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Right heart failure can be defined as a clinical syndrome consisting of signs and
symptoms of heart failure resulting from right ventricular dysfunction. Function
is normally altered due to three mechanisms: (1) pressure overload (2) volume
overload, or (3) a decrease in contractility due to ischaemia, cardiomyopathy or
arrythmias. Diagnosis is based upon a combination of clinical assessment plus
echocardiographic, laboratory and haemodynamic parameters, and clinical risk
assessment. Treatment includes medical management, mechanical assist
devices and transplantation if recovery is not observed. Distinct attention to
special circumstances such as left ventricular assist device implantation should
be sought. The future is moving towards new therapies, both pharmacological
and device centered. Immediate diagnosis and management of RV failure,
including mechanical circulatory support where needed, alongside a
protocolized approach to weaning is important in successfully managing right
ventricular failure.
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Introduction

Right heart failure (RHF) can be defined as a clinical syndrome consisting of signs and
symptoms of heart failure resulting from right ventricular dysfunction (RVD) (1).

At its core is a progressive syndrome of systemic congestion when the right ventricle
(RV) cannot meet blood flow demands without excessive use of the Frank-Starling
mechanism (2). The function is usually by either pressure or volume overload, although a
direct decrease in contractility can play a role. Whatever the aetiology, RVD is associated
with increased morbidity and mortality.

The prevalence of RVF is often underestimated as it has been historically
underdiagnosed. However, the most common causative etiologies are well documented. It
is observed in 3%-9% of acute heart failure admissions, and the in-hospital mortality of
patients with acute RV failure ranges from 5% to 17% (3). In the special case of RVF
after LVAD implantation, the prevalence ranges from 9% to 40% (4).

Patients are especially vulnerable to RVD if they are more likely to experience sudden
changes in preload (e.g., renal replacement therapy or sepsis) or afterload (e.g., long-term
ventilation or coagulation disorders) (5).

Diagnosis of RV failure is more subtle than overt left ventricular dysfunction and is thus
often delayed, which worsens the prognosis. The combination of clinical risk assessment and
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the use of existing diagnostic methods such as echocardiography,
MRI (Magnetic
biochemical markers are the key to accurate, early diagnosis and

Resonance Imaging), haemodynamic and
successful management.

Treating RV failure should be targeted at correcting the
underlying mechanism and therefore revolves around maintaining
adequate perfusion pressure, optimizing the preload and reducing
the afterload with the aim of improving the cardiac output.
Methods for fulfilling these goals include respiratory and

mechanical circulatory support in addition to medical therapy.

History

Up until the second half of the 20th century, the study of the
heart was disproportionally focused on the left ventricle (LV)
with the RV being largely neglected. In the early 1980s, a
growing interest in the study of the pathophysiology of the RV
emerged, leading to the development of new imaging techniques,
different surgical approaches, and an increase in the research of
study of the
interdependence (5). The appearance of special haemodynamic

hemodynamic parameters and ventricular

situations, such as the management in the setting of a Heart
Transplantation (HTx) or Left Ventricular Assist Device (LVAD)
implantation, to understand the

increased the incentive

pathophysiology of RV failure.

Recent advances in echocardiography and MRI have expanded
the knowledge in the field of the anatomy and physiology of the RV
and has shown how the mechanisms of left and right ventricular
failure are very different. However, despite these advances there

TABLE 1 Causes of right ventricular failure.

‘ Acute RVF

Volume overload
Acute left-sided heart failure
LVAD implantation
Pressure overload
Acute pulmonary embolism
Hematological disorders (e.g., acute chest syndrome in sickle cell disease)
Decreased contractility
Acute myocardial ischemia
Fulminant myocarditis
Pericardial disease (tamponade)
Sepsis (can cause increased venous return and volume overload)
Post-cardiotomy shock

Reduced pericardial compliance

‘ Chronic RHF

Exacerbation of chronic lung disease and/or hypoxia
Chronic pulmonary hypertension (groups 1-5)
Pericardial disease (constrictive pericarditis)

Arrhythmias (supraventricular or ventricular tachycardia)

Congenital heart disease (e.g., atrial or ventricular septal defect, Ebstein’s
anomaly)

Valvulopathies (e.g., tricuspid valve regurgitation, pulmonary valve stenosis)

Cardiomyopathies (e.g., arrhythmogenic right ventricular dysplasia, familial,
idiopathic)

Myocarditis or other inflammatory diseases
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remain relatively few direct treatment strategies and few
evidence-based interventions available than for its left-sided
counterpart.

Pathophysiology

The normal function of the right ventricle is the result of

interplay between venous return (preload), PA pressures
(afterload), right ventricular myocardial contractility, pericardial
compliance and interventricular dependence (5). As such,
changes to any of these physiological parameters can result in

RV failure.

Acute right ventricular failure

Acute RV failure can therefore be divided based upon the
underlying physiologic mechanism, and these are summarized in
Table 1.

Increased pulmonary pressures leads to pressure overload,
caused by either primary problems of the pulmonary vasculature
(e.g., pulmonary embolism—PE) or as a result of acute left sided
failure. The structure of the RV makes it poorly adapted to
abrupt increases in upstream pressures and hence in the acute
phase, the right ventricle cannot easily adapt in a homeometric
fashion.

The pulmonary vasculature is high-compliance (i.e., it can
accept large changes in volume) but low pressure. As LaPlace’s
law would suggest, the RV is well suited to these conditions by
being thinner-walled and more compliant than the LV. This
leaves it exquisitely sensitive to increased afterload. A small
increase in afterload can cause a large reduction in stroke volume
without an increase in pressure generation (5).

Therefore, the RV does not cope well with acute increases in
upstream pressures—and RV ejection fraction (RVEF) is
inversely proportional to pulmonary arterial systolic pressure
(PASP), and hence increased afterload, in a manner which is not
replicated for the left ventricle (6). Adjustment of afterload is key
in the management of RV dysfunction.

Increased venous return can cause volume overload,
progressive dilatation and dysfunction. However, in contrast to
the response to pressure overload, the RV can adapt efficiently in
a heterometric manner and hence copes well with volume
overload. Examples of acute RV failure from volume overload
include LVAD implantation or aggressive fluid resuscitation,
especially in high output states such as sepsis.

Sudden reductions in contractility are often caused by
myocardial damage, as seen in RV infarction or myocarditis, or a
more global rhythm disturbance. This leads to reduced stroke
volume and progressive RV dilatation, which can precipitate a
negative spiral into tricuspid regurgitation, further dilatation and
LV impingement due to interventricular dependence (5).

This concept of interventricular dependence is especially
important when assessing the right ventricle. This can take the
form of either systolic or diastolic interaction. In the former, the
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interaction between the left and right sides is due to the contraction
of one ventricle assisting contraction of the other. Due to relative
muscle mass this effect is more pronounced for the RV: up to
40% of RV systolic pressure generation is due to LV contraction
(7). In contrast, diastolic interdependence occurs when the
ventricles compete for filling space. This can occur with non-
dilated cavities when the pericardium is non-compliant, such as
occurs acutely in cardiac tamponade (8) but can also occur when
RV pressure overload leads to diastolic filling disruption in the
LV, as occurs in large pulmonary emboli precipitating low
cardiac output states.

These pathophysiologic mechanisms do not exist in isolation;
rather they frequently co-exist. For example, a large posterior
myocardial infarction can cause acute mitral regurgitation (MR),
increasing pulmonary pressures, as well as reducing myocardial
contractility, and worsen RV function due to interaction between
the left and right ventricles.

Chronic right ventricular failure

The causes of chronic RV failure can be similarly subdivided by
the causative mechanism.

Any conditions causing chronic raised pulmonary pressures
will increase the afterload. This includes primary causes of
pulmonary hypertension as well as chronic left-sided heart
failure. Patients with right heart failure secondary to increased
pulmonary pressures have a poor prognosis (8).

Volume overload as a cause of chronic right heart failure is
often due to shunts, such as congenital heart disease, or right-
sided valvular regurgitation. Chronic right heart failure due to
either pressure or volume overload follows a similar course.
There is initially a compensatory phase that involves hypertrophy
and fibrosis. As the disease progresses there are various
metabolic changes including mitochondrial dysfunction and
fibrosis that leads to progressive RV dysfunction and dilatation (9).

As the RV dilates and becomes dysfunctional, it impinges on

10.3389/fcvm.2023.998382

chronic pericardial diseases the reduction in left sided cardiac
output does not require RV dilatation; rather there is a
competition for space within a fixed volume pericardium.

