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Right heart failure (RHF) following implantation of a left ventricular assist device (LVAD) is a common and potentially serious condition
with a wide spectrum of clinical presentations with an unfavourable effect on patient outcomes. Clinical scores that predict the occurrence
of right ventricular (RV) failure have included multiple clinical, biochemical, imaging and haemodynamic parameters. However, unless the
right ventricle is overtly dysfunctional with end-organ involvement, prediction of RHF post-LVAD implantation is, in most cases, difficult
and inaccurate. For these reasons optimization of RV function in every patient is a reasonable practice aiming at preparing the right
ventricle for a new and challenging haemodynamic environment after LVAD implantation. To this end, the institution of diuretics, inotropes
and even temporary mechanical circulatory support may improve RV function, thereby preparing it for a better adaptation post-LVAD
implantation. Furthermore, meticulous management of patients during the perioperative and immediate postoperative period should
facilitate identification of RV failure refractory to medication. When RHF occurs late during chronic LVAD support, this is associated with
worse long-term outcomes. Careful monitoring of RV function and characterization of the origination deficit should therefore continue
throughout the patient’s entire follow-up. Despite the useful information provided by the echocardiogram with respect to RV function, right
heart catheterization frequently offers additional support for the assessment and optimization of RV function in LVAD-supported patients.
In any patient candidate for LVAD therapy, evaluation and treatment of RV function and failure should be assessed in a multidimensional and
multidisciplinary manner.
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Keywords Right heart failure • Left ventricular assist device • Optimization of right ventricular function

Introduction
Right heart failure (RHF) following implantation of a left ventricular
assist device (LVAD) is relatively common. It ranges from 10–40%,
including the immediate and long-term post-LVAD implanta-
tion period1,2 and is associated with increased morbidity and
mortality.3,4 Some risk factors for post-LVAD implantation right
ventricular (RV) failure are modifiable; thus every effort should be
exerted to identify them and optimize RV function prior to LVAD
implantation. Although technically feasible, implanting durable
biventricular mechanical circulatory support devices to overcome
significant RV failure significantly increases the risk of both short-
and long-term complications, impairs quality of life, and is more
complex to manage than LVAD therapy alone.5 Therefore, maximal
efforts to improve and optimize RV function before LVAD implan-
tation is the preferred initial approach for many LVAD implanting
cantres and continues throughout the time the patient is under
LVAD support.

Pathophysiology of right heart
failure following left ventricular
assist device implantation
The aetiology of RHF following LVAD implantation is multifactorial
and begins with a preoperatively impaired right ventricle which
is then influenced by the changing physiology attributed to LVAD
support in several ways6:

1. The LVAD increases systemic flow and consequently increases
RV preload. Although in normal conditions the right ventricle
can tolerate significant volume changes, the sudden increase
in RV preload post-LVAD implantation might not be easily
tolerated by a dysfunctional and vulnerable ventricle. This may ..
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.. be exacerbated by the extra administered volume of fluids and
blood products during the implantation and is worsened by
systemic inflammation due to surgical stress.

2. Unloading of the left ventricle by the LVAD with a transapical
flow (rather than transaortic) causes mechanical dyssynchrony
of the interventricular septum, altering the geometry and
the volume of the RV cavity, changing the coaptation points
in the tricuspid valve apparatus and disrupting ventricular
interdependence (coupling) with consequent alteration in RV
function.

Additional factors that may impair RV function postoperatively
are cardiopulmonary bypass (CPB)-related myocardial stunning,
vasoplegia and altered myocardial coronary perfusion. Other
characteristics that impede ventricular coupling include loss of
pericardial restraint and altered mechanics of cardiac twist.7

Although the LVAD, immediately upon its activation, effectively
reduces left ventricular (LV) preload and pulmonary venous pres-
sures, eventually resulting in the reduction of pulmonary arterial
pressures supporting the RV function by reducing its afterload,
the elevated pulmonary vascular resistance (PVR) can persist
for weeks to months following LVAD implantation, thus delaying
the positive effect of the LVAD on RV function.8,9 Furthermore,
while LVAD provides this apparent benefit to the RV function by
unloading the left ventricle,10,11 it has been shown that following
an LVAD implantation, the right ventricle reveals a maladaptation
to afterload and appears more afterload-sensitive.12 However, the
progressive, even months post-LVAD implantation, reduction in
RV afterload results in improvements in RV function.12

Interestingly, in 5-year outcomes of LVAD therapy as recently
reported from the MOMENTUM 3 trial, heart failure is now the
leading cause of late deaths reflecting its importance and changing
epidemiology as heamocompatibility-related deaths have become
less frequent with better devices.13

© 2024 European Society of Cardiology.
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Definition/classification of right
heart failure
Right heart failure following LVAD implantation is not an all or
nothing phenomenon, but rather a spectrum of manifestations
and consequences14 ranging from a post-LVAD implantation fail-
ing right ventricle clinically responsive to diuretics, inotropes, and
inhaled nitric oxide (iNO), to severe RV failure needing a tempo-
rary RV mechanical circulatory support. The reported incidence
of RHF post-LVAD implantation ranges from 10–40%3,15 with the
variation being attributed, at least partially, to the various defini-
tions of post-LVAD RHF, suggesting the need for a standardized
definition. In the MOMENTUM trial and in the fully magnetically
levitated group, 29.8%,16 27.9%17 and 29.9%13 encountered RHF
at 6 months, 2 and 5 years post-LVAD implantation, respectively.
In the recently published consensus document from the Interna-
tional Society for Heart and Lung Transplantation, though the cri-
teria from the original definition have been retained, a conscious
decision to register the event as RHF is required.18 This will con-
tribute to the uniformity of data reported from clinical trials.18

The updated definition of post-LVAD implantation RV failure is
shown on Table 1. Similarly, it has been suggested that the term
‘right heart failure’ be abandoned in favour of ‘heart failure’ in the
late phase after LVAD implantation since such categorization dis-
courages early identification of haemodynamic aberrancies which,
if addressed at origination, could prevent subsequent development
of RHF (which is generally an end result).19

Prediction of right heart failure
following left ventricular assist
device implantation
The detrimental consequences of RHF following LVAD implan-
tation have driven the field, from the early LVAD era to iden-
tify prognostic markers for post-LVAD implantation RHF. Several
indices of RV function originating mainly from echocardiography
and right heart catheterization, along with biochemical parame-
ters, have been identified and have subsequently been tested for
validation.

Role of clinical assessment and medical
history
When considering LVAD implantation, it is important to first eval-
uate the patient’s medical history. Long-standing distended jugular
veins and peripheral oedema are indicators of RHF, which requires
special attention and potential optimization before proceeding with
the procedure. Potapov et al.20 reported that visible ascites and
discoloration of the skin of the legs secondary to hemosiderosis
already progressing above the knees is supportive of long-standing
RHF with very poor changes of reversibility. These clinical find-
ings make the option of biventricular mechanical support inevitable.
Both ischaemic and non-ischaemic cardiomyopathy can affect RV
function by the underlying primary cardiomyopathic process and by ..
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.. increasing the RV afterload. The long-term impact of these diseases
on RV function following LVAD implantation is unclear.

A recent study showed that approximately 43% of ambulatory
patients with newly diagnosed heart failure with reduced ejection
fraction (HFrEF) have RV dysfunction.21 While some patients
showed improvement in RV function over time, others required an
up-titration of heart failure medication during follow-up. However,
there is a lack of longitudinal data on RV function in patients with
HFrEF.

Role of echocardiography
Echocardiography is the easiest diagnostic modality to perform and
to repeat. It can provide insight on RV morphology and function
and associated structural or functional abnormalities that may lead
to the development of RHF. Presence of patent foramen ovale
indicates its closure at the time of LVAD implantation. Identification
of moderate to severe tricuspid regurgitation (TR) before LVAD
implantation could indicate correction of the valve disease, though
data are not clear.22,23 Additionally, presence of moderate aortic
valve regurgitation prompts surgical correction.24

Several echocardiographic parameters have been tested in clini-
cal trials for their prognostication of RHF following LVAD implan-
tation (Table 2).15,25–32 Tricuspid annular plane systolic excursion
(TAPSE) was found to have no prognostic value.15,25 Peak systolic
velocity of the tricuspid annulus by pulsed-wave tissue Doppler
imaging has been observed to provide prognostic information for
RHF post-LVAD implantation, with cut-off values ranging from 8.0
to 8.8 cm/s, though data are conflicting.26,27 The degree of RV
dilatation resulting from chronic volume and pressure overload has
been evaluated as a predictor for RV failure post-LVAD implan-
tation. However, this entity is dependent on volume loading of
the right ventricle. A RV to LV end-diastolic basal diameter ratio
(RV/LV ratio) >0.72 as a surrogate for disproportionate RV remod-
elling, has been shown to predict RV failure.28 However, this find-
ing has not been confirmed by others.15,25 In the study by Raina
et al.,15 impaired RV fractional area change was associated with RHF
post-LVAD implantation, although not confirmed by Kato et al.27

RV volumes measured by three-dimensional (3D) echocardiogra-
phy were also found to be predictive of RV failure following LVAD
implantation, while the RV ejection fraction was not.30

Free wall RV longitudinal strain (RVLS) has been tested and
was found to provide prognostic information for RHF following
LVAD implantation as reported by Cameli et al.32 suggesting that
low RVLS values predicted the occurrence of RV failure follow-
ing LVAD surgery. Interestingly, in this study, among those patients
who improved their RVLS in response to intra-aortic balloon pump
(IABP) support, none developed RV failure post-LVAD implanta-
tion. RVLS rate has also been identified as a useful tool in predicting
RV failure post-LVAD implantation in the study by Dandel et al.26

Patients with moderately increased RV end-diastolic volume index
shown in 3D echocardiography were found to carry a higher risk
of RHF post-LVAD implantation while, surprising enough, severe
RV dilatation was found to be protective.31

The presence of at least moderate TR makes the assessment
of the RV function more complex. However, considering the

© 2024 European Society of Cardiology.
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Table 1 Updated definition of right ventricular failure following left ventricular assist device implantation

Right heart failure

Early acute right heart failure

• Need for implantation of a temporary or durable RVAD (including ECMO) concomitant with LVAD implantation (RVAD implanted
before the patient leaving the operating room).

Early post-implant right heart failure

• Need for implantation of a temporary or durable RVAD (including ECMO) within 30 days following LVAD implantation for any
duration of time; or,

• Failure to wean from inotropic or vasopressor support or inhaled nitric oxide within 14 days following LVAD implantation or having
to initiate this support within 30 days of implant for a duration of at least 14 days.

• The primary diagnosis of right heart failure is made by the presence of at least two of the following clinical findings:

• Ascites
• Functionally limiting peripheral oedema (>2+)
• Elevated estimated jugular venous pressure at least halfway up the neck in an upright patient
• Elevated measured CVP or right atrial pressure (≥16 mmHg)

• Or is associated with at least one of the following manifestations:
• Renal failure with serum creatinine >2× baseline values.
• Liver injury with an elevation of at least 2× upper limit normal in AST/ALT or total bilirubin >2.0
• SvO2 <50%
• Cardiac index <2.2 L/min/m2

• Reduction in pump flow of >30% from the previous baseline in the absence of mechanical causes such as cardiac tamponade
or tension pneumothorax

• Elevated lactate >3.0 mmol/L.

• Death occurring in patients within 14 days of LVAD implant who have not received an RVAD but who remain on inotropes or
vasopressors at the time of death and meet criteria for the diagnosis of right heart failure on the basis of the above clinical findings
(two criteria) or manifestations (one criterion) will be considered to have early post-implant right heart failure at the time of death.
The contribution of early post-implant right heart failure to death (primary or secondary) will be made by the clinical care team.

• For pediatric patients, the diagnostic criteria above may be modified as follows:

• Primary diagnosis of right heart failure based on at least two of the following clinical findings:
• Ascites
• Significant peripheral oedema (+2)
• Elevated jugular venous pressure (visible in an upright patient) or hepatomegaly (3+ cm below costal margin)
• Elevated CVP or right atrial pressure:

• For age 10–18 years: CVP >14 mmHg
• For age 5–10 years: CVP >12 mmHg
• For age <5 years: CVP >10 mmHg.

• Or at least one of the following manifestations:

• Renal failure indicated by serum creatinine 1.5× above baseline
• Liver injury with an elevation of AST, ALT or total bilirubin of 2× upper normal
• Decrease in pump flow of 30% from a recent baseline in the absence of tamponade
• Need to decrease the pump rate by 20% or more from a recent baseline owing to the poor filling of LVAD in a pulsatile

system
• Cardiac index <2.2 L/min/m2.

progressive development of TR in patients with chronic heart
failure, the presence of severe TR on top of a dysfunctioning
right ventricle makes the implantation of an LVAD in a patient
who needs it a big challenge. Repair of more than moderate to
severe TR is considered an accepted approach at the time of LVAD
implantation.33–35

However, we are still lacking the gold standard echocardio-
graphic parameter and cut-off point values for the assessment of
RV function. This is because all these parameters, including those ..
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.. haemodynamically derived, are volatile depending on preload

and afterload conditions. Overall, echocardiographic parameters

that predict occurrence of RV failure post-LVAD largely include

markers that represent a larger than normal, volume overloaded

right ventricle, especially in relation to the severity of LV failure.

