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Abstract: Right heart failure (RHF) is a common manifestation after left ventricular assist
device (LVAD) placement and is associated with a high mortality rate. Historically, RV
failure requiring an RVAD at the time of LVAD implantation has been associated with an
especially high mortality. However, more recently, some studies have shown reasonable
outcomes after LVAD implantation even when an RVAD is required, especially if RV failure
is recognized early and treated with RV mechanical support. This article analyzes the cur-
rent trends and studies investigating the use of RVAD placement post-LVAD implantation
with an emphasis on the newest devices and treatment paradigms.
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1. Introduction

As the use of left ventricular assist devices (LVADs) expands due to improving tech-
nology and improving outcomes, so too is the awareness of common complications after
LVAD implantation. One of the most difficult complications to treat is right ventricular
failure (RVF), which contributes to significant morbidity (especially renal failure) and
mortality [1-7]. Due to the lack of a uniform definition of RVF post-LVAD placement, the
incidence level varies per study, with some quoting a rate as high as 50% [1,5], but all
acknowledge the increased mortality rate associated with this disease process [1-5]. One
definition of RVF used by many studies is the need for an RVAD placement or the use of IV
inotropes for more than 14 days post-LVAD placement [2]. The etiology of RVF post-LVAD
likely has many factors. Studies list the use of cardiopulmonary bypass, positioning of
the outflow graft over the RV, RV ischemia from hypotension, and septal shift toward the
LV after LVAD placement as possibilities [4]. James and Smith explain that, because the
interventricular septum assists with the contractile power of the RV, if the LVAD placement
shifts the septum toward the left, the ejection power of the RV greatly decreases, leading to
RVF [7]. Also, a European study found that the etiology of heart failure (HF) leading to
LVAD placement can be an important predictor of RVF. They demonstrated that patients
with non-ischemic HF undergoing LVAD placement are at a higher risk for developing RVF
than those with an etiology of ischemic HF [8].

Grant et al. attempted to create a protocol to determine the likelihood of RVF post-
LVAD placement. They found that reduced RV free-wall longitudinal strain prior to LVAD
placement had a significant increase in RVF postprocedure; therefore, they determined this
could be used as a predictive measure [2]. Determining whether the RV can handle LVAD
placement prior to surgery is very important as mortality rates increase with RVFE. This
allows for the discussion of the biventricular assist device (BVAD) placement to happen
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early and prevent another procedure soon after LVAD placement. One study found that
patients with a planned BVAD placement survived to discharge significantly more than
those with a delayed BVAD, defined as LVAD followed by RVAD placement [3]. However,
more recent RVADs allow for percutaneous placement so that a resternotomy does not need
to take place, improving patient outcomes [9-11]. Also, risk assessments are now available
to help predict who may be at a higher risk of RVF post-LVAD placement. For example,
Fitzpatrick et al. created a risk assessment to determine whether patients would likely need
BVAD support [12]. Matthews et al. also created a risk assessment to see whether patients
were at high or low risk of RVF prior to LVAD placement [13]. Finally, the EUROMACS
right-sided heart failure score was recently created to assess the risk of RVF prior to LVAD
placement [14,15]. Overall, RVF is a prominent issue for patients needing to receive LVADs.
This article will discuss what is currently known regarding RVADs and what research still
needs to be carried out.

2. Right Ventricular Assist Device Placement
2.1. History

The use of pumps to support a failing heart first came about in the 1930s and 1940s [16].
In 1934, DeBakey developed the first roller pump, which was incorporated into the first
successful cardiopulmonary bypass machine by Gibbon [16-18]. By the 1960s, left-sided
heart bypasses using cannulas were being performed and intra-aortic balloon counter-
pulsation technology had been developed [16,19,20]. While these strategies were designed
to support a failing LV, it was thought they could be used to support the right side of
the heart [16]. The first reports of using a balloon counter-pulsation for RV support
were published in 1980 in which the balloon was sewn into a graft in the pulmonary
artery (PA) [16,21]. By the 1960s, many different devices had been developed to assist
the LV, and subsequent RV failure following the implementation of these devices was
a common finding [16]. The first RVADs consisted of roller pumps, centrifugal pumps,
and pneumatic sac-type pumps [16]. Additionally, the first RVADs consisted of valves
with inflow and outflow cannulas and were largely pulsatile in nature [22]. By the 1990s,
centrifugal pumps had been demonstrated to be superior to pulsatile pumps for the RV
across multiple hemodynamic measures [23]. As development has progressed for these
devices, second- and third-generation surgically implanted RVADs use rotational kinetic
energy through roto-dynamic pumps to promote circulation [22]. Currently, surgically
deployed RVADs via thoracotomy or open sternotomy employ extracorporeal centrifugal
pumps with cannulation from the RA to PA [22]. RVADs that are percutaneously inserted
are comparatively recent developments in the field [22].