Finally, several cardiomyopathies can lead directly to reduced
RV function by directly affecting contractility, including
arrthythmogenic right ventricular dysplasia (ARVD), dilated
cardiomyopathies and the long-term sequelae of myocarditis.

Diagnosis

Early diagnosis is key in successful management of RV
dysfunction, but it is often delayed or missed, possibly because
the clinical signs can be more subtle than LV dysfunction. It is
necessary to use a combination of clinical, echocardiographic,
laboratory and hemodynamic parameters to accurately recognize
the presence and underlying mechanism of RV failure.

Figure 1 shows the relationship between the diagnosis tools
and the pathophysiological mechanisms explained earlier.

Echocardiography

Echocardiography should be the first-line test in the assessment
of acute RV failure because it is fast, non-invasive, and can identify
life-threatening acute pathologies such as tamponade and PE.

There are several parameters that can help with the assessment
of the right ventricle.

Tricuspid annular plane systolic excursion (TAPSE) is the most
used and well-established parameter to evaluate RV systolic
function, however, it only assesses longitudinal contraction,
hence giving us only partial information about the RV function.
For example, TAPSE is not suitable after tricuspid valve
annuloplasty as it leads to an underestimation of RV systolic
function (10). Similarly, using tissue doppler parameters such as
RV § also offer only longitudinal assessment.

New echo techniques are shifting from qualitative to

the LV and causes reduced left-sided cardiac output. However, in  quantitative evaluation (11). The most frequently used
MR Haemodynamic
i markers
* RV dilatation e Fibrosis * Pressure
e Hypertrophy e Hypertrophy overload
* Systolic/diastolic e Interventricular * \Volume overload
dysfunction septum ® RV-PA coupling
flatenning
e Wall thinning
® Angiogenesis
FIGURE 1
Correlation between pathophysiological mechanism and diagnostic tools.
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parameters of RV function, size and area are represented in
Figure 2. Both RV strain and 3D RV chamber quantification
have been shown to have strong prognostic capabilities (12).
There has also been a recent focus on using markers of venous
congestion as a surrogate marker of RV function, which is
especially useful in guiding fluid administration in the intensive
care setting (13).

As discussed previously, pressure readings are crucial in
diagnosis of acute RV failure. These include estimating PASP by
utilizing a combination of peak TR velocity, right atrium (RA)
size and inferior vena cava (IVC) dimensions, as well as
pulmonary valve (PV) acceleration time.

Visually, ventricular interdependence and septal bounce are
important clinical signs, especially in the context of pericardial
disease processes.

Once right ventricle dysfunction has been diagnosed,
echocardiography is also the most crucial tool in hunting for the
underlying aetiology, specifically common left heart failure and
But
information regarding evolution of the disease and the impact of

valvular abnormalities. it can also provide valuable

treatment.

MRI

As a 3-dimensional, tomographic imaging modality with good
temporal and spatial resolution, MRI does offer advantages over

10.3389/fcvm.2023.998382

echocardiography and hence has become the gold standard for
assessing the morphological characteristics of RV function. It is
more accurate than echocardiography in measuring these
parameters, but this is only a marginal improvement because
modern echo is accurate and is more sensitive at assessing
pulmonary pressures. What sets cardiac MRI apart is the ability
to accurately characterize tissue properties (14). Therefore, if the
cause of right heart failure is due to reduced myocardial
contractility, cardiac MRI can differentiate clearly and accurately
between infarction, myopathies such as ARVD (Arrhythmogenic
Right Ventricle Dysplasia), or myocarditis, and hence direct the
treatment accordingly.

Apart from the myocardium, cardiac MRI also gives very
detailed imaging to differentiate between conditions causing
changes to the pre-and after load, such as congenital heart
defects as a cause of pulmonary hypertension (PH), or
chronically thickened pericardium. Velocity-encoded imaging
adds to the structural information to calculate flow through
valves or shunts (15), which can be used prognostically when
assessing PH (16).

Cardiac MRI does require expensive scanning equipment,
dedicated radiographers, is unsuitable for claustrophobic patients
or those who cannot breath-hold adequately, and patients with
older pacemakers (17). However, almost all implanted pacemakers
in the UK and Europe are now MRI compatible, but defibrillators
will require a dedicated cardiac physiologist to deactivate certain
therapies (such as anti-tachycardia therapies) during the scan (18).

ECHO

-TAPSE <17 mm
-RV dilatation
-RVEDD / LVEDD > 1
-1V septum flattening, shift: D shape of the LV
-TR, peak systolic velocity >2.8 m/s
-IVC diameter > 21mm, inspiration collapse < 50%
-RV fractional area change, FAC< 35% //

-Renal function

FDRVIERS 4% ' CLINICAL | _PVR (> 3.6 WU after LVAD)
-Pericardial fluid > Smm -lvp
-RV wall thickness > 5mm -Ascites
-Peripheral edema
-Liver congestion MRI 15
BIOMARKERS (32) ’ Low cardiac output state ( )
‘ -Hypoxaemia : -RV volume
-B-type natriuretic peptides h  fheoeeme g
-Cardiac troponin testing -RV mass
-Lactate -RV EF
-D-Dimer -RV fibrosis
A ey -RV volume changes and intermittent

FIGURE 2

ECHO; echocardiography parameters: TAPSE, tricuspid annular plane systolic excursion; RVEDD, right ventricular end-diastolic diameter; LVEDD, left
ventricular end-diastolic diameter; 1V, interventricular; LV, left ventricle; TR, tricuspid regurgitation; IVC, inferior vena cava; RV, right ventricle/
ventricular; FAC, fractional area change; EF, ejection fraction; HD, haemodynamic parameters; RAP, right atrial pressure; CVP, central venous
pressure; PAPI, pulmonary artery pulsatility index; MI, myocardial infarction; LVAD, left ventricular assist device; PWCP, pulmonary capillary wedge
pressure, PA, pulmonary artery; PVR, pulmonary vascular resistance; JVP, jugular venous pressure; MRI, magnetic resonance imaging.

——— ~_-PA compliance (<2.5 ml/mmHg)

HD PARAMETERS (33)
-RAP or CVP > 15 mmHg
-PAPI (<1 in acute MI, < 1.85 post LVAD)

-Right to Left discordance of filling pressures
(RAP/PWCP: >0.63 post LVAD, >0.86 in acute M)

-RV stroke work index (< 0.25-0.30 mmHg.L/m?)

interventricular septal flattening
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Therefore, Cardiac MRI offers excellent characterization of
tissue and overall cardiac structure. While MRI can assess flow
through structures, it is best use as a complimentary adjunct to,
rather than a replacement for, echocardiography.

Biomarkers

There are no specific biomarkers for the diagnosis of RV
failure. The levels of frequently used biomarkers, such as B-
Natriuretic Peptide (BNP) or cardiac troponins depend on the
underlying pathology and clinical context in which RV failure is
presented. New biomarkers more specific for the diagnosis of RV
failure are currently under research (19).

Hemodynamic markers

Invasive hemodynamic measurement with a pulmonary artery
(PA) catheter is the most accurate method of assessing right-sided
filling pressures, contractility, and afterload. It provides continuous,
real-time data; however, it should be used for the shortest time
possible.

Parameters such as cardiac filling pressures, PA pulsatility
index (PAPi), RV stroke work index (RVSWI), Pulmonary
Vascular Resistance (PVR) and transpulmonary gradient (TPG)
offer prognostic information in patients with RVF (Figure 2).
PAPi, defined as PA pulse pressure/mean right atrial pressure
(mRAP), has shown prognostic value in a variety of patient
These after LVAD
advanced heart failure populations including patients with
hypertension (PAH)
myocardial infarction (20, 21). Recently it has been shown to be

cohorts. include assessment insertion,

pulmonary arterial and after acute

a predictor of mortality and major adverse cardiovascular events
in a very heterogeneous hospitalized population (22). In the
latter study there did not appear to be a specific cut-off but

10.3389/fcvm.2023.998382

rather a graded association of PAPi quartiles and mortality, with
those at the lowest faring worse.

RV stroke work index (RVSWI) is another prognostic
hemodynamic parameter. It is calculated by the following
equation: RVSWI=SVIx (mPA — mRAP) x 0.0136, where stroke
volume index (SVI) is calculated by the [cardiac index/heart
rate] x 1,000 (23, 24). A low RVSWI has been associated with
worse outcomes in several studies (25).