Figure 1 provides a suggested diagnostic strategy based on the

considered echocardiography parameters of RV function for the

candidate for LVAD implantation.

© 2024 European Society of Cardiology.
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Table 1 (Continued)

Late right heart failure

• Need for implantation of an RVAD (including ECMO) more than 30 days after an LVAD implantation. This may occur within the index
hospitalization for LVAD implant or during subsequent rehospitalization for any diagnosis which resulted in a need for temporary or
permanent right-sided mechanical assist devices.

• Hospitalization that occurs more than 30 days post-implant and which requires intravenous diuretics or inotropic support for at least
72 h and is associated with:

• Diagnosis of right heart failure is made by the presence of at least two of the following clinical findings:

• Ascites
• Functionally limiting peripheral oedema (>2+)
• Elevated estimated jugular venous pressure at least halfway up the neck in an upright patient
• Elevated measured CVP (>16 mmHg).

• Or which is associated with at least one of the following manifestations:

• Renal failure with serum creatinine >2× baseline value
• Liver injury with an elevation of at least 2× upper limit normal in AST/ALT or total bilirubin >2.0
• A reduction in pump flow of >30% from the previous baseline in the absence of tamponade
• SvO2 <50%
• Cardiac index <2.2 L/min/m2

• Elevated lactate >3.0 mmol/L.

• For pediatric patients, the criteria should be modified as follows:

• Requirement for intravenous diuretics or inotropic support of at least 72 h to treat right heart failure that was not present
continuously since implantation (must have been without intravenous diuretics and inotropic support for at least 7 consecutive days at
some time following implantation of LVAD)

• Diagnosis of right heart failure must be based on at least two of the following clinical findings

• Ascites
• Significant peripheral oedema (+2)
• Elevated JVP (visible in the upright patient) or hepatomegaly (3+ cm below costal margin)
• Elevated CVP or right atrial pressure:

• For age 10–18 years: CVP >14 mmHg
• For age 5–10 years: CVP >12 mmHg
• For age<5 years: CVP >10 mmHg.

• Or at least one of the following manifestations

• Renal failure indicated by serum creatinine 1.5× above baseline
• Liver injury with elevation of AST, ALT or total bilirubin of 2× upper normal
• Decrease in pump flow of 30% from a recent baseline in the absence of tamponade
• Need to decrease pump rate by 20% or more from a recent baseline because of poor filling of LVAD in a pulsatile system
• Cardiac index <2.2 L/min/m2.

The association of the right heart failure event should be classified as:
Patient-related (e.g. pre-implant right heart failure, volume overload secondary to non-adherence with medical management, severe aortic
regurgitation, cardiorenal syndrome, arrhythmia induced, pulmonary disease, elevated pulmonary vascular resistance).
Management-related (e.g. related to implant surgery, volume overload, inotropic agent withdrawal).
Device-related (e.g. associated with pump malfunction, outflow graft compromise).

ALT, alanine aminotransferase; AST, aspartate aminotransferase; CVP, central venous pressure; ECMO, extracorporeal membrane oxygenation; LVAD, left ventricular assist
device; RVAD, right ventricular assist device; SvO2, mixed venous oxygen saturation.

Role of invasive haemodynamics
Right heart catheterization before LVAD implantation constitutes
a standard diagnostic procedure for the evaluation of RV function.
Right heart catheterization should be performed in patients that
are euvolaemic and by a trained operator. Increased right atrial
pressure (RAP) (>15 mmHg) indicating increased RV preload has
been identified by several studies as a prognostic marker for
RV failure following LVAD implantation.26,36–38 Low mean pul-
monary artery pressure (PAP) concomitant with impaired RV ..

..
..

..
..

..
..

..
..

..
..

..
..

. systolic function, as well as increased PVR [(mean PAP – mean
pulmonary capillary wedge pressure [PCWP])/cardiac output]
have all been reported as potential predictors for RV failure
post-LVAD implantation.39,40 Other parameters, derived from right
heart catheterization such as RV stroke work index (RVSWi) of
>300 mmHg×ml/m2 39 preoperatively minimizes the risk for RV
assist device (RVAD) perioperatively. Subsequent studies reported
the prognostic role of the impaired RVSWi parameter as a predic-
tor for RHF post-LVAD implantation.38,40–42

© 2024 European Society of Cardiology.
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Table 2 Echocardiographic right ventricular parameters to predict right ventricular failure following left ventricular
assist device implantation

RV function echocardiographic
parameter

Cut-off value for predicting
RV failure

Sensitivity (%) Specificity (%)

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

TAPSE
Grant et al.25 No predictive value – –
Raina et al.15 No predictive value – –

Peak systolic tricuspid annular velocity by pulsed-wave tissue Doppler
Dandel et al.26 8 cm/s 84 90
Kato et al.27 4.4 cm/s 87 68

RV/LV ratio
Kukucka et al.28

>0.72 0.80 0.74
Potapov et al.29

Grant et al.25 No predictive value
Raina et al.15 No predictive value

RV fractional area change
Raina et al.15

<31% 82 52
Kato et al.27 No predictive value

RV ejection fraction
Kiernan et al.30 No predictive value

RV end-diastolic volume index
Kiernan et al.30

>61 ml/m2 92 79
Otten et al.31

<84 ml/m2 NR NR
RV end-systolic volume

Kiernan et al.30
>47 ml/m2 83 93

RV free wall longitudinal strain
Cameli et al.32 NR NR NR

RV longitudinal strain rate
Cameli et al.30 NR NR NR
Dandel et al.26

<0.6/s 80 98
RV volume index

Otten et al.31

NR, not reported; RV, right ventricular; RV/LV, right ventricle to left ventricle end-diastolic basal diameter; TAPSE, tricuspid annular plane systolic excursion.

In addition, RAP/PCWP >0.6338,43–45 and pulmonary artery
pulsatility index (PAPi) [(pulmonary systolic artery pressure –
pulmonary diastolic artery pressure)/RAP]<1.8538 have, more
recently, suggested an increased risk for RHF following LVAD
implantation.46 An improved PAPi, following the administration
of diuretics, inotropes or even the placement of temporary
mechanical circulatory support devices with the intention of
optimizing a dysfunctional right ventricle before LVAD implanta-
tion, identifies a group of patients at lower risk for post-LVAD
RHF. These changes on PAPi possibly reflect the dynamic RV
contractile reserve.47 The HeartMate 3 risk score that incorpo-
rates several clinical characteristics includes a RAP/PCWP ratio
of >0.60 as a predictor for post-LVAD implant mortality.48 Table 3
summarizes the haemodynamic parameters found to predict RHF
post-LVAD implantation.26,30,37,39,40,42–46,49 Figure 2 provides a sug-
gested diagnostic strategy based on the considered haemodynamic
parameters of RV function for the candidate for LVAD implantation.

Challenging cases for the evaluation of RV function are the
special loading conditions to the heart posed by venoarterial
extracorporeal membrane oxygenation (VA-ECMO) implantation
or a temporary RVAD (surgically implanted CentriMag, Protek Duo
cannula, Impella). Evaluation of the right ventricle by decreasing ..
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. the VA-ECMO or temporary RVAD support and increasing so RV

preload are interventions that can potentially contribute to a better
evaluation of RV function.

Other prognosticators for right
ventricular failure post-left ventricular
assist device implantation
Abnormal biochemical values have been found to be predictors
of RHF following LVAD implantation. Serum creatinine values
>1.9–2.0 mg/dl were associated with increased risk for RV fail-
ure.42,50 Similar findings have been reported for total bilirubin
>2.0 mg/dl.42 These biochemical values likely reflect presence
of RHF-related end-organ dysfunction that may or may not be
fully reversible after LVAD implantation, thereby complicating
postoperative management. Additionally, a meta-analysis has
identified that those of the patients that at the time of LVAD
implantation were on continuous renal replacement therapy or
on a ventilator were at higher risk for RV failure.36 Furthermore,
a pro-inflammatory milieu at the time of LVAD implantation has
been found to increase the risk for RHF later.51

© 2024 European Society of Cardiology.
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Figure 1 Suggested diagnostic strategy based on the considered echocardiography parameters of the right ventricular function for the
candidate for left ventricular assist device (LVAD) implantation.

Risk scores for the prediction of right
ventricular failure post-left ventricular
assist device implantation
Although many risk factors have been suggested for the prediction

of RHF following LVAD implantation, there is no single index that

can predict with sufficient accuracy the occurrence of RHF. For this

reason, risk scoring systems have been proposed aiming to com-

bine different types of variables and improve the prognostication

(Table 4).37,42,50,52–55 Many of these scores were generated from

studies with relatively small numbers of patients and some included

only patients with pulsatile LVADs. Some of the risk scores for the

development of RHF post-LVAD implantation are the Michigan,

Penn RVAD, CRITT, Utah, EUROMACS and recent STOP-RVF

score. In any case, most of those scores have performed relatively

poorly when validated and their clinical use is unclear. ..
..
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..
..
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..
..

..
..

..
..

..
.. Interventions aiming

at optimizing right ventricular
function before left ventricular
assist device implantation
Following LVAD implantation, the left ventricle undergoes remark-
able unloading while, on the other hand, the right ventricle
is obliged to adapt to the new haemodynamic conditions.
Acknowledging that the new haemodynamic status is causing
additional RV preload – even though there is a beneficial reduction
in RV afterload –, efforts to optimize its function before LVAD
implantation could make this adaptation safer. However, it worth
mentioning that post-LVAD implantation effects on RV function
are both supportive and detrimental and that the harming effects
present immediately post-surgery whereas the beneficial effects
occur over a period of weeks to months. Many parameters

© 2024 European Society of Cardiology.
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Table 3 Haemodynamic parameters to predict right ventricular failure following left ventricular assist device
implantation

Haemodynamic parameter n Main findings
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Right atrial pressure

Dandel et al.26 205 CVP was higher in patients undergoing LVAD and postoperative RV failure compared to
those without RV failure (18 vs. 11 mmHg, p= 0.01)

Drakos et al.37 175 Patients following LVAD that reveled RV failure had higher CVP preoperatively (>11.6± 6.2
vs. 9.5± 5.1 mmHg, p= 0.023)

Mean pulmonary artery pressure

Fukamachi et al.39 100 Mean pulmonary artery pressure was lower in those patients that following LVAD needed
RVAD vs. those that did not (31± 5 vs. 38±10 mmHg, p= 0.015)

Ochiai et al.40 245 Mean pulmonary artery pressure was lower in those patients that following LVAD needed
RVAD vs. those that did not (33± 7 vs. 37± 9 mmHg, p= 0.041)

RVSWi

Fukamachi et al.39 100 RVSWi was lower in those patients that following LVAD needed RVAD vs. those that did not
(151± 75 vs. 368± 245 mmHg×ml/m2, p= 0.011). If preoperative RVSWi was
>300 mmHg×ml/m2, none of the patients required RVAD support

Matthews et al.42 197 RVSWi ≤450 mmHg×ml/m2 had an OR 2.32 (95% CI 1.24–4.32) for RV failure following
LVAD implantation

Ochiai et al.40 245 RVSWi 285±196 mmHg×ml/m2

Kiernan et al.30 26 RVSWi was lower in those patients that following LVAD developed RV failure vs. those that
did not (151± 75 vs. 368± 245 mmHg×ml/m2, p= 0.011)

CVP/PCWP

Morine et al.43 132 RAP/PCWP ratio was higher in those LVAD patients that revealed RV failure compared to
those that did not (0.69± 0.19 vs. 0.45± 0.16, p< 0.01)

Nitta et al.44 70 Patients with preoperative CVP/PCWP >0.8 had an OR 15.0 (95% CI 3.8–59.6) for RVAD
support post-LVAD implantation

Shiga et al.45 A preoperative CVP/PCWP ratio ≥0.5 was associated with an OR 11.39 (95% CI
1.164–111.4) for RVAD support post-LVAD implantation

PAPi

Lim and Gustafsson46 85 In patients undergoing LVAD implantation, PAPi was lower in those that required RVAD
compared to those that did not (1.7± 0.3 vs. 3.6± 0.3, p< 0.005)

Morine et al.43 132 PAPi was lower in patients with vs. without post-LVAD implantation RV failure (1.32± 0.46
vs. 2.77±1.16, p< 0.001)

Raymer et al.49 216 The group of patients with LVAD that revealed severe RV failure postoperatively compared
to those that did not, had significantly lower PAPi (2.47± 2.03 vs. 1.77±1.22, p= 0.001)

CI, confidence interval; CVP, central venous pressure; LVAD, left ventricular assist device; OR, odds ratio; PAPi, pulmonary artery pulsatility index; PCWP, pulmonary capillary
wedge pressure; RAP, right atrial pressure; RV, right ventricular; RVAD, right ventricular assist device; RVSWi, right ventricular stroke work index.

reflecting RV function are potentially eligible for optimization,

though there are no randomized studies in the literature to

test the efficacy of this strategy. Subsequently, studies to define

the target index of RV function for optimization before LVAD

implantation are needed. The field becomes more complicated

considering that all these echocardiographic and haemodynamic

surrogate markers of RV function are volatile, depending not

only on the intrinsic RV contractility but also on the preload,

afterload and the inotropic support the right ventricle receives.

