
TYPE Review
PUBLISHED 22 March 2023| DOI 10.3389/fcvm.2023.1056663
EDITED BY

Paul C Tang,

Frankel Cardiovascular Center, University of

Michigan, United States

REVIEWED BY

Ythan H. Goldberg,

Lenox Hill Hospital, United States

Bibhiti Das,

University of Mississippi Medical Center,

United States

*CORRESPONDENCE

Ming-Sing Si

msi@mednet.ucla.edu

SPECIALTY SECTION

This article was submitted to Heart Failure and

Transplantation, a section of the journal

Frontiers in Cardiovascular Medicine

RECEIVED 29 September 2022

ACCEPTED 01 March 2023

PUBLISHED 22 March 2023

CITATION

Si M-S, Sood V, Biniwale R and Peng D (2023)

Considerations of valvular heart disease in

children with ventricular assist devices.

Front. Cardiovasc. Med. 10:1056663.

doi: 10.3389/fcvm.2023.1056663

COPYRIGHT

© 2023 Si, Sood, Biniwale and Peng. This is an
open-access article distributed under the terms
of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original publication in this
journal is cited, in accordance with accepted
academic practice. No use, distribution or
reproduction is permitted which does not
comply with these terms.
Frontiers in Cardiovascular Medicine
Considerations of valvular heart
disease in children with ventricular
assist devices
Ming-Sing Si1*, Vikram Sood2, Reshma Biniwale1 and David Peng2,3

1Department of Pediatrics, Division of Pediatric Cardiology, University of Michigan, C.S. Mott Children’s
Hospital, Ann Arbor, MI, United States, 2Department of Cardiac Surgery, C.S. Mott Children’s Hospital,
University of Michigan, Ann Arbor, MI, United States, 3Department of Surgery, Division of Cardiac Surgery,
University of California, Los Angeles, Mattel Children’s Hospital, Los Angeles, CA, United States

Ventricular assist devices have become a valuable tool in the treatment of heart
failure in children. The use of ventricular assist devices has decreased mortality
in children with end-stage heart failure awaiting transplant. It is not uncommon
for children with end-stage heart failure associated with cardiomyopathy or
congenital heart disease to have significant systemic semilunar and
atrioventricular valve regurgitation, which can impact the efficiency and efficacy
of hemodynamic support provided by a ventricular assist device. Therefore,
implanting clinicians should carefully assess for valve abnormalities that may
need repair and impact device selection and cannulation strategy to effectively
support this diverse population. The purpose of this review is to provide an
overview of this important and relevant topic and to discuss strategies for
managing these patients.
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1. Introduction

The treatment of heart failure in children and adults has been revolutionized by the

advent of ventricular assist devices (VADs) which can reliably restore normal levels of

cardiac output. VADs that are used for long-term support in children, which in the

United States currently include the EXCOR Pediatric device (Berlin Heart GmbH, Berlin,

Germany) and the HeartMate 3 device (Abbott Cardiovascular, Plymouth, MN, USA),

can serve as a bridge to heart transplant or, in rare cases, as a bridge to recovery in

children with end-stage heart failure. The majority of children undergoing heart

transplantation either have cardiomyopathy or end-stage congenital heart disease (CHD)

that results in severe systolic and/or diastolic ventricular dysfunction and over the past

two decades, the presence of VAD support in children eventually undergoing heart

transplantation has doubled (1). Although the prevalence of valvular heart disease in

children undergoing VAD implantation and support has not been specifically defined, it

is not uncommon for patients with cardiomyopathy or CHD to also have concomitant

valvular heart disease (2, 3). In some patients, valvular heart disease may be the result of

a poorly functioning ventricle and in other instances, a chronically malfunctioning heart

valve may be the cause of ventricular dysfunction (4, 5). Regardless of the etiology, the

presence of valvular heart disease can impact the efficacy of VAD support and thus may

require surgical intervention at the time of or after VAD implantation. In this review, we

will discuss the extent, impact, diagnosis, and treatment of valvular heart disease in
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children with end-stage heart failure who are being considered for

VAD therapy. Much of the discussion presented here is based on

evidence from studies in adult VAD patients, however, the

pathophysiological considerations of valvular heart disease are

similar and thus relevant to pediatric patients.
2. Pathophysiology

The affected heart valve, type of valve lesion (i.e., stenosis or

regurgitation), type of VAD, and VAD cannulation sites

influence the impact of valvular heart disease on the efficiency of

VAD support. In the following discussion of each

abovementioned factors, we will use the scenario of a VAD

supporting the systemic circulation in a biventricular heart. This

discussion can be extended to the scenario of a VAD-supported

pulmonary circulation as well as a VAD-supported single

ventricle heart.

In general, all VADs have an inflow and outflow and there

should be at least one competent valve somewhere between the

VAD inflow position and the aorta (VAD outflow position). In

the most common situation of the VAD inflow cannula placed in

the left ventricle and the VAD outflow connected to the aorta,

aortic valve insufficiency (AI) would lead to the recirculation of

VAD flow and thus loss of systemic cardiac output (6, 7)

(Figure 1). The extra regurgitant volume may also lead to

increased mitral regurgitation (MR), less emptying and

decompression of the left atrium and pulmonary venous bed,

increased pulmonary artery pressure and right ventricle

workload, right ventricular failure, and congestive heart failure

symptoms. Aortic insufficiency in left ventricle assist device

(LVAD) patients can lead to an increase in left ventricle end-

diastolic pressures, which has been associated with poorer clinical

outcomes (8). Aortic valve insufficiency in adult VAD patients

develops over time and has been associated with poor clinical
FIGURE 1

(A) Efficient decompression of the systemic ventricle and pulmonary venous at
caused by aortic insufficiency leads to incomplete ventricle decompression
symptoms.
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outcomes including increased mortality (9, 10). Also, mild AI

that is present at the time of VAD implantation in adult patients

can worsen with time (10–13). The tendency of the aortic valve

to leak or become more regurgitant after VAD implantation

(especially continuous flow VADs) is likely secondary to

ultrastructural and degenerative changes in the leaflets (14, 15).

