is therefore pertinent that pump speed optimization takes

place under hemodynamic and echocardiographic guidance

prior to discharge, especially in patients fitting the above

criteria. Strict blood pressure control during follow-up in

combination with continuous outpatient hemodynamic and

echocardiography-directed pump speed optimization allowing

for at least intermittent AV opening is thought to potentially

reduce the development and progression of AI after LVAD

implant. By allowing intermittent aortic valve opening there

is putatively less aortic commissural fusion and aortic root

dilation, both of which are mechanisms for the development

of AI post LVAD implant. Pulsatility or intermittent low-speed

algorithms that may facilitate aortic valve opening may also

prove of clinical significance in the future (42).

As commencement of LVAD support will instantly decrease

left ventricular end-diastolic pressure and increase proximal

ascending aortic pressure, the resulting increase in transvalvular

gradient may unveil clinically significant AI that was “masked”

by severe heart failure (15). This is probably even more

applicable to patients with pre-existing increased proximal

ascending aortic dimensions (43). Intraoperative assessment of

the aortic valve pre- as well as post- LVAD implantation is

therefore recommended in the context of DT.

Regarding intraoperative procedural modifications, the

field of computational fluid dynamics (CFD) has offered a

great degree of translational insight. Callington et al. (44)

demonstrated that a lower outflow graft anastomosis location

with appropriate angulation (inclination angle ≥90◦, azimuthal

angle of 60◦or 120◦) might reduce blood flow stagnation in

the aortic root and produce normal wall shear stress and
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moderate pressure values in the region. Part of the authors’

hypothesis was that a high root pressure due to the jet flow

might contribute to de novo development of AI post LVAD

implantation. Furthermore, an LVAD management strategy

that allows intermittent AV opening has been shown with

CFD simulations of blood flow, including platelet-surrogate

dynamics, to improve biocompatibility by promoting platelet

washout, reducing stasis, and decreasing thrombogenicity (45).

More recently, Kasinpila et al. (46) also have shown that

development of AI is associated with increased flow recirculation

and turbulent eddies at the aortic root region; the distance from

aortic root to the outflow graft was smaller in patients who

developed AI.

Mitral valve

Mitral regurgitation (MR) affects up to 10% of the

general population, making it the most common heart valve

disorder (47). In patients admitted with decompensated heart

failure, between 36 and 53% of patients have MR of at least

moderate severity, and its presence is associated with a poorer

prognosis (48–50). The mitral valve and its apparatus forms

a complex structure, and its function is intrinsically linked

to left ventricular size and function. Amongst patients with

heart failure the most common etiology is functional MR.

Adverse ventricular remodeling leads to annular dilation and

papillary muscle displacement, resulting in leaflet tethering and

failure of coaptation. Impaired systolic function and ventricular

dyssynchrony reduce the valve closing forces and further

contribute to leaflet tethering. MR itself leads to increased

volume loading of the left ventricle (LV), resulting in further LV

dilation and creating a vicious cycle. MR may be secondary to

other conditions, such as rheumatic heart disease or congenital

abnormalities, and may be the primary cause of heart failure,

or exacerbate cardiac insufficiency in a patient with co-existing

heart failure. Gene expression analysis of myocardium from

patients with significant MR undergoing left ventricular assist

device (LVAD) implantation show increased expression of genes

associated with inflammation, and reduced expression of cell

energetics and proliferation genes, suggesting that these patients

are a distinct subset of patients with cardiomyopathy, whichmay

impact on response to therapies (51).

Conventional heart failure pharmacological treatments and

cardiac resynchronization therapy have been shown to reduce

the severity of MR through positive remodeling and reduction

in the degree of ventricular dyssynchrony (52, 53). Prospective

trials of percutaneous mitral valve edge to edge repair in patients

with functionalMR have providedmixed results. However, there

may be benefit in a subset of patients with severe MR and

LV systolic impairment on optimal medical therapy (54, 55).

Functional MR can also be treated with conventional mitral

valve repair or replacement, either alone or at the time of other

surgical procedures such as coronary artery bypass grafting.

Repair is associated with high rates of recurrent MR, and the

benefits in terms of long term clinical outcomes has not been

established (56). A prospective study of percutaneous mitral

valve repair in patients listed for heart transplantation reported

a procedural success rate of 87.5%, with low complication rates.

Almost one quarter of patients were taken off the transplant list

at 1 year due to clinical improvement, suggesting that this is

viable therapy in patients with advanced heart failure (57). There

have been concerns regarding the effect of percutaneous mitral

valve repair on subsequent LVAD placement, as the functional

mitral stenosis may affect left ventricular filling. However, a

propensity matched study of 27 patients with prior percutaneous

valve repair demonstrated similar 2-year outcomes to a matched

group with untreated functional MR with pulmonary artery

and wedge pressures being lower in patients with prior valve

repair (58).

In patients with end stage heart failure that has proven

refractory to conventional heart failure therapies, approximately

one third have at least moderate to severe MR (59). Effective

LVAD therapy leads to mechanical unloading of the LV and

a reduction in pulmonary artery pressures. This leads to

changes at the myocyte and biochemical level, resulting in

positive ventricular remodeling, and reduction in left ventricular

volumes (60, 61). The marked early improvement in MR

severity in most patients following LVAD implantation alone

means that concomitant mitral valve surgery is rarely required.

In the pivotal MOMENTUM 3 study, which compared a

third generation centrifugal LVAD, the HeartMate 3 (Abbott,

Abbott Park, IL), with a second-generation axial flow pump,

the HeartMate II, 43.5% of patients had at least moderate

MR or greater prior to implantation and did not undergo

concomitant mitral valve intervention (62). At 1 month

following implantation, 6.2% of patients treated with the

HeartMate 3 device had residual MR, as compared to 14.3%

in the HeartMate II arm. After 2 years of LVAD support, the

proportion of patients with clinically significant MR remained

low, 9.4% in the HeartMate 3 group vs 15.4% in the HeartMate

II arm.

In an INTERMACS analysis that examined all LVAD

implantations between 2008 and 2014, 263/4930 adults with

moderate to severe MR underwent a concomitant mitral

valve procedure, of whom 96% received a mitral valve repair

(63). Patients undergoing mitral valve intervention had higher

pulmonary artery pressures, more severe MR, and were more

likely to have had prior mitral valve intervention. No difference

in short- or long-term survival was seen in patients undergoing

mitral valve procedures, although there was a reduction in re-

hospitalization, predominantly due to a reduction in right heart

failure. A systematic review of 8 studies examining the role

of mitral valve intervention at the time of LVAD implantation

failed to show a survival benefit as compared to LVAD implant

alone (64). Consensus guidelines supported by the ISHLT and
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American Association for Thoracic Surgery state that routine

repair or replacement for severe MR is not recommended.

Routine replacement of a properly functioning mechanical

mitral valve is also not recommended.

Data on long term outcomes in patients with residual MR is

conflicting. A recent INTERMACS analysis of patients receiving

implants between 2006 and 2017 revealed that 18.8% of patients

had at least moderate MR at 3 months post LVAD implant

(65). Incidence of late right heart failure and renal failure were

higher post-operatively, and there was a trend toward increased

longer term mortality. Similar findings were also seen in a single

center, which revealed that in the 20% of patients with residual

MR, right ventricular function was worse and dimensions larger.

Time to first hospitalization was significantly shorter amongst

those with significant MR (66). However a more contemporary

analysis incorporating data from the MOMENTUM 3 study

and continued access protocol showed no difference in survival,

rehospitalization rates or incidence of right heart failure in

patients with residual MR (67).

There is limited data examining the impact of residual MR

specifically in patients receiving an LVAD as DT. In one study

that included 91 patients, 68% had moderate or severe MR. The

presence of at least moderate MR was an independent predictor

of reduced survival at 30 days and 2 years (68). In the previously

discussed INTERMACS analysis of concomitant mitral valve

procedures, there was no overall benefit from intervention.

However, in the subgroup of patients implanted as an initial

DT strategy, there was a trend for higher 2-year survival for

patients that underwent mitral valve intervention (73% vs 64%, p

= 0.09) (63). This data would suggest a potential benefit ofmitral

valve intervention in the subset of LVAD patients implanted

as DT, although the numbers analyzed are too small to draw

definitive conclusions.

Predicting which patients are likely to be left with residual

MR is challenging. Those at increased risk appear to be younger,

more likely to be female, non-Caucasian, with non-ischemic

etiology of heart failure (65). They also typically have worse

right ventricular function, more tricuspid regurgitation (TR)

and higher pulmonary artery pressures (66). More severe MR

at baseline, and larger LV end diastolic diameter are consistent

risk factors across different cohorts (69). A single center study

identified that patients with persistent atrial fibrillation and

larger left atrial dimensions were less likely to achieve a

significant reduction in MR severity, and had worse long term

survival (70). This suggests that LVAD therapy is less effective

at left atrial remodeling and may have limited impact on MR

severity if left atrium enlargement is a significant contributor

to mitral annular dilation. Posterior displacement of the mitral

coaptation point also predicts residual MR risk (71). While

those with predominantly Carpentier type 1 MR due to annular

dilation are likely to improve following LVAD implantation, type

IIIb valve dysfunction due leaflet and chordae restriction may

be less likely to improve, as LVAD unloading will reduce closing

forces and may further limit coaptation (72).