Despite all these limitations, many centres adopt the strategy of

the pre-LVAD RV optimization, particularly in patients with bor-

derline, marginally functioning right ventricles. The optimization ..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. can be achieved medically and/or by the application of temporary
mechanical circulatory support.

Optimization of right ventricular preload
Elevated central venous pressure (CVP) usually corresponds to
increased morbidity and mortality in cardiac surgery, including
perioperative mortality, heightened risk of acute kidney injury, and
an elevated likelihood of right cardiac decompensation, even in the
absence of prolonged overload. The control and optimization of
blood volume are essential components of anaesthetic recommen-
dations in cardiac surgery. Prolonged exposure of the right ventri-
cle to increased preload leads to impaired RV systolic function with
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Table 4 Risk scores for right ventricular failure following left ventricular assist device implantation

Score Type of LVAD Predictors for RV failure Definition of RV failure Discrimination/
C statistic,
median (range)52

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Matthews’ score
(n=197)42

• 86% pulsatile LVADs
• 14% CF- LVADs

• Vasopressor requirement
• AST ≥80 IU/L
• Bilirubin ≥2.0 mg/dl
• Creatinine ≥2.3 mg/dl

• Intravenous inotrope
support for 14 days

• Inhaled nitric oxide for ≥48 h
• Right-sided circulatory

support (ECMO or RVAD)
• Or hospital discharge with

an intravenous inotrope

0.73 (0.65–0.81)

Fitzpatrick’s (Penn
RVAD score)
(n= 226)50

• 98% pulsatile LVADs
• 2% CF-LVADs

• Cardiac index ≤2.2 L/min/m2

• RVSWia <300 mmHg×ml/m2

• Severe preoperative RV
dysfunction

• Preoperative creatinine ≥1.9 mg/dl
• Previous cardiac surgery
• Systolic blood pressure
≤96 mmHg

• Physician’s decision to
implant RVAD

NR

Atluri’s (CRITT)
score (n= 218)53

• 59% pulsatile LVADs
• 41% CF-LVADs

• CVP >15 mmHg
• Severe RV dysfunction
• Preoperative intubation
• Severe tricuspid regurgitation
• Heart rate >100 bpm

• Decision to implant a BiVAD
was made collectively by the
heart failure team

0.63 (0.60–0.74)

EUROMACS
(n= 2000)54

• 100% CF-LVADS • RAP/PCWP >0.54
• Haemoglobin ≤10 g/dl
• Multiple intravenous inotropes
• INTERMACS class 1–3
• Severe RV dysfunction

• Short- or long-term
right-sided circulatory
support, continuous
inotropic support for
≥14 days

• Or nitric oxide ventilation
for ≥48 h

0.65 (0.63–0.67)

Drakos’ (Utah
score) (n=175)37

• 85% pulsatile LVAds
• 15% CF-LVADs

• Preoperative IABP
• Increased pulmonary vascular

resistance
• LVAD destination therapy

• RVAD implantation
• Inhaled nitric oxide for >48 h
• Intravenous inotrope therapy

for 14 consecutive days

0.55 (0.47–0.59)

STOP-RVF risk
calculator55

• 100% CF LVADS The calculator evaluated the following
parameters:

• NICM
• IABP, Impella/venoarterial ECMO
• LVAD configuration
• INTERMACS profiles 1–2
• RAP/PCWP
• Use of ACEIs
• Platelet count
• Serum sodium
• Serum albumin
• Serum creatinine

Online score https://cvrti.utah.edu
/drakos/Site/tools.html

• RV failure was defined as the
need for inotrope therapy
for >14 days and/or
right-sided circulatory
support (surgically or
percutaneous-implanted
MCS) within 30 days
postoperatively

0.75 (0.71–0.79)

ACEI, angiotensin-converting enzyme inhibitor; AST, aspartate aminotransferase; BiVAD, biventricular assist device; CF, continuous-flow; CVP, central venous pressure; ECMO,
extracorporeal membrane oxygenation; IABP, intra-aortic balloon pump; LVAD, left ventricular assist device; MCS, mechanical circulatory support; NICM, non-ischaemic
cardiomyopathy; NR, not reported; PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; RV, right ventricular; RVAD, right ventricular assist device; RVSWi,
right ventricular stroke work index.
aRVSWi is calculated from either one of the two formulas: RVSWi= (mPAP – mRAP)× SVi× 0.0136 [normal range: 4–12 g/m/beat/m2 (g/m2)]; or RVSWi= (mPAP – mRAP)×
SVi (normal range: 300–900 mmHg×ml/m2).
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Figure 2 Suggested diagnostic strategy based on the considered haemodynamic parameters of right ventricular function for the candidate
for left ventricular assist device (LVAD) implantation.

experimental data suggesting an effect similar to the left ventricle
with respect to up-regulation of stress and metabolic markers.56

Increased CVP, namely CVP >12 mmHg,37,42,53 indicate the need
for decongestion before LVAD implantation. Close monitoring of
CVP before LVAD implantation is needed.

Optimization of right ventricular
afterload
Right ventricular function is more sensitive to increased afterload
compared to the left ventricle. The reduction of pulmonary
pressures pre-LVAD implantation seems to offer some bene-
fit, at least for RV function evaluation.57 Reduction of LV filling
pressures by optimizing LV function, even temporarily, before
LVAD implantation, can reduce the pressures transmitted back
from the left atrium to the pulmonary vascular bed subsequently ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
. reducing the RV afterload. A right heart catheterization-guided

reduction of PCWP using inotropes and diuretics could be very
helpful.57 Few studies have described the systematic adminis-
tration of inotropes aiming at haemodynamic optimization of
the non-inotrope-dependent patient undergoing LVAD implanta-
tion and compared their findings with registry data, showing no
benefit. More data through randomized studies are needed to
clarify the role of this strategy58–61 Additionally, the preoperative
phosphodiesterase-5 inhibitor (PDE5i) use was associated with
a higher incidence of prolonged inotropic support after LVAD
implantation, resulting in an increased incidence of severe early
RHF.62 As previously indicated, the RAP/PCWP ratio, which is
predictive of post-LVAD implant mortality with the HeartMate 3
pump, could be modified preoperatively. Whether such interven-
tions result in a more favourable prognosis requires conduct of
systematic studies.48
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Temporary mechanical circulatory
support for right ventricular
optimization: Intra-aortic balloon pump
Despite the lack of randomized controlled trials and the con-
troversies regarding its use, IABP is a very widely used63 and
simple temporary mechanical circulatory support system that
may haemodynamically stabilize the decompensated patients with
advanced heart failure.64 In a small case series of patients with
advanced biventricular failure, Ntalianis et al.65 reported that
IABP, using the femoral approach for IABP implantation, improved
parameters reflecting RV function (RVSWi, RAP, TAPSE and
PAP). In this study, none of the patients that were subsequently
supported with an LVAD developed RV failure. Tanaka et al.,66

using the subclavian approach for IABP placement, found that
IABP improved RV function in patients with chronic heart failure
presenting with acute decompensation. Placement of IABP in
patients with INTERMACS profile 2 was found to decrease RAP,
PCWP, and PAP.66–68 In another study, IABP supported patients
compared to those with no IABP support had shorter postop-
erative intensive care unit (ICU) stay, and better haemodynamics
following LVAD implantation.41 A report from the INTERMACS
registry showed that patients on pre-LVAD IABP support, despite
being at more advanced heart failure stage including worse RV
function, had the same post-LVAD outcomes as compared with
the less severe heart failure patients not in the need for pre-LVAD
implantation IABP support. This result suggests that IABP may mit-
igate the risk of early postoperative adverse outcomes, including
RHF.69 Furthermore, it has been found that the less the RV free
wall is fibrotic, the more likely the IABP to improve RV function
in patients undergoing LVAD implantation.70 Randomized trials
are needed to clarify the role of IABP for the haemodynamic
optimization of patients undergoing LVAD implantation.

Right ventricular function
optimization following left
ventricular assist device
implantation for the prevention
and management of early acute
and early post-implant right heart
failure
General measures – medical therapy
Early acute right heart failure: Prevention
and management

Minimizing perioperative blood loss eliminates the need for blood
transfusion and the resultant increase in RV preload. Furthermore,
volume resuscitation using blood products can induce lung injury,
increasing PVR and, therefore, RV afterload.71 During the implan-
tation and following initialization of LVAD therapy, efforts should
be focused on gradually weaning from CPB. Dobutamine and
milrinone, combined with noradrenaline – if required due to ..
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.. hypotension –, can provide substantial inotropic support to
the right ventricle. For those cases with pre-LVAD implantation
elevated PVR, administration of iNO decreases the RV afterload.
Minimizing the time of CPB will decrease the ischaemic time and
facilitate RV recovery. Meticulous de-airing using transesophageal
echocardiography (TEE) guidance minimizes air embolization.
Methods to decrease the RV afterload include the administra-
tion, before patient’s weaning from CPB, of iNO until 48 h after
separation of the CPB and extubation.72

Early post-implant right heart failure: Prevention
and management

Following patient’s extubation, the administration of PDE5i takes
over.73 However, iNO was not found to reduce the incidence of
RV failure following LVAD implantation72 and similarly the adminis-
tration of PDE5i.73 Further studies are needed to define the role of
iNO and that of PDE5i in the early post-LVAD implantation period.

In a marginally functioning right ventricle, immediately follow-
ing LVAD implantation, maximal systemic flows should be avoided.
Increase in LVAD speed, recorded as revolutions per minute (RPM),
should be performed gradually, aiming, in parallel, at a progressive
weaning from CPB, that will facilitate the adaptation of the right
ventricle to the new haemodynamic conditions. Guidance for the
LVAD optimal RPM setting can be supported by TEE and invasive
haemodynamic parameters. The presence of a dilated left ventricle,
an opening of aortic valve at every cardiac cycle and an increase in
mitral regurgitation indicate the need for additional LV unloading by
increasing the RPM. Avoidance of excessive LV unloading is crucial
to the optimal RV performance. In case of excessive LV unloading,
suction events can trigger arrhythmias that will further deteriorate
RV function. Leftward shifting of the interventricular septum will
result in changes in RV geometry increasing RV dimensions, aggra-
vating TR resulting in increased both RV preload and afterload, also
impairing RV contractility. Vasopressors should be administered
as needed aiming at a mean blood pressure >60–65 mmHg and
<80 mmHg.74 Following patient’s transfer to the ICU, the above
general principles also apply. The team caring for the patient with
LVAD should aim for an RAP 10–12 mmHg. Peri- and postoper-
ative monitoring with a Swan–Ganz catheter can be very helpful,
especially for those patients that develop signs of haemodynamic
instability. In the first postoperative hours at the surgical ICU,
repeated transthoracic echocardiography can help with RPM opti-
mization aiming at the best combined forward flow and RV function.
Weaning off first iNO, subsequently slow weaning off inotropes and
optimizing diuretic therapy, especially for borderline functioning
right ventricles, can potentially minimize the events of deteriorating
right ventricle.

Temporary right ventricular mechanical
circulatory support for the early acute
and early right heart failure post-left
ventricular assist device implantation
Temporary RV mechanical circulatory support is needed for those
cases where the patient, following LVAD implantation, develops

© 2024 European Society of Cardiology.



12 S. Adamopoulos et al.

profound RV failure that is not responding adequately to medical
interventions and/or LVAD RPM optimization. In the operating
room – early acute RHF – refractory RHF will manifest as
unsuccessful CPB weaning. However, refractory to management
RV failure in need for temporary RVAD can also develop later
as an early post-implant RHF. A common scenario in that case
is the progressive increase in RAP, decrease in LVAD flows and
impairment in renal function, secondary to the kidney congestion
because of RV failure.