The expression of genes encoding the inflammatory cytokines

interferon gamma, interleukin 1 beta, and tumor necrosis alpha

have been found to be increased in the aortic valve leaflet tissue

of VAD patients (16). Furthermore, the angle at which the VAD

outflow graft is anastomosed to the aorta has been found to

influence the development of AI in adult VAD patients (17) and

the same investigators have confirmed this finding in a large

animal model (18). The increased transvalvular gradient present

in both systole and diastole in the VAD-supported systemic

circulation has also been postulated to contribute to aortic valve

leaflet degeneration and insufficiency (19). A computational fluid

dynamics study revealed that adult VAD patients who developed

de novo AI after VAD implantation have higher localized wall

shear stress on the aortic valve leaflet tips as compared to VAD

patients who did not develop AI (20).

Since the AI is often continuous with continuous-flow VADs,

even “mild to moderate” continuous AI can be deleterious (21).

Because AI has been determined to be a time-dependent

phenomenon in adult patients, we surmise that in pediatric

patients the development of new AI may be less important since

the duration of VAD support tends to be shorter in children

(22). However, with longer-term therapy and the increasing

number of destination devices in recent years (23), we can expect

to see more AI in these chronically-supported children.

In the scenario of the VAD inflow cannula placed in the left

atrium, mitral valve insufficiency (MR) may be well tolerated as

long as the aortic valve is competent. The same cannulation

strategy can also be successful in the setting of heart failure with

preserved systolic function, a competent mitral valve, and a
rium in the setting of a competent aortic valve. (B) Inefficient VAD support
, high atrial pressures, pulmonary venous congestion, and heart failure
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mildly insufficient aortic valve. In this scenario, VAD recirculation

would be prevented by the competent mitral valve and the LV with

normal systolic function should be able to eject the regurgitant

volume from the mildly insufficient aortic valve. Certainly, this

arrangement would not be tolerated if the left ventricular systolic

function was decreased as left ventricular dilation would result in

subsequent MR and impact right ventricle function.

Mitral valve stenosis can limit the efficiency of VAD output if

the inflow cannula is positioned in the left ventricle and significant

gradients (mean > 10 mmHg) have been recommended as a reason

to intervene on the mitral valve in adult patients (7). If the VAD

inflow is positioned in the left atrium, then mitral stenosis

should have no effect on VAD support. Aortic stenosis without

AI is usually well tolerated and should not affect VAD support

efficacy.

The type of VAD can also influence the clinical impact of

mitral valve regurgitation. The EXCOR Pediatric VAD is a

paracorporeal, pulsatile device and is used in infants and small

children (24, 25). The HeartMate 3 VAD is an implantable,

continuous flow device that can be utilized in larger children and

adolescents with heart failure (26). Mitral insufficiency may be

tolerated with a continuous flow VAD with the inflow positioned

in the left ventricle as long as the ventricle is effectively offloaded

by the VAD throughout all stages of the cardiac cycle, and thus

the ventricular dilatation and regurgitant volume into the left

atrium may be decreased. In a small pediatric patient with mitral

regurgitation and the same cannulation strategy, a pulsatile flow

VAD may not be as effective in decompressing the ventricle

during diastole and thus mitral regurgitation may be more

important. The inefficient unloading of the left ventricle during

systole may even be more significant if a large size Berlin pump

is utilized with a slower pump rate. Therefore, in small children

with significant MR who are being considered for an Excor

Pediatric VAD with the inflow positioned in the left ventricle,

intervention for the mitral valve should be considered.
3. Epidemiology

There is a paucity of data on valve dysfunction and

concomitant valve procedures performed at the time of VAD

implant in pediatrics. One series of 45 patients with Fontan

circulation supported with VAD reported severe atrioventricular

valve regurgitation in 43%, mild aortic insufficiency in 28%, and

moderate aortic insufficiency in 8% of patients (27). The precise

prevalence of valvular heart disease in children undergoing VAD

implantation is not known.
4. Diagnosis of valvular heart disease in
children undergoing VAD implantation

Diagnosis of valvular heart disease in pediatric patients

considered for VAD support or after the initiation of VAD

support is usually diagnosed by transthoracic echocardiography

(28). Transesophageal echocardiography in the operating room
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can further define the presence, extent, and mechanism of

valvular disease prior to VAD implantation (28). Importantly, a

transesophageal echocardiogram is utilized to monitor the

presence of existing or the development of new AI immediately

after VAD implantation. Intraoperatively, an epicardial

echocardiogram (29, 30) may provide alternative views of the

semilunar or atrioventricular valves if the transthoracic or

transesophageal approaches do not provide a complete

assessment of the valves. Cardiac magnetic resonance, usually

obtained to assess ventricular function, fibrosis, and cardiac

anatomy, can be particularly useful for quantifying the degree of

valvular regurgitation or stenosis prior to VAD implantation (31,

32).

In patients who develop de novo or progressive AI after VAD

implantation because of the increased transvalvular gradient

caused by enhanced pressurization of the aorta (33), the

combination of echocardiography and cardiac catheterization

during a ramp trial may be informative as to the degree of

ventricular congestion and low systemic cardiac output caused by

the AI (8, 34). Furthermore, it has been proposed that aortic

valve regurgitant volume can be calculated by multiplying the

proximal isovelocity surface area by the aortic regurgitant time

(both echocardiography-determined parameters), although this

approach needs further validation (35).
5. Management of valvular heart
disease at the time of VAD implantation

In general, surgical intervention for regurgitant heart valves are

either repair or replacement. A multitude of techniques have been

developed for mitral valve repair and several options exist for

mitral valve replacement in older children (36–38). Techniques

for aortic valve repair in children are not as developed, especially

in smaller patients. Concomitant surgical valve repair or

replacement in the setting of VAD implantation setting should

be expedient and lead to durable resolution of the valve lesion.