2.2. Availability

While not solely referring to RVADs, there has been a large increase in the use of
mechanical circulatory devices within the last 20 years [24]. According to an analysis of the
Nationwide Inpatient Sample, the use of non-percutaneous, non-durable circulatory assist
devices increased by 1511% from the years 2007 to 2011 [24]. For these same years, there
was a 101% increase in the use of percutaneous circulatory assist devices [24]. While this
demonstrates an increase in mechanical circulatory support devices, important limitations
to the widespread use of RVADs remain.

There are currently no long-term Food and Drug Administration (FDA)-approved
RVAD:s [7]. Most ventricular assist devices placed in the RV for long-term support were
used off-label such as the HeartWare Ventricular Assist Device in a left- and right-atrial
configuration [7,25]. An alternative strategy for permanent RV support is the use of durable,
modified BVADs [7]. Additionally, the biventricular placement of two HeartMate 3 devices
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has been successful for those patients requiring permanent RV support [26]. Currently,
the SynCardia Total Artificial Heart (TAH) is the only FDA-approved TAH system in
the United States for bridge to transplant therapy [27]. BiVACOR is a TAH that is not
currently FDA approved but is going through an Early Feasibility Study (EFS). Recently,
the FDA approved an expansion of this study after this device was successfully implanted
in five patients [28]. Finally, CARMAT is another non-FDA-approved TAH that is currently
undergoing EFS in the United States as well [29].

3. Current Use
3.1. Percutaneously Implanted Devices

Intra-aortic balloon pumps (IABPs), for example the Arrow AC3 Optimus (Teleflex,
Wayne, PA, USA), can indirectly enhance RV function by decreasing RV filling pressure
through offloading the LV and by increasing right coronary perfusion [30]. IABPs can be
useful in LV failure from myocardial infarction (MI) or cardiomyopathy but have not been
shown to be effective in acute RV failure [31,32]. In addition, they are not very useful in
patients with a durable LVAD due to decreased pulsatility.

The Impella RP is a microaxial pump that is inserted via the femoral vein that
transports blood from the right atrium (RA)/inferior vena cava (IVC) to the PA up to
4-5L/min [31]. It is most effectively used in RV failure from RV infarction or durable
LVAD insertion [31]. It is approved for up to 14 day use in patients with acute right heart
failure following LVAD insertion, heart transplant, MI, or open-heart surgery [33]. Its
main advantages include the percutaneous insertion mechanism, the flow rate, and the
single access site, while its main drawbacks include the femoral access requirement and
risk of thrombosis with minimal anticoagulation [31]. As per the manufacturer, important
contraindications include pulmonic and tricuspid regurgitation, stenosis, and the existence
of a mechanical valve [33]. More recently, the Impella RP Flex has been designed. This is an
Impella RP that can be inserted through the internal jugular vein, avoiding femoral access
and allowing the patient to ambulate.

The ProtekDuo RVAD (CadiacAssist, Pittsburgh, PA, USA) is an extracorporeal device
that utilizes centrifugal flow to pump blood from the RA/RV to the PA [22,31]. It has a
flow rate of 4-5 L/min, and its cannula must be connected to an extracorporeal centrifugal
pump to serve as an RVAD [31]. It is inserted percutaneously, most commonly through
the internal jugular vein (IJV) under fluoroscopic or ultrasound guidance [34]. The key
advantages of this device are the percutaneous insertion, the flow rate, and its single-site
access [31]. Disadvantages to consider include the elevated risk of superior vena cava
syndrome associated with a larger canula size [31] and the association with an increased
mean PA pressure [22]. This device works best for acute RV failure for LVAD insertion [31].
It is approved for use for up to 6 days by the FDA [11].