Both for early acute RHF and early post-implant RHF, temporary
RV mechanical circulatory support aims to stabilize the patient,
unload the right ventricle and provide time for recovery of RV
function. The main types of temporary RV mechanical circulatory
support devices are shown in Table 5.75–78

Finding the appropriate timing for the implantation of the tem-
porary RVAD is critical. Apparently, for those patients with early
acute RHF and early post-implant RHF that present with pro-
found RV dysfunction, the decision to implant a temporary RVAD
is inevitable. However, post-LVAD RV dysfunction has a spectrum
of severity that makes the timing for RVAD implantation far from
being a straightforward decision. Previous studies suggested that a
strategy for planned compared to non-planned temporary RVAD
implantation has better outcomes, given that among patients who
developed early acute RHF after LVAD insertion, only half could be
weaned from the temporary RVAD support. The unweaned group
was associated with a very low 6-month actuarial survival rate.79

However, even in equivocal cases, planned temporary RVAD seems
to result in better outcomes compared to delayed RVAD implanta-
tion.80 Concurrent biventricular assist device implantation, instead
of sequential, is associated with better outcome with annual sur-
vival rates reaching 56%.81 Even though the planned RVAD implan-
tation makes surgery and patient follow-up more complex, this
seems to be counterbalanced by less mechanical ventilation time, ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
.. shorter ICU course, and, based on small studies, better survival

rates. Although there are some small observational studies,82 there
have been no randomized studies comparing the percutaneous ver-
sus the surgical approach for temporary RVAD.

There are cases of patients with advanced heart failure in
need for LVAD implantation that require temporary mechanical
circulatory support with VA-ECMO implantation for stabilization.
Furthermore, ECMO support can be used in patients already
implanted with an LVAD for the support of the failing right
ventricle. The advantage of ECMO is that it can substantially
reduce the preload of the failing right ventricle. However, ECMO
is the temporary device of mechanical circulatory support that can
increase LV afterload and subsequently PAP, impairing RV systolic
function.83 The same physiology occurs for patients with LVAD
both with early acute and early post-implant RHF under ECMO
support.77,84 The increased afterload is still an issue for the LVAD
and should be carefully considered. However, ECMO is widely
available and easily inserted.

Weaning off a temporary right
ventricular assist device/venoarterial
extracorporeal membrane oxygenation
Next important step for the LVAD-supported patient on a tem-
porary RVAD/VA-ECMO is the weaning timing and process. The
procedure should take place slowly, providing the necessary time
for the right ventricle to adapt. In order to proceed, the patient
should be haemodynamically stable, on minimal doses of inotropes
and vasopressors. The temporary RVAD support should be pro-
gressively reduced to the minimum per device accepted flow,
acknowledging that haemodynamic measurements provided by the
Swan–Ganz catheter can be challenging when Impella or an out-
flow graft is in place in the pulmonary artery. An increase in RAP

Table 5 Most used temporary right ventricular assist device

Type of device CentriMag75 Protek Duo cannula76 VA-ECMO77 Impella RP78

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Short description Radial centrifugal pump that
has been approved for use
up to 30 days. Its inflow
cannula lies in the right
atrium or jugular/femoral
vein and its outflow
cannula in the main
pulmonary artery,
bypassing so the failing
right ventricle. It allows
the decannulation without
chest opening. If needed,
CentriMag is able to add in
an oxygenator (RVAD
ECMO oxygenator).

The cannula is placed
percutaneously in the jugular
vein and is advanced to the
pulmonary artery. It has
drainage holes in the right
atrium and returns the blood
in the pulmonary artery. It can
be placed in the cath lab. It is
connected to a pump and has
the potential also to be
connected to an oxygenator
(RVAD ECMO configuration).

The circuit consist of an
inflow canula that can be
placed in the femoral vein,
a pump, an oxygenator and
an outflow cannula that
commonly is placed in the
femoral artery or in the
subclavian artery that
returns the blood
oxygenated.

Impella RP is a percutaneous
placed micro-axial pump. It is
advanced via the femoral or
subclavian vein and traverses
the tricuspid and pulmonic
valves, in a way that the inflow
part of the device is sitting in
the right atrium and the
outflow in the pulmonary
artery. It has been tested in
patients with RV failure
post-LVAD implantation. It has
been reported 70% survival
rates to discharge for patients
that needed temporary RVAD
following LVAD implantation.

ECMO, extracorporeal membrane oxygenation; LVAD, left ventricular assist device; RV, right ventricular; RVAD, right ventricular assist device; VA-ECMO, venoarterial
extracorporeal membrane oxygenation.
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>15 mmHg while at the same time PCWP is <15 mmHg with low
LVAD flows reveals a not yet recovered right ventricle. In that
case, the patient should have a delayed second weaning off attempt
or could have a higher priority for emergent heart transplanta-
tion and/or for implantation of a permanent RVAD. Protocols for
temporary RVAD removal have been reported.77,78,82 Echocardio-
graphy during the weaning off process can provide additional infor-
mation on the potential of the right ventricle to adapt to the new
haemodynamic conditions. The short axis is the preferred view for
the visualization of the septum position. A flat septum indicates
increased RV preload or inadequate RPM speed optimization.

Prevention and management
of late right heart failure following
left ventricular assist device
implantation
Appropriate general measures for long-term management of
patients with an LVAD should be implemented as previously
described.85–88 RHF following LVAD implantation may occur not
only in the early post-LVAD implantation period. RHF can persist
or occur as a de novo event weeks, months, or even years following
LVAD implantation.89,90 An INTERMACS database analysis revealed
progressive decline in the prevelance of RHF from 1 to 6 months
post-LVAD implantation. The later the RHF presents, the higher
the chance it represents a persistent, rather than a transient, abnor-
mality. This makes potentially the 6 months post-LVAD implanta-
tion a time point that provides prognostic implications for the
patient with late RHF.89 The progression of the underlying cause of
cardiac dysfunction has a major role, more evident in patients with
dilated cardiomyopathy. The rate of late onset RHF has been found
to be around 10–20%.91,92 The new haemodynamic conditions
arising from the LVAD function are additional parameters that can
adversely affect RV function, especially for cases with marginal RV
function. These observations demand special attention acknowl-
edging that more than 50% of LVAD implantations are for desti-
nation therapy. There is no uniform definition of late post-LVAD
implantation RV failure. Small series have defined RHF as the pres-
ence of RVSWi <300 mmHg×ml/m2 at any pump speed.93 The
progress of the underlying disease of heart failure and the inad-
equate or excessive LV unloading can impair RV systolic function
and loading conditions leading to the occurrence of late RHF.

Takeda et al.94 defined late RHF as a condition requiring rehos-
pitalization, after the index hospital discharge, and medical or
surgical treatments, including strengthening of diuretics, inotropic
support and RVAD implantation. It occurred in 11% of patients at
a median of 141 days after LVAD implantation. Survival at 2 years
was significantly worse in patients who developed late RHF (60%
vs. 85%, p= 0.016). In addition, another study demonstrated
reduced exercise capacity in patients with late RHF as indicated
by a lower maximal workload and peak oxygen consumption
6 months postoperatively.95

Vidula and colleagues have described hospitalizations in Heart-
Mate 3 LVAD implanted patients, and first rehospitalization (after ..
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.. the index stay) caused by heart failure-related event versus other
causes was associated with reduced survival (hazard ratio 2.2, 95%
confidence interval 1.3–3.9; p= 0.0014). Male sex, non-White
race, presence of cardiac resynchronization therapy/implantable
cardioverter-defibrillator, obesity, higher RAP, smaller LV size,
longer duration of index hospitalization, and lower estimated
glomerular filtration rate at index discharge predicted heart failure
hospitalizations.96

Long-term medical therapy to support
the right ventricle for patients with a left
ventricular assist device
Although there are no randomized studies for the role of heart
failure guideline-directed medical therapies (GDMT) for patients
under LVAD support, retrospective studies describe better out-
comes for patients that are on medications recommended by the
heart failure guidelines.92 To this direction a study provided clinical
and histopathological evidence that adjuvant GDMT was associated
with additional favourable effects that extended beyond the bene-
ficial effects attributed to LVAD-induced unloading alone.97 How-
ever, in cases of RHF following LVAD implantation, beta-blockers
maybe down-titrated or even hold. A recent study in stable LVAD
patients with elevated RAP and RV dysfunction showed that oral
administration of milrinone increased the RVSWi.98,99 Future stud-
ies will define the outcomes of these novel therapeutic strategies.

For patients with increased PAP post-LVAD implantation, the
role of PDE5i administration is under investigation. Studies have
shown that the administration of (oral) PDE5i after LVAD surgery,
aiming to reduce PVR as well as the modification of anticoagulation,
has been associated with increased bleeding rates,73 while others
have found fewer ischaemic strokes and improved survival.100 In a
randomized study, macinentan was administrated in patients within
90 days following LVAD implantation to those patients that had ele-
vated mean PAP despite reduced PCWP. It was found to effectively
reduce PAP.101 For these reasons prospective randomized studies
are needed to clarify the role of PDE5i, especially in patients with
elevated PVR on LVAD support and their impact on RV function
and exercise capacity. Until more data are available, all patients on
LVAD support should adhere to GDMT.102

Role of imaging
Repeated echocardiograms at pre-determined intervals following
LVAD implantation are indicated to optimize LVAD function by
setting the most appropriate LVAD speed to minimize patient
symptom. An LVAD surveillance echo exam should be consid-
ered at 1, 3, 6, and 12 months post-implantation and every 6 to
12 months thereafter.24 Echocardiography can provide valuable
information regarding the volume status of the patient as well as
an estimation of PAP. Additionally, echocardiography can provide
an indirect evaluation for the degree of LV unloading (Table 6).

For this purpose, LVAD speed optimization should take place
at regular intervals, especially in cases where the right ventricle
is functioning marginally. Avoiding excessive LV unloading could

© 2024 European Society of Cardiology.
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Table 6 Echocardiographic parameters for the optimization of right ventricular function in patients under left
ventricular assist device support

Parameter Finding Potential explanation
. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Inferior vena cava Dilated with minimal respiratory variation • Volume overload
• RV failure
• Excessive LV unloading

RV dimension Dilated • Excessive LV unloading

• RV failure

• Volume overload

Tricuspid regurgitation Moderate to severe tricuspid regurgitation • Excessive LV unloading

• RV failure

• Volume overload

RV free wall strain Decreased • RV failure

Lung ultrasonography Presence of B-lines • Lung congestion

Position of the septum Moved to the left • Excessive LV unloading

• RV failure

• During diastole: severe tricuspid regurgitation

• During systole: pulmonary hypertension

Moved to the right • Insufficient LV unloading

In the middle • Appropriate LV unloading

Aortic valve opening Opens on every cardiac cycle • Insufficient LV unloading

• LV function improved

Opens intermittently • Suggestive of satisfactory LV unloading

LV, left ventricular; RV, right ventricular.

reduce RV preload. Furthermore, this could prevent morphologic
changes of the right ventricle and the resultant increase in both
RV preload and afterload. In any case, these interventions in
modifications of the LVAD parameters should take place as long
as they do not worsen patient symptoms.

Role of right heart catheterization
In case of suboptimal acoustic windows or inconclusive echocar-
diographic exams, right heart catheterization and optimization of
the LVAD speed in the catheterization laboratory could be a useful
option that provides additional guidance for the optimization of
RV function. Ideally, this should be done under echo guidance, by
combining echocardiographic and invasive haemodynamic ramp
study103 described below. A more comprehensive understanding
of the RV and LV response to the changing LVAD RPMs may be
achieved suggesting the optimal LVAD speed (Table 7). A ramp ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
. study aims to evaluate various LV parameters and RV function

in relation to serial pump speeds for the minimization of patient
symptoms acknowledging at the same time the achievement of
optimal RV unloading. Estimated PAP sensors could potentially
be helpful in the management of patients in the post-LVAD
period aiming to optimize the RPM of the device and reduce the
occurrence of RHF.104

Conclusion and take home
messages (Figure 3)
• Right heart failure post-LVAD implantation is a persisting issue

despite the rapid development of the technology of durable
mechanical circulatory support for the left ventricle.

• Careful structural and functional assessment of the right ven-
tricle before LVAD implantation using mainly echocardiography

© 2024 European Society of Cardiology.



Right heart failure and LVAD 15

Table 7 Right heart catheterization haemodynamic parameters for the optimization of right ventricular function in
patients under left ventricular assist device support

RAP

>12 mmHg

Mean PAP

>25 mmHg

PCWP

>16 mmHg

Potential explanation and action to take

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Yes Yes Yes Volume overload: increase diuresis and RPM, inotropes as needed

Yes No No RV failure: decrease RPM if possible

No Yes Yes Inadequate LV unloading: increase RPM

No Yes No Consider the administration of phosphodiesterase inhibitors
aiming at the reduction of pulmonary vascular resistance and
decrease of RV afterload

PAP, pulmonary artery pressure; PCWP, pulmonary capillary wedge pressure; RAP, right atrial pressure; RPM, revolutions per minute; RV, right ventricular.