With these goals in mind, in the following section, we provide

discussion of relevant surgical interventions for valvular heart

disease in children undergoing VAD implantation.
5.1. Mitral valve disease

There is a dearth of literature describing mitral valve

procedures in pediatric patients undergoing VAD implantation.

The adult-focused literature, on the other hand, has

demonstrated that significant, functional MR is common in

patients undergoing VAD implantation (7, 39, 40), and that MR

usually improves with continuous flow VAD support (41).

Interestingly, though, there are recent, adult-focused data that

suggest that there are a subset of patients undergoing continuous

flow VAD implantation, with severe MR, who benefit from

concomitant mitral valve repair (42–44).

On the other hand, in children being considered for pulsatile

flow VAD implantation, those with moderate or greater
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regurgitation should undergo mitral valve repair. In children with

hypertrophic or restrictive cardiomyopathy and with a

continuous flow device, mitral valve replacement may not be

appropriate for the smaller hearts, for whom an atrial location

for the inflow cannula or complete excision of the obstructing

systemic atrioventricular valve is indicated. While complex and

elegant repair techniques have been developed for regurgitant

mitral valves (38), these often are not indicated during VAD

implantation because of the additional cardiopulmonary bypass

and cross-clamp times needed to execute them. The most

common mitral valve procedures at the time of VAD

implantation include mitral valve repair: edge-to-edge

approximation (45) or partial or complete annuloplasties (46).

Finally, in the patient in need of concomitant mitral surgery—in

whom repair is not felt to be feasible—mitral replacement with a

bioprosthesis should be considered.

The edge-to-edge technique of mitral valve repair was

introduced in the late 1990s by Alfieri and colleagues (47). The

original technique was first established for complex repair of

degenerative MR in adults, however, its use has expanded over

the past twenty years to other modalities of MR (Barlow’s,

functional, etc.). In patients undergoing VAD implantation, edge-

to-edge repair is performed transapically, while on

cardiopulmonary bypass, but without arresting the heart (44, 45).

After the left ventricle apex has been cored and excised, blood in

the left ventricle and left atrium are suctioned with a cardiotomy

suction to aid in visualization of the mitral valve. The anterior

and posterior leaflets of the mitral valve are fixed to one another

at the A2/P2 position with a mattress-fashioned, Polypropylene

suture, which is tied down over a felt pledget. Importantly, this

suture is placed and tied down on the ventricular side of the

mitral valve apparatus. The remainder of the VAD procedure is

undertaken. The edge-to-edge technique adds little

cardiopulmonary bypass time and does not require a separate

access incision to visualize the mitral valve. It is, however, a view

of the mitral valve that surgeons are not particularly familiar

with, which leads many surgeons to be uncomfortable about

employing this technique.

Annuloplasty repair techniques for mitral valve repair are

popular as adjuncts to complex mitral valve repair in the setting

of degenerative MR in adults. In the setting of VAD

implantation, annuloplasty is typically performed via a trans-

septal incision, while on cardiopulmonary bypass, and without

arresting the heart (46). Unlike in repair of degenerative MR,

functional MR in the adult undergoing VAD implantation is

typically repaired with a complete ring. Pediatric patients may

undergo limited or partial annuloplasty, as ring sizes are often

too large for this patient population. In concomitant mitral valve

repair with an annuloplasty, the left ventricle apex is cored to

fully decompress the ventricle and prevent air embolism, the

atrial septum is incised in a longitudinal fashion, and a self-

retaining retractor is placed to expose the mitral valve.

Horizontal mattress sutures are placed, circumferentially, in the

mitral valve annulus. An annuloplasty ring is sized and selected,

the sutures are placed through the ring, the ring is seated, and

the sutures are tied down. In a pediatric patient that is not
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undergoing ring placement, a limited or partial annuloplasty is

performed. The atrial septum is closed and the remainder of the

VAD procedure is undertaken. Notably, the annuloplasty

technique of repair does add a significant amount of time to the

VAD procedure, however it provides access to the mitral valve in

the surgeon’s conventional view.
5.2. Aortic valve disease

Multiple single center studies have demonstrated that AI post

LVAD implantation in adult patients can lead to poor clinical

outcomes and ongoing heart failure (10, 48, 49). However, a

recent analysis of the ISHLT Mechanically Assisted Circulatory

Support (IMACS) Registry spanning the years of 2013–2017

demonstrated several notable findings (50). First, survival was

not significantly different in VAD patients with moderate to

severe AI who underwent aortic valve intervention (replacement

or repair) as compared to patients who did not receive any

intervention (50). Second, when considering all patients who

underwent aortic valve procedures (i.e., those with all grades of

AI), survival was observed to be inferior to patients who did not

receive aortic intervention (50), suggesting that those with no or

only mild AI had especially worse survival who underwent aortic

valve surgery than those who did not undergo aortic valve

surgery. These results are difficult to interpret, given that the

recurrence of AI after aortic valve surgery was not noted and is

an important limitation of this registry study. Furthermore, the

degree of variability in the assessment of the severity of AI and

heterogeneous criteria for the indications used by caregivers to

proceed with aortic valve surgery are other important

confounding factors not accounted for in this study. Nonetheless,

we believe that ongoing and significant heart failure symptoms in

the setting of systemic VAD support and at least moderate AI

are indications for aortic valve intervention. The appearance and

persistence of new, moderate AI just after systemic VAD

implantation in children despite decreasing pump speed to the

lowest, tolerable speed also warrants careful consideration of

immediate aortic valve intervention in the operating room, as

described in the following paragraphs.

The insufficient aortic valve in the pediatric patient undergoing

VAD implantation can be repaired with a central coaptation stitch

(51). In this method, which was originally described in adults, left

ventricular ejection will still allow for opening of the aortic valve,

though the effective orifice is reduced. During VAD

implantation, the heart is arrested, and the ascending aorta is

incised on its rightward surface—in the location of the eventual

outflow graft anastomosis site. Via the aortotomy, the aortic

valve is inspected to determine the mechanism of AI. If no other

repair is deemed appropriate, a pledget-supported polypropylene

suture is used to approximate the three nodules of Arantius (51).