As discussed in the pathophysiology section, afterload is
extremely important in assessing RV failure. However,
pulmonary afterload is not a static process—as the RV contracts,
the compliance of the pulmonary arteries exerts an opposing force.

Hence pulmonary afterload encompasses both a “static”
element (which is the PVR) and a dynamic component (which
includes compliance (PC) and characteristic impedance) (26).

Often, PVR has been used as a proxy for afterload. However, it
only accounts for around 75% of pulmonary afterload (26). PVR is
defined as the difference between mean PA pressure and pulmonary
capillary wedge pressure (PCWP) divided by cardiac output. Some
attempts have been made to find proxy measurements using
echocardiography, such as the Peak TR velocity: LVOT VTI ratio
but are not accurate enough to replace invasive measurements.

PC accounts for around 20% of pulmonary afterload and can
be estimated by the ratio of stroke volume to PA pulse pressure
measured by right heart catheterization (27). Loss of compliance
is associated with factors that occur during worsening of PH
such as elastin and collagen reduction in proximal PAs (28, 29)
and is associated with parameters of RV failure including
hypertrophy and systolic dysfunction (30).

TPG allows the determination of the cause of right heart failure
if it coexists with pulmonary hypertension, where a high TPG
(>12 mmHg) and a low PCWP (<15 mmHg) point to a pre-
capillary cause and the reverse situation (TPG <12 mmHg and
PCWP >15 mmHg) point to a left-sided aetiology. A high TPG
and high PCWP co-exists in combined pre- and post-capillary
PH (Figure 3) (31).

Definition

Invasive haemodynamics

Pulmonary hypertension

mPAP >20 mmHg

Pre-capillary Pulmonary hypertension

mPAP >20 mmHg
PAWP <15 mmHg
PVR >2 WU

Isolated Post-capillary hypertension

mPAP >20 mmHg
PAWP >15 mmHg
PVR <2 WU

hypertension

Combined pre- and post-capillary pulmonary

mPAP >20 mmHg
PAWP >15 mmHg
PVR >2 WU

Exercise pulmonary hypertension

mPAP/CO slope between rest and
exercise

>3 mmHg/L/min

FIGURE 3

Definitions and categorisation of PH using invasive haemodynamics. Table reproduced from Humbert 2022 (ESC PH guidelines) (31).
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Finally, the concept of RV-PA coupling unifies many of the
points made above. The morphological adaptation of the RV to
increasing pulmonary pressures can only compensate to a certain
point (RV-PA coupling) before the RV can no longer
compensate. Several studies combining invasive haemodynamics
with echocardiographic markers of RV function have shown this

combination to be more predictive than RV function alone (32, 33).

Treatment

The management of RVF depends on the underlying
mechanism, for example thrombolysis if the cause is acute PE.
However, the overall management requires a similarly thorough
diagnostic evaluation and there is considerable overlap between
the therapeutic approaches (Figure 4).

1. Medical management

The medical management of RVF encompasses a combination of
pharmacologic and non-pharmacologic treatments to optimize
preload, reduce afterload with the goal of enhancing RV
contractility. Invasive monitoring via a Swan-Ganz catheter gives
critical information to allow timely treatment titration and
escalation (5).

10.3389/fcvm.2023.998382

Management of acute RHF
1. Management of specific conditions

The diagnosis of specific conditions allows accurate and tailored
management. The most common specific causes of right heart
failure are:

(i) RV infarction—treated with reperfusion and fluid resuscitation
(ii) Pulmonary Embolus: anticoagulation and, if indicated,
thrombolysis or clot retrieval

(iii) Critically unwell patients: a homogenous group who require
careful volume management with a high output state into a
vasodilated system—can easily result in volume overload—
see “Preload optimization” section below. If ventilated, high
inspiratory pressures increase RV afterload, hence keep
inspiratory pressure as low as feasible.

2. Preload optimization

Although increases in afterload are often the primary cause of RV
failure, preload optimization is the initial target for therapy because
it is fast to initiate treatment, easy to monitor and has clear goal-
directed targets and is effective due to its interaction and effect
on RV afterload.

Diagnosis

 Clinical features: blood pressure, peripheraloedema, ascites

* Biomarkers: lactate, renal and liver parameters, BNP, troponin, D-dimer
*Imaging: chest X ray, ECHO, CT, MRI (not in urgent setting)

* Invasive monitoring: CVC line and PA catheter

* Sepsis, certain myocardiitides
* Acute Pulmonary embolism

* RVinfarction

® Arrythmias

* Post LVAD, Heart transplant

Treatable
causes

Optimization

Further
escalation

N
* Maintainance of systemic blood pressure (MAP>60mmHg): noradrenaline
* Preload optimization: IV diuresis, RRT, cautious filling
* Improve cardiac output: Dobutamine, Milrinone, Levosimendan
* Afterload reduction: inhaled NO, inhaled PGs
J
~N
* Need for respiratory support : ECMO, Protek duo, Centrimag
*Only RV support: Impella RP
* RVAD/Heart transplantation if no recovery and no contraindications
J

FIGURE 4

ECHO; echocardiography parameters; CT, computered tomography; MRI, magnetic resonance imaging, CVC, central venous catheter; PA, pulmonary
artery; RC, right ventricle; LVAD, left ventricular assist device; IV, intravenous; MAP, mean arterial pressure; RRT, renal replacement therapy; NO, nitric
oxide; PGs, prostaglandins; ECMO, extracorporeal membrane oxygenation; RVAD, right ventricular assist device.
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Therefore, volume optimization is key, whether the patient
requires volume initially (such as RV infarct) or is volume
overloaded. At a minimum, care should be directed towards
maintaining a central venous pressure of 8-12 mmHg (5).

Historically, the RV was viewed as a passive conduction system
and hence was often managed by increasing volume and right atrial
pressures to increase pulmonary circulation. However, if the RV
begins dilating, especially in the face of increased afterload, wall
stress increases rapidly in such a thin-walled structure. This leads
to further dilatation, reduction in systolic pressure generation,
increased TR and impaired LV filling due to aforementioned
interventricular dependence. Myocardial ischemia, due to both
reduced CO and increased RV wall stress, and congestive
multiorgan failure can ensue (34).

The easiest and most effective method to reduce RV preload is
using a high-dose furosemide infusion to reduce right atrial pressure
to between 8 and 12 mmHg. The response must be rapidly assessed
to allow escalation in therapy or addition of thiazides, which
potentiate loop diuretics. Clearly, regular electrolyte monitoring is
mandatory due to the possibility of rapid shifts. The addition of
carbonic anhydrase inhibitors can improve any alkalosis resulting
from loop and thiazide diuretics (35).

Renal replacement therapy (RRT) is effective at removing
excess fluid. Although commonly initiated in diuretic resistant
patients, there is no clear evidence supporting their use in acute
RV failure. Thus, RRT should not be considered first-line
treatment but started after failure of diuretic therapy. It should
be conducted at a rate that allows an adequate shift of
extravascular to intravascular space (5).

In contrast, intravenous fluids are required in cases of
associated hypovolemia to reach the above-mentioned target, for
example in cases of RV infarction. However, if increased
afterload is the primary cause of RV failure, even if the patient is
volume deplete, this must be performed carefully and in small
increments otherwise decompensation is likely.

3. Afterload reduction

Specific afterload reduction therapies depend on the specific
pathophysiology, such as in pulmonary emboli or increased
ventilation, as discussed previously. In the absence of a specific
reversible cause, pulmonary vasodilators decrease pulmonary
vascular bed resistance leading to a decrease of RV afterload.

TABLE 2 Tailored MCS device for right ventricular failure.

pVA- | pRVAD sRVAD Impella
ECMO RP
++

Ongoing CPR

Heamodinamically relevant ++

arrythmias

RV distension + inotropic + + ++
support

Inotropic support + respiratory + ++

acidosis

Perioperative RV failure + + ++

pVA-ECMO, peripheral VA-ECMO; pRVAD, peripheral RVAD; sRVAD, systemic
RVAD.
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Intravenous agents such as milrinone (see below) are effective
at both
contractility, although it causes both pulmonary and systemic

causing pulmonary vasodilation and increased
vasodilation and hence can enhance hypotension.

