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Abstract

Purpose of Review To describe medical therapies and mechanical circulatory support devices used in the treatment of acute
right ventricular failure.

Recent Findings Experts have proposed several algorithms providing a stepwise approach to medical optimization of acute
right ventricular failure including tailored volume administration, ideal vasopressor selection to support coronary perfu-
sion, inotropes to restore contractility, and pulmonary vasodilators to improve afterload. Studies have investigated various
percutaneous and surgically implanted right ventricular assist devices in several clinical settings.

Summary The initial management of acute right ventricular failure is often guided by invasive hemodynamic data track-
ing parameters of circulatory function with the use of pharmacologic therapies. Percutaneous microaxial and centrifugal
extracorporeal pumps bypass the failing RV and support circulatory function in severe cases of right ventricular failure.
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Introduction

Historically, the right ventricle (RV) was viewed as a pas-
sive conduit of limited interest to medicine as a result of
several classic experiments minimizing its importance [1].
An emergence of interest led to a deeper understanding
of RV function, pathophysiology, and to the development
of medical therapies and mechanical circulatory support
(MCS) devices expanding treatment options for a variety
of disorders affecting the RV [2]. However, as robust data
are limited in this field, an appreciation of physiology is
requisite to select appropriate treatment strategies. Here, we
review medical therapies and MCS devices used to support
the acutely failing RV.

Pathophysiology of Acute Right
Ventricular Failure

The RV is a high-volume, low-pressure pump facing a vas-
cular resistance approximately one tenth that of the LV [3,
4]. Sharing the intraventricular septum, myocardial fibers,
and the pericardial space, the function of both ventricles is
inextricably linked through multiple mechanisms [5-7]. In
series interdependence, decline in RV stroke volume (SV)
will lead to a corresponding decrease in left ventricular (LV)
filling and ejection. With parallel ventricular interdependence,
leftward septal shift caused by RV dilatation within a shared
pericardial space will further contribute to depressed LV SV.

As the RV is exquisitely sensitive to changes in afterload,
an increase in pulmonary vascular tone is a common incit-
ing event leading to hemodynamic collapse [1, 8]. When
the RV dilates to maintain SV in the face of increased after-
load, the tricuspid annulus is stretched leading to valvular
regurgitation and further RV volume overload. RV dilata-
tion promotes leftward septal shift depressing LV filling
and SV while driving myocardial ischemia related to the
imposed elevation in RV wall tension. The interplay of these
mechanisms is a vicious cycle of auto-aggravation ulti-
mately resulting in hypotension, decreased coronary perfu-
sion to the RV, further myocardial ischemia, and death from
obstructive shock [1, 9].

Causes of Acute Right Ventricular Failure

While common mechanisms of RV failure in the inten-
sive care unit (ICU) are related to LV dysfunction or an
acute or acute on chronic elevation in afterload, primary
myocardial pathology and states of volume overload may
be encountered. Management requires an understanding
of the disease process to correspondingly select therapies.
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The following are select causes of RV failure grouped by
physiology [2, 10, 11]:

e An increase in afterload may be encountered in acute
pulmonary embolism (PE), hypoxemic or hypercapnic
respiratory failure, excessive airway pressures or lung
volumes with mechanical ventilation, decompensation of
chronic pulmonary hypertension, and left heart failure.

e Primary myocardial dysfunction may occur in isolation
(right ventricular myocardial infarction (MI), arrhythmo-
genic right ventricular cardiomyopathy), or concomi-
tantly with LV failure related to the same pathology
(acute myocarditis, overdose of negative inotropic med-
ications). Primary graft dysfunction following cardiac
transplant may be attributed to either mechanism.

e Alterations in preload are encountered in the setting
of aggressive volume resuscitation, left-to-right shunts
(e.g., atrial septal defect), or with valvular heart disease
such as severe tricuspid regurgitation. Right ventricular
failure following left ventricular assist device (LVAD)
implantation may lead to an increase in venous return
overwhelming the RV via similar mechanisms.