The outflow graft is then sewn to the aortotomy site in an end-

to-side fashion, and the remainder of the VAD procedure is

completed. The central coaptation stitch is feasible and has been

utilized in pediatric patients. Aortic valve repair by placement of

a subannular annuloplasty ring along with leaflet free-edge
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plication has been described in an adult patient undergoing a

temporary VAD placement (52). Such a technique can be

employed in larger children with sufficient aortic valve annulus

size, and can likely be implanted in the same amount of time as

a prosthetic valve. Transcatheter or open rapid-deployed aortic

valve prosthesis are also other options that that have been

described in adults and can be conceivably used in older, adult-

sized children (53).

Another strategy to eliminate aortic valve insufficiency in

pediatric VAD patients is complete valve closure. In this

technique, if the leaflets are durable enough to hold sutures, then

suturing them together can be more expedient than replacement.

In infants with especially thin aortic leaflets, valve closure can be

accomplished by excising the leaflets and suturing a patch to the

annulus to accomplish a partition between the left ventricle aorta

(54). An important consideration in aortic valve closure is that

all of the cardiac output is delivered by the VAD and thus any

significant device malfunction or inflow/outflow obstruction

would have immediately dire consequences. Nonetheless, the

closure technique is especially useful in the infant and small

child where no traditional prosthetic valve options exist.

Percutaneous aortic valve closure has also been reported in

adults using an Amplatzer device (Abbott Cardiovascular,

Plymouth, MN, USA) as a rescue strategy for a very large

regurgitant valve after VAD implantation (55). In patients with a

Damus-Kaye-Stansel connection with neoaortic regurgitation,

external ligation of the neoaorta has also been described (56).
5.3. Tricuspid and pulmonary valve disease

Tricuspid regurgitation can be the result of primary annular

dilation as well as leaflet and subvalvar apparatus abnormalities.

In the setting of a biventricular circulation with a VAD

supporting a failing, systemic left ventricle, a leftward septal shift

can induce tricuspid regurgitation, which can be prevented by

titrating VAD speed gradually under echocardiographic

monitoring of septal position and tricuspid valve function (57).

Tricuspid regurgitation can also be the result of a dysfunctional,

dilated, or pressure-overloaded right ventricle. In the latter

setting, tricuspid regurgitation generally improves with the

placement of a systemic VAD (58), possibly because of the

reduced the reduced right ventricle afterload.

However, significant tricuspid regurgitation that persists or

develops after LVAD implantation in adult patients is associated

with increased mortality (58, 59). One can speculate that the

hemodynamically significant persistent or de novo tricuspid

regurgitation that is associated with increased mortality after

LVAD implantation is a surrogate marker of right ventricle

dysfunction and poor right heart cardiac output. Tricuspid valve

repair may be beneficial in instances where there is primary

morphological abnormalities of the valve and adequate or

recoverable right ventricle function. However, it is not as evident

if tricuspid valve repair in the setting of functional tricuspid

regurgitation and a dysfunctional right ventricle would provide

any benefit. Further, it has been reported that tricuspid valve
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repair for at least moderate tricuspid regurgitation does not

confer any survival benefit after LVAD implantation in adults,

possibly due to a significant recurrence of tricuspid regurgitation

(59). Data regarding the impact of de novo or preexisting

tricuspid regurgitation on outcomes in pediatric VAD patients

are lacking. Nonetheless, most pediatric heart surgeons are

familiar with tricuspid valve repair techniques, and thus we feel

that it is reasonable to repair an insufficient tricuspid valve in

pediatric patients with depressed right ventricle function. In

smaller children, a suture annuloplasty at the commissures is

usually sufficient, while in larger children, an annuloplasty ring

can be implanted.

Pulmonary valve insufficiency can occur in pediatric patients

with congenital heart disease who had prior transannular patch

or right ventricle to pulmonary artery conduit placement. These

patients would need replacement with a valved conduit or

bioprosthetic valve in the setting of a right-sided VAD placement

should there be significant native or conduit valve insufficiency.
6. Case example

The patient was a 9-day-old, 2.7 kg female born at full term

who presented with tachypnea, retractions, and cyanosis. An

echocardiogram in clinic was notable for poor left ventricle

function and she was immediately admitted to the intensive care

unit. She was intubated for respiratory distress and started on

empiric antibiotics. She was then transferred to our center for

further care. Echocardiogram upon transfer demonstrated

severely reduced left ventricle systolic function, mildly depressed

right ventricle systolic function, and no semilunar or

atrioventricular valve insufficiency. She was then evaluated and

listed for heart transplantation. Five days after admission, the

patient developed hemodynamic instability despite increased

inotrope infusions and thus underwent urgent cannulation for

venoarterial extracorporeal membrane oxygenation followed by

balloon atrial septostomy for additional decompression of the left

heart. She was then transitioned to a Berlin Heart EXCOR VAD

two weeks later. Echocardiogram prior to VAD implantation

demonstrated the presence of a nonrestrictive atrial septal defect

with left to right shunting, severely depressed left ventricle

systolic function, left ventricle dilation, mild mitral insufficiency,

moderate and continuous AI (Figure 2A), mildly reduced right

ventricle function, trivial tricuspid insufficiency, and mild to

moderate mitral insufficiency. Given the degree of aortic

insufficiency, an aortic valve repair was also undertaken in

addition to the atrial septal defect closure and VAD placement.