Selective pulmonary vasodilators include inhaled or parenteral
epoprostenol (36, 37) or inhaled nitric oxide. The principal benefit
of inhaled agents is the absence of systemic adverse effects, mainly
hypotension. Nitric oxide administration (5-20 ppm) has showed
to be beneficial in terms of reduction of pulmonary vascular
resistance and increase of RV ejection fraction (38). Oral
phosphodiesterase-5 inhibitors have been used in RVF after
LVAD implantation in some small series (39).

They should not be administered in patients with postcapillary
pulmonary hypertension and RV failure before the left sided
problem (LV dysfunction, valve disease) has been addressed.
Increasing transpulmonary flow in patients with elevated left
atrial pressure may induce pulmonary oedema.

4. RV contractility enhancement

Regardless of the underlying cause of acute RHF, the endpoint is
increased wall stress and reduced myocardial contractility due to
both direct (such as overstretched myocytes) and indirect
mechanisms (including reduced perfusion and reduction in LV
function/output).

Inotropic agents, such as dobutamine or milrinone, that
increase myocardial contractility and RV cardiac output are the
two most frequently used. Milrinone has a more potent
pulmonary and systemic vasodilator effect than dobutamine and
is less likely to induce reflex tachycardia (40). As a result,
systemic hypotension is a frequent adverse effect of milrinone
requiring concomitant vasoconstrictors. Of note, milrinone is
cleared almost entirely by the kidneys and therefore renal
function must be carefully monitored during use and the
milrinone dose adjusted accordingly.

The shorter half-life of dobutamine and its mild vasodilator
effect may be consequently preferable in some patients.
Exceptions to starting these would include situations where RV
failure has been caused by myocardial ischemia and arrhythmia,
which may be exacerbated by inotrope use.

Levosimendan infusion also increases RV contractile function
and data support the use of this drug in treating RVF of various
etiologies (41). Noradrenaline primarily targets the «; receptor,
causing vasoconstriction with limited §, receptor stimulation and
cardiac inotropy. However, the f; effects on contractility have
been shown to improve pulmonary artery/RV coupling in animal
models of RV dysfunction (42) hence could be an attractive
agent to use in conjunction with an inotropic agent.

Management of chronic RV failure

The management of chronic right heart failure follows similar
principles to those applied in acute RV failure.

1. Volume management

Diuresis is the mainstay of RHF treatment, using a combination of
diuretics (24). The aim of treatment is to reduce congestion and RV
volume overload whilst maintaining enough preload to support
adequate cardiac output. Regular renal function monitoring is
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mandatory as excessive volume depletion can lead to pre-renal
failure.

2. Afterload management

The causes of increased afterload are heterogenous, and treatment
must be directed accordingly. For example, if left sided heart failure
with reduced ejection fraction is the cause of pulmonary
hypertension and right sided heart failure, optimal guideline-
based management including use of beta-blockers, ACE-
inhibitors, mineralcorticoid antagonists, ARNis and SGLT-2
inhibitor is indicated (24).

In situations of pulmonary hypertension, the management
should treat the specific underlying pathology. Describing the
treatment of each subclass of pulmonary hypertension is a
subspecialist area and is beyond the scope of this review. Group
I PAH are the most complex to manage, and their treatment
often constitutes a combination of diuretics, home oxygen (if
arterial pO2 < 8 kPa), calcium channel blockers, phosphodiesterase
type 5 inhibitors (e.g., sildenafil), prostacyclin analogues (e.g.,
Eproprostenol) and endotheline receptor antagonists (e.g.,
Bosentan, Ambisentan).

In Group IV patients suffering from chronic thromboembolic
disease, lifelong anticoagulation followed by consideration of
pulmonary endarterectomy by a specialist centre may be
indicated. Despite their profound therapeutic differences, all these
treatment approaches have the same goal, reducing RV afterload.

Similarly, RVF in patients with congenital heart disease,
including repaired tetralogy of Fallot, is common but again
beyond the scope of this review. Once diagnosed with right heart
failure in this context, immediate support should be sought from

a specialist adult congenital heart disease team.
2. Devices

When optimal medical therapy has not been effective, mechanical
circulatory support (MCS) may be beneficial. There are several
options that differ in the intensity and duration of support
offered, the intended approach of implantation and the need for
is limited to only small

oxygenation. Current literature

prospective randomized trials (43).

(a) SHORT TERM SUPPORT. Considerations involved in
choosing the most appropriate device depending on the
clinical situation are shown in Table 2.

(i) Extracorporeal membrane oxygenation (ECMO): The first

decision to make is deciding between using veno-venous

(VV) ECMO and venoarterial (VA) ECMO. VV ECMO only

oxygenates and returns blood to the venous system.

Therefore, its use is limited to isolated RV failure due to

acute hypoxemic respiratory failure. In contrast, venoarterial

(VA) ECMO is the preferred option in situations of primary

RV injury or RV failure with concomitant LV failure. VA

ECMO supports the RV indirectly by reducing preload,

reducing RV wall tension, and providing oxygenated blood

to the coronary circulation (44). ECMO is especially useful
when cardiopulmonary resuscitation is ongoing because it is
relatively straightforward to insert peripherally, provides

respiratory support and unloads the pulmonary field.
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PROTEK DUO: This cannula-within-a-cannula device allows
for percutaneous, single venous access at the right internal
jugular vein. The double-lumen cannula consists of a 29 Fr
outer cannula and a 16 Fr inner cannula with a length of
46 cm allowing for right atrium drainage. The inlet is
positioned in the RA-SVC junction and the return in the
pulmonary artery. It can be used with or without an
oxygenator in case of respiratory failure (45) and it is
connected to an extracorporeal centrifugal pump. It is easy
to both position and explant and allows patient mobilisation
due to the jugular insertion.

IMPELLA RP: (Abiomed Inc., Danvers, MA) is a minimally
invasive percutaneous microaxial pump used to tackle RV
It
implantation, postcardiotomy or acute RV failure post

failure. is used after left ventricular assist device
myocardial infarction (46) with FDA approval in 2017 for
up to 14 days. Complications include bleeding at the
insertion point and haemolysis or arrhythmias. These are
usually due to malpositioning or insufficient support. The
Impella RP was first evaluated in the RECOVER RIGHT
study showing an improvement in survival and reducing
morbidity with RVF following LVAD

implantation (43). The post-approval study (PAS) (47) low

in patients
survival rates (28.6%) in comparison to those in the
premarket clinical studies (73.3%) triggered an alert letter
released by the Food and Drug Administration (FDA) (48).
However, when further analyzing these results, the issue
seemed to be frequent off-label Impella RP use, including
inappropriate patient selection in the PAS study. The PAS
subgroup that would have not qualified for the premarket
studies included patients likely to be in cardiogenic shock
for more than 48 h, those who had a cardiac arrest, or
suffered from a pre-Impella neurological event. This was
acknowledged in a more recent FDA update (49).
Extracorporeal magnetically levitated radial pump:
Levitronix® CentriMag® (Levitronix LLC; Waltham, Mass)
is a magnetically levitated centrifugal-flow pump designed
for temporary extracorporeal support. It can also work with
or without an oxygenator. It provides longer support than
the devices above mentioned. It is easy to implant and has
low risk of thrombosis, reduces pulmonary congestion, and
allows for early mobilization. However, its implantation and
explant usually require open surgery.

LONG TERM SUPPORT: There are limited options for long-
term RV support and evidence is lacking. Devices implanted
surgically such as HeartWare or HeartMate 3, Berlin Heart
pump
(Levitronix) require invasive surgery for both implantation

or extracorporeal magnetically levitated radial
and explantation.

RVAD: In June 3, 2021, Medtronic announced the withdrawal
of the HeartWare Ventricular Assist Device (HVAD) from the
global market (50). Current data estimates that there are
4,000-5,000 patients on HVAD support in the community,
either as bridge for transplantation or destination therapy.
The Heartmate 3 (HM3) (Abbott Park, IL) has been recently

approved by the FDA for adult heart failure (51). These
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devices have been used to support chronically impaired RVs
but were originally designed for left ventricular failure. The
result is that the haemodynamics were designed for a high
pressure, low-compliance system and the devices are not
necessarily optimized for RV support. Thus, these devices
are used off-label and should be reserved for cases where the
RV is less likely to recover in the short term, and longer
support periods are required. Of note, the timing of RVAD
implantation plays a major role in the survival post RVF (52).
(ii) Total Artificial Heart (TAH): it is a biventricular pump that
replaces both native cardiac ventricles and all cardiac valves.
The SynCardia Total Artificial Heart (TAH, SynCardia
Systems, Tucson, AZ) is the only biventricular cardiac
replacement approved for bridge to transplantation by the
FDA and which carries the European Union CE mark (53).
3. Heart transplantation

Heart transplantation can be considered in cases of advanced
refractory chronic heart failure in those situations in which
optimized medical treatment, or any other management options
have failed.