3.2. Surgically Implanted Devices

The Surgical CentriMag RVAD (Abbott, Abbott Park, IL, USA) is a surgically implanted
extracorporeal device that pumps blood from the RA/RV /IVC/superior vena cava (SVC)
to the PA [31]. As per the manufacturer, it is approved for 30-day RV support [35]. It
pumps blood up to 7 L/min and boasts a low rate of red blood cell damage, but its major
drawback is the surgical insertion strategy [31]. Interestingly, some centers have inserted
CentriMag devices percutaneously using a novel method for biventricular support [36].
One report demonstrated the percutaneous insertion and removal of an RVAD system
using a ProtekDuo cannula in the IJV, withdrawing blood from the RA and returning it to
the PA by a CentriMag system [37]. The CentriMag is most commonly used as a ventricular
assist device rather than as a component of an ECMO circuit [38]. The complications of



Hearts 2025, 6, 9

40f11

this device include bleeding, thrombosis, infection, hemolysis, renal complications, and
neurologic complications [38].

Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) can be surgically
or percutaneously inserted and transports blood from the RA/SVC/IVC to the aorta
through centrifugal flow. The Novalung system (Fresenius Medical Care, Bad Homburg
vor der Hohe, Germany) is FDA approved for long-term use for more than 6 h [39]. It is
a biventricular system with a flow rate of 3-5 L/min. A main advantage is that the VA-
ECMO can be emergently inserted at the patient’s bedside [31]. The disadvantages include
increased LV afterload and elevated risk of limb ischemia [31,40,41]. Importantly, the VA-
ECMO is distinguished from typical ventricular assist devices because of the parallel circuit
involved, unlike conventional ventricular assist devices [31]. Furthermore, a VA-ECMO
used simultaneously with an LVAD presents a challenging case to manage due to lower
flow rates and difficulty managing both the LV and RV with an ECMO system. The LVAD
offloading the LV in instances of concurrent use of VA-ECMO has been described [42], and
an LVAD, in this scenario, is better used as a vent for the LV [43].

The HeartMate 3 is a surgically implantable LVAD that may be used off-brand as an
RVAD. When implanted on the right side, it pumps blood from the RA/RV to the PA ata
rate of 4-6 L/min. When it is implanted in this configuration, it is sometimes called the
“Heartmate 6”. One of the main advantages is that it is fully implantable, meaning patients
can be discharged with the device [31,44]. The lower risk of thrombosis associated with
the HeartMate 3 makes it an attractive RVAD option to reduce the risk of thromboembolic
events in these patients [31,44,45].

3.3. Alternative Strategies

Following LVAD insertion, some centers practice delayed sternal closure when insert-
ing LVADs [46,47]. An open chest following LVAD insertion offers hemodynamic benefits
for the RV due to the additional space an open chest offers [47]. Yanagida et al. con-
cluded that patients with delayed sternal closure experienced more postoperative bleeding,
prolonged time to extubation, and extended inotropic support compared to those who
underwent immediate closure [47]. These researchers also found no significant reduction
in coagulopathy, cardiac tamponade, or RVF for patients who underwent delayed sternal
closure [47]. Conversely, Giraldo-Grueso et al. found delayed sternal closure following
LVAD insertion to be beneficial for RVF [48]. Delayed sternal closure has been associated
with an increased risk for pneumonia postoperatively but not with sepsis, soft tissue infec-
tions, or deep tissue infections [49]. However, prolonged delayed sternal closure with a
median duration of up to 12 days is linked to increased risk for pneumonia, bacteremia,
and sepsis in the postoperative period even with longer prophylactic antibiotic use [50].

4. Indications for Right Ventricular Assist Device Placement
4.1. Right Ventricular Failure

An RVF diagnosis is based on clinical signs, including increased central venous pres-
sure, jugular venous distention, and peripheral edema [51]. In patients who have a Swan—
Ganz catheter, hemodynamic changes such as a reduction in PA pulsatility or an increase
in central venous pressure (CVP) can be determined readily [52]. Echocardiography is
the initial approach in the assessment of RV morphology and function. Patients with RV
dysfunction may require the use of an RVAD as a bridge to recovery or, in some cases, as a
bridge to heart transplant. The use of RVADs is associated with several drawbacks. A con-
sequence of RVAD placement may be perioperative bleeding, which increases pulmonary
strain on the RV, thereby worsening the RVF [53]. Other adverse events of RVAD implanta-
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tion also include infection, valve thrombosis, malignant arrhythmia, and the requirement
for reintubation due to respiratory complications [54].