Via median sternotomy, cardiopulmonary bypass was

accomplished with ascending aorta and bicaval cannulation. A

5 mm inflow cannula was inserted through the left ventricle

apex. Cardioplegic arrest was then accomplished by

administering Del Nido solution into the aortic root. A

longitudinal aortotomy was then performed on the anterior

ascending aorta and extended into the noncoronary sinus to

expose the aortic valve. The leaflets were very thin and were

noted not to coapt centrally. Because the leaflets were too fragile
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FIGURE 2

(A) Pre-VAD implantation echocardiogram with color doppler mapping demonstrating significant AI. (B) Post-VAD implantation 2D echocardiogram (left)
with color-doppler comparison (right) demonstrating the patch placed at the ventriculoaortic junction (white arrows) and trivial patch margin leak.
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to hold a central coaptation stitch, we elected to close the

ventriculoaortic junction with a patch of bovine pericardium.

The leaflets were excised and the bovine pericardial patch was

sewn to the annulus with a continuous 7-0 polypropylene suture.

The aortotomy in the noncoronary sinus region was then closed,

and a slightly beveled 8 mm vascular graft was anastomosed to

the anterior aortotomy. The vascular graft was then connected to

a 5 mm Berlin outflow cannula that had been previously

tunneled through the body wall. The atrial septal defect was

closed with a Gore-Tex patch. The VAD cannulae were

connected to a 10 ml Berlin Heart Excor blood pump. The heart

and VAD were deaired and the aortic cross-clamp was removed.

The patient was weaned off cardiopulmonary bypass with the

level of VAD support titrated while using echocardiogram to

determine ventricular septal position and the degree of tricuspid

regurgitation. Total cardiopulmonary bypass time was 169 min,

with an aortic cross-clamp of 75 min. Transesophageal and

epicardial echocardiogram demonstrated a trivial ventriculoaortic

patch margin leak (Figure 2B), no residual atrial level shunting,

good right ventricle function, and laminar flow into the inflow

cannula. The patient recovered uneventfully and then underwent

orthotopic heart transplantation two months after VAD

implantation. The patient required the placement of a gastric

tube for feeding difficulties and was discharged 6 weeks after

heart transplantation.
7. Summary

Durable VADs have improved the outcomes of children with

end-stage heart failure. The efficacy of VAD therapy in children

is affected by valvular heart disease. Clinicians treating pediatric

VAD patients need to understand how valvular heart disease can

impact the efficacy of VAD support in the varying scenarios of

cannulation arrangement, type and location of the valvular heart

disease, and type of device. Knowledge of the different surgical
Frontiers in Cardiovascular Medicine 06
techniques to address an insufficient semilunar or atrioventricular

valve in the pediatric VAD patient is also important in

maximizing the efficacy of VAD therapy while minimizing the

risk of surgery and preserving ventricular function. Much of the

evidence guiding the current management of pediatric VAD

patients with valvular heart disease is taken from the published

experience in adult VAD patients and therefore future

investigation should specifically study this area to provide

pediatric-relevant practice guidelines.
Author contributions

VS, RB, DP, and MS participated in the planning, writing, and

editing of this manuscript. All authors contributed to the article

and approved the submitted version.
Conflict of interest

The remaining 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.

The handling editor PCT declared a shared affiliation with the

authors VS, DP at the time of review.
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.
frontiersin.org

https://doi.org/10.3389/fcvm.2023.1056663
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Si et al. 10.3389/fcvm.2023.1056663
References
1. Singh TP, Cherikh WS, Hsich E, Chambers DC, Harhay MO, Hayes D Jr., et al.
The international thoracic organ transplant registry of the international society for
heart and lung transplantation: twenty-fourth pediatric heart transplantation report
—2021; focus on recipient characteristics. J Heart Lung Transplant. (2021)
40:1050–9. doi: 10.1016/j.healun.2021.07.022

2. Moon J, Shen L, Likosky DS, Sood V, Hobbs RD, Sassalos P, et al. Relationship of
ventricular morphology and atrioventricular valve function to long-term outcomes
following fontan procedures. J Am Coll Cardiol. (2020) 76:419–31. doi: 10.1016/j.
jacc.2020.05.059

3. Tseng SY, Siddiqui S, Di Maria MV, Hill GD, Lubert AM, Kutty S, et al.
Atrioventricular valve regurgitation in single ventricle heart disease: a common
problem associated with progressive deterioration and mortality. J Am Heart Assoc.
(2020) 9:e015737. doi: 10.1161/JAHA.119.015737

4. Fan Y, Pui-Wai Lee A. Valvular disease and heart failure with preserved ejection
fraction. Heart Fail Clin. (2021) 17:387–95. doi: 10.1016/j.hfc.2021.02.005

5. Lancellotti P, Dulgheru R, Marchetta S, Oury C, Garbi M. Valve disease in heart
failure: secondary but not irrelevant. Heart Fail Clin. (2019) 15:219–27. doi: 10.1016/j.
hfc.2018.12.014

6. Noly PE, Pagani FD, Noiseux N, Stulak JM, Khalpey Z, Carrier M, et al.
Continuous-Flow left ventricular assist devices and valvular heart disease: a
comprehensive review. Can J Cardiol. (2020) 36:244–60. doi: 10.1016/j.cjca.2019.11.
022

7. Wang TS, Hernandez AF, Felker GM, Milano CA, Rogers JG, Patel CB. Valvular
heart disease in patients supported with left ventricular assist devices. Circ Heart Fail.
(2014) 7:215–22. doi: 10.1161/CIRCHEARTFAILURE.113.000473

8. Rosenbaum AN, Stulak JM, Clavell AL, Behfar A. Inadequate left ventricular
unloading during ramp is associated with hospitalization or death during left
ventricular assist device support. Artif Organs. (2021) 45:115–23. doi: 10.1111/aor.
13792

9. 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

10. Imamura T, Narang N, Kim G, Nitta D, Fujino T, Nguyen A, et al. Impact of
worsening of aortic insufficiency during HeartMate 3 LVAD support. Artif Organs.
(2021) 45:297–302. doi: 10.1111/aor.13825

11. Tanaka Y, Nakajima T, Fischer I, Wan F, Kotkar K, Moon MR Jr., 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

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. 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