Hemodynamic Assessment of Right
Ventricular Failure

Multiple formulas derived from invasive hemodynamic
measures assist in the assessment of RV dysfunction [10,
12]. Expert consensus statements recommend pulmonary
artery catheterization for the diagnosis and monitoring of
cardiogenic shock, in cases of worsening organ function,
or among those being considered for MCS [12]. Selection
of therapies and mechanical support often follows pulmo-
nary artery catheterization in critically ill patients with RV
failure. While an exhaustive list is beyond the scope of this
review, the right atrial pressure (RAP), ratio of right atrial
pressure to pulmonary capillary wedge pressure (RAP/
PCWP), pulmonary artery pulsatility index (PAP1), and right
ventricular stroke work index (RVSWI) are commonly used
indices in clinical practice [10].

An elevated RAP/PCWP ratio describes the relative
contribution of RV dysfunction in several clinical settings
including RV MI and post-LVAD implantation. Values cor-
relate to echocardiographic and hemodynamic markers of
RV dysfunction as well as with adverse clinical outcomes
[10, 13]. A ratio>0.63 was shown to predict RV failure
following LVAD implantation while a cutoff of >0.86
was used as a marker of RV failure in acute MI [10]. The
PAPi, defined as (PASP — PADP)/RAP (where PASP is the
pulmonary artery systolic pressure, PADP the pulmonary
artery diastolic pressure, RAP the right atrial pressure), is
an important prognostic hemodynamic index and has been
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incorporated into cardiogenic shock management algorithms
[14]. Simplistically, the PASP is an indicator of RV contrac-
tile function against a given afterload while an elevated RAP
reflects RV failure and correlates with severity of organ dys-
function [15]. However, physiologic interpretation is more
nuanced. While cutoff values vary by clinical scenario, a
PAPi < 1.0 has been shown to predict poor clinical outcomes
in the setting of acute MI [16].

Medical Management of Acute Right
Ventricular Failure

Our understanding of RV pathophysiology and therapeu-
tics lags behind that of the LV and is often grounded in
experimental models and small studies. Accordingly, a com-
prehensive understanding of RV physiology is requisite to
tailor therapeutic strategies. Manipulation of hemodynam-
ics in the setting of acute RV failure involves optimization
of preload, restoration of systemic and coronary perfusion
pressure, augmentation of contractility, and reduction in pul-
monary vascular resistance (PVR). While treatment should
focus on ameliorating the underlying disease process (e.g.,
revascularization in right ventricular myocardial infarction,
reperfusion with pulmonary embolism), here we review gen-
eral and pharmacologic interventions aimed at improving
hemodynamics of the acutely failing RV (Table 1).

Preload Optimization: Fluids and Decongestion

Preload influences myocardial contractility and RV stroke
volume according to the Frank-Starling mechanism. Excess
volume loading may worsen RV overdistension and there-
fore cardiac output (CO) through parallel ventricular interde-
pendence, leftward septal shift, and resultant depression of
left ventricular end-diastolic volume (LVEDV) and SV [17,
18ee]. The common teaching that RV failure is a preload-
dependent state best managed with fluid administration is
simplistic and often inaccurate [2]. While a central venous
pressure (CVP) goal of 8—12 mmHg is frequently advocated
in acute RV failure, this target is not well-supported by lit-
erature and relies on a static marker of volume responsive-
ness [18ee, 19]. As an elevated CVP represents impedance
to venous return, this value may better serve as a “stopping
rule” to resuscitation rather than a target.

Acute RV failure is commonly mediated by an increased
in PVR; PE serves as a model to illustrate a management
approach. Unfortunately, studies on preload modification
in acute PE yield conflicting results [17, 20, 21]. Mercat
et al. investigated volume loading (500 cc of dextran 40)
among 13 patients with acute PE with resultant circula-
tory failure and an average cardiac index of 1.6 L/min/m>.
Fluid administration increased mean cardiac index to 2.0 L/

min/m?, a change inversely correlated to baseline right ven-
tricular end-diastolic volume (RVEDV) but independent of
baseline CVP [20]. In a porcine model of intermediate-high
risk PE, fluid loading improved RV SV, ejection fraction
(EF), and CO while diuretic therapy had the opposite effect
[17]. By contrast, in a randomized trial of diuretics versus
volume expansion among normotensive patients with PE
and RV dilatation, diuretic therapy led to an improvement
in hemodynamic parameters [21]. The conflicting results
render volume management a difficult subject to navigate.
European Society of Cardiology (ESC) guidelines recom-
mend <500 cc of crystalloid infusion among patients with-
out an elevated CVP with the caveats previously described
[9]. Measures of volume responsiveness are not well-val-
idated in the setting of acute RV failure. Accordingly, an
empirical, individualized approach guided by physical exam-
ination and management tailored by hemodynamic monitor-
ing may be most appropriate.