Exclusion of all reversible causes and assessment of all
comorbidities must be established before transplantation can be
contemplated.

There are not many situations in which HTx is needed due to
pure RV failure. These can be summarized into arrhythmogenic
right ventricular cardiomyopathy and extensive ischemia of the
right territory.

Although outcomes after isolated heart transplantation are in
general exceptional [around 90% survival to 1 year (54)], studies
report that the presence of RVAD support before heart
transplantation is associated with a relative mortality hazard of
3.03 (55).
pulmonary hypertension and postoperative RV dysfunction are

after  transplantation Moreover, preoperative

associated with increased mortality (56).
4. Special circumstances: LVAD implantation

RV failure is one of the most encountered complications after
durable left ventricular assist device (LVAD). More than 30% of
patients experience acute RVF (57), which is the leading cause of
premature morbidity and mortality (58).

In the 2-year large MOMENTUM cohort, the prevalence of RV
failure was 34% in HeartMate 3 recipients; however, RVAD use was
low at 4.1% (59).

The mechanism is based on the sudden increase of preload to
the RV after the initiation of the LVAD. The interventricular
septum shifts to the left due to the RV dilatation and the
effective unloading of the LV caused by a working LVAD causes
a detrimental effect on RV contraction (60).

These increases in RV preload after LVAD insertion, though
subtle, can also unmask previously subclinical RV dysfunction (61).

Patients on ventilatory support or continuous renal
replacement therapy (CRRT) are at high risk for post-LVAD
RVF, similarly to patients with slightly increased INR, high NT-

proBNP or leukocytosis. High CVP, low RVSWI, an enlarged
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right ventricle with concomitant low RV strain also identifies
patients at higher risk (52).

Post LVAD RFV is a challenging complication with high rates
of morbidity and mortality. A minimally invasive approach to
LVAD implantation, such as bilateral thoracotomy might play a
role in protecting from RV failure (62, 63). This can be due to
reductions in blood loss, and preservation of RV geometry due
to the fact that the pericardium is not opened completely.

Future development

The current management of RVF remains suboptimal and
leaves much room for improvement. New therapies, both
pharmacological and device-centered, should be sought.

It remains of paramount importance to recognize RVF early,
understand the underlying etiology and manage appropriately
without delays.

Molecular imaging is a developing method based on the
existence of specific tracers that bind to molecules of interest.
The potential of this method relies in combining targeted
molecular imaging with quantification (64). Presently, there is no
data showing predictive value for heart failure after MI (65).

Moreover, research is focussing on specific biomarkers [e.g.,
inflammatory biomarkers (66)] for RV failure, as well as novel
hemodynamic indexes.

In a recent study by Wu et al., high-dose dapagliflozin (DAPA)
treatment attenuated RV structural remodeling, improved RV
function, increased the conduction velocity, restored the
expression of key Ca®* handling proteins, increased the threshold
for Ca®* and action potential duration alternans, decreased
susceptibility to spatially discordant action potential duration
(APD) alternans and spontaneous Ca®* events, promoted cellular
Ca®" handling, and reduced VA vulnerability in PAH-induced
RHF DAPA
antiarrhythmic effects in hearts with pulmonary hypertension-
induced RHF (67).

Despite the great advances in MCS in the last decades,

rats. Low-dose treatment also  showed

biventricular failure remains a challenge for physicians.
Moreover, timing the implantation of the devices remains one of
the most important targets in order to achieve good outcomes.
Delays in the diagnosis and device implantation is associated
with high rates of mortality mostly due to multiorgan
dysfunction. Likewise, durable devices specific for the treatment
of RVF with applicability to broader patient populations is
urgently needed. A recent multicentre study advocates
concomitant implantation of MCS for the RV at the time of
LVAD implantation, associating it with improved 1-year survival
and increased chances of RV support weaning compared to

postoperative insertion (68).

Conclusions

Whereas the right ventricle was once neglected and viewed as a
passive player in the circulation, this is not the case anymore, and
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there has been an increased focus on the diagnosis and treatment of
right heart disease over the last two decades. Research has focused on
its unique structure and function and has led to the development of
both medical and device therapies tackling preload, afterload and
myocardial contractility. As with all conditions, the key to the
successful management of acute right heart failure is prompt
diagnosis to allow timely treatment initiation.

The rapid development of short term MCS over the last decade
has certainly facilitated the treatment of RVE. The evolution
towards low profile-high output pumps allows the percutaneous
treatment of right ventricular failure when medical management
These
percutaneously delivered devices like Impella RP, ECMO and
Protek Duo.

Long-term devices and heart transplantation should be

does not suffice. include the minimally invasive

reserved for those patients whose RV is unlikely to recover or are
likely to require longer support. MCS related mortality is limited
to bleeding and device complications, whereas the main
morbidity and mortality driver of untreated right heart failure is
multiorgan dysfunction (69). Therefore, this gives hope that as
devices, implantation techniques and weaning protocols improve
over time, mortality will surely follow suit.

Data availability statement

The original contributions presented in the study are included
in the article, further inquiries can be directed to the corresponding
authors.

References

1. Mehra MR, Park MH, Landzberg MJ, Lala A, Waxman AB. International right heart
failure foundation scientific working G. Right heart failure: toward a common language.
] Heart Lung Transplant. (2014) 33(2):123-6. doi: 10.1016/j.healun.2013.10.015

2. Vieillard-Baron A, Naeije R, Haddad F, Bogaard HJ, Bull TM, Fletcher N, et al.
Diagnostic workup, etiologies and management of acute right ventricle failure: a
state-of-the-art paper. Intensive Care Med. (2018) 44(6):774-90. doi: 10.1007/
s00134-018-5172-2

3. Nieminen MS, Brutsaert D, Dickstein K, Drexler H, Follath F, Harjola VP, et al.
Euroheart failure survey II (EHFS II): a survey on hospitalized acute heart failure
patients: description of population. Eur Heart J. (2006) 27(22):2725-36. doi: 10.
1093/eurheartj/ehl193

4. Soliman OII, Akin S, Muslem R, Boersma E, Manintveld OC, Krabatsch T, et al.
Derivation and validation of a novel right-sided heart failure model after implantation
of continuous flow left ventricular assist devices: the EUROMACS (European registry
for patients with mechanical circulatory support) right-sided heart failure risk score.
Circulation. (2018) 137(9):891-906. doi: 10.1161/CIRCULATIONAHA.117.030543

5. Konstam MA, Kiernan MS, Bernstein D, Bozkurt B, Jacob M, Kapur NK, et al.
Evaluation and management of right-sided heart failure: a scientific statement from
the American heart association. Circulation. (2018) 137(20):e578-622. doi: 10.1161/
CIR.0000000000000560

6. MacNee W. Pathophysiology of cor pulmonale in chronic obstructive pulmonary
disease. Part two. Am ] Respir Crit Care Med. (1994) 150(4):1158-68. doi: 10.1164/
ajrccm.150.4.7921453

7. Santamore WP, Dell'ltalia LJ. Ventricular interdependence: significant left
ventricular contributions to right ventricular systolic function. Prog Cardiovasc Dis.
(1998) 40(4):289-308. doi: 10.1016/S0033-0620(98)80049-2

8. Guazzi M, Naeije R. Pulmonary hypertension in heart failure: pathophysiology,
pathobiology, and emerging clinical perspectives. | Am Coll Cardiol. (2017) 69
(13):1718-34. doi: 10.1016/j.jacc.2017.01.051

Frontiers in Cardiovascular Medicine

10.3389/fcvm.2023.998382

Author contributions

MM-V: first draft writing-up, Lead writing; AT: drafting and
editing assistance, review; EM-S: editing assistance; GR-C: final
review; VP: final review and validation. All authors contributed
to the article and approved the submitted version.