Figure 3 Right ventricular function assessment and potential strategies for the patient in need for durable left ventricular assist device (LVAD)
implantation. BiVAD, biventricular assist device; IABP, intra-aortic balloon counterpulsation; LV, left ventricle; PAPi, pulmonary artery pulsatility
index; RA, right atrial pressure; RV, right ventricle; RVAD, right ventricular assist device; RVEDV, right ventricular end-diastolic volume; RVESV,
right ventricular end-systolic volume; RVFWs, right ventricular free wall strain; RVSWi, right ventricular stroke work index.

and right heart catheterization can provide prognostic infor-
mation for the ability of the right ventricle to adapt to the
new, post-LVAD implantation, haemodynamic conditions. The
assessment should include the comprehensive patient clinical
state, including the need for inotropic support or short-term
mechanical support as well as the renal and hepatic function.

• Although there is no specific surrogate prognostic marker
for the occurrence of RHF following LVAD implantation,
the combined assessment of multiple (haemodynamic,
echocardiographic and biochemical) markers provides better
prognostication. ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. • The patient that reveals multiple impaired markers of RV dys-
function preoperatively, could be considered for RV function
optimization with medical and mechanical therapies. In case the
patient reveals no signs of RV function improvement despite all
the attempts for RV optimization, the patient is at increased
risk for developing RV failure post-LVAD implantation and
planned temporary biventricular circulatory support might be
contemplated from the very beginning. For patients that reveal
signs of severe RV dysfunction following LVAD implantation, a
temporary RVAD implantation could be considered perioper-
atively or immediately postoperatively.
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• Weaning off a temporary RVAD should take place under
haemodynamic and echocardiographic monitoring.

• Right ventricular function evaluation and management should
be done regularly for patients discharged home on LVAD
support, for prompt detection of late RV failure.

Gaps in knowledge and future
perspectives

• Prospective randomized trials are needed aiming to phenotype
various haemodynamic aberrancies leading to RV failure syn-
dromes in patients undergoing LVAD implantation.

• Further studies are needed aiming to identify the role and the
best strategy for RV optimization.

• In marginally functioning right ventricles before LVAD implan-
tation, studies are needed to define whether a planned tem-
porary RVAD or a planned durable RVAD provide the best
outcome.

• The effects and potential benefits of assuring heart failure
medications on top of LVAD therapy deserve to be investigated
in prospective randomized trials.

Conflict of interest: none declared.

References
1. 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;139:1316–1324. https://doi.org/10.1016/j.jtcvs.2009.11

.020
2. Dang NC, Topkara VK, Mercando M, Kay J, Kruger KH, Aboodi MS, et al. Right

heart failure after left ventricular assist device implantation in patients with
chronic congestive heart failure. J Heart Lung Transplant 2006;25:1–6. https://doi
.org/10.1016/j.healun.2005.07.008

3. Lampert BC, Teuteberg JJ. Right ventricular failure after left ventricular assist
devices. J Heart Lung Transplant 2015;34:1123–1130. https://doi.org/10.1016/j
.healun.2015.06.015

4. Rame JE, Pagani FD, Kiernan MS, Oliveira GH, Birati EY, Atluri P, et al. Evolution
of late right heart failure with left ventricular assist devices and association with
outcomes. J Am Coll Cardiol 2021;78:2294–2308. https://doi.org/10.1016/j.jacc
.2021.09.1362

5. Kirklin JK, Pagani FD, Kormos RL, Stevenson LW, Blume ED, Myers SL, et al.
Eighth annual INTERMACS report: Special focus on framing the impact of
adverse events. J Heart Lung Transplant 2017;36:1080–1086. https://doi.org/10
.1016/j.healun.2017.07.005

6. Houston BA, Brittain EL, Tedford RJ. Right ventricular failure. N Engl J Med
2023;388:1111–1125. https://doi.org/10.1056/NEJMra2207410

7. Houston BA, Shah KB, Mehra MR, Tedford RJ. A new ‘twist’ on right heart failure
with left ventricular assist systems. J Heart Lung Transplant 2017;36:701–707.
https://doi.org/10.1016/j.healun.2017.03.014

8. Klima UP, Lee MY, Guerrero JL, Laraia PJ, Levine RA, Vlahakes GJ. Determinants
of maximal right ventricular function: Role of septal shift. J Thorac Cardiovasc Surg
2002;123:72–80. https://doi.org/10.1067/mtc.2002.118683

9. Sparrow CT, LaRue SJ, Schilling JD. Intersection of pulmonary hypertension and
right ventricular dysfunction in patients on left ventricular assist device support:
Is there a role for pulmonary vasodilators? Circ Heart Fail 2018;11:e004255.
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004255

10. Morgan JA, Paone G, Nemeh HW, Murthy R, Williams CT, Lanfear DE,
et al. Impact of continuous-flow left ventricular assist device support on right
ventricular function. J Heart Lung Transplant 2013;32:398–403. https://doi.org
/10.1016/j.healun.2012.12.018 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 11. Mikus E, Stepanenko A, Krabatsch T, Loforte A, Dandel M, Lehmkuhl HB, et al.
Reversibility of fixed pulmonary hypertension in left ventricular assist device
support recipients. Eur J Cardiothorac Surg 2011;40:971–977. https://doi.org/10
.1016/j.ejcts.2011.01.019

12. Houston BA, Kalathiya RJ, Hsu S, Loungani R, Davis ME, Coffin ST, et al.
Right ventricular afterload sensitivity dramatically increases after left ventricular
assist device implantation: A multi-center hemodynamic analysis. J Heart Lung
Transplant 2016;35:868–876. https://doi.org/10.1016/j.healun.2016.01.1225

13. Mehra MR, Goldstein DJ, Cleveland JC, Cowger JA, Hall S, Salerno CT, et al.
Five-year outcomes in patients with fully magnetically levitated vs axial-flow
left ventricular assist devices in the MOMENTUM 3 randomized trial. JAMA
2022;328:1233–1242. https://doi.org/10.1001/jama.2022.16197

14. LaRue SJ, Raymer DS, Pierce BR, Nassif ME, Sparrow CT, Vader JM. Clinical
outcomes associated with INTERMACS-defined right heart failure after left
ventricular assist device implantation. J Heart Lung Transplant 2017;36:475–477.
https://doi.org/10.1016/j.healun.2016.12.017

15. Raina A, Seetha Rammohan HR, Gertz ZM, Rame JE, Woo YJ, Kirkpatrick JN.
Postoperative right ventricular failure after left ventricular assist device place-
ment is predicted by preoperative echocardiographic structural, hemodynamic,
and functional parameters. J Card Fail 2013;19:16–24. https://doi.org/10.1016/j
.cardfail.2012.11.001

16. Mehra MR, Naka Y, Uriel N, Goldstein DJ, Cleveland JC, Colombo PC, et al.;
MOMENTUM 3 Investigators. A fully magnetically levitated circulatory pump
for advanced heart failure. N Engl J Med 2017;376:440–450. https://doi.org/10
.1056/NEJMoa1610426

17. Mehra MR, Goldstein DJ, Uriel N, Cleveland JC, Yuzefpolskaya M, Salerno C,
et al.; MOMENTUM 3 Investigators. Two-year outcomes with a magnetically
levitated cardiac pump in heart failure. N Engl J Med 2018;378:1386–1395.
https://doi.org/10.1056/NEJMoa1800866

18. Kormos RL, Antonides CFJ, Goldstein DJ, Cowger JA, Starling RC, Kirklin
JK, et al. Updated definitions of adverse events for trials and registries of
mechanical circulatory support: A consensus statement of the Mechanical
Circulatory Support Academic Research Consortium. J Heart Lung Transplant
2020;39:735–750. https://doi.org/10.1016/j.healun.2020.03.010

19. Boulet J, Nayak A, Mehra MR. Hemodynamic aberrancies in left ventricular
assist device-associated heart failure syndromes. J Card Fail 2022;28:1738–1740.
https://doi.org/10.1016/j.cardfail.2022.09.007

20. Potapov EV, Schoenrath F, Falk V. Clinical signs of right ventricular fail-
ure following implantation of a left ventricular assist device. Eur J Heart Fail
2020;22:383–384. https://doi.org/10.1002/ejhf.1657

21. Ansari Ramandi MM, van Melle JP, Gorter TM, Hoendermis ES, van Veldhuisen
DJ, Nauta JF, et al. Right ventricular dysfunction in patients with new-onset
heart failure: Longitudinal follow-up during guideline-directed medical therapy.
Eur J Heart Fail 2022;24:2226–2234. https://doi.org/10.1002/ejhf.2721

22. Feldman D, Pamboukian SV, Teuteberg JJ, Birks E, Lietz K, Moore SA, et al.; Inter-
national Society for Heart and Lung Transplantation. The 2013 International
Society for Heart and Lung Transplantation Guidelines for mechanical circula-
tory support: Executive summary. J Heart Lung Transplant 2013;2013:157–187.
https://doi.org/10.1016/j.healun.2012.09.013

23. Potapov EV, Antonides C, Crespo-Leiro MG, Combes A, Farber G, Hannan MM,
et al. EACTS Expert Consensus on long-term mechanical circulatory support.
Eur J Cardiothorac Surg 2019;56:230–270. https://doi.org/10.1093/ejcts/ezz098

24. Stainback RF, Estep JD, Agler DA, Birks EJ, Bremer M, Hung J, et al. Echocar-
diography in the management of patients with left ventricular assist devices:
Recommendations from the American Society of Echocardiography. J Am Soc
Echocardiogr 2015;28:853–909. https://doi.org/10.1016/j.echo.2015.05.008

25. Grant AD, Smedira NG, Starling RC, Marwick TH. Independent and incremental
role of quantitative right ventricular evaluation for the prediction of right
ventricular failure after left ventricular assist device implantation. J Am Coll Cardiol
2012;60:521–528. https://doi.org/10.1016/j.jacc.2012.02.073

26. Dandel M, Potapov E, Krabatsch T, Stepanenko A, Low A, Vierecke J, et al. Load
dependency of right ventricular performance is a major factor to be considered
in decision making before ventricular assist device implantation. Circulation
2013;128:S14–S23. https://doi.org/10.1161/CIRCULATIONAHA.112.000335

27. Kato TS, Jiang J, Schulze PC, Jorde U, Uriel N, Kitada S, et al. Serial echocar-
diography using tissue Doppler and speckle tracking imaging to monitor right
ventricular failure before and after left ventricular assist device surgery. JACC
Heart Fail 2013;1:216–222. https://doi.org/10.1016/j.jchf.2013.02.005

28. Kukucka M, Stepanenko A, Potapov E, Krabatsch T, Redlin M, Mladenow A,
et al. Right-to-left ventricular end-diastolic diameter ratio and prediction of right
ventricular failure with continuous-flow left ventricular assist devices. J Heart
Lung Transplant 2011;30:64–69. https://doi.org/10.1016/j.healun.2010.09.006

29. Potapov EV, Stepanenko A, Dandel M, Kukucka M, Lehmkuhl HB, Weng Y, et al.
Tricuspid incompetence and geometry of the right ventricle as predictors of

© 2024 European Society of Cardiology.