While more nuanced in the setting of acute RV failure,
diuretics are mainstay in the management of chronic RV
failure. Large diuretic doses are often required to relieve
volume overload given neurohormonal activation and
upregulation of the renin—angiotensin—aldosterone system
[2]. In a recent retrospective study of patients with decom-
pensated RV failure secondary to severe precapillary pul-
monary hypertension, intravenous diuresis was safe and
associated with improved glomerular filtration [22]. While
modest volume loading may be appropriate in ischemia- or
infarction-induced RV dysfunction, acute and chronic high
afterload states represent a different pathophysiology [22].
Consequently, specific therapies aimed to modify preload
should be tailored accordingly.

Vasopressors and Restoration of Perfusion Pressure

Myocardial ischemia is the final common pathway of the RV
“spiral of death.” The rise in RVSP in response to an eleva-
tion in PVR increases RV wall stress and diminishes systolic
myocardial perfusion. In an experimental model of acute PE,
balloon occlusion of the descending aorta reversed RV fail-
ure via augmentation of coronary perfusion. Similar effects
were demonstrated with the infusion of phenylephrine and
resultant increase in aortic root pressure [1, 23]. Conse-
quently, optimizing mean arterial pressure (MAP) with
vasopressors is a cornerstone in the management of acute
RV failure and should be considered early among patients
with systemic hypotension. A MAP > 65 mmHg serves as
a general guideline in shock though some experts advocate
for personalized targets [18ee, 24]. Elevated CVP in cases
of RV failure, as a reflection of organ outflow pressure, may
adversely impact microcirculatory flow and tissue perfusion.
How best to incorporate this information into the clinical
management of shock is not well-defined [24].
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Norepinephrine, through its positive effects on RV inot-
ropy, RV-pulmonary artery (PA) coupling, and systemic
blood pressure, is the first-line vasopressor in acute RV
failure [9]. In a canine model, norepinephrine infusion
restored hemodynamic derangements induced by volume
loading in cases of RV failure thought not only mediated
by augmentation of coronary perfusion, but also through an
improvement in RV inotropy [25]. Notably, at higher doses,
norepinephrine leads to an increase in PVR; however, the
effects vary by population studied [26]. The consequences
of tachyarrhythmia and myocardial ischemia may ensue with
higher dose catecholamine vasopressors (e.g., norepineph-
rine, epinephrine). Vasopressin is frequently selected in the
setting of RV failure due to its generally neutral effects on
PVR [27, 28ee]. In an experimental model, vasopressin was
shown to induce endothelium-dependent vasodilation of
the pulmonary artery; however, vasoconstriction ensues at
high doses [18ee, 27]. Given lack of titratability, absence of
inotropy, and paucity of evidence in the setting of acute RV
failure, vasopressin is reserved as a second-line vasocon-
strictor [18ee, 27, 28ee],

Inotropes and Augmentation of Contractility

Loss of contractility results from an interplay of RV overd-
istension, derangements in myocyte metabolism, and myo-
cardial ischemia [18ee]. Following the restoration of sys-
temic blood pressure with vasopressors, inotropes may be
the next appropriate management step if CO remains low [2,
18ee]. As with vasopressors, studies investigating inotropic
therapies in acute RV failure are small and heterogenous;
rational use guided by physiology and pharmacology is
paramount. At doses of up to 5 mcg/kg/min, dobutamine
(a strong beta-agonist with mild alpha,-adrenergic recep-
tor activity) increases myocardial contractility and reduces
both PVR and SVR; small studies support its use in acute
RV failure [18ee]. At escalating doses (> 10 mcg/kg/min),
PVR may rise and systemic hypotension may ensue [28ee].
Current ESC guidelines recommend the administration of
dobutamine in patients with low CI in the setting of acute PE
provided systemic blood pressure is adequate [9].
Milrinone, a phosphodiesterase-3 inhibitor, augments
myocardial contractility and vasodilates systemic and
pulmonary vasculature [28ee]. While the dual effect is
appealing in RV failure mediated by high afterload, sys-
temic hypotension may limit its use and require the addi-
tion of vasopressors. Several small studies have investi-
gated nebulized milrinone in a few clinical settings; this
route of administration may decrease PVR without signifi-
cant effects on systemic blood pressure or V/Q mismatch
[28ee, 29]. Levosimendan (not approved by the FDA in

any setting), a calcium sensitizer with favorable effects on
the pulmonary vasculature, augments myocardial contrac-
tility without impacting myocardial oxygen demand [30].
Experimental models of PE have demonstrated favorable
effects on RV-PA coupling with the administration of this
therapy [9, 18ee]. Presently, insufficient evidence in the
setting of acute RV failure limits its use.