Funding

This research will be funded by our dedicated cariogenic shock
research number at the Royal Brompton and Harefield Hospitals,
Charity Fund H0050

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

9. Ryan JJ, Huston J, Kutty S, Hatton ND, Bowman L, Tian L, et al. Right ventricular
adaptation and failure in pulmonary arterial hypertension. Can J Cardiol. (2015) 31
(4):391-406. doi: 10.1016/j.cjca.2015.01.023

10. de Agustin JA, Martinez-Losas P, de Diego JJG, Mahia P, Marcos-Alberca P,
Nunez-Gil IJ, et al. Tricuspid annular plane systolic excursion inaccuracy to assess
right ventricular function in patients with previous tricuspid annulopasty. Int
J Cardiol. (2016) 223:713-6. doi: 10.1016/j.ijcard.2016.08.276

11. Jurcut R, Giusca S, La Gerche A, Vasile S, Ginghina C, Voigt JU. The
echocardiographic assessment of the right ventricle: what to do in 2010? Eur
J Echocardiogr. (2010) 11(2):81-96. doi: 10.1093/ejechocard/jep234

12. Kitano T, Kovacs A, Nabeshima Y, Tokodi M, Fabian A, Lakatos BK, et al.
Prognostic value of right ventricular strains using novel three-dimensional analytical
software in patients with cardiac disease. Front Cardiovasc Med. (2022) 9:837584.
doi: 10.3389/fcvm.2022.837584

13. Soliman-Aboumarie H, Denault AY. How to assess systemic venous congestion
with point of care ultrasound. Eur Heart ] Cardiovasc Imaging. (2023) 24(2):177-80.
doi: 10.1093/ehjci/jeac239

14. Mackey ES, Sandler MP, Campbell RM, Graham TP Jr., Atkinson JB, Price R,
et al. Right ventricular myocardial mass quantification with magnetic
resonance imaging. Am ] Cardiol. (1990) 65(7):529-32. doi: 10.1016/0002-9149
(90)90828-0

15. Zhu Y, Liu J, Weinsaft J, Spincemaille P, Nguyen TD, Prince MR, et al. Free-
Breathing 3D imaging of right ventricular structure and function using respiratory
and cardiac self-gated cine MRI. Biomed Res Int. (2015) 2015:819102. doi: 10.1155/
2015/819102

16. Freed BH, Gomberg-Maitland M, Chandra S, Mor-Avi V, Rich S, Archer SL,
et al. Late gadolinium enhancement cardiovascular magnetic resonance predicts
clinical worsening in patients with pulmonary hypertension. J Cardiovasc Magn
Reson. (2012) 14(1):11. doi: 10.1186/1532-429X-14-11

frontiersin.org


https://doi.org/10.1016/j.healun.2013.10.015
https://doi.org/10.1007/s00134-018-5172-2
https://doi.org/10.1007/s00134-018-5172-2
https://doi.org/10.1093/eurheartj/ehl193
https://doi.org/10.1093/eurheartj/ehl193
https://doi.org/10.1161/CIRCULATIONAHA.117.030543
https://doi.org/10.1161/CIR.0000000000000560
https://doi.org/10.1161/CIR.0000000000000560
https://doi.org/10.1164/ajrccm.150.4.7921453
https://doi.org/10.1164/ajrccm.150.4.7921453
https://doi.org/10.1016/S0033-0620(98)80049-2
https://doi.org/10.1016/j.jacc.2017.01.051
https://doi.org/10.1016/j.cjca.2015.01.023
https://doi.org/10.1016/j.ijcard.2016.08.276
https://doi.org/10.1093/ejechocard/jep234
https://doi.org/10.3389/fcvm.2022.837584
https://doi.org/10.1093/ehjci/jeac239
https://doi.org/10.1016/0002-9149(90)90828-O
https://doi.org/10.1016/0002-9149(90)90828-O
https://doi.org/10.1155/2015/819102
https://doi.org/10.1155/2015/819102
https://doi.org/10.1186/1532-429X-14-11
https://doi.org/10.3389/fcvm.2023.998382
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Monteagudo-Vela et al.

17. Abouzeid CM, Shah T, Johri A, Weinsaft JW, Kim J. Multimodality imaging of
the right ventricle. Curr Treat Options Cardiovasc Med. (2017) 19(11):82. doi: 10.1007/
s11936-017-0584-9

18. Indik JH, Gimbel JR, Abe H, Alkmim-Teixeira R, Birgersdotter-Green U, Clarke
GD, et al. 2017 HRS expert consensus statement on magnetic resonance imaging and
radiation exposure in patients with cardiovascular implantable electronic devices.
Heart Rhythm. (2017) 14(7):e97-153. doi: 10.1016/j.hrthm.2017.04.025

19. Breidthardt T, Vanpoucke G, Potocki M, Mosimann T, Ziller R, Thomas G,
et al. The novel marker LTBP2 predicts all-cause and pulmonary death in patients
with acute dyspnoea. Clin Sci (Lond). (2012) 123(9):557-66. doi: 10.1042/
CS20120058

20. Kochav SM, Flores RJ, Truby LK, Topkara VK. Prognostic impact of
pulmonary artery pulsatility Index (PAPi) in patients with advanced heart failure:
insights from the ESCAPE trial. ] Card Fail. (2018) 24(7):453-9. doi: 10.1016/j.
cardfail.2018.03.008

21. Kang G, Ha R, Banerjee D. Pulmonary artery pulsatility index predicts right
ventricular failure after left ventricular assist device implantation. ] Heart Lung
Transplant. (2016) 35(1):67-73. doi: 10.1016/j.healun.2015.06.009

22. Zern EK, Wang D, Rambarat P, Bernard S, Paniagua SM, Liu EE, et al.
Association of pulmonary artery pulsatility Index with adverse cardiovascular events
across a hospital-based sample. Circ Heart Fail. (2022) 15(2):e009085. doi: 10.1161/
CIRCHEARTFAILURE.121.009085

23. Badesch DB, Champion HC, Gomez Sanchez MA, Hoeper MM, Loyd JE, Manes
A, et al. Diagnosis and assessment of pulmonary arterial hypertension. ] Am Coll
Cardiol. (2009) 54(1 Suppl):S55-66. doi: 10.1016/j.jacc.2009.04.011

24. Galie N, Humbert M, Vachiery JL, Gibbs S, Lang I, Torbicki A, et al. 2015 ESC/
ERS guidelines for the diagnosis and treatment of pulmonary hypertension. Rev Esp
Cardiol (Engl Ed). (2016) 69(2):177. doi: 10.1016/j.recesp.2016.01.002

25. Ibe T, Wada H, Sakakura K, Ito M, Ugata Y, Yamamoto K, et al. Right
ventricular stroke work Index. Int Heart J. (2018) 59(5):1047-51. doi: 10.1536/ihj.
17-576

26. Abbas AE, Fortuin FD, Schiller NB, Appleton CP, Moreno CA, Lester SJ. A
simple method for noninvasive estimation of pulmonary vascular resistance. ] Am
Coll Cardiol. (2003) 41(6):1021-7. doi: 10.1016/S0735-1097(02)02973-X

27. Thenappan T, Prins KW, Pritzker MR, Scandurra J, Volmers K, Weir EK. The
critical role of pulmonary arterial compliance in pulmonary hypertension. Ann Am
Thorac Soc. (2016) 13(2):276-84. doi: 10.1513/AnnalsATS.201509-599FR

28. Ooi CY, Wang Z, Tabima DM, Eickhoff JC, Chesler NC. The role of collagen in
extralobar pulmonary artery stiffening in response to hypoxia-induced pulmonary
hypertension. Am ] Physiol Heart Circ Physiol. (2010) 299(6):H1823-31. doi: 10.
1152/ajpheart.00493.2009

29. Lammers SR, Kao PH, Qi HJ, Hunter K, Lanning C, Albietz J, et al. Changes in
the structure-function relationship of elastin and its impact on the proximal
pulmonary arterial mechanics of hypertensive calves. Am ] Physiol Heart Circ
Physiol. (2008) 295(4):H1451-9. doi: 10.1152/ajpheart.00127.2008

30. Stevens GR, Garcia-Alvarez A, Sahni S, Garcia MJ, Fuster V, Sanz ]J. RV
Dysfunction in pulmonary hypertension is independently related to pulmonary
artery stiffness. JACC Cardiovasc Imaging. (2012) 5(4):378-87. doi: 10.1016/j.jcmg.
2011.11.020

31. Humbert M, Kovacs G, Hoeper MM, Badagliacca R, Berger RMF, Brida M, et al.
2022 ESC/ERS guidelines for the diagnosis and treatment of pulmonary hypertension.
Eur Heart J. (2022) 43(38):3618-731. doi: 10.1093/eurheartj/ehac237