https://doi.org/10.1016/j.jtcvs.2009.11.020
https://doi.org/10.1016/j.jtcvs.2009.11.020
https://doi.org/10.1016/j.jtcvs.2009.11.020
https://doi.org/10.1016/j.healun.2005.07.008
https://doi.org/10.1016/j.healun.2005.07.008
https://doi.org/10.1016/j.healun.2005.07.008
https://doi.org/10.1016/j.healun.2015.06.015
https://doi.org/10.1016/j.healun.2015.06.015
https://doi.org/10.1016/j.healun.2015.06.015
https://doi.org/10.1016/j.jacc.2021.09.1362
https://doi.org/10.1016/j.jacc.2021.09.1362
https://doi.org/10.1016/j.jacc.2021.09.1362
https://doi.org/10.1016/j.healun.2017.07.005
https://doi.org/10.1016/j.healun.2017.07.005
https://doi.org/10.1016/j.healun.2017.07.005
https://doi.org/10.1056/NEJMra2207410
https://doi.org/10.1056/NEJMra2207410
https://doi.org/10.1016/j.healun.2017.03.014
https://doi.org/10.1016/j.healun.2017.03.014
https://doi.org/10.1067/mtc.2002.118683
https://doi.org/10.1067/mtc.2002.118683
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004255
https://doi.org/10.1161/CIRCHEARTFAILURE.117.004255
https://doi.org/10.1016/j.healun.2012.12.018
https://doi.org/10.1016/j.healun.2012.12.018
https://doi.org/10.1016/j.healun.2012.12.018
https://doi.org/10.1016/j.ejcts.2011.01.019
https://doi.org/10.1016/j.ejcts.2011.01.019
https://doi.org/10.1016/j.ejcts.2011.01.019
https://doi.org/10.1016/j.healun.2016.01.1225
https://doi.org/10.1016/j.healun.2016.01.1225
https://doi.org/10.1001/jama.2022.16197
https://doi.org/10.1001/jama.2022.16197
https://doi.org/10.1016/j.healun.2016.12.017
https://doi.org/10.1016/j.healun.2016.12.017
https://doi.org/10.1016/j.cardfail.2012.11.001
https://doi.org/10.1016/j.cardfail.2012.11.001
https://doi.org/10.1016/j.cardfail.2012.11.001
https://doi.org/10.1056/NEJMoa1610426
https://doi.org/10.1056/NEJMoa1610426
https://doi.org/10.1056/NEJMoa1610426
https://doi.org/10.1056/NEJMoa1800866
https://doi.org/10.1056/NEJMoa1800866
https://doi.org/10.1016/j.healun.2020.03.010
https://doi.org/10.1016/j.healun.2020.03.010
https://doi.org/10.1016/j.cardfail.2022.09.007
https://doi.org/10.1016/j.cardfail.2022.09.007
https://doi.org/10.1002/ejhf.1657
https://doi.org/10.1002/ejhf.1657
https://doi.org/10.1002/ejhf.2721
https://doi.org/10.1002/ejhf.2721
https://doi.org/10.1016/j.healun.2012.09.013
https://doi.org/10.1016/j.healun.2012.09.013
https://doi.org/10.1093/ejcts/ezz098
https://doi.org/10.1093/ejcts/ezz098
https://doi.org/10.1016/j.echo.2015.05.008
https://doi.org/10.1016/j.echo.2015.05.008
https://doi.org/10.1016/j.jacc.2012.02.073
https://doi.org/10.1016/j.jacc.2012.02.073
https://doi.org/10.1161/CIRCULATIONAHA.112.000335
https://doi.org/10.1161/CIRCULATIONAHA.112.000335
https://doi.org/10.1016/j.jchf.2013.02.005
https://doi.org/10.1016/j.jchf.2013.02.005
https://doi.org/10.1016/j.healun.2010.09.006
https://doi.org/10.1016/j.healun.2010.09.006


Right heart failure and LVAD 17

right ventricular function after implantation of a left ventricular assist device.
J Heart Lung Transplant 2008;27:1275–1281. https://doi.org/10.1016/j.healun
.2008.08.012

30. Kiernan MS, French AL, DeNofrio D, Parmar YJ, Pham DT, Kapur NK, et al. Pre-
operative three-dimensional echocardiography to assess risk of right ventricular
failure after left ventricular assist device surgery. J Card Fail 2015;21:189–197.
https://doi.org/10.1016/j.cardfail.2014.12.009

31. Otten A, Kurz S, Anwar S, Potapov E, Krall C, O’Brien B, et al. Prognostic
value of 3-dimensional echocardiographical heart volume assessment in patients
scheduled for left ventricular assist device implantation. Eur J Cardiothorac Surg
2018;54:169–175. https://doi.org/10.1093/ejcts/ezy002

32. Cameli M, Lisi M, Righini FM, Focardi M, Lunghetti S, Bernazzali S, et al. Speckle
tracking echocardiography as a new technique to evaluate right ventricular
function in patients with left ventricular assist device therapy. J Heart Lung
Transplant 2013;32:424–430. https://doi.org/10.1016/j.healun.2012.12.010

33. 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;147:581–589. https://doi
.org/10.1016/j.jtcvs.2013.10.024

34. Kirklin JK, Pagani FD, Goldstein DJ, John R, Rogers JG, Atluri P, et al. American
Association for Thoracic Surgery/International Society for Heart and Lung
Transplantation guidelines on selected topics in mechanical circulatory support.
J Thorac Cardiovasc Surg 2020;159:865–896. https://doi.org/10.1016/j.jtcvs.2019
.12.021

35. 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;7:215–222. https://doi.org/10.1161/CIRCHEARTFAILURE.113
.000473

36. Bellavia D, Iacovoni A, Scardulla C, Moja L, Pilato M, Kushwaha SS, et al.
Prediction of right ventricular failure after ventricular assist device implant:
Systematic review and meta-analysis of observational studies. Eur J Heart Fail
2017;19:926–946. https://doi.org/10.1002/ejhf.733

37. 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;105:1030–1035. https://doi.org/10.1016
/j.amjcard.2009.11.026

38. Kiernan MS, Grandin EW, Brinkley M Jr, Kapur NK, Pham DT, Ruthazer R, et al.
Early right ventricular assist device use in patients undergoing continuous-flow
left ventricular assist device implantation: Incidence and risk factors from
the Interagency Registry for Mechanically Assisted Circulatory Support. Circ
Heart Fail 2017;10:e003863. https://doi.org/10.1161/CIRCHEARTFAILURE
.117.003863

39. Fukamachi K, McCarthy PM, Smedira NG, Vargo RL, Starling RC, Young
JB. Preoperative risk factors for right ventricular failure after implantable
left ventricular assist device insertion. Ann Thorac Surg 1999;68:2181–2184.
https://doi.org/10.1016/s0003-4975(99)00753-5

40. Ochiai Y, McCarthy PM, Smedira NG, Banbury MK, Navia JL, Feng J, et al.
Predictors of severe right ventricular failure after implantable left ventricular
assist device insertion: Analysis of 245 patients. Circulation 2002;106:I198–I202.
https://doi.org/10.1161/01.cir.0000032906.33237.1c

41. Imamura T, Kinugawa K, Nitta D, Hatano M, Kinoshita O, Nawata K, et al. Pro-
phylactic intra-aortic balloon pump before ventricular assist device implantation
reduces perioperative medical expenses and improves postoperative clinical
course in INTERMACS profile 2 patients. Circ J 2015;79:1963–1969. https://doi
.org/10.1253/circj.CJ-15-0122

42. Matthews JC, Koelling TM, Pagani FD, Aaronson KD. The right ventricular failure
risk score a pre-operative tool for assessing the risk of right ventricular failure
in left ventricular assist device candidates. J Am Coll Cardiol 2008;51:2163–2172.
https://doi.org/10.1016/j.jacc.2008.03.009

43. Morine KJ, Kiernan MS, Pham DT, Paruchuri V, Denofrio D, Kapur NK. Pul-
monary artery pulsatility index is associated with right ventricular failure after
left ventricular assist device surgery. J Card Fail 2016;22:110–116. https://doi
.org/10.1016/j.cardfail.2015.10.019

44. Nitta D, Kinugawa K, Imamura T, Amiya E, Hatano M, Kinoshita O, et al. A
useful scoring system for predicting right ventricular assist device requirement
among patients with a paracorporeal left ventricular assist device. Int Heart J
2018;59:983–990. https://doi.org/10.1536/ihj.17-487

45. Shiga T, Kinugawa K, Imamura T, Kato N, Endo M, Inaba T, et al. Combina-
tion evaluation of preoperative risk indices predicts requirement of biventricu-
lar assist device. Circ J 2012;76:2785–2791. https://doi.org/10.1253/circj.cj-12
-0231

46. Lim HS, Gustafsson F. Pulmonary artery pulsatility index: Physiological basis and
clinical application. Eur J Heart Fail 2020;22:32–38. https://doi.org/10.1002/ejhf
.1679 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 47. Gonzalez MH, Wang Q, Yaranov DM, Albert C, Wolski K, Wagener J, et al.
Dynamic assessment of pulmonary artery pulsatility index provides incremental
risk assessment for early right ventricular failure after left ventricular assist
device. J Card Fail 2021;27:777–785. https://doi.org/10.1016/j.cardfail.2021.02
.012

48. Mehra MR, Nayak A, Morris AA, Lanfear DE, Nemeh H, Desai S, et al. Prediction
of survival after implantation of a fully magnetically levitated left ventricular assist
device. JACC Heart Fail 2022;10:948–959. https://doi.org/10.1016/j.jchf.2022.08
.002

49. Raymer DS, Moreno JD, Sintek MA, Nassif ME, Sparrow CT, Adamo L, et al.
The combination of tricuspid annular plane systolic excursion and Heart-
Mate risk score predicts right ventricular failure after left ventricular assist
device implantation. ASAIO J 2019;65:247–251. https://doi.org/10.1097/MAT
.0000000000000808

50. Fitzpatrick JR, Frederick JR, Hsu VM, Kozin ED, O’Hara ML, Howell E, et al. Risk
score derived from pre-operative data analysis predicts the need for biventricu-
lar mechanical circulatory support. J Heart Lung Transplant 2008;27:1286–1292.
https://doi.org/10.1016/j.healun.2008.09.006

51. Tang PC, Haft JW, Romano MA, Bitar A, Hasan R, Palardy M, et al. Right ven-
tricular failure following left ventricular assist device implantation is associated
with a preoperative pro-inflammatory response. J Cardiothorac Surg 2019;14:80.
https://doi.org/10.1186/s13019-019-0895-x

52. Frankfurter C, Molinero M, Vishram-Nielsen JKK, Foroutan F, Mak S, Rao V,
et al. Predicting the risk of right ventricular failure in patients undergoing
left ventricular assist device implantation: A systematic review. Circ Heart Fail
2020;13:e006994. https://doi.org/10.1161/CIRCHEARTFAILURE.120.006994

53. 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;96:857–863. https://doi.org
/10.1016/j.athoracsur.2013.03.099

54. 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 implan-
tation of continuous flow left ventricular assist devices: The EUROMACS (Euro-
pean Registry for Patients with Mechanical Circulatory Support) right-sided
heart failure risk score. Circulation 2017;137:891–906. https://doi.org/10.1161

/CIRCULATIONAHA.117.030543
55. Taleb I, Kyriakopoulos CP, Fong R, Ijaz N, Demertzis Z, Sideris K, et al. Machine

learning multicenter risk model to predict right ventricular failure after mechan-
ical circulatory support: The STOP-RVF score. JAMA Cardiol 2024;9:272–282.
https://doi.org/10.1001/jamacardio.2023.5372

56. Havlenova T, Skaroupkova P, Miklovic M, Behounek M, Chmel M, Jarkovska D,
et al. Right versus left ventricular remodeling in heart failure due to chronic
volume overload. Sci Rep 2021;11:17136. https://doi.org/10.1038/s41598-021

-96618-8
57. Yourshaw JP, Mishra P, Armstrong MC, Ramu B, Craig ML, Van Bakel AB, et al.

Effects of percutaneous LVAD support on right ventricular load and adaptation.
J Cardiovasc Transl Res 2019;12:142–149. https://doi.org/10.1007/s12265-018
-9806-0

58. Theiss HD, Grabmaier U, Kreissl N, Hagl C, Steinbeck G, Sodian R, et al.
Preconditioning with levosimendan before implantation of left ventricular assist
devices. Artif Organs 2014;38:231–234. https://doi.org/10.1111/aor.12150

59. Abdelshafy M, Caliskan K, Simpkin AJ, Elkoumy A, Kimman EJR, Elsherbini H,
et al. Efficacy of levosimendan infusion in patients undergoing a left ventricular
assist device implant in a propensity score matched analysis of the EUROMACS
registry – the Euro LEVO-LVAD study. Eur J Cardiothorac Surg 2023;63:ezad905.
https://doi.org/10.1093/ejcts/ezad095

60. Kocabeyoglu SS, Kervan U, Sert DE, Karahan M, Aygun E, Beyazal OF, et al.
Optimization with levosimendan improves outcomes after left ventricular assist
device implantation. Eur J Cardiothorac Surg 2020;57:176–182. https://doi.org/10
.1093/ejcts/ezz159

61. Sponga S, Ivanitskaia E, Potapov E, Krabatsch T, Hetzer R, Lehmkuhl H. Preoper-
ative treatment with levosimendan in candidates for mechanical circulatory sup-
port. ASAIO J 2012;58:6–11. https://doi.org/10.1097/MAT.0b013e318239f401

62. Gulati G, Grandin EW, Kennedy K, Cabezas F, DeNofrio DD, Kociol R, et al.
Preimplant phosphodiesterase-5 inhibitor use is associated with higher rates of
severe early right heart failure after left ventricular assist device implantation.
Circ Heart Fail 2019;12:e005537. https://doi.org/10.1161/CIRCHEARTFAILURE
.118.005537

63. Baldetti L, Pagnesi M, Gramegna M, Belletti A, Beneduce A, Pazzanese V,
et al. Intra-aortic balloon pumping in acute decompensated heart failure
with hypoperfusion: From pathophysiology to clinical practice. Circ Heart Fail
2021;14:e008527. https://doi.org/10.1161/CIRCHEARTFAILURE.121.008527

64. Sintek MA, Gdowski M, Lindman BR, Nassif M, Lavine KJ, Novak E, et al.
Intra-aortic balloon counterpulsation in patients with chronic heart failure and

© 2024 European Society of Cardiology.

