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Cardiogenic shock from left ventricular failure is a common presentation in the intensive care unit. In contrast, right ventricular (RV)-predominant

heart failure (HF) causing shock is less well recognized. We review the epidemiology and mechanisms of RV-predominant HF and discuss pharma-

cologic and device-based approaches for the management of this challenging clinical problem.
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Introduction

Cardiogenic shock (CS) from left ventricular (LV) failure isa common
presentation in the intensive care unit. In contrast, right ventricular
(RV)-predominant heart failure (HF) causing shock is less well recog-
nized. The RV function is influenced by pre-load, afterload, myocar-
dial contractility, lusitropy, and non-cardiac factors such as pericardial
compliance, thoracic pressure, etc.' Generating RV output re-
quires one-sixth the energy expenditure of the LV given the highly
compliant, low-resistance pulmonic circulation.* This difference is
exemplified by the trapezoid-shape of the RV pressure-volume
(PV) loop under steady-state conditions, which lacks isovolumic
phases of contraction and relaxation and has a lower peak systolic
pressure, with peak ejection occurring after peak elastance is
reached.™ Unlike the LV which is more adapted to maintaining
stroke volume despite increases in systemic afterload, the lower
resistance pulmonary pathway pre-disposes the RV to be particularly
sensitive to changes in afterload.** However, it is the proportional
rather than absolute changes in vascular parameters in response to
alterations in the ventricular afterload that determine its response.
In the setting of chronic increases in pulmonary resistance, the RV
has a tremendous capacity to hypertrophy and dilate. This adapta-
tion, in turn serves to re-establish appropriate ventricular—vascular
coupling in the short-term but it can eventually lead to
tricuspid annular dilatation and regurgitation as well as myocardial

hypertrophy and RV ischaemia.*® However, in an acute setting, the
RV response is much more blunted. Hence, RV-predominant HF is
considered a haemodynamic problem caused by impaired function
of the ventricle, the valves, or the vasculature.”® Management of
RV-predominant HF and shock requires not only an understanding
of the anatomical and physiological particularities of the RV, but
also rapid identification and treatment of the underlying causes and
related pathophysiological disorders.

Epidemiology and mechanisms of right

ventricular-predominant heart failure
In recent vyears, there has been a renewed interest in
RV-predominant HF, which has in turn led to an appreciation for
the incidence, diverse causes, and enhanced understanding of physio-
logical and pathological mechanisms of right ventricular dysfunction
(RVD).® Despite that a consensus definition of RVD or optimal diag-
nostic modality to identify it remains debatable. This is further com-
pounded by the fact that RV-predominant HF remains the final
common pathway in numerous disease states, which are often con-
sidered or reported in isolation. Hence, the true prevalence of RVD
is probably underreported.

The PV analysis provides a helpful framework for visualizing the dif-
ferent haemodynamic phenotypes of RV failure.” Recall that the RV PV
loop represents haemodynamic changes during one cardiac cycle and
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its contour is defined by two fundamental relationships—the
end-systolic PV relationship (ESPVR) and the end-diastolic PV relation-
ship (EDPVR). Load-independent evaluation of the RV’s systolic or
contractile function is provided by characteristics of the ESPVR, name-
ly the slope (E.s, end-systolic elastance) and the volume—axis intercept
(Vo). A steeper ESPVR, indicated by a higher E., and a smaller Vq, sug-
gests increased contractile function. The ventricle’s diastolic properties
are relayed by the EDPVR, which is non-linear and forms the bottom
boundary of the PV loop. The EDPVR can be modelled with simple
equations like P=B(e™ ~ ' — 1) or P=BV® where a and B are con-
stants that relate to ventricular stiffness and are determined by specific
geometric and mechanical properties of the myocytes and extracellu-
lar matrix. A steeper EDPVR indicates a stiffer ventricle that is less
compliant (i.e. higher ratio of AP/AV).

When contractile dysfunction produces RV failure, the predomin-
ant abnormality is a shallower ESPVR and lower E.s, which in turn,
results in a marked reduction in stroke volume and peak systolic
pressure (Figure 7). In the volume-overloaded RV, the dominant
pathophysiology is a right-shift of the PV loop. Until overt haemo-
dynamic collapse occurs, RV systolic and diastolic properties are ac-
tually unchanged, and thus the ESPVR and EDPVR remain the same.
However, hypervolaemia results in a significant energetic penalty: the
area encapsulated by the loop, called stroke work, represents the en-
ergy required to eject blood from the RV into the pulmonary circu-
lation, and it increases significantly as the end-diastolic pressure and
volume rise with hypervolaemia. Finally, the pressure-overloaded RV
can be depicted on the PV diagram by a rise in effective arterial ela-
stance (E,), which is the slope of a line connecting the end-systolic
coordinate (Ves, Pes) With coordinates at end-diastole [Veq4, pulmon-
ary capillary wedge pressure (PCWP)1.'° As E, increases, stroke vol-
ume decreases significantly, yet the ventricle expends the same
energy (i.e. stroke work) when compared with a normal RV.