Perioperative measures may reduce the risk of residual

MR. Appropriate inflow cannula alignment, as determined by

a combined assessment of anterior and lateral angulation was

associated with greater improvement in MR severity at 1 month

(73). Use of centrifugal flow LVAD pumps is also associated with

a greater reduction inMR, as compared to axial flow pumps (62).

Hemodynamic optimization of LVADs is a key component of

long-term care. Selection of the most appropriate pump speed

through ramp testing and right heart catheterization have been

shown to reduce pulmonary capillary wedge pressures, through

improved mechanical unloading (74). Whether this translates to

a reduction in MR severity has not been assessed. Institution of

guideline directed heart failure therapies in patients with long

term LVADs has been shown to improve survival and quality of

life (75). One small prospective study demonstrated that medical

therapies in LVAD supported patients aids remodeling through

a reduction in left ventricular dimensions and mass more than

LVAD alone, however there was no impact on the degree of MR

(76). A comprehensive list of representative studies regarding

the interplay of MR during LVAD implantation is provided in

Table 2.

Mitral stenosis and prosthetic mitral
valves

Mitral stenosis impairs left ventricular filling that leads to

reduced flows in an LVAD supported patient. Therefore, mitral

valve repair or replacement is recommended in patients with

moderate or severe mitral stenosis of any cause. The presence

of a prosthetic mitral valve is not a contraindication to LVAD

implantation. Trans mitral flow typically improves following

LVAD implantation, therefore the risk of thrombus formation is

low. The 2019 European Association of Cardiothoracic Surgeons

Expert Consensus recommend that ‘Exchange of a functional

mitral mechanical or biological prosthesis at the time of long-

term mechanical circulatory support device implantation is not

recommended (84).

Tricuspid valve

Moderate or severe tricuspid regurgitation (TR) is seen in

around 20% of patients with chronic heart failure, and around

a third of patients presenting with acute heart failure (85). Its

prevalence increases as heart failure severity worsens and is

associated with higher morbidity and mortality (86).

Right ventricular remodeling is a common consequence

of left ventricular systolic impairment and/or left sided valve

dysfunction, because of pulmonary arterial hypertension. This
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TABLE 2 Key studies in chronological order of publication reporting on the interaction of MR and LVAD implantation.

References Design Year Study groups N Main outcome

Taghavi et al. (77) Retrospective

Multi-institutional

2013 LVAD (HM II) with

-MV intervention

-No MV intervention

21

36

No difference in survival at 1 year. MV intervention was

associated with a decrease in pulmonary vascular

resistance

Goodwin et al. (78) Retrospective

Single institutional

2017 LVAD (HM II/HVAD) with

<moderate-severe MR

≥moderate-severe MR

195

43

Resolution of MR was sustained at 180 days post

LVAD implantation. No difference in survival was seen

between two groups

Kassis et al. (66) Retrospective

Single institutional

2017 LVAD (CfLVADs) 69 Significant residual MR post-LVAD implantation was

associated with persistent pulmonary hypertension, worse

RV function, and significantly shorter time to

hospitalization and death

Fukuhara et al.

(79)

Retrospective

Single institutional

2017 LVAD (HM

II/HVAD/VentracorVentaAssist/

DuraHeart/DeBakey VAD) with

>moderate MR and

-MV repair

-no MV repair

52

63

Concomitant MV repair was associated with less frequent

late right heart failure

Dobrovie et al. (80) Retrospective

Single institutional

2018 LVAD (HM II/HVAD) with

None to moderate MR

Severe MR

63

65

Preoperative severe MR resolves in most patients early on

after LVAD implantation and is not associated with worse

clinical outcomes or intermediate-term survival

Robertson et al.

(63)

Retrospective

Registry (INTERMACS)

2018 LVAD (LVADs) and

-MV repair

-MV replacement

-No MV procedures

252

11

4,667

Concomitant MV procedure was not shown to improve

survival, but a trend toward increased survival was seen in

DT patients with moderate to severe MR who underwent

MV procedure

Kawabori et al.

(81)

Retrospective

Single institutional

2019 LVAD (HM II/HVAD) with severe

MR and

-MV procedure

-no MV procedure

26

82

Investigators did not identify any advantage in outcomes

for patients who underwent MV procedure

Okoh et al. (68) Retrospective

Single institutional

2019 DT LVAD (HM II) with baseline

MR

< moderate MR

≥moderate MR

29

62

≥moderate MR was seen to be associated with worse

survival at both short and midterm follow-up

Pawale et al. (82) Retrospective

Single institutional

2019 LVAD (HM II/HM 3/HVAD) with

severe MR and

-MV procedure

-no MV procedure

78

28

Concomitant MV repair can be carried out safely during

LVAD implantation. Investigators suggest a better

reduction in MR severity and reduced rate of readmission

for heart failure

Kanwar et al. (62) Retrospective

Registry (MOMENTUM

3 trial)

2020 LVAD with >moderate MR

-HM II

-HM 3

206

197

HeartMate 3 was seen to improve clinically significant MR

earlier, sustainably, and to a greater degree than HeartMate

2. Outcomes following LVAD implantation were not

influenced by baseline or residual MR

Cruz Rodriguez

et al. (83)

Retrospective Single

institutional

2021 LVAD (HM II/HVAD) 111 Residual moderate to severe MR was found to be present

in 1/4 of patients. An association was found with increased

incidence of right heart failure, higher mean pulmonary

pressure, and pulmonary capillary wedge pressure with no

effect on 1 year survival

Jain et al. (65) Retrospective

Registry (INTERMACS)

2022 LVAD (CfLVADs) 8,364 18.8% of patients were found to have residual MR with

concomitant mitral valve procedures appear to reduce this

risk. Residual MR was associated with worse clinical

outcomes

MR, mitral regurgitation; MV, mitral valve; DT, destination therapy; LVAD, left ventricular assist device; HM2, heartmate 2; HM3, heartmate 3, HVAD, heartware ventricular assist device.
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causes tricuspid annular dilation and leaflet tethering, leading

to functional TR. High right ventricular preload due to venous

congestion also leads to volume loading of the right ventricle,

increasing the degree of TR. A significant proportion of patients

with chronic heart failure have cardiac implantable electronic

devices and leads crossing into the right ventricle can also impair

tricuspid valve closing. The right ventricle is sensitive to volume

loading conditions, relief of venous congestion through effective

diuresis can lead to favorable right ventricular remodeling and

reduce the degree of TR (87). Targeted pulmonary vasodilator

therapies in patients with left sided heart failure have not shown

to be of significant clinic benefit and may be harmful (88).

Right ventricular failure remains a common early

complication following LVAD implantation, and is associated

with prolonged intensive care stays and increased mortality

(89). Right heart failure following LVAD arises from a multitude

of factors. Higher left sided output provided by the LVAD

increases the preload delivered to a deconditioned right

ventricle. Furthermore, displacement of the interventricular

septum to the left side alters RV geometry and may further

exacerbate TR. Perioperative transfusion of blood products,

and hypoxia can place additional stress on the right ventricle.

Nevertheless, predicting which patients will develop right heart

failure remains a challenge, and requires a multi-modality

assessment, combining clinical factors, cardiac imaging, and

hemodynamic assessment. Severe TR was shown to be an

independent risk factor for the requirement of mechanical right

ventricular support in one study and was incorporated into a

risk scoring system (90). However, larger retrospective analyses

have failed to show that TR severity is an independent marker

of risk for right heart failure (91–93).

TR typically improves in the first month following LVAD

implantation, as the reduction in pulmonary artery pressures

aids right ventricular remodeling. A EUROMACS registry study

demonstrated that 65% of patients with moderate to severe TR

pre implant have no to mild TR at 30 days post-implant (94).

Patients with idiopathic dilated cardiomyopathies were more

likely to improve as compared to other etiologies.

Despite the natural improvement in tricuspid valve

competence post-LVAD in the short-medium term, the presence

of at least moderate TR appears to complicate the early post-

operative course, with a higher need for mechanical right

ventricular support, prolonged inotrope use and intensive care

stay (95). Whether TR is itself the cause, or whether it is simply a

marker of severity of pre-operative right ventricular dysfunction

remains debatable. Surgical correction of TR increases right

ventricular afterload, which in turn may further compromise

the function of a deconditioned right ventricle.

Concerns regarding early right ventricular recovery likely

explains why tricuspid valve repair is the most frequent

concomitant valve intervention performed at the time of

LVAD implantation (96). However, there is wide variability in

practice amongst different centers, with around one quarter of

patients with moderate to severe TR undergoing tricuspid valve

procedures, most commonly tricuspid annuloplasty (97).

Single center retrospective studies have suggested a

reduction in rates of early right heart failure, improved

postoperative outcomes, and reduced early rehospitalization

in patients undergoing concomitant TV repair, without a

clear survival benefit (98–100). A systematic review of eight

retrospective studies showed no difference in rates of right heart

failure, renal failure, early or late mortality (101). However, the

group undergoing tricuspid intervention were sicker at baseline,

with higher bilirubin levels and central venous pressure, which

commonly portend a poorer prognosis. As these patients had

similar post-operative outcomes, the authors suggested that

tricuspid valve intervention may ameliorate this excess risk.