Pulmonary Vasodilators and Afterload Reduction

Partially selective pulmonary vasodilators, such as inhaled
nitric oxide (iNO) or inhaled and parenteral prostacyclins,
may be appropriate for select patients with acute RV failure
and serve as adjuncts following the restoration of systemic
blood pressure and CO [2]. As intravenous prostacyclins
produce systemic vasodilatation, consideration should be
given to inhaled agents in critically ill patients particularly
when hypotension is present or anticipated [28ee]. Addi-
tionally, V/Q matching may be less affected with the use
of inhaled therapies which preferentially act on vasculature
supplied by ventilated lung units. Importantly, pulmonary
vasodilators can precipitate pulmonary edema in those with
a poorly compliant or overloaded LV [31].

Inhaled nitric oxide mediates pulmonary vasodilata-
tion by increasing levels of cyclic guanosine monophos-
phate (cGMP) with downstream smooth muscle relaxa-
tion. Small studies have demonstrated improvements in
PVR and CO in a variety of clinical settings including
ischemic RV dysfunction, post cardiac surgery, and with
acute PE [28ee, 31]. Administration necessitates con-
tinuous delivery typically at a dose of 20 ppm (range
5-20 ppm). Rebound pulmonary hypertension, thought
related to downregulation of endogenous NO and elevated
endothelin-1 levels, requires gradual and attentive wean-
ing [28ee 31].

Epoprostenol is the preferred parenteral prostacyclin
in the ICU setting due to its potency and short half-life.
Systemic hypotension and effects on V/Q matching render
inhaled epoprostenol (and prostacyclin derivatives) more
attractive [18ee, 28ee]. In addition to PVR reduction, posi-
tive inotropic effects are a speculated mechanism bring-
ing about rapid hemodynamic changes [18ee]. Beneficial
effects of inhaled prostacyclin are equivalent to iNO in
the short term [28ee]. Robust data with prostacyclins in
the ICU setting is limited, with preponderance of studies
demonstrating improvement in hemodynamics after cardiac
surgery and transplant [28ee]. Several pulmonary vasodila-
tors with distinct mechanisms are available; however, these
are generally reserved for chronic pulmonary hypertension
without an established role in the acute setting [28ee].
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Respiratory Support

Duration
14 days
14 days
30 days
14 days

Hypoxemia, hypercapnia, and acidemia mediate pulmo-
nary vasoconstriction and should be mitigated in acute
RV failure [18ee, 32]. However, achieving these targets
may be challenging in acute respiratory distress syndrome
(ARDS) with the goal of low lung volumes and permis-
sive hypercapnia. Positive pressure ventilation (PPV)
impacts venous return and PVR through a series of com-
plex heart—lung interactions [6, 18ee,  33]. While a detailed
discussion is beyond the scope of this review, a brief con-
sideration is essential for the provision of RV-protective
ventilatory strategies.

The effects of PPV are related to transpulmonary pres-
sure rather than intrathoracic pressure in isolation and
dependent on lung compliance. That is, highly compliant
lungs more readily transmit airway pressures to the vascu-
lature. The rise in pleural pressure during PPV increases
right atrial pressure and therefore may impede right heart L e
filling and preload [33]. Pulmonary vascular resistance is
a U-shaped curve with relation to lung volumes. Atelec-
tasis leads to collapse of extra-alveolar vessels while at
high lung volumes, intra-alveolar vessels collapse. Both
extremes lead to an elevation in PVR [6, 33]. Accordingly,
the lowest PVR exists at functional residual capacity and
both atelectasis and overdistension raise RV afterload and
may precipitate hemodynamic decline. Cautious adjust-
ment of positive end-expiratory pressure (PEEP) and tidal
volumes with clinical and hemodynamic monitoring is
imperative in the setting of RV failure.