In order to medically manage RVF, reducing the pressure in the pulmonary vessels
is warranted to unload the RV. Nitric oxide is a potent vasodilator that is used to help
decrease the pressure within the right heart as well as to improve oxygenation [55]. Other
ways to assist the right heart with medical management include relieving the excess fluid,
obtaining a stable heart rhythm, and increasing contractility [55].

4.2. Scoring Assessments

There are two notable scoring assessments to determine who needs an RVAD. In the
Fitzpatrick et al. scoring system, points are weighted for a series of indications indicative of
RV dysfunction, such as low cardiac index, RV stroke work index, and elevated creatinine
levels. The scores add up to 98, with high scores (>65) being suggestive of a high likelihood
of requiring RVAD, while lower scores (<30) suggest successful LVAD placement without
RV support, as shown in Figure 1 [12]. Likewise, Matthews et al. defined RV dysfunction
as the requirement of mechanical RV support, continuous use of inotropes for more than
14 days, and hospital discharge on inotropes [13]. The Matthews scoring system identifies
indicators of RV dysfunction, such as the use of vasopressors, elevated liver enzymes,
and impaired kidney function [13]. A score above 5.5 indicates a significantly higher risk
of RVF, while a score below 3.0 suggests reduced risk, as shown in Figure 2 [13]. Other
predictors of RVF include the Pulmonary Pulsatility Index (PAPi). A threshold below
1.85 indicates an increased likelihood of RVF in patients with an LVAD [22]. Finally, the
EUROMACS score attempts to predict the likelihood of RVF prior to LVAD implantation
using five variables: RA /Pulmonary Capillary Wedge Pressure (PCWP), hemoglobin, use
of inotropes, INTERMACS class level, and evidence of severe RV dysfunction. Patients with
a score of <2 are at a low risk for RHF, while those >2 are at intermediate-high risk [56].
Soliman et al. found that this score outperformed other known risk scores in predicting
RHF post-LVAD implantation [15]; however, Shah et al. stated this score poorly predicted
RHF outcomes post-LVAD placement [14].

4 N N

High risk criteria: Final risk score equation:

Successful
LVAD
support

(each criterion met: +1)

18 x Cardiac Index
Cardiac Index < 2.2L/min-m? <30

+
18 x RVSWI
RVSWI < 0.25mmHg-L/m?

+
17 x Creatini
Creatinine > 1.9mg/dl x Creatinine

+
Previous cardiac surgery 16 x Previous cardiac surgery Eé 5
+
RV dysfunction prior to LVAD 16 x RV dysfunction
) + BVAD
Systolic BP < 96mmHg 13 x Systolic BP support

needed

o /

Figure 1. Adaptation of Fitzpatrick et al. scoring system for likelihood of requiring biventricular

support. Acronyms: RVSWI: right ventricular stroke work index, RV: right ventricle, BP: blood
pressure, LVAD: left ventricular support device, BVAD: biventricular support device.
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Low risk

Require vasopressor: +4
4 - ) E

AST>801U/1: +2

+
Bilirubin > 2mg/dl: +2.5
+
Creatinine > 2.3mg/dl or renal >5.5
kreplacement therapy: +3 /

High risk

0

Figure 2. Adaptation of Matthews et al. scoring system for right ventricular failure risk post-LVAD
placement. Acronyms: AST: aspartate aminotransferase.

5. Outcomes After Right Ventricular Assist Device Placement
5.1. Overview

The placement of an RVAD inherently means a higher-acuity disease state. Without
a common definition of RVE, it is difficult for physicians to make the decision to change
from medical to surgical management of a failing RV. Currently, the options available
for temporary RVAD placement include the ProtekDuo, Impella RP, TandemHeart, and
CentriMag [57]. Temporary devices that are commercially available as RVADs are only
meant to allow for the right heart to recover and then must be removed. Some studies
are looking into the technique used for RVAD placement, specifically a surgical versus a
percutaneous technique. Furthermore, studies are investigating the venous location, the
femoral vein versus the IJV, for RVAD placement to determine which has better outcomes.
Overall, multiple studies are attempting to discern which option is best for those requiring
further cardiac intervention.