Tricuspid valve intervention increased cardiopulmonary bypass

time by an average of 35min in this meta-analysis.

Larger registry database analyses have consistently failed to

show a benefit from concomitant tricuspid valve intervention.

A stratified INTERMACS registry analysis of 8,263 patients

revealed an increased risk of adverse events, including bleeding,

arrhythmia and stroke, and higher mortality in patients with

moderate to severe TR undergoing valve intervention (102).

Similarly, a Society of Thoracic Surgeons database analysis

revealed an excess of adverse events in patients with significant

TR undergoing concomitant tricuspid valve intervention,

including higher rates of renal dysfunction, reoperation, and

blood transfusion, as well as prolonged intensive care stay (103).

A prospective randomized controlled trial of tricuspid valve

intervention (annuloplasty or replacement) vs no intervention

was recently presented at the 2022 American Association of

Thoracic Surgeons meeting (TVVAD trial) (104). The primary

endpoint was incidence of right heart failure at 6 months. The

trial was stopped early due to futility after enrolment of 60

patients. No differences were seen in any of the secondary

endpoints, including all-cause mortality.

The durability of tricuspid valve repair at the time of LVAD

implant is questionable, with between 21 and 37.8% of patients

developing at least moderate TR at follow up (97, 105, 106). This

was associated with higher rates of late right heart failure.

The European Association of Cardiothoracic Surgeons

Expert Consensus on long term mechanical circulatory support

recommend “Re-evaluation of patients with moderate to severe

TR after treatment with diuretic therapy, if condition permits”

(class 1C) and “In carefully selected patients, tricuspid valve

repair for moderate to severe TR at the time of long-

term mechanical circulatory support implantation may be

considered” (Class IIb C) (84). This consensus document was

published prior to the large INTERMACS analysis described

earlier and the recently concluded TVVAD randomized trial.

Furthermore, no studies have identified a specific subgroup of

patients who may benefit from a concomitant TV procedure.

Therefore, it is difficult to know which parameters to use

in clinical decision making when selecting patients for
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TABLE 3 Key studies in chronological order of publication reporting on the interaction of TR and LVAD implantation.

References Design Year Study groups N Main outcome

Piacentino et al.

(99)

Retrospective

Single institutional

2011 LVAD with severe TR

-TV procedure

-no TV procedure

34

81

Concomitant TV procedure was associated with improved

early clinical outcomes. Furthermore, a trend toward

improved overall survival was documented for the TV

procedure cohort

Robertson et al.

(103)

Retrospective

Registry (STS Database)

2014 LVAD (CfLVADs) with >moderate

TR

-TV procedure

-no TV procedure

588

1,608

Concomitant TV procedure during LVAD implantation

for moderate to severe TR did not reduce early death or

right VAD requirement. Investigators documented overall

worse early postoperative outcomes

Song et al. (97) Retrospective

Registry (INTERMACS)

2016 LVAD (CfLVADs as DT) with

>moderate TR

-TV procedure

-no TV procedure

215

757

Concomitant TV procedure did not result in improved

survival with 21%−27% of patients undergoing TV

procedure developing recurrent late TR

Critsinelis et al.

(100)

Retrospective

Single institutional

2018 LVAD (HM II/HVAD) with severe

TR

59 Concomitant TV procedure did not impact patient

outcomes but did reduce the incidents of 30-day

readmission

Barac et al. (105) Retrospective

Single institutional

2020 LVAD (Durable) and TV procedure 156 37.8% of patients undergoing TV ring annuloplasty at the

time of LVAD implantation had recurrent TR at

intermediate follow-up. This was independently associated

with late right heart failure

Veen et al. (94) Retrospective

Registry (EUROMACS)

2021 LVAD (uncorrected TR)

-mild to moderate

-moderate to severe

1,690

806

Uncorrected TR was associated with increased early as well

as late mortality. On average TR was seen to diminish

progressively following LVAD implantation. Investigators

suggested TR grade should not be the sole criterion for

patient selection for TV procedure

TR, tricuspid regurgitation; TV, tricuspid valve; LVAD, left ventricular assist device: HM2, heartmate 2; HM3, heartmate 3; HVAD, heartware ventricular assist device.

concurrent TV repair, if this should be done at all. Future

prospective studies should assess the impact of baseline

factors, such as hemodynamic measures of right ventricular

performance, echocardiographic measures such as TV annular

diameter, TR severity (moderate vs severe), and clinical

factors including INTERMACS status and inotrope score,

to develop a personalized approach to assessing need for

concomitant tricuspid valve intervention. A comprehensive list

of representative studies regarding the interplay of TR during

LVAD implantation is provided in Table 3.

Multiple valve pathology

Some degree of pathology involving multiple valves

is commonly encountered in the advanced heart failure

population undergoing LVAD implant. When there is significant

pathology involving multiple valves, concomitant multiple

valve intervention with LVAD implant may need to be

considered. There is limited empirical data to guide clinicians

in prognostication around LVAD implant with multiple

concomitant valve intervention (summarized in Table 4), but it

is intuitive that the longer cross-clamp and cardiopulmonary

bypass that are associated with multiple valve intervention may

predispose the patient to greater risk at that the time of LVAD

implant. In general, the principles outlined above for individual

valve pathologies may form a starting point decisionmaking, but

clearly the ultimate the decision over whether to move forward

with LVAD implant surgical plan will need to be individualized

based on patient-specific factors when confronting concomitant

multiple valve pathology. Nevertheless, contemporary data does

suggest that LVAD implant with concomitant multiple valve

intervention can be undertaken with acceptable outcomes

(107–110). In a single-center experience of concomitant

valve procedures during LVAD implantation, Sugiura et al.

(109) elegantly demonstrated no association with mortality;

investigators reported on a cohort of 91 patients including

29 double valve procedures. Patients undergoing concurrent

valve procedures did, however, have significantly higher risk

of right heart failure as well as stroke that may be partially

attributed to the longer cardiopulmonary bypass and cross-

clamp times. The largest to date cohort of patients undergoing

multiple valve procedures during LAVD implantation stems

from analysis of the MOMENTUM 3 trial, which included
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TABLE 4 Key studies in chronological order of publication reporting on the outcomes of concurrent multiple valve procedures during LVAD

implantation.

References Design Year Study groups N Main outcome

John et al. (107) Retrospective

Multi-

institutional

2014 LVAD (HM II)

-No valve procedure

-Single valve procedure

-Multiple valve procedure

641

205

37

Multiple valve procedures were

associated with a higher 30-day (p=

0.04), as well as 2-year (p= 0.046)

mortality

Maltais et al. (108) Retrospective

Multi-

institutional

2016 LVAD (HM II/HVAD)

-No valve procedure

-Single valve procedure

-Multiple valve procedure

398

190

26

Investigators concluded that survival

was comparable between groups with no

influence from concomitant procedures

Sugiura et al. (109) Retrospective

Single

institutional

2019 LVAD (HM II/HVAD)

-No valve procedure

-Single valve procedure

-Multiple valve procedure

435

62

29

Concomitant procedures were not

associated with increased mortality

John et al. (110) Retrospective

Registry

(MOMENTUM3)

2022 LVAD (HM3)

-No valve procedure

-Single valve procedure

-Multiple valve procedure

1,380

325

85

Adjusted analysis did not identify any

difference in survival at 2 years between

single and multiple valve procedures

LVAD, left ventricular assist device: HM2, heartmate 2; HM3, heartmate 3; HVAD, heartware ventricular assist device.

85 patients who underwent multiple valve intervention (110).

An adjusted analysis performed by the investigators did not

identify any difference in survival at 1 or 2 years between single

and multiple valve procedures. These findings suggest that in

selected patients undergoing LVAD implant concomitant valve

intervention does not pose prohibitive risk.

Discussion

There appears to be a signal for temporal reduction in

mortality risk associated with concomitant valve procedures

during index LVAD implantation. Earlier studies have reported

30-day mortality rates ∼25% with combined aortic valve

procedures, a nearly 5-fold increase relative to isolated implants

(111). In contrast, in the more contemporary landscape, there

is a growing body of literature that supports that concomitant

valve surgery during LVAD implantation can be delivered

without impacting survival, in selected patients (98, 108, 112).

Although LVAD clinicians’ knowledge and ability to manage

concomitant valve disease in LVAD patients has likely improved

over time, it is also true that LVAD technology has significantly

evolved. This becomes evident from published outcomes of

the Multicenter Study of MagLev Technology in Patients

Undergoing Mechanical Circulatory Support Therapy with

HeartMate 3 (MOMENTUM 3), a multicenter, 1:1 randomized,

pivotal study comparing the treatment efficacy of the HeartMate

3 LVAD with the HeartMate II LVAD in patients with advanced-

stage HF (62, 113). The HeartMate 3 was shown to be more

efficient at hemodynamic unloading of clinically significant

MR early, sustainably, and to a greater extent. Furthermore,

uncorrected baseline as well as residual MR had no influence

on outcomes after LVAD implantation at 2-year follow-up

(62). Further data from the MOMENTUM 3 trial portfolio

that includes 2,200 patients, investigated the outcomes of 466

patients who underwent a concomitant valve procedure at the

index LVAD implantation (110). Carrying out concomitant valve

procedures exposed patients to early postoperative morbidity

including stroke, bleeding, and right heart failure, but there

was no detectable difference in 30-day mortality and 2-year

survival. Furthermore, no difference in outcomes amongst

patients with significant mitral or tricuspid regurgitation

irrespective of corrective surgery was demonstrated. Based on

their findings, investigators suggested that sufficient equipoise

exists to consider a randomized trial assessing the benefit

of commonly performed valve interventions during LVAD

implantation. In conjunction with growing transcatheter-based

procedural arsenal for the amelioration of valve disease, findings

such as these imply decisions and strategies around the

management of concomitant valve pathology are likely going to

continue to evolve as the field moves forward.