Combine
with O2
Yes

Yes

Yes

No

Native CO

LV afterload

MAP

LV preload
A

PA pressure

n

pressure

RA/RV

Mechanical Circulatory Support in Acute
Right Ventricular Failure

Temporary MCS systems bypass the RV directly (remov-
ing blood from the right atrium (RA)/RV and delivering
it to the PA), or indirectly (transferring venous blood to
the arterial circulation such as with venoarterial extra-
corporeal membrane oxygenation, VA-ECMO) [10, 34,
35]. When directly bypassing the failing RV, LV preload
and CO are increased while end-organs are decongested
through the process of RV unloading [34]. Right ventricu-
lar assist devices (RVADs) may be further differentiated
by (1) pump type—microaxial or extracorporeal centrifu-
gal; (2) mode of insertion—percutaneous or surgical; (3)
ability to splice in an oxygenator; and (4) hemodynamic
effects and degree of support provided (Table 2, Fig. 1).
RVADs may be used in isolation or in conjunction with
left-sided MCS in cases of biventricular failure. Device
characteristics, patient physiology, and center-specific
expertise are incorporated into matching the appropriate

Effective max flow

4-5 L/min
4-5 L/min
6-7 L/min
5-6 L/min

Centrifugal, continuous
Centrifugal, continuous
Centrifugal, continuous

Pump type
Axial, continuous

IABP intra-aortic balloon pump, VA ECMO venoarterial extracorporeal membrane oxygenation, RA right atrium, RV right ventricle, MAP mean arterial pressure, LV left ventricle, CO cardiac

Table 2 Characteristics of mechanical circulatory support devices in acute right ventricular failure
output

Device

Impella RP
ProtekDuo/Tandem
CentriMag

VA ECMO
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Fig. 1 Mechanical circulatory A
support devices for right ven-
tricular failure. A Intra-aortic
balloon pump (IABP) is percu-
taneously inserted via femoral
or axillary artery and posi-
tioned in the descending aorta.
Counterpulsation decreases left
ventricular afterload and may
therefore benefit the failing right
ventricle; however, robust clini-
cal data are lacking. B Venoar- B
terial extracorporeal membrane
oxygenation (VA ECMO) is an
indirect right ventricular bypass
device improving systemic per-
fusion and oxygenation used in
several clinical circumstances.
C Centrifugal extracorporeal
pumps are direct right ven-
tricular bypass devices inserted
either percutaneously or surgi-
cally with the ability to include
an oxygenator into the circuit. (o4
D The microaxial flow pump
(Impella RP) is a percutaneous
direct right ventricular bypass
device improving hemodynam-
ics however does not support an
oxygenator (reproduced from
Akhmerov and Ramzy [42ee],
with permission from Elsevier)

TandemHeart/
TandemLung/ g
CentriMag VA-ECMO IABP

Impella RP

Percutaneous

RV bypass: n/a

Pump configuation: n/a
LV afterload: |

Percutaneous vs. surgical
RV bypass: indirect
Pump: extracorporeal

RA pressure: |

PA pressure: |

RV preload: |

RV afterload: |

LV preload: |

LV afterload: 1

Percutaneous vs. surgical
RV bypass: direct
Pump: extracorporeal
RA pressure: |

PA pressure: 1

LV preload: 1

LV afterload: —

Percutaneous

RV bypass: direct

Pump: intracorporeal, catheter-based
RA pressure: |

PA pressure:

LV preload: t

LV afterload: —

.Centrifugal flow pump .Axial flow pump

therapy to the patient. Here, we review select temporary
RV MCS device design, insertion, physiology, and out-
comes data.

Microaxial Flow RVAD

The Impella RP® (Abiomed, Danvers, MA, USA) is a 22
Fr microaxial continuous flow pump on an 11 Fr catheter
capable of delivering a flow of up to 4 L/min. The device
is placed percutaneously through the femoral vein and with
fluoroscopic guidance, maneuvered through the right heart
chambers into position with the outflow catheter resting
within the proximal pulmonary artery and the correspond-
ing inflow within the inferior vena cava. Indications for use

include acute right heart failure due to acute myocardial
infarction and post pericardiotomy shock (i.e., in the setting
of heart transplantation or LVAD implant) [36]. Use of this
device has been reported in right heart failure following PE
and from complications due to COVID-19 [37, 38].