14. Stephens EH, Han J, Trawick EA, Di Martino ES, Akkiraju H, Brown LM, et al.
Left-Ventricular assist device impact on aortic valve mechanics, proteomics and
ultrastructure. Ann Thorac Surg. (2018) 105:572–80. doi: 10.1016/j.athoracsur.2017.
08.030

15. Hata H, Fujita T, Ishibashi-Ueda H, Nakatani T, Kobayashi J. Pathological
analysis of the aortic valve after long-term left ventricular assist device support. Eur
J Cardiothorac Surg. (2014) 46:193–7. doi: 10.1093/ejcts/ezt559

16. Barth M, Mrozek L, Niazy N, Selig JI, Boeken U, Sugimura Y, et al. Degenerative
changes of the aortic valve during left ventricular assist device support. ESC Heart Fail.
(2022) 9:270–82. doi: 10.1002/ehf2.13767

17. Iizuka K, Nishinaka T, Ichihara Y, Miyamoto T, Yamazaki K. Outflow graft
anastomosis site design could be correlated to aortic valve regurgitation under left
ventricular assist device support. J Artif Organs. (2018b) 21:150–5. doi: 10.1007/
s10047-017-1006-1

18. Iizuka K, Nishinaka T, Akiyama D, Sumikura H, Mizuno T, Tsukiya T, et al. The
angle of the outflow graft to the aorta can affect recirculation due to aortic
insufficiency under left ventricular assist device support. J Artif Organs. (2018a)
21:399–404. doi: 10.1007/s10047-018-1064-z

19. John R, Mantz K, Eckman P, Rose A, May-Newman K. Aortic valve
pathophysiology during left ventricular assist device support. J Heart Lung
Transplant. (2010) 29:1321–9. doi: 10.1016/j.healun.2010.06.006

20. Shad R, Kaiser AD, Kong S, Fong R, Quach N, Bowles C, et al. Patient-Specific
computational fluid dynamics reveal localized flow patterns predictive of post-left
ventricular assist device aortic incompetence. Circ Heart Fail. (2021) 14:e008034.
doi: 10.1161/CIRCHEARTFAILURE.120.008034
Frontiers in Cardiovascular Medicine 07
21. 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

22. Rossano JW, Lorts A, Vanderpluym CJ, Jeewa A, Guleserian KJ, Bleiweis MS,
et al. Outcomes of pediatric patients supported with continuous-flow ventricular
assist devices: a report from the pediatric interagency registry for mechanical
circulatory support (PediMACS). J Heart Lung Transplant. (2016) 35:585–90.
doi: 10.1016/j.healun.2016.01.1228

23. Rossano JW, Vanderpluym CJ, Peng DM, Hollander SA, Maeda K, Adachi I,
et al. Fifth annual pediatric interagency registry for mechanical circulatory support
(pedimacs) report. Ann Thorac Surg. (2021) 112:1763–74. doi: 10.1016/j.athoracsur.
2021.10.001

24. Almond CS, Morales DL, Blackstone EH, Turrentine MW, Imamura M,
Massicotte MP, et al. Berlin Heart EXCOR pediatric ventricular assist device for
bridge to heart transplantation in US children. Circulation. (2013) 127:1702–11.
doi: 10.1161/CIRCULATIONAHA.112.000685

25. Morales DL, Almond CS, Jaquiss RD, Rosenthal DN, Naftel DC, Massicotte MP,
et al. Bridging children of all sizes to cardiac transplantation: the initial multicenter
north American experience with the Berlin heart EXCOR ventricular assist device.
J Heart Lung Transplant. (2011) 30:1–8. doi: 10.1016/j.healun.2010.08.033

26. O’Connor MJ, Lorts A, Davies RR, Fynn-Thompson F, Joong A, Maeda K, et al.
Early experience with the HeartMate 3 continuous-flow ventricular assist device in
pediatric patients and patients with congenital heart disease: a multicenter registry
analysis. J Heart Lung Transplant. (2020) 39:573–9. doi: 10.1016/j.healun.2020.02.007

27. Cedars A, Kutty S, Danford D, Schumacher K, Investigators ALN, Auerbach SR,
et al. Systemic ventricular assist device support in fontan patients: a report by ACTION.
J Heart Lung Transplant. (2021) 40:368–76. doi: 10.1016/j.healun.2021.01.011

28. Writing G, Sachdeva R, Valente AM, Armstrong AK, Cook SC, Han BK, et al.
ACC/AHA/ASE/HRS/ISACHD/SCAI/SCCT/SCMR/SOPE 2020 appropriate use
criteria for multimodality imaging during the follow-up care of patients with
congenital heart disease: a report of the American college of cardiology solution set
oversight committee and appropriate use criteria task force, American heart
association, American society of echocardiography, heart rhythm society, international
society for adult congenital heart disease, society for cardiovascular angiography and
interventions, society of cardiovascular computed tomography, society for
cardiovascular magnetic resonance, and society of pediatric echocardiography. J Am
Soc Echocardiogr. (2020) 33:e1–e48. doi: 10.1016/j.echo.2019.07.001

29. Stern KWD, Emani SM, Peek GJ, Geva T, Kutty S. Epicardial echocardiography
in pediatric and congenital heart surgery. World J Pediatr Congenit Heart Surg. (2019)
10:343–50. doi: 10.1177/2150135119838414

30. Awasthy N, Girotra S, Dutta N, Azad S, Radhakrishnan S, Iyer KS. A systematic
approach to epicardial echocardiography in pediatric cardiac surgery: an important
but underutilized intraoperative tool. Ann Pediatr Cardiol. (2021) 14:192–200.
doi: 10.4103/apc.APC_90_20

31. Mitchell FM, Prasad SK, Greil GF, Drivas P, Vassiliou VS, Raphael CE.
Cardiovascular magnetic resonance: diagnostic utility and specific considerations in
the pediatric population. World J Clin Pediatr. (2016) 5:1–15. doi: 10.5409/wjcp.v5.
i1.1