The impact of valvular pathology on outcome measures

in critically ill patients is well described (114). “Surgical

acumen” instinctively dictates anatomical correction of all

cardiac pathology to allow for best chance of myocardial

recovery or remodeling. Despite many institutional as well

as registry studies describing improved outcomes for some

valvular pathology correction during LVAD implantation, the

jury remains out for several individual pathologies. The question

that comes to mind is: are patients being exposed to higher
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risk implantations with increased perioperative morbidity

and no detectable difference in outcomes? Individualized

evidence-based medicine may answer partly this question;

for example, smaller females undergoing LVAD implantation

with pre-existing mild AI is probably a cohort that requires

concomitant aortic valve intervention (19). As the majority of

the relevant studies do not report long-term outcomes that are

particularly pertinent in DT implant population, the necessity

for additional prospective and longer-term follow up studies is

evident. In the meantime, management strategies that include

maintaining euvolemia, blood pressure control, and optimized

hemodynamics allowing for intermittent aortic valve opening

are imperative at reducing complications.

Author contributions

ID, PC, and JK performed literature review, manuscript

preparation, and critical revision. MK, JP, CB, and CM

performed critical revision. All authors approved of the final

version of the manuscript prior to submission.

Conflict of interest

The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could

be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the

authors and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed

or endorsed by the publisher.

References

1. Catanese KA, Goldstein DJ, Williams DL, Foray AT, Illick CD, Gardocki
MT, et al. Outpatient left ventricular assist device support: a destination
rather than a bridge. Ann Thorac Surg. (1996) 62:646–52. discussion
53. doi: 10.1016/S0003-4975(96)00456-0

2. Rose EA, Gelijns AC, Moskowitz AJ, Heitjan DF, Stevenson LW, Dembitsky
W, et al. Long-term use of a left ventricular assist device for end-stage heart failure.
N Engl J Med. (2001) 345:1435–43. doi: 10.1056/NEJMoa012175

3. Food and Drug Administration. Thoratec Heartmate Sutures Not Applied
Vented Electric Left Ventricular Assist System (SNAP VE LVAS). (2002). Available
online at: https://www.accessdata.fda.gov/cdrh_docs/pdf/P920014S016A.pdf
(accessed August 26, 2022).

4. Rao V, Slater JP, Edwards NM, Naka Y, Oz MC. Surgical management of
valvular disease in patients requiring left ventricular assist device support. Ann
Thorac Surg. (2001) 71:1448–53. doi: 10.1016/S0003-4975(01)02479-1

5. Swartz MT, Lowdermilk GA, Moroney DA, McBride LR. Ventricular assist
device support in patients with mechanical heart valves. Ann Thorac Surg. (1999)
68:2248–51. doi: 10.1016/S0003-4975(99)01110-8

6. Feldman D, Pamboukian SV, Teuteberg JJ, Birks E, Lietz K, Moore SA, et al.
The 2013 international society for heart and lung transplantation guidelines for
mechanical circulatory support: executive summary. J Heart Lung Transplant.
(2013) 32:157–87. doi: 10.1016/j.healun.2012.09.013

7. Cowger J, Pagani FD, Haft JW, Romano MA, Aaronson
KD, Kolias TJ. The development of aortic insufficiency in left
ventricular assist device-supported patients. Circ Heart Fail. (2010)
3:668–74. doi: 10.1161/CIRCHEARTFAILURE.109.917765

8. Pak SW, Uriel N, Takayama H, Cappleman S, Song R, Colombo PC,
et al. Prevalence of de novo aortic insufficiency during long-term support
with left ventricular assist devices. J Heart Lung Transplant. (2010) 29:1172–
6. doi: 10.1016/j.healun.2010.05.018

9. Deo SV, Sharma V, Cho YH, Shah IK, Park SJ. De novo aortic insufficiency
during long-term support on a left ventricular assist device: a systematic review and
meta-analysis. ASAIO J. (2014) 60:183–8. doi: 10.1097/MAT.0000000000000042

10. Toda K, Fujita T, Domae K, Shimahara Y, Kobayashi J, Nakatani T. Late aortic
insufficiency related to poor prognosis during left ventricular assist device support.
Ann Thorac Surg. (2011) 92:929–34. doi: 10.1016/j.athoracsur.2011.04.115

11. Dranishnikov N, Stepanenko A, Potapov EV, Dandel M, Siniawski H,
Mladenow A, et al. Simultaneous aortic valve replacement in left ventricular assist
device recipients: single-center experience. Int J Artif Organs. (2012) 35:489–
94. doi: 10.5301/ijao.5000102

12. Rajagopal K, Daneshmand MA, Patel CB, Ganapathi AM, Schechter MA,
Rogers JG, et al. Natural history and clinical effect of aortic valve regurgitation
after left ventricular assist device implantation. J Thorac Cardiovasc Surg. (2013)
145:1373–9. doi: 10.1016/j.jtcvs.2012.11.066

13. Cowger JA, Aaronson KD, Romano MA, Haft J, Pagani FD.
Consequences of aortic insufficiency during long-term axial continuous-
flow left ventricular assist device support. J Heart Lung Transplant. (2014)
33:1233–40. doi: 10.1016/j.healun.2014.06.008

14. Hiraoka A, Cohen JE, Shudo Y, MacArthur JW Jr., Howard JL,
Fairman AS, et al. Evaluation of late aortic insufficiency with continuous flow
left ventricular assist devicedagger. Eur J Cardiothorac Surg. (2015) 48:400–
6. doi: 10.1093/ejcts/ezu507

15. Robertson JO, Naftel DC, Myers SL, Prasad S, Mertz GD, Itoh A, et al.
Concomitant aortic valve procedures in patients undergoing implantation of
continuous-flow left ventricular assist devices: an intermacs database analysis. J
Heart Lung Transplant. (2015) 34:797–805. doi: 10.1016/j.healun.2014.11.008

16. Holley CT, Fitzpatrick M, Roy SS, Alraies MC, Cogswell R, Souslian L,
et al. Aortic insufficiency in continuous-flow left ventricular assist device support
patients is common but does not impact long-term mortality. J Heart Lung
Transplant. (2017) 36:91–6. doi: 10.1016/j.healun.2016.07.018

17. Truby LK, Garan AR, Givens RC, Wayda B, Takeda K, Yuzefpolskaya
M, et al. Aortic insufficiency during contemporary left ventricular assist device
support: analysis of the intermacs registry. JACC Heart Fail. (2018) 6:951–
60. doi: 10.1016/j.jchf.2018.07.012

18. Tanaka Y, Nakajima T, Fischer I, Wan F, Kotkar K, Moon MR, et al.
The impact of uncorrected mild aortic insufficiency at the time of left
ventricular assist device implantation. J Thorac Cardiovasc Surg. (2020) 160:1490–
500.e3. doi: 10.1016/j.jtcvs.2020.02.144

19. Jimenez Contreras F, Mendiola Pla M, Schroder J, Bryner B, Agarwal R,
Russell SD, et al. Progression of aortic valve insufficiency during centrifugal versus
axial flow left ventricular assist device support. Eur J Cardiothorac Surg. (2022)
61:1188–96. doi: 10.1093/ejcts/ezac087

20. Goodman J, Lerakis S. The aortic valve: the gatekeeper of the LVAD. CASE.
(2020) 4:341–2. doi: 10.1016/j.case.2020.05.015

21. Adamson RM, Dembitsky WP, Baradarian S, Chammas J, May-Newman
K, Chillcott S, et al. Aortic valve closure associated with heartmate left
ventricular device support: technical considerations and long-term results.
J Heart Lung Transplant. (2011) 30:576–82. doi: 10.1016/j.healun.2010.
11.007

Frontiers inCardiovascularMedicine 11 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1029825
https://doi.org/10.1016/S0003-4975(96)00456-0
https://doi.org/10.1056/NEJMoa012175
https://www.accessdata.fda.gov/cdrh_docs/pdf/P920014S016A.pdf
https://doi.org/10.1016/S0003-4975(01)02479-1
https://doi.org/10.1016/S0003-4975(99)01110-8
https://doi.org/10.1016/j.healun.2012.09.013
https://doi.org/10.1161/CIRCHEARTFAILURE.109.917765
https://doi.org/10.1016/j.healun.2010.05.018
https://doi.org/10.1097/MAT.0000000000000042
https://doi.org/10.1016/j.athoracsur.2011.04.115
https://doi.org/10.5301/ijao.5000102
https://doi.org/10.1016/j.jtcvs.2012.11.066
https://doi.org/10.1016/j.healun.2014.06.008
https://doi.org/10.1093/ejcts/ezu507
https://doi.org/10.1016/j.healun.2014.11.008
https://doi.org/10.1016/j.healun.2016.07.018
https://doi.org/10.1016/j.jchf.2018.07.012
https://doi.org/10.1016/j.jtcvs.2020.02.144
https://doi.org/10.1093/ejcts/ezac087
https://doi.org/10.1016/j.case.2020.05.015
https://doi.org/10.1016/j.healun.2010.11.007
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Dimarakis et al. 10.3389/fcvm.2022.1029825