https://doi.org/10.1016/j.healun.2008.08.012
https://doi.org/10.1016/j.healun.2008.08.012
https://doi.org/10.1016/j.healun.2008.08.012
https://doi.org/10.1016/j.cardfail.2014.12.009
https://doi.org/10.1016/j.cardfail.2014.12.009
https://doi.org/10.1093/ejcts/ezy002
https://doi.org/10.1093/ejcts/ezy002
https://doi.org/10.1016/j.healun.2012.12.010
https://doi.org/10.1016/j.healun.2012.12.010
https://doi.org/10.1016/j.jtcvs.2013.10.024
https://doi.org/10.1016/j.jtcvs.2013.10.024
https://doi.org/10.1016/j.jtcvs.2013.10.024
https://doi.org/10.1016/j.jtcvs.2019.12.021
https://doi.org/10.1016/j.jtcvs.2019.12.021
https://doi.org/10.1016/j.jtcvs.2019.12.021
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000473
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000473
https://doi.org/10.1161/CIRCHEARTFAILURE.113.000473
https://doi.org/10.1002/ejhf.733
https://doi.org/10.1002/ejhf.733
https://doi.org/10.1016/j.amjcard.2009.11.026
https://doi.org/10.1016/j.amjcard.2009.11.026
https://doi.org/10.1016/j.amjcard.2009.11.026
https://doi.org/10.1161/CIRCHEARTFAILURE.117.003863
https://doi.org/10.1161/CIRCHEARTFAILURE.117.003863
https://doi.org/10.1161/CIRCHEARTFAILURE.117.003863
https://doi.org/10.1016/s0003-4975(99)00753-5
https://doi.org/10.1016/s0003-4975(99)00753-5
https://doi.org/10.1161/01.cir.0000032906.33237.1c
https://doi.org/10.1161/01.cir.0000032906.33237.1c
https://doi.org/10.1253/circj.CJ-15-0122
https://doi.org/10.1253/circj.CJ-15-0122
https://doi.org/10.1253/circj.CJ-15-0122
https://doi.org/10.1016/j.jacc.2008.03.009
https://doi.org/10.1016/j.jacc.2008.03.009
https://doi.org/10.1016/j.cardfail.2015.10.019
https://doi.org/10.1016/j.cardfail.2015.10.019
https://doi.org/10.1016/j.cardfail.2015.10.019
https://doi.org/10.1536/ihj.17-487
https://doi.org/10.1536/ihj.17-487
https://doi.org/10.1253/circj.cj-12-0231
https://doi.org/10.1253/circj.cj-12-0231
https://doi.org/10.1253/circj.cj-12-0231
https://doi.org/10.1002/ejhf.1679
https://doi.org/10.1002/ejhf.1679
https://doi.org/10.1002/ejhf.1679
https://doi.org/10.1016/j.cardfail.2021.02.012
https://doi.org/10.1016/j.cardfail.2021.02.012
https://doi.org/10.1016/j.cardfail.2021.02.012
https://doi.org/10.1016/j.jchf.2022.08.002
https://doi.org/10.1016/j.jchf.2022.08.002
https://doi.org/10.1016/j.jchf.2022.08.002
https://doi.org/10.1097/MAT.0000000000000808
https://doi.org/10.1097/MAT.0000000000000808
https://doi.org/10.1097/MAT.0000000000000808
https://doi.org/10.1016/j.healun.2008.09.006
https://doi.org/10.1016/j.healun.2008.09.006
https://doi.org/10.1186/s13019-019-0895-x
https://doi.org/10.1186/s13019-019-0895-x
https://doi.org/10.1161/CIRCHEARTFAILURE.120.006994
https://doi.org/10.1161/CIRCHEARTFAILURE.120.006994
https://doi.org/10.1016/j.athoracsur.2013.03.099
https://doi.org/10.1016/j.athoracsur.2013.03.099
https://doi.org/10.1016/j.athoracsur.2013.03.099
https://doi.org/10.1161/CIRCULATIONAHA.117.030543
https://doi.org/10.1161/CIRCULATIONAHA.117.030543
https://doi.org/10.1161/CIRCULATIONAHA.117.030543
https://doi.org/10.1001/jamacardio.2023.5372
https://doi.org/10.1001/jamacardio.2023.5372
https://doi.org/10.1038/s41598-021-96618-8
https://doi.org/10.1038/s41598-021-96618-8
https://doi.org/10.1038/s41598-021-96618-8
https://doi.org/10.1007/s12265-018-9806-0
https://doi.org/10.1007/s12265-018-9806-0
https://doi.org/10.1007/s12265-018-9806-0
https://doi.org/10.1111/aor.12150
https://doi.org/10.1111/aor.12150
https://doi.org/10.1093/ejcts/ezad095
https://doi.org/10.1093/ejcts/ezad095
https://doi.org/10.1093/ejcts/ezz159
https://doi.org/10.1093/ejcts/ezz159
https://doi.org/10.1093/ejcts/ezz159
https://doi.org/10.1097/MAT.0b013e318239f401
https://doi.org/10.1097/MAT.0b013e318239f401
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005537
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005537
https://doi.org/10.1161/CIRCHEARTFAILURE.118.005537
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008527
https://doi.org/10.1161/CIRCHEARTFAILURE.121.008527


18 S. Adamopoulos et al.

cardiogenic shock: Clinical response and predictors of stabilization. J Card Fail
2015;21:868–876. https://doi.org/10.1016/j.cardfail.2015.06.383

65. Ntalianis A, Kapelios CJ, Kanakakis J, Repasos E, Pantsios C, Nana E, et al. Pro-
longed intra-aortic balloon pump support in biventricular heart failure induces
right ventricular reverse remodeling. Int J Cardiol 2015;192:3–8. https://doi.org
/10.1016/j.ijcard.2015.05.014

66. Tanaka A, Tuladhar SM, Onsager D, Asfaw Z, Ota T, Juricek C, et al. The
subclavian intraaortic balloon pump: A compelling bridge device for advanced
heart failure. Ann Thorac Surg 2015;100:2151–2158. https://doi.org/10.1016/j
.athoracsur.2015.05.087

67. Estep JD, Cordero-Reyes AM, Bhimaraj A, Trachtenberg B, Khalil N, Loebe M,
et al. Percutaneous placement of an intra-aortic balloon pump in the left
axillary/subclavian position provides safe, ambulatory long-term support as
bridge to heart transplantation. JACC Heart Fail 2013;1:382–388. https://doi.org
/10.1016/j.jchf.2013.06.002

68. Gjesdal O, Gude E, Arora S, Leivestad T, Andreassen AK, Gullestad L, et al.
Intra-aortic balloon counterpulsation as a bridge to heart transplantation does
not impair long-term survival. Eur J Heart Fail 2009;11:709–714. https://doi.org
/10.1093/eurjhf/hfp078

69. DeVore AD, Hammill BG, Patel CB, Patel MR, Rogers JG, Milano CA, et al.
Intra-aortic balloon pump use before left ventricular assist device implantation:
Insights from the INTERMACS registry. ASAIO J 2018;64:218–224. https://doi
.org/10.1097/MAT.0000000000000629

70. Bonios MJ, Armenis I, Kogerakis N, Thodou A, Fragoulis S, Georgiadou P, et al.
Prospective phenotyping of right ventricle function following intra-aortic balloon
pump counterpulsation in left ventricular assist device candidates: Outcomes
and predictors of response. ASAIO J 2023;69:e215–e222. https://doi.org/10
.1097/MAT.0000000000001927

71. Shore S, Hanff TC, Mazurek JA, Seigerman M, Zhang R, Grandin EW, et al.
The effect of transfusion of blood products on ventricular assist device sup-
port outcomes. ESC Heart Fail 2020;7:3573–3581. https://doi.org/10.1002/ehf2
.12780

72. Potapov E, Meyer D, Swaminathan M, Ramsay M, El Banayosy A, Diehl C,
et al. Inhaled nitric oxide after left ventricular assist device implantation: A
prospective, randomized, double-blind, multicenter, placebo-controlled trial.
J Heart Lung Transplant 2011;30:870–878. https://doi.org/10.1016/j.healun.2011

.03.005
73. Jakstaite AM, Luedike P, Schmack B, Pizanis N, Riebisch M, Weymann A, et al.

Increased bleeding risk with phosphodiesterase-5 inhibitors after left ventricular
assist device implantation. ESC Heart Fail 2021;8:2419–2427. https://doi.org/10
.1002/ehf2.13322

74. 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–S39. https://doi.org/10.1016/j.healun
.2010.01.011

75. John R, Long JW, Massey HT, Griffith BP, Sun BC, Tector AJ, et al. Outcomes
of a multicenter trial of the Levitronix CentriMag ventricular assist system for
short-term circulatory support. J Thorac Cardiovasc Surg 2011;141:932–939.
https://doi.org/10.1016/j.jtcvs.2010.03.046

76. Salna M, Garan AR, Kirtane AJ, Karmpaliotis D, Green P, Takayama H,
et al. Novel percutaneous dual-lumen cannula-based right ventricular assist
device provides effective support for refractory right ventricular failure after
left ventricular assist device implantation. Interact Cardiovasc Thorac Surg
2020;30:499–506. https://doi.org/10.1093/icvts/ivz322

77. Riebandt J, Haberl T, Wiedemann D, Moayedifar R, Schloeglhofer T, Mahr S,
et al. Extracorporeal membrane oxygenation support for right ventricular
failure after left ventricular assist device implantation. Eur J Cardiothorac Surg
2018;53:590–595. https://doi.org/10.1093/ejcts/ezx349

78. Anderson MB, Goldstein J, Milano C, Morris LD, Kormos RL, Bhama J, et al.
Benefits of a novel percutaneous ventricular assist device for right heart failure:
The prospective RECOVER RIGHT study of the Impella RP device. J Heart Lung
Transplant 2015;34:1549–1560. https://doi.org/10.1016/j.healun.2015.08.018

79. Takeda K, Naka Y, Yang JA, Uriel N, Colombo PC, Jorde UP, et al. Outcome of
unplanned right ventricular assist device support for severe right heart failure
after implantable left ventricular assist device insertion. J Heart Lung Transplant
2014;33:141–148. https://doi.org/10.1016/j.healun.2013.06.025

80. Lazar JF, Swartz MF, Schiralli MP, Schneider M, Pisula B, Hallinan W, et al.
Survival after left ventricular assist device with and without temporary right
ventricular support. Ann Thorac Surg 2013;96:2155–2159. https://doi.org/10
.1016/j.athoracsur.2013.07.008

81. Ahmed MM, Jacobs JP, Meece LE, Jeng EI, Bleiweis MS, Cantor RS, et al.
Timing and outcomes of concurrent and sequential biventricular assist device
implantation: A Society of Thoracic Surgeons Intermacs analysis. Ann Thorac Surg
2023;116:383–390. https://doi.org/10.1016/j.athoracsur.2023.02.058 ..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

..
..

.. 82. Coromilas EJ, Takeda K, Ando M, Cevasco M, Green P, Karmpaliotis D,
et al. Comparison of percutaneous and surgical right ventricular assist device
support after durable left ventricular assist device insertion. J Card Fail
2018;25:105–113. https://doi.org/10.1016/j.cardfail.2018.12.005

83. Grant C Jr, Richards JB, Frakes M, Cohen J, Wilcox S. ECMO and right ven-
tricular failure: Review of the literature. J Intensive Care Med 2021;36:352–360.
https://doi.org/10.1177/0885066619900503

84. Lo Coco V, De Piero ME, Massimi G, Chiarini G, Raffa GM, Kowalewski M, et al.
Right ventricular failure after left ventricular assist device implantation: A review
of the literature. J Thorac Dis 2021;13:1256–1269. https://doi.org/10.21037/jtd
-20-2228

85. Ben Gal T, Ben Avraham B, Milicic D, Crespo-Leiro MG, Coats AJS, Rosano G,
et al. Guidance on the management of left ventricular assist device (LVAD)
supported patients for the non-LVAD specialist healthcare provider: Executive
summary. Eur J Heart Fail 2021;23:1597–1609. https://doi.org/10.1002/ejhf
.2327

86. Milicic D, Ben Avraham B, Chioncel O, Barac YD, Goncalvesova E, Grupper A,
et al. Heart Failure Association of the European Society of Cardiology Position
paper on the management of left ventricular assist device-supported patients
for the non-left ventricular assist device specialist healthcare provider: Part 2:
At the emergency department. ESC Heart Fail 2021;8:4409–4424. https://doi
.org/10.1002/ehf2.13587

87. Ben Avraham B, Crespo-Leiro MG, Filippatos G, Gotsman I, Seferovic P,
Hasin T, et al. HFA of the ESC Position paper on the management of LVAD
supported patients for the non LVAD specialist healthcare provider: Part 1:
Introduction and at the non-hospital settings in the community. ESC Heart Fail
2021;8:4394–4408. https://doi.org/10.1002/ehf2.13588