32. Valsangiacomo Buechel ER, Grosse-Wortmann L, Fratz S, Eichhorn J, Sarikouch
S, Greil GF, et al. Indications for cardiovascular magnetic resonance in children with
congenital and acquired heart disease: an expert consensus paper of the imaging
working group of the AEPC and the cardiovascular magnetic resonance section of
the EACVI. Eur Heart J Cardiovasc Imaging. (2015) 16:281–97. doi: 10.1093/ehjci/
jeu129

33. Tuzun E, Rutten M, Dat M, Van De Vosse F, Kadipasaoglu C, De Mol B.
Continuous-flow cardiac assistance: effects on aortic valve function in a mock loop.
J Surg Res. (2011) 171:443–7. doi: 10.1016/j.jss.2010.05.040

34. Sujino Y, Kuroda K, Yoshitake K, Yagi N, Anegawa E, Mochizuki H, et al.
Clinical potential of hemodynamic ramp test by simultaneous echocardiography
and right heart catheterization for aortic insufficiency in a patient with continuous-
flow left ventricular assist device. J Artif Organs. (2021) 24:265–8. doi: 10.1007/
s10047-020-01210-y

35. Han H, Hong E, Tat E, Hahn RT, Cobey F. A novel approach to quantification of
aortic regurgitation in left ventricular assist device. J Cardiothorac Vasc Anesth. (2022)
36:1218–20. doi: 10.1053/j.jvca.2021.11.040

36. Baird CW, Myers PO, Marx G, Del Nido PJ. Mitral valve operations at a high-
volume pediatric heart center: evolving techniques and improved survival with mitral
valve repair versus replacement. Ann Pediatr Cardiol. (2012) 5:13–20. doi: 10.4103/
0974-2069.93704

37. Dalva M, Bichara GC, Cunha Filho CE, Carneiro GF, Saliba GN, Camacho JA,
et al. Intermittent annular reduction with alfieri’s repair in the treatment of mitral
insufficiency in children: initial results. Rev Bras Cir Cardiovasc. (2009) 24:354–8.
doi: 10.1590/S0102-76382009000400015
frontiersin.org

https://doi.org/10.1016/j.healun.2021.07.022
https://doi.org/10.1016/j.jacc.2020.05.059
https://doi.org/10.1016/j.jacc.2020.05.059
https://doi.org/10.1161/JAHA.119.015737
https://doi.org/10.1016/j.hfc.2021.02.005
https://doi.org/10.1016/j.hfc.2018.12.014
https://doi.org/10.1016/j.hfc.2018.12.014
https://doi.org/10.1016/j.cjca.2019.11.022
https://doi.org/10.1016/j.cjca.2019.11.022
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000473
https://doi.org/10.1111/aor.13792
https://doi.org/10.1111/aor.13792
https://doi.org/10.1016/j.jchf.2018.07.012
https://doi.org/10.1016/j.jchf.2018.07.012
https://doi.org/10.1111/aor.13825
https://doi.org/10.1016/j.jtcvs.2020.02.144
https://doi.org/10.1016/j.jtcvs.2020.02.144
https://doi.org/10.1016/j.jtcvs.2012.11.066
https://doi.org/10.1016/j.athoracsur.2017.01.114
https://doi.org/10.1016/j.athoracsur.2017.01.114
https://doi.org/10.1016/j.athoracsur.2017.08.030
https://doi.org/10.1016/j.athoracsur.2017.08.030
https://doi.org/10.1093/ejcts/ezt559
https://doi.org/10.1002/ehf2.13767
https://doi.org/10.1007/s10047-017-1006-1
https://doi.org/10.1007/s10047-017-1006-1
https://doi.org/10.1007/s10047-018-1064-z
https://doi.org/10.1016/j.healun.2010.06.006
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008034
https://doi.org/10.1016/j.healun.2014.09.045
https://doi.org/10.1016/j.healun.2016.01.1228
https://doi.org/10.1016/j.athoracsur.2021.10.001
https://doi.org/10.1016/j.athoracsur.2021.10.001
https://doi.org/10.1161/CIRCULATIONAHA.112.000685
https://doi.org/10.1016/j.healun.2010.08.033
https://doi.org/10.1016/j.healun.2020.02.007
https://doi.org/10.1016/j.healun.2021.01.011
https://doi.org/10.1016/j.echo.2019.07.001
https://doi.org/10.1177/2150135119838414
https://doi.org/10.4103/apc.APC_90_20
https://doi.org/10.5409/wjcp.v5.i1.1
https://doi.org/10.5409/wjcp.v5.i1.1
https://doi.org/10.1093/ehjci/jeu129
https://doi.org/10.1093/ehjci/jeu129
https://doi.org/10.1016/j.jss.2010.05.040
https://doi.org/10.1007/s10047-020-01210-y
https://doi.org/10.1007/s10047-020-01210-y
https://doi.org/10.1053/j.jvca.2021.11.040
https://doi.org/10.4103/0974-2069.93704
https://doi.org/10.4103/0974-2069.93704
https://doi.org/10.1590/S0102-76382009000400015
https://doi.org/10.3389/fcvm.2023.1056663
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/


Si et al. 10.3389/fcvm.2023.1056663
38. Vida VL, Zanotto L, Carrozzini M, Padalino MA, Stellin G. Repair techniques
for mitral valve insufficiency in children. Semin Thorac Cardiovasc Surg Pediatr
Card Surg Annu. (2018) 21:41–5. doi: 10.1053/j.pcsu.2017.11.004

39. Morgan JA, Brewer RJ, Nemeh HW, Murthy R, Williams CT, Lanfear DE, et al.
Left ventricular reverse remodeling with a continuous flow left ventricular assist device
measured by left ventricular end-diastolic dimensions and severity of mitral
regurgitation. ASAIO J. (2012) 58:574–7. doi: 10.1097/MAT.0b013e31826e4267