22. Stringham JC, Bull DA, Karwande SV. Patch closure of the aortic anulus
in a recipient of a ventricular assist device. J Thorac Cardiovasc Surg. (2000)
119:1293–4. doi: 10.1067/mtc.2000.106035

23. Barac YD, Castleberry AW, Patel CB, McCartney SL, Schroder JN. Aortic
valve ring annuloplasty is an option in left ventricular assist device patients. J
Thorac Cardiovasc Surg. (2019) 157:e381–3. doi: 10.1016/j.jtcvs.2018.10.149

24. Fukuhara S, Takeda K, Chiuzan C, Han J, Polanco AR, Yuzefpolskaya M,
et al. Concomitant aortic valve repair with continuous-flow left ventricular assist
devices: results and implications. J Thorac Cardiovasc Surg. (2016) 151:201–9,
10.e1–2. doi: 10.1016/j.jtcvs.2015.09.128

25. Feldman CM, Silver MA, Sobieski MA, Slaughter MS. Management
of aortic insufficiency with continuous flow left ventricular assist devices:
bioprosthetic valve replacement. J Heart Lung Transplant. (2006) 25:1410–
2. doi: 10.1016/j.healun.2006.10.004

26. Cohn WE, Frazier OH. The Sandwich plug technique: simple,
effective, and rapid closure of a mechanical aortic valve prosthesis at left
ventricular assist device implantation. J Thorac Cardiovasc Surg. (2011)
142:455–7. doi: 10.1016/j.jtcvs.2010.11.003

27. Park SJ, Liao KK, Segurola R, Madhu KP, Miller LW. Management of
aortic insufficiency in patients with left ventricular assist devices: a simple
coaptation stitch method (Park’s Stitch). J Thorac Cardiovasc Surg. (2004) 127:264–
6. doi: 10.1016/S0022-5223(03)01301-1

28. De Praetere H, Jacobs S, Rega F, Droogne W, Meyns B. Can a central stitch
over the arantius’ nodules provide a solution for preoperative severe native Ai in
LVAD patients. Int J Artif Organs. (2013) 36:220–4. doi: 10.5301/ijao.5000200

29. McKellar SH, Deo S, Daly RC, Durham LA 3rd, Joyce LD, Stulak JM,
et al. Durability of central aortic valve closure in patients with continuous
flow left ventricular assist devices. J Thorac Cardiovasc Surg. (2014) 147:344–
8. doi: 10.1016/j.jtcvs.2012.09.098

30. SchechterMA, Joseph JT, Krishnamoorthy A, Finet JE, Ganapathi AM, Lodge
AJ, et al. Efficacy and durability of central oversewing for treatment of aortic
insufficiency in patients with continuous-flow left ventricular assist devices. J Heart
Lung Transplant. (2014) 33:937–42. doi: 10.1016/j.healun.2014.04.017

31. Cowger J, Rao V, Massey T, Sun B, May-Newman K, Jorde U,
et al. Comprehensive review and suggested strategies for the detection
and management of aortic insufficiency in patients with a continuous-
flow left ventricular assist device. J Heart Lung Transplant. (2015) 34:149–
57. doi: 10.1016/j.healun.2014.09.045

32. Atkins BZ, Hashmi ZA, Ganapathi AM, Harrison JK, Hughes GC,
Rogers JG, et al. Surgical correction of aortic valve insufficiency after left
ventricular assist device implantation. J Thorac Cardiovasc Surg. (2013) 146:1247–
52. doi: 10.1016/j.jtcvs.2013.05.019

33. Pal JD, McCabe JM, Dardas T, Aldea GS, Mokadam NA. Transcatheter aortic
valve repair for management of aortic insufficiency in patients supported with left
ventricular assist devices. J Card Surg. (2016) 31:654–7. doi: 10.1111/jocs.12814

34. Sarwari H, Schaefer A, Barten MJ, Conradi L. Tavi using a self-expandable
device for aortic regurgitation following LVAD implantation. Thorac Cardiovasc
Surg Rep. (2019) 8:e33–e6. doi: 10.1055/s-0039-1698412

35. Yehya A, Rajagopal V, Meduri C, Kauten J, Brown M, Dean L, et al. Short-
term results with transcatheter aortic valve replacement for treatment of left
ventricular assist device patients with symptomatic aortic insufficiency. J Heart
Lung Transplant. (2019) 38:920–6. doi: 10.1016/j.healun.2019.03.001

36. Chung MJ, Ganapathi AM, Vora AN, Schroder JN, Kiefer
TL, Hughes GC. Valve-in-ring transcatheter aortic valve replacement
after left ventricular assist device therapy. Ann Thorac Surg. (2020)
109:e163–5. doi: 10.1016/j.athoracsur.2019.06.094

37. Phan K, Haswell JM, Xu J, Assem Y, Mick SL, Kapadia SR, et al.
Percutaneous transcatheter interventions for aortic insufficiency in continuous-
flow left ventricular assist device patients: a systematic review and meta-analysis.
ASAIO J. (2017) 63:117–22. doi: 10.1097/MAT.0000000000000447

38. Arias EA, Bhan A, Lim ZY, Mullen M. Tavi for pure native
aortic regurgitation: are we there yet? Interv Cardiol. (2019) 14:26–
30. doi: 10.15420/icr.2018.37.1

39. Fried JA, Nazif TM, Colombo PC. A new Frontier for Tavr: aortic
insufficiency in Cf-LVAD patients. J Heart Lung Transplant. (2019) 38:927–
9. doi: 10.1016/j.healun.2019.06.024

40. Gasparovic H, Kopjar T, Saeed D, Cikes M, Svetina L, Petricevic
M, et al. De novo aortic regurgitation after continuous-flow left
ventricular assist device implantation. Ann Thorac Surg. (2017)
104:704–11. doi: 10.1016/j.athoracsur.2017.01.114

41. Patil NP, Mohite PN, Sabashnikov A, Dhar D, Weymann A, Zeriouh M, et al.
Does postoperative blood pressure influence development of aortic regurgitation

following continuous-flow left ventricular assist device implantation? Dagger Eur J
Cardiothorac Surg. (2016) 49:788–94. doi: 10.1093/ejcts/ezv221

42. Kohno H, Matsumiya G, Sawa Y, Fukushima N, Saiki Y, Shiose A, et al. Can
the intermittent low-speed function of left ventricular assist device prevent aortic
insufficiency? J Artif Organs. (2021) 24:191–8. doi: 10.1007/s10047-020-01234-4

43. Fine NM, Park SJ, Stulak JM, Topilsky Y, Daly RC, Joyce LD, et al. Proximal
thoracic aorta dimensions after continuous-flow left ventricular assist device
implantation: longitudinal changes and relation to aortic valve insufficiency. J
Heart Lung Transplant. (2016) 35:423–32. doi: 10.1016/j.healun.2015.10.029

44. Callington A, Long Q, Mohite P, Simon A, Mittal TK. Computational fluid
dynamic study of hemodynamic effects on aortic root blood flow of systematically
varied left ventricular assist device graft anastomosis design. J Thorac Cardiovasc
Surg. (2015) 150:696–704. doi: 10.1016/j.jtcvs.2015.05.034

45. Mahr C, Chivukula VK, McGah P, Prisco AR, Beckman JA, Mokadam NA,
et al. Intermittent aortic valve opening and risk of thrombosis in ventricular assist
device patients. ASAIO J. (2017) 63:425–32. doi: 10.1097/MAT.0000000000000512

46. Kasinpila P, Kong S, Fong R, Shad R, Kaiser AD, Marsden AL, et al. Use
of patient-specific computational models for optimization of aortic insufficiency
after implantation of left ventricular assist device. J Thorac Cardiovasc Surg. (2021)
162:1556–63. doi: 10.1016/j.jtcvs.2020.04.164

47. Nkomo VT, Gardin JM, Skelton TN, Gottdiener JS, Scott CG, Enriquez-
Sarano M. Burden of valvular heart diseases: a population-based study. Lancet.
(2006) 368:1005–11. doi: 10.1016/S0140-6736(06)69208-8

48. Kataria R, Castagna F, Madan S, Kim P, Saeed O, Adjepong YA, et al. Severity
of functional mitral regurgitation on admission for acute decompensated heart
failure predicts long-term risk of rehospitalization and death. J Am Heart Assoc.
(2022) 11:e022908. doi: 10.1161/JAHA.121.022908

49. Koelling TM, Aaronson KD, Cody RJ, Bach DS, Armstrong WF.
Prognostic significance of mitral regurgitation and tricuspid regurgitation in
patients with left ventricular systolic dysfunction. Am Heart J. (2002) 144:524–
9. doi: 10.1067/mhj.2002.123575