Common causes of RVD can be further stratified by pathologic al-
terations in pre-load, afterload, lusitropy, and contractility. These in-
clude primary RV cardiomyopathies, RV ischaemia, congenital

valvular pathologies, and pressure or volume overload related to
left heart disease (Table 7). The LV failure is the most common cause
of RV failure, presenting as bi-ventricular failure®" The
RV-predominant failure and acute RV decompensation occur when
there is an abrupt change in RV loading that precipitates RVD
(Table 1). Primary mechanisms of acute RV failure include: (i) con-
tractile failure secondary to myocardial ischaemia or inflammation,
(i) volume overload because of right-sided valvular insufficiency
and increased venous return, and (iii) pressure overload resulting
from decompensated left-sided HF, worsening pulmonary vascular
resistance (PVR), or acute pulmonary embolus.® Indeed, the pres-
ence of pre-existing RVD is a risk factor for development of acute
RV decompensation.

Though isolated RV myocardial infarction is relatively rare, ischae-
mic RVD has been observed in up to 40-50% of patients with acute
inferior Ml and associated with acute haemodynamic compromise in
under half of these patients.'” Patients with RV myocardial involve-
ment in inferior Ml are also at increased risk of death, shock, and ar-
rhythmias.® In the case of acute pulmonary embolism, acute RV
failure is evident in 25-60% of patients." Even in the absence of
haemodynamic compromise, RVD is associated with increased mor-
tality in patients with acute pulmonary embolism."* In patients admit-
ted for HF, RV systolic dysfunction is associated with overall
mortality.">'® Estimates of in-hospital mortality in HF patients with
acute RV failure range from 5 to 17%."”

Finally, RVD is common in patients with CS. In registries of acute
myocardial infarction (AMI)-related CS, 37—45% of patients have evi-
dence of RVD as defined by haemodynamic indices.'® Patients with
CS due to myocardial infarction or HF with right-sided congestion
and RVD have higher mortality; furthermore, the severity of RVD
is also associated with mortality."” There is growing evidence that
complete haemodynamic profiling through pulmonary artery cath-
eterization (PAC) in patients with CS may be associated with im-
proved mortality, perhaps due to enhanced recognition of
right-sided failure.”°
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Figure 1 Changes in the pressure—volume relationship that occur with RVD precipitated by pure contractile dysfunction (A), hypervolaemia (B),

and pressure overload (C).
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Table 1 Common causes of acute and chronic RVD

Acute RV failure Chronic RVD

Pre-load Acute renal failure Atrial septal defect

Acute valvular insufficiency  Tricuspid, pulmonic
regurgitation
Patent foramen ovale Ventricular septal
defect
High output heart
failure
Eisenmenger
syndrome
Afterload Pulmonary Pulmonic stenosis
thromboembolism
Hypoxia from pulmonary Pulmonary artery
aetiology stenosis
(e.g. acute respiratory
distress syndrome,
pneumonia)
Positive pressure ventilation  Pulmonary vascular
disease
Left heart disease
Contractility RV myocardial infarction RV myopathy
Arrhythmogenic RV
cardiomyopathy

Myocarditis

Supraventricular or
ventricular tachycardia;
AV dys-synchrony

Diagnosis of right
ventricular-predominant heart

failure and shock

Diagnosing acute RV-predominant HF and CS in the intensive care
unit remains a clinical challenge. Patients with RV shock typically
show signs of hypoperfusion and hypotension, including diaphoresis,
cool extremities, hypotension, and tachycardia.1'21 The clinical signs
of RV-predominant HF are manifested by ‘backward’ failure causing
systemic congestion, presenting with distension of jugular veins [ele-
vated central venous pressure (CVP)].22% Elevated CVP is the main
determinant of impaired kidney and hepatic function in acute
RV-predominant HF, often presenting with a cholestatic pattern
and acute kidney injury.z“'25 Chronic systemic congestion from RV
failure may result in hepatomegaly, abdominal distension, ascites,
and peripheral edema.*® Right upper quadrant discomfort may be
caused by hepatic congestion, often presenting as an initial sign and
if not recognized as a sign of RV failure, resulting in unnecessary
gastroenterology-based evaluation causing further delays in manage-
ment.?” In severe forms, the right heart dilates and may shift the in-
terventricular septum towards the left thereby compromise LV
filling, reducing LV performance, and causing hypoperfusion and sys-
temic congestion. Systemic hypoperfusion results in a sharp increase
in circulating transaminases and lactic acidosis.