40. Maltais S, Anwer LA. The importance of mitral regurgitation in patients with left
ventricular assist devices: an ongoing conundrum. JACC Heart Fail. (2017) 5:89–91.
doi: 10.1016/j.jchf.2016.12.002

41. 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

42. 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

43. 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

44. 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

45. Quarti A, D’Alfonso A, Colaneri M, Baldinelli A, Ricciotti R, Bettuzzi MG, et al.
Edge-to-edge technique: is it also useful in children? J Cardiovasc Med (Hagerstown).
(2009) 10:848–51. doi: 10.2459/JCM.0b013e32832e6430

46. Pawale A, Plotkina I, Anyanwu AC. Technique for implantation of HeartMate II
left ventricular assist device with concurrent mitral and tricuspid valve repair. Ann
Cardiothorac Surg. (2014) 3:532–4. doi: 10.3978/j.issn.2225-319X.2014.08.11

47. Alfieri O, Maisano F, De Bonis M, Stefano PL, Torracca L, Oppizzi M, et al. The
double-orifice technique in mitral valve repair: a simple solution for complex
problems. J Thorac Cardiovasc Surg. (2001) 122:674–81. doi: 10.1067/mtc.2001.117277

48. Gasparovic H, Jakus N, Brugts JJ, Pouleur AC, Timmermans P, Rubis P, et al.
Impact of progressive aortic regurgitation on outcomes after left ventricular assist
device implantation. Heart Vessels. (2022) 37:1985–94. doi: 10.1007/s00380-022-02111-1
Frontiers in Cardiovascular Medicine 08
49. Naganuma M, Akiyama M, Sasaki K, Maeda K, Ito K, Suzuki T, et al. Aortic
insufficiency causes symptomatic heart failure during left ventricular assist device
support. Tohoku J Exp Med. (2021) 255:229–37. doi: 10.1620/tjem.255.229

50. Veenis JF, Yalcin YC, Brugts JJ, Constantinescu AA, Manintveld OC, Bekkers JA.
Survival following a concomitant aortic valve procedure during left ventricular assist
device surgery: an ISHLT mechanically assisted circulatory support (IMACS)
registry analysis. Eur J Heart Fail. (2020) 22:1878–87. doi: 10.1002/ejhf.1989

51. 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

52. Singhal AK, Bang J, Panos AL, Feider A, Hanada S, Rankin JS. Concomitant
aortic valve repair for aortic insufficiency and implantation of left ventricle
mechanical support. J Card Surg. (2022) 37:2086–9. doi: 10.1111/jocs.16547

53. Kalathiya RJ, Grinstein J, Uriel N, Shah AP. Percutaneous transcatheter therapies
for the management of left ventricular assist device complications. J Invasive Cardiol.
(2017) 29:151–62.

54. Letsou GV, Musfee FI, Lee AD, Cheema F, Delgado RM, Frazier OH. Ten-Year
survival with a continuous-flow left ventricular assist device and aortic valve closure.
Tex Heart Inst J. (2020) 47:325–8. doi: 10.14503/THIJ-19-7193

55. Nicolo F, Montalto A, Musto C, Comisso M, Lio A, Musumeci F. Percutaneous
aortic valve closure in patient with left ventricular assist device and dilated aortic
Annulus. Ann Thorac Surg. (2020) 109:e25–7. doi: 10.1016/j.athoracsur.2019.04.081

56. Padalino M, Bortolussi G, Maschietto N, Guariento A, Stellin G. Surgery for
semilunar valve regurgitation during ventricular assist device support in children.
Ann Thorac Surg. (2015) 100:e135–7. doi: 10.1016/j.athoracsur.2015.06.118

57. Slaughter MS, Pagani FD, Rogers JG, Miller LW, Sun B, Russell SD, et al. Clinical
management of continuous-flow left ventricular assist devices in advanced heart
failure. J Heart Lung Transplant. (2010) 29:S1–39. doi: 10.1016/j.healun.2010.01.011

58. 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

59. 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
frontiersin.org

https://doi.org/10.1053/j.pcsu.2017.11.004
https://doi.org/10.1097/MAT.0b013e31826e4267
https://doi.org/10.1016/j.jchf.2016.12.002
https://doi.org/10.1016/j.athoracsur.2017.02.016
https://doi.org/10.1016/j.jtcvs.2017.04.021
https://doi.org/10.1016/j.jtcvs.2017.04.021
https://doi.org/10.1016/j.healun.2017.09.016
https://doi.org/10.1016/j.jtcvs.2018.12.071
https://doi.org/10.1016/j.jtcvs.2018.12.071
https://doi.org/10.2459/JCM.0b013e32832e6430
https://doi.org/10.3978/j.issn.2225-319X.2014.08.11
https://doi.org/10.1067/mtc.2001.117277
https://doi.org/10.1007/s00380-022-02111-1
https://doi.org/10.1620/tjem.255.229
https://doi.org/10.1002/ejhf.1989
https://doi.org/10.1016/S0022-5223(03)01301-1
https://doi.org/10.1016/S0022-5223(03)01301-1
https://doi.org/10.1111/jocs.16547
https://doi.org/10.14503/THIJ-19-7193
https://doi.org/10.1016/j.athoracsur.2019.04.081
https://doi.org/10.1016/j.athoracsur.2015.06.118
https://doi.org/10.1016/j.healun.2010.01.011
https://doi.org/10.1093/ejcts/ezaa294
https://doi.org/10.1016/j.athoracsur.2016.03.040
https://doi.org/10.3389/fcvm.2023.1056663
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Considerations of valvular heart disease in children with ventricular assist devices
	Introduction
	Pathophysiology
	Epidemiology
	Diagnosis of valvular heart disease in children undergoing VAD implantation
	Management of valvular heart disease at the time of VAD implantation
	Mitral valve disease
	Aortic valve disease
	Tricuspid and pulmonary valve disease

	Case example
	Summary
	Author contributions
	Conflict of interest
	Publisher's note
	References