50. Trichon BH, Felker GM, Shaw LK, Cabell CH, O’Connor CM. Relation
of frequency and severity of mitral regurgitation to survival among patients
with left ventricular systolic dysfunction and heart failure. Am J Cardiol. (2003)
91:538–43. doi: 10.1016/S0002-9149(02)03301-5

51. Duggal NM, Lei I, Wu X, Aaronson KD, Pagani FD, Lam HY, et al. Mitral
regurgitation severity at left ventricular assist device implantation is associated
with distinct myocardial transcriptomic signatures. J Thorac Cardiovasc Surg.
(2021). doi: 10.1016/j.jtcvs.2021.08.061

52. Kang DH, Park SJ, Shin SH, Hong GR, Lee S, Kim MS, et al. Angiotensin
receptor neprilysin inhibitor for functionalmitral regurgitation.Circulation. (2019)
139:1354–65. doi: 10.1161/CIRCULATIONAHA.118.037077

53. van Bommel RJ, Marsan NA, Delgado V, Borleffs CJ, van Rijnsoever EP,
Schalij MJ, et al. Cardiac Resynchronization therapy as a therapeutic option in
patients with moderate-severe functional mitral regurgitation and high operative
risk. Circulation. (2011) 124:912–9. doi: 10.1161/CIRCULATIONAHA.110.
009803

54. Obadia JF, Messika-Zeitoun D, Leurent G, Iung B, Bonnet G, Piriou N, et al.
Percutaneous repair or medical treatment for secondary mitral regurgitation. N
Engl J Med. (2018) 379:2297–306. doi: 10.1056/NEJMoa1805374

55. Stone GW, Lindenfeld J, Abraham WT, Kar S, Lim DS, Mishell JM, et al.
Transcatheter mitral-valve repair in patients with heart failure. N Engl J Med.
(2018) 379:2307–18. doi: 10.1056/NEJMoa1806640

56. Nappi F, Avatar Singh SS, Santana O, Mihos CG. Functional mitral
regurgitation: an overview for surgical management framework. J Thorac Dis.
(2018) 10:4540–55. doi: 10.21037/jtd.2018.07.07

57. Godino C, Munafo A, Scotti A, Estevez-Loureiro R, Portoles Hernandez A,
Arzamendi D, et al. Mitraclip in secondary mitral regurgitation as a bridge to
heart transplantation: 1-year outcomes from the international mitrabridge registry.
J Heart Lung Transplant. (2020) 39:1353–62.

58. Ammirati E, Van De Heyning CM, Musca F, Brambatti M, Perna
E, Cipriani M, et al. Safety of centrifugal left ventricular assist device in
patients previously treated with mitraclip system. Int J Cardiol. (2019) 283:131–
3. doi: 10.1016/j.ijcard.2019.02.039

59. Dias Ferreira Reis J, Bras P, Goncalves A, Pereira Da Silva T, Soares R, Timoteo
A, et al. Functional mitral regurgitation in advanced heart failure. Eur Heart J
Cardiovasc Imaging. (2022) 23(Supplement_1). doi: 10.1093/ehjci/jeab289.241

60. Tang PC, Duggal NM, Haft JW, Romano MA, Bolling SF, Colvin
MM, et al. Morphologic and functional changes after lvad implantation
in patients with preoperative severe mitral regurgitation. J Heart Lung
Transplant. (2020) 39(4, Supplement):S116. doi: 10.1016/j.healun.2020.
01.993

Frontiers inCardiovascularMedicine 12 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1029825
https://doi.org/10.1067/mtc.2000.106035
https://doi.org/10.1016/j.jtcvs.2018.10.149
https://doi.org/10.1016/j.jtcvs.2015.09.128
https://doi.org/10.1016/j.healun.2006.10.004
https://doi.org/10.1016/j.jtcvs.2010.11.003
https://doi.org/10.1016/S0022-5223(03)01301-1
https://doi.org/10.5301/ijao.5000200
https://doi.org/10.1016/j.jtcvs.2012.09.098
https://doi.org/10.1016/j.healun.2014.04.017
https://doi.org/10.1016/j.healun.2014.09.045
https://doi.org/10.1016/j.jtcvs.2013.05.019
https://doi.org/10.1111/jocs.12814
https://doi.org/10.1055/s-0039-1698412
https://doi.org/10.1016/j.healun.2019.03.001
https://doi.org/10.1016/j.athoracsur.2019.06.094
https://doi.org/10.1097/MAT.0000000000000447
https://doi.org/10.15420/icr.2018.37.1
https://doi.org/10.1016/j.healun.2019.06.024
https://doi.org/10.1016/j.athoracsur.2017.01.114
https://doi.org/10.1093/ejcts/ezv221
https://doi.org/10.1007/s10047-020-01234-4
https://doi.org/10.1016/j.healun.2015.10.029
https://doi.org/10.1016/j.jtcvs.2015.05.034
https://doi.org/10.1097/MAT.0000000000000512
https://doi.org/10.1016/j.jtcvs.2020.04.164
https://doi.org/10.1016/S0140-6736(06)69208-8
https://doi.org/10.1161/JAHA.121.022908
https://doi.org/10.1067/mhj.2002.123575
https://doi.org/10.1016/S0002-9149(02)03301-5
https://doi.org/10.1016/j.jtcvs.2021.08.061
https://doi.org/10.1161/CIRCULATIONAHA.118.037077
https://doi.org/10.1161/CIRCULATIONAHA.110.009803
https://doi.org/10.1056/NEJMoa1805374
https://doi.org/10.1056/NEJMoa1806640
https://doi.org/10.21037/jtd.2018.07.07
https://doi.org/10.1016/j.ijcard.2019.02.039
https://doi.org/10.1093/ehjci/jeab289.241
https://doi.org/10.1016/j.healun.2020.01.993
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Dimarakis et al. 10.3389/fcvm.2022.1029825

61. Ambardekar AV, Buttrick PM. Reverse remodeling with left ventricular assist
devices: a review of clinical, cellular, and molecular effects. Circ Heart Fail. (2011)
4:224–33. doi: 10.1161/CIRCHEARTFAILURE.110.959684

62. Kanwar MK, Rajagopal K, Itoh A, Silvestry SC, Uriel N, Cleveland JC Jr.,
et al. Impact of left ventricular assist device implantation on mitral regurgitation:
an analysis from the momentum 3 trial. J Heart Lung Transplant. (2020) 39:529–
37. doi: 10.1016/j.healun.2020.03.003

63. Robertson JO, Naftel DC, Myers SL, Tedford RJ, Joseph SM, Kirklin JK,
et al. Concomitant mitral valve procedures in patients undergoing implantation
of continuous-flow left ventricular assist devices: an intermacs database analysis. J
Heart Lung Transplant. (2018) 37:79–88. doi: 10.1016/j.healun.2017.09.016

64. Choi JH, Luc JGY, Moncho Escriva E, Phan K, Rizvi SSA, Patel S, et al. Impact
of concomitant mitral valve surgery with LVAD placement: systematic review and
meta-analysis. Artif Organs. (2018) 42:1139–47. doi: 10.1111/aor.13295

65. Jain R, Truby LK, Topkara VK. Residual Mitral regurgitation in patients
with left ventricular assist device support - an intermacs analysis. J Heart Lung
Transplant. (2022). doi: 10.1016/j.healun.2022.03.002. [Epub ahead of print].

66. Kassis H, Cherukuri K, Agarwal R, Kanwar M, Elapavaluru S, Sokos
GG, et al. Significance of residual mitral regurgitation after continuous flow
left ventricular assist device implantation. JACC Heart Fail. (2017) 5:81–
8. doi: 10.1016/j.jchf.2016.09.014

67. Kanwar M, Rajagopal K, Itoh A, Silvestry SC, Uriel N, Cleveland JC,
et al. Impact of residual secondary mitral regurgitation on clinical outcomes
after lvad implantation: an analysis from the momentum 3 pivotal trial
and continuous access protocol study. J Heart Lung Transplant. (2020) 39(4,
Supplement):S116. doi: 10.1016/j.healun.2020.01.992

68. Okoh A, Yanagida R, Schultheis M, Chaudari S, Fugar S, Nnaoma C,
et al. Impact of baseline mitral regurgitation on postoperative outcomes after
left ventricular assist device implantation as destination therapy. Transplant Proc.
(2019) 51:859–64. doi: 10.1016/j.transproceed.2019.01.053

69. Lin W, Bullen J, Soltesz E, Estep J, Tang W, Sabe M, et al.
Predictors of change in mitral regurgitation severity after left ventricular assist
device implantation. J Heart Lung Transplant. (2019) 38(4, Supplement):S353–
4. doi: 10.1016/j.healun.2019.01.899

70. Hayashi H, Naka Y, Sanchez J, Takayama H, Kurlansky P, Ning Y, et al.
The clinical importance of functional mitral regurgitation and atrial fibrillation in
patients with left ventricular assist device. J Heart Lung Transplant. (2020) 39(4,
Supplement):S115–6. doi: 10.1016/j.healun.2020.01.991

71. Kitada S, Kato TS, Thomas SS, Conwell SD, Russo C, Di Tullio MR,
et al. Pre-operative echocardiographic features associated with persistent mitral
regurgitation after left ventricular assist device implantation. J Heart Lung
Transplant. (2013) 32:897–904. doi: 10.1016/j.healun.2013.06.004