The most common non-invasive tool for imaging the RV, including
morphology and function is echocardiography.?**® The indices of RV
function which are most frequently used and easiest to perform are
estimation of PA pressure using TR velocity, RV fractional area
change, tricuspid annular plane systolic excursion, and RV end-
diastolic  dimension.”® Newer imaging techniques, such as
3D-echocardiography and strain imaging, have proved to be useful
and accurate imaging modalities but have limitations because they de-
pend on good image quality and lack validation in larger cohorts.
Cardiac magnetic resonance imaging and cardiac computed tomog-
raphy are less helpful in the CS setting or bedside management of
RV-predominant shock.

Haemodynamic assessment of RVD using a PAC remains the
cornerstone of diagnostic evaluation of RV shock.”® Different
haemodynamic parameters, based on aetiology of RV shock, have
been associated with outcomes. For example, a ratio of RA pressure
to PCWP >0.86 is associated with pathological evidence of RV in-
farction and mortality risk. The PA pulsatility index (PAPi) of
<1.85 is associated with a risk of RV failure after an LVAD, while a
PAPi <1 portends risk of RV failure in AMI*®3" In fact, a PAPi of
<0.9 is an indication for consideration of mechanical circulatory sup-
port (MCS) for the RV in the National CS Initiative protocol for man-
agement of AMI. Similarly, RV stroke work is another important
measure of RV function. Although multiple formulas to assess pul-
monary haemodynamics have been developed to quantify RV after-
load, including PVR, diastolic and trans-pulmonary gradient, PA
elastance, compliance, or impedance, none of these formulas in iso-
lation characterize RV failure. It is also essential to define the severity
of shock while these haemodynamic measurements are performed in
order to contextualize the data obtained.

Management of right
ventricular-predominant heart failure

and shock in intensive care unit

Principles of management

The triage and initial evaluation of patients presenting with
RV-predominant HF and shock aim to assess clinical severity, with fo-
cus on rapid identification and management of the cause(s) of RV
failure.

Early recognition

A critical consideration in effective management is early recognition,
as unappreciated and undertreated RVD can potentiate end-organ
damage caused by congestion and hypoperfusion.” Important in early
definition of pathology is determination and correction of any poten-
tially reversible underlying aetiologies. With these determinations in
hand, a tailored management strategy can be developed utilizing the
fundamental HF principles of pre-load, afterload, and contractility.

Pre-load, optimize volume status

Pre-load is the diastolic ventricular filling which ultimately imparts
sarcomere stretch that sets the ventricular performance (Frank—
Starling) curve. Filling is dictated by the venous return curve which re-
lates cardiac output as the inverse of venous pressure. Volume loading
has the potential to over-distend the RV and thereby increase wall
tension, decrease contractility, aggravate TR, increase ventricular
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interdependence, impair LV filling, and, ultimately, reduce systemic car-
diac output and exacerbate organ dysfunction. Thus, an important goal
in RVD and RYV failure, which often occurs in a state of total body vol-
ume overload, is reduction of venous pressures to improve cardiac
output and reduce systemic congestion while avoiding systemic hypo-
tension. In addition, reducing ventricular distention also has favourable
energetic effects by reducing wall stress.

Afterload, including perfusion pressure

Ventricular afterload is a principle representing ventricular wall stress
during ejection which is related to the dynamic pulsatile impedance
of the pulmonary circulation. Pulmonary impedance results after for-
ward flow through the pulmonary artery interacts with multiple
branch points within the pulmonary vasculature, creating a backward
flow wave, which increases pulmonary pressure and reduces pul-
monary blood flow.>® The RV has long been thought to be more sen-
sitive to changes in afterload.? Importantly, alterations in RV afterload
are related not just to pulmonary vascular compliance but also to pul-
monary parenchymal compliance and intrathoracic pressures.

Contractility, including rhythm

Molecular pathways regulating excitation—contraction coupling set
the magnitude, rate, and energetics of myofibre interactions.
Added to this is the unique geometry, activation pattern, and multi-
layered 3D-structure of myofibre architecture unique to the RV
which relies on longitudinal shortening, transverse wall motion, and
peristalsis.>* Ultimately, forward flow is also related to atrioventricu-
lar synchrony and RV-LV coordination, with a portion of RV con-
tractility augmented by contraction of the LV septum and traction
of the RV free wall to insertion points at the LV. Disease states in-
cluding alterations in afterload, arrhythmia, or cyanosis may also alter
beta-receptor density, which can have implications on energetics and

. 34-37
treatment responsiveness.