32. Guazzi M, Bandera F, Pelissero G, Castelvecchio S, Menicanti L, Ghio S, et al.
Tricuspid annular plane systolic excursion and pulmonary arterial systolic pressure
relationship in heart failure: an index of right ventricular contractile function and
prognosis. Am ] Physiol Heart Circ Physiol. (2013) 305(9):H1373-81. doi: 10.1152/
ajpheart.00157.2013

33. Vanderpool RR, Pinsky MR, Naeije R, Deible C, Kosaraju V, Bunner C, et al.
RV-pulmonary arterial coupling predicts outcome in patients referred for
pulmonary hypertension. Heart. (2015) 101(1):37-43. doi: 10.1136/heartjnl-2014-
306142

34. Bakar SN, Jia S, Smith SJ. Right ventricular failure management. Curr Opin
Cardiol. (2019) 34(2):213-7. doi: 10.1097/HCO.0000000000000595

35. Felker GM, Lee KL, Bull DA, Redfield MM, Stevenson LW, Goldsmith SR, et al.
Diuretic strategies in patients with acute decompensated heart failure. N Engl ] Med.
(2011) 364(9):797-805. doi: 10.1056/NEJMoal005419

36. Buckley MS, Feldman JP. Inhaled epoprostenol for the treatment of pulmonary
arterial hypertension in critically ill adults. Pharmacotherapy. (2010) 30(7):728-40.
doi: 10.1592/phco.30.7.728

37. McLaughlin V'V, Palevsky HI. Parenteral and inhaled prostanoid therapy in the
treatment of pulmonary arterial hypertension. Clin Chest Med. (2013) 34(4):825-40.
doi: 10.1016/j.ccm.2013.09.003

38. Wasson S, Govindarajan G, Reddy HK, Flaker G. The role of nitric oxide and
vasopressin in refractory right heart failure. J Cardiovasc Pharmacol Ther. (2004) 9
(1):9-11. doi: 10.1177/107424840400900i102

Frontiers in Cardiovascular Medicine

1

10.3389/fcvm.2023.998382

39. Baker WL, Radojevic J, Gluck JA. Systematic review of phosphodiesterase-5
inhibitor use in right ventricular failure following left ventricular assist device
implantation. Artif Organs. (2016) 40(2):123-8. doi: 10.1111/aor.12518

40. Colucci WS, Wright RF, Jaski BE, Fifer MA, Braunwald E. Milrinone and
dobutamine in severe heart failure: differing hemodynamic effects and individual
patient responsiveness. Circulation. (1986) 73(3 Pt 2):111175-83.

41. Hansen MS, Andersen A, Nielsen-Kudsk JE. Levosimendan in pulmonary
hypertension and right heart failure. Pulm Circ. (2018) 8(3):2045894018790905.
doi: 10.1177/2045894018790905

42. Hirsch LJ, Rooney MW, Wat SS, Kleinmann B, Mathru M. Norepinephrine and
phenylephrine effects on right ventricular function in experimental canine pulmonary
embolism. Chest. (1991) 100(3):796-801. doi: 10.1378/chest.100.3.796

43. Anderson MB, Goldstein J, Milano C, Morris LD, Kormos RL, Bhama J, et al.
Benefits of a novel percutaneous ventricular assist device for right heart failure: the
prospective. RECOVER RIGHT study of the impella RP device. ] Heart Lung
Transplant. (2015) 34(12):1549-60. doi: 10.1016/j.healun.2015.08.018

44. Grant C J, Richards JB, Frakes M, Cohen ], Wilcox SR. ECMO And right
ventricular failure: review of the literature. J Intensive Care Med. (2021) 36
(3):352-60. doi: 10.1177/0885066619900503

45. https://www.livanova.com/advanced-circulatory-support/en-us/protekduo-kit

46. Monteagudo-Vela M, Simon A, Panoulas V. Initial experience with impella RP
in a quaternary transplant center. Artif Organs. (2020) 44(5):473-7. doi: 10.1111/aor.
13610

47. Impella RP. Heart Pump Bulletin. Available at: http://abiomed-private.s3.
amazonaws.com/assets/media/15520749419908795bb589c99b1c72a7a798fce7ee.pdf

48. FDA Letter (February 2019). Available at: https://www.fda.gov/medical-devices/
letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-
abiomed-impella-rp-system-letter-health-care

49. FDA Letter (May 2019). Available at: https://www.fda.gov/medical-devices/
letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-
abiomed-impella-rp-system-letter-healthcare?utm_campaign=UPDATE%
3AlncreasedRateofMortalityinPatientsReceivingAbiomedImpella.
RPSystem&utm_medium=email&utm_source=Eloqua

50. Medtronic Press Release. (2021). Available at: https://www.medtronic.com/
content/dam/medtronic-com/global/HCP/Documents/hvad-urgent-medical-device-
noticejune-2021.pdf

51. Mehra MR, Cleveland JC Jr., Uriel N, Cowger JA, Hall S, Horstmanshof D, et al.
Primary results of long-term outcomes in the MOMENTUM 3 pivotal trial
and continued access protocol study phase: a study of 2200 HeartMate 3 left
ventricular assist device implants. Eur ] Heart Fail. (2021) 23(8):1392-400. doi: 10.
1002/ejhf.2211

52. Bellavia D, Iacovoni A, Scardulla C, Moja L, Pilato M, Kushwaha SS, et al.
Prediction of right ventricular failure after ventricular assist device implant:
systematic review and meta-analysis of observational studies. Eur ]| Heart Fail.
(2017) 19(7):926-46. doi: 10.1002/ejhf.733

53. Copeland J, Langford S, Giampietro J, Arancio J, Arabia F. Total artificial heart
update. Surg Technol Int. (2021) 39:243-8. doi: 10.52198/21.ST1.38.CV 1449

54. Colvin M, Smith JM, Skeans MA, Edwards LB, Uccellini K, Snyder JJ, et al.
OPTN/SRTR 2015 annual data report: heart. Am ] Transplant. (2017) 17(Suppl
1):286-356. doi: 10.1111/ajt.14128

55. Lund LH, Edwards LB, Kucheryavaya AY, Benden C, Dipchand Al Goldfarb S, et al.
The registry of the international society for heart and lung transplantation: thirty-second
official adult heart transplantation report-2015; focus theme: early graft failure. ] Heart
Lung Transplant. (2015) 34(10):1244-54. doi: 10.1016/j.healun.2015.08.003

56. Bianco JC, Mc Loughlin S, Denault AY, Marenchino RG, Rojas JI, Bonofiglio FC.
Heart transplantation in patients >60 years: importance of relative pulmonary
hypertension and right ventricular failure on midterm survival. J Cardiothorac Vasc
Anesth. (2018) 32(1):32-40. doi: 10.1053/j.jvca.2017.09.017

57. Kirklin JK, Pagani FD, Kormos RL, Stevenson LW, Blume ED, Myers SL, et al.
Eighth annual INTERMACS report: special focus on framing the impact of adverse
events. | Heart Lung Transplant. (2017) 36(10):1080-6. doi: 10.1016/j.healun.2017.
07.005

58. Teuteberg JJ, Cleveland JC Jr., Cowger ], Higgins RS, Goldstein DJ, Keebler M,
et al. The society of thoracic surgeons intermacs 2019 annual report: the changing
landscape of devices and indications. Ann Thorac Surg. (2020) 109(3):649-60.
doi: 10.1016/j.athoracsur.2019.12.005

59. Mehra MR, Uriel N, Naka Y, Cleveland JC Jr., Yuzefpolskaya M, Salerno CT,
et al. A fully magnetically levitated left ventricular assist device—final report.
N Engl ] Med. (2019) 380(17):1618-27. doi: 10.1056/NEJMo0al900486

60. Houston BA, Shah KB, Mehra MR, Tedford R]. A new “twist” on right heart
failure with left ventricular assist systems. J Heart Lung Transplant. (2017) 36
(7):701-7. doi: 10.1016/j.healun.2017.03.014