5.2. Timing

As mentioned above, without a clear definition of RVF, it can be difficult to determine
when it is the right time to place an RVAD. However, once medical management no longer
provides symptomatic relief, surgical intervention is warranted. Salna et al. mentioned that
their decision threshold to implant an RVAD decreased over time, and their center has a
protocol for RVAD placement in acute RVF situations [9]. In 2013, Koji et al. investigated
the effects of the timing of RVAD insertion, comparing concomitant RVAD placement
during the LVAD procedure with a delayed RVAD insertion. They found that there was
no difference in outcomes between a BVAD approach and a delayed RVAD insertion
approach [58]. However, a study in 2016 concluded that delayed RVAD placement was
associated with increased morbidity [59].

RVAD placement is performed with the hope of RV recovery and subsequent removal
of the device. Schmack et al. had 10 of their 11 patients successfully weaned off their
RVAD [11]. However, other studies have not had such high weaning rates [60,61], and
a systematic review found survival to weaning to be 40% to 100% [57]. Even though
RVADs are meant for temporary placement, some are retained for longer. For example,
Abdelshafy et al. found that the duration of RVAD placement ranged between five hours
and 400 days in their systematic review [57]. The timing of RVAD placement is very
important, and without a clear definition of RVF post-LVAD placement, this decision is left
to the physician’s best judgement.
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5.3. Survival

Many studies looking into survival rates post-RVAD placement have few patients
and are retrospective in their designs. However, survival rates are increasing in this
patient population. For example, Salna et al. found that the 1-year survival rate in their
cohort of 27 patients who received an RVAD post-LVAD between 2016 and 2019 was
81% [9]. Similarly, Anderson et al. found that the 180-day survival rate in their cohort of
18 patients receiving an RVAD post-LVAD between 2013 and 2014 was 77.8% [62]. However,
a systematic review completed in 2022 shows the wide variability in survival rates between
studies. Looking at 30-day survival, the survival rate encompassing 31 different studies
between 2011 and 2020 ranged between 46% and 100% [57]. The most common adverse
events include bleeding, pump thrombosis, acute kidney injury, stroke, hemolysis, and
device malfunction [9,57,62,63]. However, one study found no RVAD-related complications
after placement [11].

Factors that might affect survival in this cohort include how the RVAD is placed—
surgically or percutaneously. Coromilas et al., in 2018, compared the outcomes of surgical
RVAD (sRVAD) placement versus percutaneous RVAD (pRVAD) placement. They found the
30-day survival rate was 84.2% and 66.7% for the pRVAD and sRVAD groups, respectively,
but this difference was not significant [10]. The benefits listed for a percutaneous approach
include no redo sternotomy, easy removal of the RVAD device, and placement into the
IJV, which allows for early mobility of the patient [9-11]. The goal is to offload the RV in
order to provide hemodynamic stability, and both surgical and percutaneous approaches
are successful in achieving this [10]. Patients requiring an RVAD placement post-LVAD
are more critically ill and require intervention when medical therapies no longer work.
Therefore, it is important to establish protocols on when to surgically intervene so that
patient outcomes are maximized.

6. Conclusions

RHF post-LVAD placement is difficult to assess and still does not hold a uniform
definition. Therefore, determining who needs an RVAD is very difficult and is often
left up to care teams to decide what is best for their patient. There has been success
implanting RVADs post-LVAD for those who were decompensating and needed right heart
assistance. These cases are classically higher acuity with sicker patients who just underwent
surgery. Acknowledging this point is necessary when outcomes are analyzed in this patient
population. LVAD technology has greatly enhanced the ability for heart failure patients
to be treated without the immediate need for a heart transplant. Dysfunction of the right
heart is a known consequence of this treatment, yet the same dedication to furthering
technology for RVADs has not occurred. Starting with creating a uniform definition of RHF
to allow physicians to recognize classic symptoms and having known recommendations for
management is necessary. As many studies have recognized the use of inotropes for more
than 14 days as a way to identify RVF post-LVAD placement, it is reasonable to begin to
consider this a formal definition of RVF; however, official guidelines still have to be created.
Also, advancements in RVAD technology with research to analyze the risks and outcomes
are the next step in furthering the knowledge needed for the treatment of this patient
population. When a patient is suffering from RHF post-LVAD placement that cannot be
controlled with medical management, RVAD placement is called for and has decent results.
Therefore, enhancing our knowledge in this field is essential in order to provide patients
with the best outcomes.
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