72. Rajapreyar I, Rame JE, Fiorilli P, Pamboukian SV, Hoopes CW, Silvestry SC,
et al. Pathological insights into persistentmitral regurgitation following continuous
flow left ventricular assist device implantation. J Heart Lung Transplant. (2020)
39:184–6. doi: 10.1016/j.healun.2019.11.014

73. Pasrija C, Sawan MA, Sorensen E, Gammie JS, Madathil R, Tran
D, et al. Inflow cannula position influences improvement in mitral
regurgitation after ventricular assist device implantation. ASAIO J. (2021)
67:423–9. doi: 10.1097/MAT.0000000000001248

74. Uriel N, Morrison KA, Garan AR, Kato TS, Yuzefpolskaya M, Latif F,
et al. Development of a novel echocardiography ramp test for speed optimization
and diagnosis of device thrombosis in continuous-flow left ventricular assist
devices: the Columbia Ramp Study. J Am Coll Cardiol. (2012) 60:1764–
75. doi: 10.1016/j.jacc.2012.07.052

75. McCullough M, Caraballo C, Ravindra NG, Miller PE, Mezzacappa
C, Levin A, et al. Neurohormonal blockade and clinical outcomes
in patients with heart failure supported by left ventricular assist
devices. JAMA Cardiol. (2020) 5:175–82. doi: 10.1001/jamacardio.2019.
4965

76. Catino AB, Ferrin P, Wever-Pinzon J, Horne BD, Wever-Pinzon O, Kfoury
AG, et al. Clinical and histopathological effects of heart failure drug therapy in
advanced heart failure patients on chronic mechanical circulatory support. Eur J
Heart Fail. (2018) 20:164–74. doi: 10.1002/ejhf.1018

77. Taghavi S, Hamad E, Wilson L, Clark R, Jayarajan SN, Uriel N, et al.
Mitral valve repair at the time of continuous-flow left ventricular assist device
implantation confers meaningful decrement in pulmonary vascular resistance.
ASAIO J. (2013) 59:469–73. doi: 10.1097/MAT.0b013e31829be026

78. Goodwin M, Nemeh HW, Borgi J, Paone G, Morgan JA. Resolution of mitral
regurgitation with left ventricular assist device support. Ann Thorac Surg. (2017)
104:811–8. doi: 10.1016/j.athoracsur.2017.02.016

79. Fukuhara S, Takeda K, Chiuzan C, Han J, Kurlansky PA, Takayama
H, et al. Concomitant mitral repair and continuous-flow left ventricular

assist devices: is it warranted? J Thorac Cardiovasc Surg. (2017) 154:1303–
12.e4. doi: 10.1016/j.jtcvs.2017.04.021

80. Dobrovie M, Spampinato RA, Efimova E, da Rocha ESJG, Fischer J, Kuehl
M, et al. Reversibility of severe mitral valve regurgitation after left ventricular
assist device implantation: single-centre observations from a real-life population
of patients. Eur J Cardiothorac Surg. (2018) 53:1144–50. doi: 10.1093/ejcts/ezx476

81. Kawabori M, Kurihara C, Conyer RT, Critsinelis AC, Sugiura T, Rosengart T,
et al. Effect of concomitant mitral valve procedures for severe mitral regurgitation
during left ventricular assist device implantation. J Artif Organs. (2019) 22:91–
7. doi: 10.1007/s10047-018-1076-8

82. Pawale A, Itagaki S, Parikh A, Pinney SP, Adams DH, Anyanwu
AC. Mitral valve repair for severe mitral valve regurgitation during left
ventricular assist device implantation. J Thorac Cardiovasc Surg. (2019) 157:1841–
8.e1. doi: 10.1016/j.jtcvs.2018.12.071

83. Cruz Rodriguez JB, Chatterjee A, Pamboukian SV, Tallaj JA, Joly J, Lenneman
A, et al. Persistent mitral regurgitation after left ventricular assist device: a clinical
conundrum. ESC Heart Fail. (2021) 8:1039–46. doi: 10.1002/ehf2.12919

84. Potapov EV, Antonides C, Crespo-Leiro MG, Combes A, Farber G, Hannan
MM, et al. 2019 Eacts expert consensus on long-term mechanical circulatory
support. Eur J Cardiothorac Surg. (2019) 56:230–70. doi: 10.1093/ejcts/ezz098

85. Neuhold S, Huelsmann M, Pernicka E, Graf A, Bonderman D, Adlbrecht C,
et al. Impact of tricuspid regurgitation on survival in patients with chronic heart
failure: unexpected findings of a long-term observational study. Eur Heart J. (2013)
34:844–52. doi: 10.1093/eurheartj/ehs465

86. Messika-Zeitoun D, Verta P, Gregson J, Pocock SJ, Boero I, Feldman TE, et al.
Impact of tricuspid regurgitation on survival in patients with heart failure: a large
electronic health record patient-level database analysis. Eur J Heart Fail. (2020)
22:1803–13. doi: 10.1002/ejhf.1830

87. Harjola VP, Mebazaa A, Celutkiene J, Bettex D, Bueno H, Chioncel O, et al.
Contemporary management of acute right ventricular failure: a statement from the
heart failure association and the working group on pulmonary circulation and right
ventricular function of the european society of cardiology. Eur J Heart Fail. (2016)
18:226–41. doi: 10.1002/ejhf.478

88. Al-Omary MS, Sugito S, Boyle AJ, Sverdlov AL, Collins NJ. Pulmonary
hypertension due to left heart disease: diagnosis, pathophysiology, and therapy.
Hypertension. (2020) 75:1397–408. doi: 10.1161/HYPERTENSIONAHA.119.14330

89. Wang TS, Cevasco M, Birati EY, Mazurek JA. Predicting, recognizing, and
treating right heart failure in patients undergoing durable LVAD therapy. J Clin
Med. (2022) 11:2984. doi: 10.3390/jcm11112984

90. Atluri P, Goldstone AB, Fairman AS, MacArthur JW, Shudo Y, Cohen
JE, et al. Predicting right ventricular failure in the modern, continuous flow
left ventricular assist device era. Ann Thorac Surg. (2013) 96:857–63. discussion
63–4. doi: 10.1016/j.athoracsur.2013.03.099

91. Drakos SG, Janicki L, Horne BD, Kfoury AG, Reid BB, Clayson S, et al.
Risk factors predictive of right ventricular failure after left ventricular assist device
implantation.Am J Cardiol. (2010) 105:1030–5. doi: 10.1016/j.amjcard.2009.11.026

92. Kormos RL, Teuteberg JJ, Pagani FD, Russell SD, John R, Miller LW, et al.
Right ventricular failure in patients with the heartmate Ii continuous-flow left
ventricular assist device: incidence, risk factors, and effect on outcomes. J Thorac
Cardiovasc Surg. (2010) 139:1316–24. doi: 10.1016/j.jtcvs.2009.11.020

93. Soliman OII, Akin S, Muslem R, Boersma E, Manintveld OC, Krabatsch
T, et al. Derivation and validation of a novel right-sided heart failure
model after implantation of continuous flow left ventricular assist devices:
the Euromacs (European Registry for Patients with Mechanical Circulatory
Support) Right-Sided Heart Failure Risk Score. Circulation. (2018) 137:891–
906. doi: 10.1161/CIRCULATIONAHA.117.030543

94. Veen KM, Mokhles MM, Soliman O, de By T, Mohacsi P, Schoenrath F, et al.
Clinical impact and ’natural’ course of uncorrected tricuspid regurgitation after
implantation of a left ventricular assist device: an analysis of the european registry
for patients with mechanical circulatory support (Euromacs). Eur J Cardiothorac
Surg. (2021) 59:207–16. doi: 10.1093/ejcts/ezaa294

95. Piacentino V 3rd, Williams ML, Depp T, Garcia-Huerta K, Blue L, Lodge AJ,
et al. Impact of tricuspid valve regurgitation in patients treated with implantable
left ventricular assist devices. Ann Thorac Surg. (2011) 91:1342–6. discussion
6–7. doi: 10.1016/j.athoracsur.2011.01.053

96. Riebandt J, Schaefer A, Wiedemann D, Schloglhofer T, Laufer G, Sandner
S, et al. Concomitant cardiac surgery procedures during left ventricular assist
device implantation: single-centre experience. Ann Cardiothorac Surg. (2021)
10:248–54. doi: 10.21037/acs-2020-cfmcs-30

97. Song HK, Gelow JM, Mudd J, Chien C, Tibayan FA, Hollifield
K, et al. Limited utility of tricuspid valve repair at the time of left
ventricular assist device implantation. Ann Thorac Surg. (2016) 101:2168–
74. doi: 10.1016/j.athoracsur.2016.03.040