Medical management of right
ventricular-predominant heart failure

and shock

Volume optimization

While a chronically compensated RV might physiologically be able to
accommodate large variations in pre-load, patients with
RV-predominant shock are pre-load dependent. In fact, a large pro-
portion of RV failure is caused, associated with or aggravated by RV
volume overload. Therefore, an essential component to pre-load
management in RVD is the optimization of CVP, reduction in
stressed blood volume and obviating ventricular distention, in add-
ition to managing total body volume status (Figure 2).

In patients with RV failure and signs of venous congestion, diuretics
are often the first option to optimize volume status. Elevated renal
venous pressure often found in such patients contributes to de-
creased renal blood flow and reduces perfusion pressure, which de-
creases diuretic efficacy.®® Hence, in RV shock patients with
significant renal congestion, sufficient renal perfusion pressure (i.e.
mean arterial pressure [MAP] — CVP) and an adequate plasma con-
centration of diuretics are crucial to achieving the desired effect.*’
Often, a continuous infusion of loop diuretics is required to maintain
the decongestive effect. Early evaluation of the diuretic response by

closely measuring urine output or post-diuretic spot urinary sodium
content to identify patients with an inadequate diuretic response is
critical.*® If decongestion is insufficient, rapid intensification of loop
diuretic dose, combining diuretics with a different mode of action
or the use of ultrafiltration (UF) should be considered.'

Pulmonary vasodilator therapies, for afterload reduction
Pulmonary vasodilator therapies can be useful in relieving RV after-
load in patients with pulmonary hypertension presenting with acute
RV failure. In these patients, intravenous epoprostenol has long-term
clinical benefits, including improved survival and functional capacity.
However, in a patient with RV shock, systemic administration of pul-
monary vasodilators may decrease systemic blood pressure, poten-
tially reducing RV pre-load and worsening RV ischaemia. They also
can worsen oxygenation by impairing ventilation—perfusion match-
ing. Therefore, the use of short acting, inhaled nitric oxide rather
than systemic pulmonary vasodilators is strongly recommended.
Although multiple oral agents are available for pulmonary arterial
hypertension (PAH) management, they are usually ineffective in
acute RV shock given the duration of their action and need for
oral absorption. Although some trials have investigated pulmonary
vasodilator therapy in patients with left heart disease (WHO
Group 2), these trials have not specifically targeted patients with evi-
dence of pulmonary hypertension.

Pressors and inotropes for contractility and perfusion
pressure

Restoration of coronary perfusion pressure by vasopressors is a
mainstay of therapy for RV-predominant shock, since the failing RV
is particularly susceptible to ischaemic injury. If the cardiac output
is inadequate, inotropes should be considered to increase forward
flow and possibly renal perfusion, while balancing the potential for
ischaemia and arrhythmia." In cases of hypotension, a drug with com-
bined inotropic and vasopressor properties is ideal to maintain ad-
equate perfusion. Given the inherent inotropic properties and a
dose-dependent vasopressor effect from a; agonism, dopamine,
norepinephrine, and epinephrine are useful adjuncts to augment con-
tractility.*” Dobutamine, levosimendan, and phosphodiesterase |l in-
hibitors (milrinone) improve contractility and increase cardiac
output and are indicated in patients with RV-predominant HF causing
CS. Levosimendan and phosphodiesterase Ill inhibitors may favour-
ably affect ventricular—arterial coupling by combining RV inotropy
and pulmonary vasodilation and might be preferentially indicated in
patients with pulmonary hypertension caused by left heart disease.
However, they should be used with caution in patients with acute
RV Ml as these agents increase myocardial oxygen demand and
arrhythmogenicity.

Vasopressors are primarily indicated to restore arterial blood
pressure (target MAP of >65 mmHg) and improve organ perfusion.
Norepinephrine can restore systemic haemodynamics without any
effect on PVR or RV afterload. Arginine vasopressin causes periph-
eral vasoconstriction with less impact on PVR and has beneficial ef-
fects avoiding tachyarrhythmias, while supporting renal perfusion.*?
In small studies, digoxin was associated with acute increases in CO
when administered to patients with pulmonary hypertension and
RVD.
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Acute RV predominant HF ‘

1 Physical Exam
Early recognition ) Labs (end organ function)
Assess severity of RV failure Echo
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Treat reversible cause

Assess underlying etiology )

Causes of acute RV failure
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|

|
Optimize preload ‘ Inotropic support | | Optimize afterload ‘ l Others ‘

!