88. Gustafsson F, Ben Avraham B, Chioncel O, Hasin T, Grupper A, Shaul A,
et al. HFA of the ESC Position paper on the management of LVAD-supported
patients for the non-LVAD specialist healthcare provider: Part 3: At the hospital
and discharge. ESC Heart Fail 2021;8:4425–4443. https://doi.org/10.1002/ehf2
.13590

89. Kapelios CJ, Charitos C, Kaldara E, Malliaras K, Nana E, Pantsios C,
et al. Late-onset right ventricular dysfunction after mechanical support
by a continuous-flow left ventricular assist device. J Heart Lung Transplant
2015;34:1604–1610. https://doi.org/10.1016/j.healun.2015.05.024

90. Montalto A, Amarelli C, Piazza V, Hopkins K, Comisso M, Pantanella R, et al. A
new hemodynamic index to predict late right failure in patients implanted with
last generation centrifugal pump. J Card Surg 2021;36:2355–2364. https://doi
.org/10.1111/jocs.15564

91. Alkhunaizi FA, Azih NI, Read JM, Goldberg RL, Gulati AA, Scheel PJ, et al.
Characteristics and predictors of late right heart failure after left ventricular
assist device implantation. ASAIO J 2023;69:315–323. https://doi.org/10.1097
/MAT.0000000000001804

92. Ruiz-Cano MJ, Ramazyan L, Schramm R, Lauenroth V, Paluszkiewicz L, Rojas S,
et al. Clinical implications of late-onset right ventricular failure after implantation
of a continuous-flow left ventricular assist device as bridge to transplantation.
Eur J Cardiothorac Surg 2021;60:177–185. https://doi.org/10.1093/ejcts/ezab114

93. Saeed D, Kidambi T, Shalli S, Lapin B, Malaisrie SC, Lee R, et al. Tricuspid valve
repair with left ventricular assist device implantation: Is it warranted? J Heart
Lung Transplant 2011;30:530–535. https://doi.org/10.1016/j.healun.2010.12.002

94. Takeda K, Takayama H, Colombo PC, Yuzefpolskaya M, Fukuhara S, Han J,
et al. Incidence and clinical significance of late right heart failure during
continuous-flow left ventricular assist device support. J Heart Lung Transplant
2015;34:1024–1032. https://doi.org/10.1016/j.healun.2015.03.011

95. Felix SEA, Numan L, Oerlemans MIF, Aarts E, Ramjankhan FZ, Gianoli M,
et al. Incidence and risk factors of late right heart failure in chronic mechanical
circulatory support. Artif Organs 2023;47:1192–1201. https://doi.org/10.1111

/aor.14537
96. Vidula H, Takeda K, Estep JD, Silvestry SC, Milano C, Cleveland JC Jr, et al.

Hospitalization patterns and impact of a magnetically-levitated left ventricular
assist device in the MOMENTUM 3 trial. JACC Heart Fail 2022;10:470–481.
https://doi.org/10.1016/j.jchf.2022.03.007

97. 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;20:164–174. https://doi.org/10.1002/ejhf.1018

98. McCullough M, Caraballo C, Ravindra NG, Miller PE, Mezzacappa C, Levin A,
et al. Neurohormonal blockade and clinical outcomes in patients with heart fail-
ure supported by left ventricular assist devices. JAMA Cardiol 2020;5:175–182.
https://doi.org/10.1001/jamacardio.2019.4965

99. Uriel N, Burkhoff D, Kim G, Silverstein T, Juricek C, Kaye DM, et al. Oral
milrinone for the treatment of chronic severe right ventricular failure in left
ventricular assist device patients. Circ Heart Fail 2021;14:e007286. https://doi
.org/10.1161/CIRCHEARTFAILURE.120.007286

© 2024 European Society of Cardiology.

https://doi.org/10.1016/j.cardfail.2015.06.383
https://doi.org/10.1016/j.cardfail.2015.06.383
https://doi.org/10.1016/j.ijcard.2015.05.014
https://doi.org/10.1016/j.ijcard.2015.05.014
https://doi.org/10.1016/j.ijcard.2015.05.014
https://doi.org/10.1016/j.athoracsur.2015.05.087
https://doi.org/10.1016/j.athoracsur.2015.05.087
https://doi.org/10.1016/j.athoracsur.2015.05.087
https://doi.org/10.1016/j.jchf.2013.06.002
https://doi.org/10.1016/j.jchf.2013.06.002
https://doi.org/10.1016/j.jchf.2013.06.002
https://doi.org/10.1093/eurjhf/hfp078
https://doi.org/10.1093/eurjhf/hfp078
https://doi.org/10.1093/eurjhf/hfp078
https://doi.org/10.1097/MAT.0000000000000629
https://doi.org/10.1097/MAT.0000000000000629
https://doi.org/10.1097/MAT.0000000000000629
https://doi.org/10.1097/MAT.0000000000001927
https://doi.org/10.1097/MAT.0000000000001927
https://doi.org/10.1097/MAT.0000000000001927
https://doi.org/10.1002/ehf2.12780
https://doi.org/10.1002/ehf2.12780
https://doi.org/10.1002/ehf2.12780
https://doi.org/10.1016/j.healun.2011.03.005
https://doi.org/10.1016/j.healun.2011.03.005
https://doi.org/10.1016/j.healun.2011.03.005
https://doi.org/10.1002/ehf2.13322
https://doi.org/10.1002/ehf2.13322
https://doi.org/10.1002/ehf2.13322
https://doi.org/10.1016/j.healun.2010.01.011
https://doi.org/10.1016/j.healun.2010.01.011
https://doi.org/10.1016/j.healun.2010.01.011
https://doi.org/10.1016/j.jtcvs.2010.03.046
https://doi.org/10.1016/j.jtcvs.2010.03.046
https://doi.org/10.1093/icvts/ivz322
https://doi.org/10.1093/icvts/ivz322
https://doi.org/10.1093/ejcts/ezx349
https://doi.org/10.1093/ejcts/ezx349
https://doi.org/10.1016/j.healun.2015.08.018
https://doi.org/10.1016/j.healun.2015.08.018
https://doi.org/10.1016/j.healun.2013.06.025
https://doi.org/10.1016/j.healun.2013.06.025
https://doi.org/10.1016/j.athoracsur.2013.07.008
https://doi.org/10.1016/j.athoracsur.2013.07.008
https://doi.org/10.1016/j.athoracsur.2013.07.008
https://doi.org/10.1016/j.athoracsur.2023.02.058
https://doi.org/10.1016/j.athoracsur.2023.02.058
https://doi.org/10.1016/j.cardfail.2018.12.005
https://doi.org/10.1016/j.cardfail.2018.12.005
https://doi.org/10.1177/0885066619900503
https://doi.org/10.1177/0885066619900503
https://doi.org/10.21037/jtd-20-2228
https://doi.org/10.21037/jtd-20-2228
https://doi.org/10.21037/jtd-20-2228
https://doi.org/10.1002/ejhf.2327
https://doi.org/10.1002/ejhf.2327
https://doi.org/10.1002/ejhf.2327
https://doi.org/10.1002/ehf2.13587
https://doi.org/10.1002/ehf2.13587
https://doi.org/10.1002/ehf2.13587
https://doi.org/10.1002/ehf2.13588
https://doi.org/10.1002/ehf2.13588
https://doi.org/10.1002/ehf2.13590
https://doi.org/10.1002/ehf2.13590
https://doi.org/10.1002/ehf2.13590
https://doi.org/10.1016/j.healun.2015.05.024
https://doi.org/10.1016/j.healun.2015.05.024
https://doi.org/10.1111/jocs.15564
https://doi.org/10.1111/jocs.15564
https://doi.org/10.1111/jocs.15564
https://doi.org/10.1097/MAT.0000000000001804
https://doi.org/10.1097/MAT.0000000000001804
https://doi.org/10.1097/MAT.0000000000001804
https://doi.org/10.1093/ejcts/ezab114
https://doi.org/10.1093/ejcts/ezab114
https://doi.org/10.1016/j.healun.2010.12.002
https://doi.org/10.1016/j.healun.2010.12.002
https://doi.org/10.1016/j.healun.2015.03.011
https://doi.org/10.1016/j.healun.2015.03.011
https://doi.org/10.1111/aor.14537
https://doi.org/10.1111/aor.14537
https://doi.org/10.1111/aor.14537
https://doi.org/10.1016/j.jchf.2022.03.007
https://doi.org/10.1016/j.jchf.2022.03.007
https://doi.org/10.1002/ejhf.1018
https://doi.org/10.1002/ejhf.1018
https://doi.org/10.1001/jamacardio.2019.4965
https://doi.org/10.1001/jamacardio.2019.4965
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007286
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007286
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007286


Right heart failure and LVAD 19

100. Xanthopoulos A, Wolski K, Wang Q, Blackstone EH, Randhawa VK, Soltesz
EG, et al. Postimplant phosphodiesterase-5 inhibitor use in centrifugal flow left
ventricular assist devices. JACC Heart Fail 2022;10:89–100. https://doi.org/10
.1016/j.jchf.2021.09.008

101. Frantz RP, Desai S, Ewald G, Franco V, Hage A, Horn EM, et al. Firs results
of Soprano: Macitentan in patients (pts) with pulmonary hypertension (PH)
post-left ventricular assist device (LVAD) implantation. J Heart Lung Transplant
2021;40:S12–S13. https://doi.org/10.1016/j.healun.2021.01.1767

102. Khazanie P, Hammill BG, Patel CB, Kiernan MS, Cooper LB, Arnold SV, et al.
Use of heart failure medical therapies among patients with left ventricular assist ..

..
..

..
..

..
..

..
..

..
.. devices: Insights from INTERMACS. J Card Fail 2016;22:672–679. https://doi.org

/10.1016/j.cardfail.2016.02.004
103. Jung MH, Gustafsson F, Houston B, Russell SD. Ramp study hemodynamics,

functional capacity, and outcome in heart failure patients with continuous-flow
left ventricular assist devices. ASAIO J 2016;62:442–446. https://doi.org/10.1097
/MAT.0000000000000387

104. Veenis JF, Manintveld OC, Constantinescu AA, Caliskan K, Birim O, Bekkers
JA, et al. Design and rationale of haemodynamic guidance with CardioMEMS in
patients with a left ventricular assist device: The HEMO-VAD pilot study. ESC
Heart Fail 2019;6:194–201. https://doi.org/10.1002/ehf2.12392

© 2024 European Society of Cardiology.

https://doi.org/10.1016/j.jchf.2021.09.008
https://doi.org/10.1016/j.jchf.2021.09.008
https://doi.org/10.1016/j.jchf.2021.09.008
https://doi.org/10.1016/j.healun.2021.01.1767
https://doi.org/10.1016/j.healun.2021.01.1767
https://doi.org/10.1016/j.cardfail.2016.02.004
https://doi.org/10.1016/j.cardfail.2016.02.004
https://doi.org/10.1016/j.cardfail.2016.02.004
https://doi.org/10.1097/MAT.0000000000000387
https://doi.org/10.1097/MAT.0000000000000387
https://doi.org/10.1097/MAT.0000000000000387
https://doi.org/10.1002/ehf2.12392
https://doi.org/10.1002/ehf2.12392

	Right heart failure with left ventricular assist devices: Preoperative, perioperative and postoperative management strategies. A clinical consensus statement of the Heart Failure Association (HFA) of the ESC
	Introduction
	Pathophysiology of right heart failure following left ventricular assist device implantation
	Definition/classification of right heart failure
	Prediction of right heart failure following left ventricular assist device implantation
	Role of clinical assessment and medical history
	Role of echocardiography
	Role of invasive haemodynamics
	Other prognosticators for right ventricular failure post-left ventricular assist device implantation
	Risk scores for the prediction of right ventricular failure post-left ventricular assist device implantation
	Interventions aiming at optimizing right ventricular function before left ventricular assist device implantation
	Optimization of right ventricular preload
	Optimization of right ventricular afterload
	Temporary mechanical circulatory support for right ventricular optimization: Intra-aortic balloon pump
	Right ventricular function optimization following left ventricular assist device implantation for the prevention and management of early acute and early post-implant right heart failure
	General measures -- medical therapy
	Early acute right heart failure: Prevention and management
	Early post-implant right heart failure: Prevention and management
	Temporary right ventricular mechanical circulatory support for the early acute and early right heart failure post-left ventricular assist device implantation
	Weaning off a temporary right ventricular assist device/venoarterial extracorporeal membrane oxygenation
	Prevention and management of late right heart failure following left ventricular assist device implantation
	Long-term medical therapy to support the right ventricle for patients with a left ventricular assist device
	Role of imaging
	Role of right heart catheterization
	Conclusion and take home messages (Figure 3)
	Gaps in knowledge and future perspectives
	References