61. Chopski SG, Murad NM, Fox CS, Stevens RM, Throckmorton AL.
Mechanical circulatory support of the right ventricle for adult and pediatric patients
with heart failure. ASAIO J. (2019) 65(2):106-16. doi: 10.1097/MAT.0000000000000815

frontiersin.org


https://doi.org/10.1007/s11936-017-0584-9
https://doi.org/10.1007/s11936-017-0584-9
https://doi.org/10.1016/j.hrthm.2017.04.025
https://doi.org/10.1042/CS20120058
https://doi.org/10.1042/CS20120058
https://doi.org/10.1016/j.cardfail.2018.03.008
https://doi.org/10.1016/j.cardfail.2018.03.008
https://doi.org/10.1016/j.healun.2015.06.009
https://doi.org/10.1161/CIRCHEARTFAILURE.121.009085
https://doi.org/10.1161/CIRCHEARTFAILURE.121.009085
https://doi.org/10.1016/j.jacc.2009.04.011
https://doi.org/10.1016/j.recesp.2016.01.002
https://doi.org/10.1536/ihj.17-576
https://doi.org/10.1536/ihj.17-576
https://doi.org/10.1016/S0735-1097(02)02973-X
https://doi.org/10.1513/AnnalsATS.201509-599FR
https://doi.org/10.1152/ajpheart.00493.2009
https://doi.org/10.1152/ajpheart.00493.2009
https://doi.org/10.1152/ajpheart.00127.2008
https://doi.org/10.1016/j.jcmg.2011.11.020
https://doi.org/10.1016/j.jcmg.2011.11.020
https://doi.org/10.1093/eurheartj/ehac237
https://doi.org/10.1152/ajpheart.00157.2013
https://doi.org/10.1152/ajpheart.00157.2013
https://doi.org/10.1136/heartjnl-2014-306142
https://doi.org/10.1136/heartjnl-2014-306142
https://doi.org/10.1097/HCO.0000000000000595
https://doi.org/10.1056/NEJMoa1005419
https://doi.org/10.1592/phco.30.7.728
https://doi.org/10.1016/j.ccm.2013.09.003
https://doi.org/10.1177/107424840400900i102
https://doi.org/10.1111/aor.12518
https://doi.org/10.1177/2045894018790905
https://doi.org/10.1378/chest.100.3.796
https://doi.org/10.1016/j.healun.2015.08.018
https://doi.org/10.1177/0885066619900503
https://www.livanova.com/advanced-circulatory-support/en-us/protekduo-kit
https://doi.org/10.1111/aor.13610
https://doi.org/10.1111/aor.13610
http://abiomed-private.s3.amazonaws.com/assets/media/15520749419908795bb589c99b1c72a7a798fce7ee.pdf
http://abiomed-private.s3.amazonaws.com/assets/media/15520749419908795bb589c99b1c72a7a798fce7ee.pdf
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-health-care
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-health-care
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-health-care
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-healthcare?utm_campaign=UPDATE%3AIncreasedRateofMortalityinPatientsReceivingAbiomedImpella.RPSystem&amp;utm_medium=email&amp;utm_source=Eloqua
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-healthcare?utm_campaign=UPDATE%3AIncreasedRateofMortalityinPatientsReceivingAbiomedImpella.RPSystem&amp;utm_medium=email&amp;utm_source=Eloqua
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-healthcare?utm_campaign=UPDATE%3AIncreasedRateofMortalityinPatientsReceivingAbiomedImpella.RPSystem&amp;utm_medium=email&amp;utm_source=Eloqua
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-healthcare?utm_campaign=UPDATE%3AIncreasedRateofMortalityinPatientsReceivingAbiomedImpella.RPSystem&amp;utm_medium=email&amp;utm_source=Eloqua
https://www.fda.gov/medical-devices/letters-health-care-providers/update-increased-rate-mortalitypatients-receiving-abiomed-impella-rp-system-letter-healthcare?utm_campaign=UPDATE%3AIncreasedRateofMortalityinPatientsReceivingAbiomedImpella.RPSystem&amp;utm_medium=email&amp;utm_source=Eloqua
https://www.medtronic.com/content/dam/medtronic-com/global/HCP/Documents/hvad-urgent-medical-device-noticejune-2021.pdf
https://www.medtronic.com/content/dam/medtronic-com/global/HCP/Documents/hvad-urgent-medical-device-noticejune-2021.pdf
https://www.medtronic.com/content/dam/medtronic-com/global/HCP/Documents/hvad-urgent-medical-device-noticejune-2021.pdf
https://doi.org/10.1002/ejhf.2211
https://doi.org/10.1002/ejhf.2211
https://doi.org/10.1002/ejhf.733
https://doi.org/10.52198/21.STI.38.CV1449
https://doi.org/10.1111/ajt.14128
https://doi.org/10.1016/j.healun.2015.08.003
https://doi.org/10.1053/j.jvca.2017.09.017
https://doi.org/10.1016/j.healun.2017.07.005
https://doi.org/10.1016/j.healun.2017.07.005
https://doi.org/10.1016/j.athoracsur.2019.12.005
https://doi.org/10.1056/NEJMoa1900486
https://doi.org/10.1016/j.healun.2017.03.014
https://doi.org/10.1097/MAT.0000000000000815
https://doi.org/10.3389/fcvm.2023.998382
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

Monteagudo-Vela et al.

62. Zanobini M, Loardi C, Poggio P, Tamborini G, Veglia F, Di Minno A, et al. The
impact of pericardial approach and myocardial protection onto postoperative right
ventricle function reduction. J Cardiothorac Surg. (2018) 13(1):55. doi: 10.1186/
s13019-018-0726-5

63. Mohite PN, Husain M, Monteagudo-Vela M, Umakumar K, Garcia Saez D,
Jothidasan A, et al. Sternal sparing bilateral symmetrical thoracotomy for implantation
of left ventricular assist device. Multimed Man Cardiothorac Surg. (2021) 2021.
doi: 10.1510/mmcts.2021.044

64. Ohira H, Beanlands RS, Davies RA, Mielniczuk L. The role of nuclear imaging in
pulmonary hypertension. J Nucl Cardiol. (2015) 22(1):141-57. doi: 10.1007/s12350-
014-9960-y

65. Sorensen J. Hello from the other side: molecular imaging of the
right ventricle. J Nucl Cardiol. (2021) 28(6):2796-8. doi: 10.1007/s12350-020-
02210-4

Frontiers in Cardiovascular Medicine

12

10.3389/fcvm.2023.998382

66. Dewachter L, Dewachter C. Inflammation in right ventricular failure: does it
matter? Front Physiol. (2018) 9:1056. doi: 10.3389/fphys.2018.01056

67. Wu J, Liu T, Shi S, Fan Z, Hiram R, Xiong F, et al. Dapagliflozin reduces
the vulnerability of rats with pulmonary arterial hypertension-induced right heart
failure to ventricular arrhythmia by restoring calcium handling. Cardiovasc
Diabetol. (2022) 21(1):197. doi: 10.1186/s12933-022-01614-5

68. Kumar S, Derbala MH, Nguyen DT, Ferrall ], Cefalu M, Rivas-Lasarte M, et al. A
multi-institutional retrospective analysis on impact of RV acute mechanical support
timing after LVAD implantation on I-year mortality and predictors of RV acute
mechanical support weaning. J Heart Lung Transplant. (2022) 41(2):244-54.
doi: 10.1016/j.healun.2021.10.005

69. Abdelshafy M, Caliskan K, Guven G, Elkoumy A, Elsherbini H, Elzomor H, et al.
Temporary right-ventricular assist devices: a systematic review. J Clin Med. (2022)
11(3):613. doi: 10.3390/jcm11030613

frontiersin.org


https://doi.org/10.1186/s13019-018-0726-5
https://doi.org/10.1186/s13019-018-0726-5
https://doi.org/10.1510/mmcts.2021.044
https://doi.org/10.1007/s12350-014-9960-y
https://doi.org/10.1007/s12350-014-9960-y
https://doi.org/10.1007/s12350-020-02210-4
https://doi.org/10.1007/s12350-020-02210-4
https://doi.org/10.3389/fphys.2018.01056
https://doi.org/10.1186/s12933-022-01614-5
https://doi.org/10.1016/j.healun.2021.10.005
https://doi.org/10.3390/jcm11030613
https://doi.org/10.3389/fcvm.2023.998382
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/

	Right ventricular failure: Current strategies and future development
	Introduction
	History

	Pathophysiology
	Acute right ventricular failure
	Chronic right ventricular failure

	Diagnosis
	Echocardiography
	MRI
	Biomarkers
	Hemodynamic markers

	Treatment
	Future development
	Conclusions
	Data availability statement
	Author contributions
	Funding
	Conflict of interest
	Publisher's note
	References