Diuretics

Milrinone, Dopamine | Pulmonary vasodilators ] Ventilator management

Ultrafiltration Pressors

Rhythm

| Worsening hypotension, hypoxia, end organ }

Consideration for RV MCS

Assessment by multi-disciplinary shock team

|

No oxygenator need: Tandem RVAD, Impella RP |

‘ Need for oxygenator : Tandem RVAD, Protek Duo or VA ECMO

Figure 2 Approach to management of right ventricular-predominant shock in the intensive care unit.

Rhythm management

Both tachy- and brady-arrhythmias are poorly tolerated in
RV-predominant shock. Brady-arrhythmias may represent RV is-
chaemia and often warrant inotropes or RV pacing.

Device management of right
ventricular-predominant heart failure

and shock

Role of ultrafiltration

As above, careful management of volume status is critical to the man-
agement of patients with RV-predominant shock. When diuretics are
no longer sufficient, UF is an alternative approach to relieve conges-
tion. In fact, as UF removes isotonic fluid, it is more effective at nat-
uriesis than diuretics, which tend to eliminate hypotonic fluid.** This
has led to the hypothesis that UF may be more effective than diure-
tics at relieving congestion in patients with HF. Clinical trials of UF in
patients with decompensated HF have been limited by heterogenous
inclusion criteria, unclear therapeutic targets, and high crossover
rates.*~* While results have been mixed with regards to weight
loss and rehospitalization rates, no trial has demonstrated reduction
in mortality over diuretics alone. There have not been any large-scale
clinical trials of UF in patients with CS, let alone RV-predominant
shock, so the generalizability of these results to the higher acuity set-
ting of CS is unknown.

Mechanical ventilation

Mechanical ventilation can negatively impact both RV pre-load and
afterload, exacerbating RV-predominant shock physiology. While
spontaneous inspiration results in negative intrathoracic pressure
being transmitted to the right atrium (RA) and enhances venous re-
turn, positive pressure ventilation and positive end-expiratory pres-
sure (PEEP) have the opposite effect. While some of the decreased

venous return due to this rise in RA pressure is mitigated by a con-
comitant rise in intra-abdominal pressure, increased intra-abdominal
pressure also results in narrowing of the hepatic veins and inferior
vena cava, which increases venous resistance and further compro-
mises venous return.*” While spontaneous ventilation with normal
respiratory rates has a neutral effect (i.e. effects of inspiration and
counterbalanced by effects of expiration), in mechanically ventilated
patients where rate and I:E ratios can be manipulated, the relative dif-
ferences may be exaggerated. Positive pressure ventilation also shifts
more of the lung into West Zones 1 and 2, where the increased air-
way pressure causes collapse of alveolar airways, resulting in in-
creased PVR.>® While there are no data supporting a particular
ventilation strategy, the deleterious effects of mechanical ventilation
on RV function can be mitigated by judicious use of PEEP and limiting
tidal volume to avoid lung over-distention.

Interatrial shunt

In early studies of patients with PAH, the presence of a patent for-
amen ovale was associated with more favourable haemodynamics
and improved survival, though these data have not been replicated
in contemporary cohorts.>'~? Initial human studies of jatrogenic in-
teratrial shunt creation demonstrated high mortality due to refrac-
tory hypoxia, though this has improved with refinement of the
technique and development of dedicated interatrial shunt devices
that can more carefully control the degree of right to left shunting.>*
However, robust clinical trial data on hard endpoints are currently
lacking and use of interatrial shunt devices for RV-predominant CS re-
mains investigational.

Temporary mechanical circulatory support devices
The RV acute MCS now represents an important step in the manage-
ment of RV failure and provides an opportunity to rapidly stabilize
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patients with CS involving the RV (Table 2). Direct RV bypass systems
source blood from the RA and delivery blood into the pulmonary ar-
tery. Direct RV bypass systems include the intra-corporeal axial flow
Impella RP pump and the extracorporeal centrifugal flow pumps in-
cluding the Tandem Heart RVAD or Protek Duo dual-lumen cannula.
The Impella RP is a 23 French (Fr) axial flow pump mounted ona 9 Fr
catheter and is placed via right femoral venous access. An updated
version of the Impella RP for delivery via the internal jugular vein is
currently under development. The RECOVER RIGHT trial demon-
strated safety, feasibility and efficacy of the Impella RP in patients
with RV failure due to acute Ml or after LVAD implantation with
flow rates ranging between 2 and 5 LPM and significantly improved
total cardiac output and reduced CVPs.>® The TandemHeart
RVAD employs an extracorporeal centrifugal flow pump and two
cannulas placed in the RA and pulmonary artery via femoral or in-
ternal jugular vein access.>® The THRIVE registry reported improved
cardiac output, reduced CVPs, and reduced pulmonary pressures
with mean flows of 4.2 4 1.3 L/min with the TandemRVAD.*’ The
Protek Duo is a large bore (29 or 31 Fr) dual-lumen cannula delivered
via the right internal jugular vein and employs an extracorporeal
pump to simultaneously displace blood from the RA to the pulmon-
ary artery. Several case series have illustrated the efficacy of the
Protek Duo Cannula.’®*? Indirect RV bypass with VA-ECMO dis-
places blood from the RA into the arterial circulation using two can-
nulas and an extracorporeal pump. This approach has been
described in several case series but has not been prospectively
evaluated.