While randomized clinical data is not available, a pro-
spective cohort study (RECOVER RIGHT) of 30 patients
with refractory RV failure provided safety and efficacy
data for the device. Specifically, patients had immediate
hemodynamic improvement following Impella insertion
with an increase in cardiac index (average 1.8 to 3.3 L/min/
m?) and decrease in central venous pressure (average 19 to
13 mmHg) over an average time on support of 3.0+ 1.5 days.
Overall, 30-day survival in this cohort was approximately
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73% which was mirrored in subsequent registry data [36, 39,
40]. Major complications such as access site bleeding, tri-
cuspid insufficiency, and hemolysis were uncommon. Post-
marketing data initially indicated worse outcomes; however,
improper patient selection was thought to be a significant
contributor. Clinical data in scenarios such as acute PE are
limited to case series; however, this is a promising target for
future study particularly with an updated catheter system
that can be placed through the right internal jugular vein in
development [37, 41].

Percutaneous Extracorporeal Centrifugal Flow RVADs

Extracorporeal centrifugal flow percutaneous RVADs, such
as the LifeSPARC® Pump (LivaNova, UK), formerly Tan-
demHeart, or CentriMag RVAD (Abbott, IL, USA) can be
configured with 2 venous cannulas or a single, dual-lumen
cannula. With the former approach, bilateral femoral access
is used to guide one cannula to the RA and the other, to the
PA [10]. However, this configuration has largely been aban-
doned with the introduction of the ProtekDuo® (LivaNova,
UK) dual-lumen cannula allowing for single internal jugular
venous site access. The 29/31F “cannula-within-a-cannula”
design is inserted in a manner similar to that of a pulmonary
artery catheter with inflow ports positioned in the RA and
outflow ports in the PA [10, 42ee, 43e]. As with any extra-
corporeal centrifugal pump, an oxygenator may be spliced
within the circuit allowing for gas exchange [10].
Bypassing the right heart leads to improved right heart
filling pressures and increased left ventricular preload,
which is accomplished by either cannulation strategy [10].
Capable of delivering up to 4.5 L/min of flow, this RVAD
has been used in patients with post cardiotomy RV failure
including following LVAD placement, myocarditis, inferior
myocardial infarction, or severe pulmonary hypertension and
acute PE [44-46]. Initial experience of the TandemHeart
as an RVAD was published in a retrospective observational
registry of 46 patients who underwent percutaneous or sur-
gical insertion in the treatment of RV failure from acute
myocardial infarction, heart failure, or post cardiac surgery
including LVAD placement [47]. Within 48 h post inser-
tion, there were significant improvements in RA pressure
(21+8 v 16 +7 mmHg), PASP (43 +15 v 33+ 15 mmHg),
and cardiac index (1.7 £0.7 v 2.2 £ 0.6). In a recent systemic
review of 7 studies comprised of 105 patients treated with
the ProtekDuo, conversion to a surgical RVAD ranged from
11 to 35% and 30-day mortality ranged from 15 to 40% [44,
48, 49]. Complications included significant tricuspid regur-
gitation and rare cannula migration, hemolysis, and device
thrombosis. As most of the cohort had previously undergone
LVAD implant, the patients represent a different phenotype
compared to acute PE and pulmonary hypertension [44].

@ Springer

Surgically Implanted RVAD

The CentriMag (Abbott, IL, USA) is a magnetically levitated
extracorporeal centrifugal pump which may be used as part
of a VA ECMO circuit or as an RVAD. The CentriMag has
been used as a support device in myocarditis, cardiogenic
shock, and post cardiotomy for both right and/or left heart
failure; use as an RVAD is approved for up to 30 days [50].
The device is surgically inserted via thoracotomy or ster-
notomy with the drainage cannula positioned in the RA and
the return in the PA allowing for up to 10 L/min of flow
[50]. Accordingly, this approach may be appropriate among
patients with a recent sternotomy. The RVAD improves
flow to the left heart, increasing mean arterial pressure and
mixed venous saturation, while lowering right-sided filling
pressures [42ee 51]. However, the hemodynamic support
offered by percutaneously inserted RVADs is often suffi-
cient and less invasive than the surgical approach.

The magnetically levitated rotor eliminates the needs for
bearings and therefore reduces the risk of hemolysis and
thromboembolism [52]. As with percutaneously inserted
extracorporeal centrifugal pumps, the addition of an oxy-
genator to the circuit (Oxy-RVAD) supports gas exchange
[45]. In a retrospective review in 80 patients with RV failure,
including post cardiotomy shock, post cardiac transplant,
and LVAD placement, CentriMag use was associated with
a 30-day survival of 64% [45, 53].