Frontiers inCardiovascularMedicine 13 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1029825
https://doi.org/10.1161/CIRCHEARTFAILURE.110.959684
https://doi.org/10.1016/j.healun.2020.03.003
https://doi.org/10.1016/j.healun.2017.09.016
https://doi.org/10.1111/aor.13295
https://doi.org/10.1016/j.healun.2022.03.002
https://doi.org/10.1016/j.jchf.2016.09.014
https://doi.org/10.1016/j.healun.2020.01.992
https://doi.org/10.1016/j.transproceed.2019.01.053
https://doi.org/10.1016/j.healun.2019.01.899
https://doi.org/10.1016/j.healun.2020.01.991
https://doi.org/10.1016/j.healun.2013.06.004
https://doi.org/10.1016/j.healun.2019.11.014
https://doi.org/10.1097/MAT.0000000000001248
https://doi.org/10.1016/j.jacc.2012.07.052
https://doi.org/10.1001/jamacardio.2019.4965
https://doi.org/10.1002/ejhf.1018
https://doi.org/10.1097/MAT.0b013e31829be026
https://doi.org/10.1016/j.athoracsur.2017.02.016
https://doi.org/10.1016/j.jtcvs.2017.04.021
https://doi.org/10.1093/ejcts/ezx476
https://doi.org/10.1007/s10047-018-1076-8
https://doi.org/10.1016/j.jtcvs.2018.12.071
https://doi.org/10.1002/ehf2.12919
https://doi.org/10.1093/ejcts/ezz098
https://doi.org/10.1093/eurheartj/ehs465
https://doi.org/10.1002/ejhf.1830
https://doi.org/10.1002/ejhf.478
https://doi.org/10.1161/HYPERTENSIONAHA.119.14330
https://doi.org/10.3390/jcm11112984
https://doi.org/10.1016/j.athoracsur.2013.03.099
https://doi.org/10.1016/j.amjcard.2009.11.026
https://doi.org/10.1016/j.jtcvs.2009.11.020
https://doi.org/10.1161/CIRCULATIONAHA.117.030543
https://doi.org/10.1093/ejcts/ezaa294
https://doi.org/10.1016/j.athoracsur.2011.01.053
https://doi.org/10.21037/acs-2020-cfmcs-30
https://doi.org/10.1016/j.athoracsur.2016.03.040
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org


Dimarakis et al. 10.3389/fcvm.2022.1029825

98. Piacentino V 3rd, Ganapathi AM, Stafford-Smith M, Hsieh MK, Patel CB,
Simeone AA, et al. Utility of concomitant tricuspid valve procedures for patients
undergoing implantation of a continuous-flow left ventricular device. J Thorac
Cardiovasc Surg. (2012) 144:1217–21. doi: 10.1016/j.jtcvs.2012.07.064

99. Piacentino V 3rd, Troupes CD, Ganapathi AM, Blue LJ, Mackensen GB,
Swaminathan M, et al. Clinical impact of concomitant tricuspid valve procedures
during left ventricular assist device implantation. Ann Thorac Surg. (2011)
92:1414–8. discussion 8–9. doi: 10.1016/j.athoracsur.2011.05.084

100. Critsinelis A, Kurihara C, Kawabori M, Sugiura T, Loor G, Frazier OH, et al.
Outcomes in patients who underwent a concomitant tricuspid valve procedure
during left ventricular assist device implantation. J Card Surg. (2019) 34:1458–
64. doi: 10.1111/jocs.14304

101. Veen KM, Muslem R, Soliman OI, Caliskan K, Kolff MEA, Dousma D,
et al. Left ventricular assist device implantation with and without concomitant
tricuspid valve surgery: a systematic review and meta-analysis. Eur J Cardiothorac
Surg. (2018) 54:644–51. doi: 10.1093/ejcts/ezy150

102. Mullan CW, Mori M, Caraballo C, Ravindra NG, Miller E, McCullough
M, et al. Questionable value of concomitant tricuspid valve procedure with left
ventricular assist device implantation. J Heart Lung Transplant. (2020) 39(4,
Supplement):S118. doi: 10.1016/j.healun.2020.01.997

103. Robertson JO, Grau-Sepulveda MV, Okada S, O’Brien SM, Matthew
Brennan J, Shah AS, et al. Concomitant tricuspid valve surgery during
implantation of continuous-flow left ventricular assist devices: a society of
thoracic surgeons database analysis. J Heart Lung Transplant. (2014) 33:609–
17. doi: 10.1016/j.healun.2014.01.861

104. Treatment of Tricuspid Valve Regurgitation in Patients Undergoing Left
Ventricular Assist Device Implantation Study (Tvvad). (2022). Available online at:
https://clinicaltrials.gov/ct2/history/NCT03775759?V_2=View (accessed August
26, 2022).

105. Barac YD, Nicoara A, Bishawi M, Schroder JN, Daneshmand MA,
Hashmi NK, et al. Durability and efficacy of tricuspid valve repair in patients
undergoing left ventricular assist device implantation. JACC Heart Fail. (2020)
8:141–50. doi: 10.1016/j.jchf.2019.08.016

106. Nakanishi K, Homma S, Han J, Takayama H, Colombo PC, Yuzefpolskaya
M, et al. Prevalence, predictors, and prognostic value of residual tricuspid

regurgitation in patients with left ventricular assist device. J AmHeart Assoc. (2018)
7:e008813. doi: 10.1161/JAHA.118.008813

107. John R, Naka Y, Park SJ, Sai-Sudhakar C, Salerno C, Sundareswaran
KS, et al. Impact of concurrent surgical valve procedures in patients receiving
continuous-flow devices. J Thorac Cardiovasc Surg. (2014) 147:581–9. discussion
9. doi: 10.1016/j.jtcvs.2013.10.024

108. Maltais S, Haglund NA, Davis ME, Aaronson KD, Pagani FD, Dunlay
SM, et al. Outcomes after concomitant procedures with left ventricular assist
device implantation: implications by device type and indication. ASAIO J. (2016)
62:403–9. doi: 10.1097/MAT.0000000000000383

109. Sugiura T, Kurihara C, Kawabori M, Critsinelis AC, Wang S, Civitello
AB, et al. Concomitant valve procedures in patients undergoing continuous-flow
left ventricular assist device implantation: a single-center experience. J Thorac
Cardiovasc Surg. (2019) 158:1083–9 e1. doi: 10.1016/j.jtcvs.2019.02.040

110. John R, Kanwar MK, Cleveland JC Jr., Uriel N, Naka Y, Salerno
C, et al. Concurrent valvular procedures during left ventricular assist device
implantation and outcomes: a comprehensive analysis of the multicenter study
of maglev technology in patients undergoing mechanical circulatory support
therapy with heartmate 3 trial portfolio. J Thorac Cardiovasc Surg. (2022).
doi: 10.1016/j.jtcvs.2022.04.021. [Epub ahead of print].

111. Pal JD, Klodell CT, John R, Pagani FD, Rogers JG, Farrar DJ, et al. Low
operative mortality with implantation of a continuous-flow left ventricular assist
device and impact of concurrent cardiac procedures. Circulation. (2009) 120:S215–
9. doi: 10.1161/CIRCULATIONAHA.108.844274

112. Morgan JA, Tsiouris A, Nemeh HW, Hodari A, Karam J, Brewer RJ, et al.
Impact of concomitant cardiac procedures performed during implantation of
long-term left ventricular assist devices. J Heart Lung Transplant. (2013) 32:1255–
61. doi: 10.1016/j.healun.2013.09.009

113. Mehra MR, Naka Y, Uriel N, Goldstein DJ, Cleveland JC Jr., Colombo PC,
et al. A fully magnetically levitated circulatory pump for advanced heart failure. N
Engl J Med. (2017) 376:440–50. doi: 10.1056/NEJMoa1610426

114. Parlow S, Weng W, Di Santo P, Jung RG, Lepage-Ratte MF,
Motazedian P, et al. Significant valvular dysfunction and outcomes in
cardiogenic shock: insights from the randomized doremi trial. Can J Cardiol.
(2022). doi: 10.1016/j.cjca.2022.04.004

Frontiers inCardiovascularMedicine 14 frontiersin.org

https://doi.org/10.3389/fcvm.2022.1029825
https://doi.org/10.1016/j.jtcvs.2012.07.064
https://doi.org/10.1016/j.athoracsur.2011.05.084
https://doi.org/10.1111/jocs.14304
https://doi.org/10.1093/ejcts/ezy150
https://doi.org/10.1016/j.healun.2020.01.997
https://doi.org/10.1016/j.healun.2014.01.861
https://clinicaltrials.gov/ct2/history/NCT03775759?V_2=View
https://doi.org/10.1016/j.jchf.2019.08.016
https://doi.org/10.1161/JAHA.118.008813
https://doi.org/10.1016/j.jtcvs.2013.10.024
https://doi.org/10.1097/MAT.0000000000000383
https://doi.org/10.1016/j.jtcvs.2019.02.040
https://doi.org/10.1016/j.jtcvs.2022.04.021
https://doi.org/10.1161/CIRCULATIONAHA.108.844274
https://doi.org/10.1016/j.healun.2013.09.009
https://doi.org/10.1056/NEJMoa1610426
https://doi.org/10.1016/j.cjca.2022.04.004
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org

	Pathophysiology and management of valvular disease in patients with destination left ventricular assist devices
	Introduction
	Aortic valve 
	Aortic insufficiency at index LVAD procedure 
	Aortic insufficiency after LVAD implantation
	Preventative measures

	Mitral valve
	Mitral stenosis and prosthetic mitral valves

	Tricuspid valve
	Multiple valve pathology
	Discussion
	Author contributions
	Conflict of interest
	Publisher's note
	References