Patient selection for acute mechanical circulatory
support for right ventricular

Guidelines and widely adopted algorithms for use of RV support are
lacking® In the setting of AMI where RV geometry has not perman-
ently changed due to maladaptive remodelling, any of the direct or
indirect RV bypass systems work effectively. The Impella RP and
TandemHeart RVAD can be rapidly deployed via the femoral vein
which is readily accessible in the interventional catheterization la-
boratory and does not require a perfusionist. The Protek Duo re-
quires large bore jugular vein access which can be cumbersome in
the setting of acute M| but does enable ambulation. For patients
with non-AMI CS or after cardiac surgery, early identification, and ini-
tiation of RV support within 48 h of shock onset is likely to be asso-
ciated with improved clinical outcomes irrespective of the
technology employed. If prolonged RV support is expected, then am-
bulatory options should be considered. If shock progresses to involve
end-organ failure, then consideration for VA-ECMO or the combin-
ation of VA-ECMO with a concomitant LV decompression system
may be appropriate as first-line therapy.

Timing of initiation of acute mechanical circulatory
support

Recognizing when a patient is deteriorating with pharmacologic man-
agement and requires MCS is critical to optimizing patient outcomes.
Pre-mature implantation may expose the patient to unnecessary
risks of device-related complications while delayed implantation
may not be able to reverse end-stage shock. The presence of RV fail-
ure increases the mortality risk associated with all SCAIl shock stages,
making timely recognition of decompensation even more important

in this scenario."’ Determining the appropriate time to initiate MCS
requires careful monitoring of haemodynamic and metabolic para-
meters. While PAC use did not improve survival in a broad popula-
tion of patients with HF, recent observational data limited to patients
with CS has demonstrated a positive association with survival.>*¢ In
a contemporary cohort of nearly 1500 patients with CS, presence of
complete haemodynamic data (a proxy for PA catheter use) was as-
sociated with a nearly 40% lower odds of mortality compared with
patients without any haemodynamic data available.”® However,
haemodynamic data alone cannot determine the adequacy of
pharmacologic management as it cannot identify metabolic derange-
ment resulting from decreased cardiac output. This transition from
haemodynamic shock to haemometabolic shock is a critical turning
point in a patient’s disease course and is associated with a significantly
increased mortality risk.®’ A recent analysis of the CULPRIT-SHOCK
trial generated a biomarker risk score using cystatin C, lactate,
interleukin-6, and NT-proBNP that demonstrated good discrimin-
ation in predicting mortality from AMI shock.®? However, these mar-
kers are not routinely available in all centres in a timely fashion. Other
metabolic markers such as urine output, creatinine, blood urea nitro-
gen, and transaminases can also indicate metabolic decompensation.
It is important to monitor these metabolic parameters serially to
understand the patient’s clinical trajectory. In particular, the rate of
lactate clearance over a period of 6-8 h has a strong association
with mortality.®* If metabolic parameters fail to improve despite ag-
gressive pharmacologic management over the span of a few hours,
MCS is indicated.

Management on device

Management of patients with RV failure on temporary MCS (tMCS)
devices is similar to management of patients with left-sided MCS devices.
Haemodynamic monitoring should be continued, and while there are
no studies prospectively assessing specific haemodynamic targets, rea-
sonable goals include CVP <14 mmHg, PCWP <18 mmHg, and
cardiac index (Cl) >2.2 L/min/m?. Echocardiographic assessment,
either via the transthoracic or transoesophageal approach, should
be used early after MCS initiation and with clinical changes to moni-
tor device position, ventricular size, septal position, and severity of
valve disease. Markers of haemolysis, including LDH and plasma free
haemoglobin, should be routinely monitored to screen for
haemolysis.