Venoarterial Extracorporeal Membrane Oxygenation

Venoarterial extracorporeal membrane oxygenation allows
for up to 5-6 L/min and has several indications in the treat-
ment of right ventricular failure such as acute PE, cardiac
arrest, cardiogenic shock, post cardiac transplant allograft
failure, pulmonary hypertension, or as a bridge to transplant.
The VA ECMO circuit consists of a pump and controller,
an oxygenator, a 23-28 Fr venous drainage cannula, and a
15-19 Fr arterial return cannula [54]. Cannulation is com-
monly performed percutaneously with drainage cannula
placed in the femoral vein and advanced to the proximal
inferior vena cava with the return cannula placed in the
femoral artery. Alternative configurations such as femoral/
internal jugular drainage and axillary return, as well as open
central cannulation of the RA and aorta, are sometimes per-
formed [55].

VA ECMO indirectly bypasses the heart by draining
blood from the RA and returning oxygenated blood retro-
grade through the femoral artery. Hemodynamic changes
typically include a decrease in RA and PA pressures but
an increased in mean arterial pressure and therefore LV
afterload. Accordingly, with concomitant LV dysfunction,
elevated LV afterload may lead to pulmonary edema and a
rise in PA pressures [10, 56]. In this setting, it is becoming
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increasingly more common to use an additional LV unload-
ing strategy such as placement of surgical vent, an intra-
aortic balloon pump (IABP), or Impella [57, 58].

As possible with other centrifugal extracorporeal
pumps, VA ECMO includes an oxygenator allowing for gas
exchange [59, 60]. In the setting of acute RV failure, VA
ECMO acts as bridging therapy until the patient recovers
or definitive treatment is available. This support strategy
has been used in treatment of acute PE pending catheter
directed therapy or recovery, with a reported survival range
of 53-76% [61-64]. Its use in patients with pulmonary
arterial hypertension bridged to lung transplant is limited
to small case series with survival rates of 50—-100% [65].
Additionally, VA ECMO is used as a salvage treatment for
patients who develop RV failure post LVAD with reported
in-hospital mortality of 25-40% [66, 67].

Selection of Mechanical Circulatory
Support Devices

Currently, there are no guidelines or randomized clinical
data to guide implementation or selection of devices in treat-
ment of RV failure. Correspondingly, an understanding of
patient physiology and invasive hemodynamics is impera-
tive to select the appropriate support device. Initial strat-
egies include treatment of reversible causes, optimization
of loading conditions, and medical therapies as previously
described. Refractory cases may be considered for MCS;
however, an exit strategy (bridge to recovery, transplanta-
tion, durable MCS) should be addressed [10].

Factors considered in device selection include the pres-
ence of biventricular failure, isolated RV failure, and need
for extracorporeal oxygenation. Anticipated duration of
support as well as the need for an oxygenator must weight
into the decision [10, 42ee]. Patients with biventricular
failure are commonly placed on VA ECMO or a combina-
tion of individual right- and left-sided support devices (i.e.,
Impella RP or ProtekDuo with Impella CP or Impella 5.5).
With concomitant LV dysfunction, increased LV preload
mediated with direct RV bypass may cause elevated left-
sided filling pressures and result in pulmonary edema.
Several options are available for those with isolated RV
failure. Impaired gas exchange and the need for an oxygen-
ator render the Impella RP unfavorable; VA ECMO or Pro-
tekDuo RVAD may be appropriate in such circumstances
[35, 43e]. A multidisciplinary shock team evaluation in
conjunction with local expertise may be incorporated into
the final decision.

Conclusions

A resurgence of interest in the RV has led to an improved
understanding of hemodynamics and consequently to a more
refined approach to tailored pharmacologic management.
Optimization of RV preload, coronary perfusion, contractil-
ity, and pulmonary vascular tone with attention to respira-
tory support are cornerstones in the initial management of
the acutely failing RV. In severe cases, several short-term
MCS devices allowing for RV bypass are available on the
market. Presently, robust outcomes data from randomized
trials are lacking. As technology evolves, we hope to see
less-invasive, safer options, and a better understanding of
appropriate device selection.
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