All RV-MCS requires anticoagulation. Unfractionated heparin is
recommended, titrated to a goal aPTT of 1.5-2x upper limit of nor-
mal, or an anti-Xa goal of 0.2-0.5 for routine cases. In the case of
heparin-induced thrombocytopenia, anticoagulation should be chan-
ged to bivalirudin or argatroban according to institutional protocols.
In cases where systemic anticoagulation is contraindicated (for ex-
ample, intracranial haemorrhage, gastrointestinal bleeding, uncon-
trolled access site bleeding), MCS devices can be used without
systemic anticoagulation, so long as high flows are maintained (min-
imum 3—4 L/min) to minimize the risk of device thrombosis. In the
case of the Impella RP, heparinized purge fluid should be continued
even in the absence of systemic anticoagulation.

Finally, routine critical care management should not be ignored
during the period of MCS. This includes lung-protective ventilation,
minimization of sedation and paralytics, and stress ulcer prophylaxis.
In addition, aggressive physical therapy should be initiated whenever
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Table 2 Percutaneous temporary mechanical circulatory support approaches in RVD
Author PMID Year Study type Population Outcomes
Impella RP
Cheung 24726682 2014 Multicentre N =18 (15 Impella RD, 3 30-day survival: 72%
retrospective cohort Impella RP) 1-year survival: 50%
Aetiology Haemodynamics: increased Cl, decreased RAP
® 39% post-Ml
* 11% myocarditis
® 17% post-HT
® 22% post-cardiotomy
* 11% post-LVAD
Anderson 26681124 2015 Multicentre prospective N =30 Survival to discharge: 73%
cohort Aetiology 6-month survival: 70%
® 60% post-LVAD
® 17% post-Ml
® 17% post-HT
® 7% post-cardiotomy
Anderson 30241890 2018 Multicentre prospective N =60 30-day survival or escalation of therapy: 73%
cohort Aetiology 180-day survival: 62%
® 52% post-LVAD Haemodynamics: increased Cl, decreased CVP
® 22% post-cardiotomoy
® 15% post-Ml
® 12% post-HT
Jensen 29148290 2018 Single-centre N=6 6-month survival: 33%
retrospective cohort  Aetiology
® 33% post-Ml
® 33% cardiogenic shock
® 33% post-cardiotomy
Elder 29514403 2018 Single-centre N=5 Survival to discharge: 100%
retrospective cohort Aetiology Haemodynamics: increased Cl, increased SBP,
* 100% PE decreased HR
Monteagudo-Vela 31769040 2020 Single-centre N=7 30-day survival: 58%
retrospective cohort Aetiology Haemodynamics: increased SBP

Qureshi

Gramegna

32129576 2020 Multicentre

retrospective cohort

31866154 2020 Single-centre
retrospective cohort

® 43% early post-LVAD
® 28% late post-LVAD
® 28% post-HT

N =12 adolescents
Aetiology
® 42% HT rejection
® 25% myocarditis
* 17% NICM
® 8% post-cardiotomy
® 8% cardiogenic shock

N=5
Aetiology
* 100% post-Ml

Survival to discharge: 83%
Haemodynamics: decreased CVP

30-day survival: 100%
Haemodynamics: increased SBP, decreased CVP

Continued
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Table 2 Continued

Author PMID Year Study type

Population

Outcomes

Shekiladze 32569445 2021 Single-centre

retrospective cohort

Tandem Heart RVAD

Kapur 21868253 2011 Multicentre
retrospective cohort

Kapur 24621838 2013 Multicentre
retrospective cohort

Protek Duo

Ravichandran 31986207 2018 Multicentre
retrospective cohort

Salna 29095736 2020 Single-centre
retrospective cohort

Rotaflow

Joshi 34313320 2021 Single-centre
retrospective cohort

Natanov 34270709 2021 Single-centre
retrospective cohort

VA-ECMO

Taghavi 15511449 2004 Single-centre

retrospective cohort

N=39
Aetiology
® 28% post-Ml
® 23% acute PE
® 21% post-cardiotomy
® 15% post-LVAD
* 13% NICM

N=9

Aetiology
® 67% post-Ml
® 22% post-cardiotomy
® 11% septic shock

N=46
Aetiology
® 33% post-valve surgery
® 26% post-Ml
® 11% post-HT
® 11% post-LVAD
® 6% myocarditis
® 6% chronic HF
® 6% post-CABG

N=17

Aetiology
® 70% post-LVAD
® 12% post-HT
* 18% unknown

N=27
Aetiology
* 100% post-LVAD

N=10
Aetiology
* 100% post-LVAD

N=14
Aetiology
* 100% post-LVAD

N=28 (13 VA-ECMO, 15
surgical RVAD)
Aetiology
* 100% post-HT

30-day survival: 49%
No haemodynamic data available

Survival to discharge: 56%
Haemodynamics: increased MAP, decreased CVP,

increased RV stroke work

Survival to discharge: 43%
Haemodynamics: increased Cl, increased MAP,
decreased CVP

Weaned: 23%
Surgical RVAD: 35%
In-hospital mortality: 41%

Survival to discharge: 85%
1-year survival: 81%

30-day survival: 80%
90-day survival: 60%

Survival to discharge: 86%

Haemodynamics: decreased inotrope/vasopressor doses

ECMO vs. RVAD:

® Weaned from support: 77 vs. 13%

® Death on support: 15 vs. 47%
Haemodynamics (both groups): increased CO, decreased
CVP, decreased mPAP, decreased PVR

Continued
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Table 2 Continued
Author PMID Year Study type Population
Noly 24659551 2014 Single-centre N=10
retrospective cohort Aetiology
* 100% post-LVAD
Riebandt 29045747 2018 Single-centre N=32
retrospective cohort  Aetiology
* 100% post-LVAD
Pozzi 29788286 2018 Single-centre N=16
retrospective cohort  Aetiology
* 100% post-HT
Djordjevic 31692108 2020 Single-centre N=64
retrospective cohort  Aetiology

Weaned from support: 80%
Death on support: 20%

30-day survival: 81%

1-year survival: 75%

Haemodynamics: decreased CVP, decreased mPAP,

increased CO

Survival to discharge: 50%

30-day survival: 12%

* 100% post-cardiotomy

possible. Devices implanted surgically or percutaneously via upper
extremity vessels are compatible with patient ambulation with ap-
propriate nursing support. However, femoral access generally pre-
cludes ambulation with Impella RP or VA-ECMO.

Weaning temporary mechanical circulatory support
devices

All patients on RV-tMCS should be assessed for weaning readiness
daily, as this may reduce the overall duration of MCS use.
Numerous predictors of weaning readiness have been proposed,
and all highlight the importance of resolution of metabolic derange-
ment, minimal or no inotropic or vasopressor support requirements,
electrical stability, and minimal or no ventilatory support require-
ments.** Once these conditions have been met, bedside weaning
trials should be attempted. There are no prospectively validated
weaning protocols, but published experience suggests reducing
MCS support in a stepwise fashion over the course of 2—12 h, with
frequent haemodynamic and echocardiographic monitoring. The ex-
act mechanism of decreasing device support will vary by platform.
For example, the Impella RP may be weaned by decreasing the per-
formance level, while the ProTek Duo can be weaned by decreasing
the pump speed or by decreasing directly measured blood flow
through the circuit. Favourable signs as device support is reduced in-
clude stability of CVP, augmentation of RV systolic function without
progressive RV dilation, return or augmentation of pulmonary artery
pulsatility, stability of arterial blood pressure, and stability of pulmon-
ary arterial saturation. Providers should be careful to ensure ad-
equate anticoagulation prior to weaning to reduce the risk of
device thrombosis during periods of low flow. If weaning trials are
successful, initiation of low-dose inotropic support can be consid-
ered to support decannulation. It is important to remember that a
successful weaning trial at low device support does not always pre-
dict successful device explant.

Failure to wean

For patients who are unable to wean from RV-tMCS, options for de-
finitive therapy are limited.®>®® In contrast to LV-predominant shock,
there are no durable RV-MCS devices that are approved to support
patients in the outpatient setting. For patients requiring biventricular
MCS, bilateral durable LVAD implantation has been reported,
though this strategy is not widely available due to complexity and ex-
pense.67 For most patients, transplantation is the only available treat-
ment approach. For patients with isolated PAH, studies have shown
comparable outcomes between heart—lung transplant and bilateral
lung transplant, demonstrating the ability of the RV to recover
once the high afterload state has been resolved.*® For most other
aetiologies of RV failure, heart transplant (with concomitant lung
transplant if pulmonary hypertension is also present) is necessary.

Conclusion

Irrespective of the underlying cause, RV failure is associated with sig-
nificant morbidity and mortality. The RV is exquisitely sensitive to
changes in pre-load and afterload and when impaired can significantly
reduce total cardiac output by limiting left ventricular filling. RV fail-
ure also promotes systemic venous congestion, which exacerbates
multi-organ hypoperfusion and can rapidly accelerate CS.
Management of RV failure begins with rapid identification using either
echocardiographic or invasive haemodynamic indices followed by
optimization of RV pre-load and afterload using pharmacologic ap-
proaches. Temporary MCS options for the RV are growing in num-
ber; however, prospective studies and uniform guidelines for
implementation of these technologies are limited.
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