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Axes for future research in right heart failure after
LVAD implantation.

CENTRAL MESSAGE

Despite significant advances in
durable LVAD technology, right
heart failure remains a morbid
and fatal condition that is diffi-
cult to predict, prevent, and
successfully treat.

See Commentary on page 2132.
Right heart failure (RHF) is a frequent comorbid condition
in patients being evaluated for durable, left ventricular assist
device (LVAD) therapy. RHF is defined by the incapacity of
the right ventricle (RV) to provide adequate cardiac output to
the LV and LVAD device and is associated with poor sys-
temic perfusion resulting in renal and hepatic failure, venous
and hepatic congestion causing bleeding requiring transfu-
sion, and increased risk of mortality.1 RHF occurs when
the RV function is no longer adapted to the loading condi-
tions because of intrinsic RV dysfunction; elevated
pulmonary vascular resistance; ormore commonly, a combi-
nation of both.Depending on the definition,RHF is observed
in 4% to 40% of patients undergoing durable LVAD
implant, independent of the type of continuous flow de-
vice.2-4 Patients requiring concomitant RV assist device
(RVAD) support at the time of LVAD implant have
increased mortality, with a 1-year survival of only 56%
compared with 82% for patients requiring an LVAD implant
alone.1

The RV’s complex anatomy and load-dependent physi-
ology contribute to the difficulty of predicting, preventing,
and managing post-LVAD implantation RHF. Despite sig-
nificant advances in device technology and knowledge, fail-
ure to rescue the RV following durable LVAD implantation
remains an important issue requiring further critical and
strategic investigation. Previous literature has mainly
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focused on the mechanisms and the predisposing patient
characteristics associated with RHF, although this multifac-
eted disease remains insufficiently explored.

A conceptual model that integrates RHF determinants is
proposed. Further, this conceptual model details a broad
approach to RHF that may assist researchers with identi-
fying and directing future areas of inquiry and clinicians
with providing new approaches for improving patient
outcomes.
THE COMPLEX PUZZLE OF RHF FOLLOWING
DURABLE LVAD IMPLANTATION: WHAT WE
KNOW
Preoperative Risk Prediction of RHF Following
LVAD Implantation

RHF following LVAD implantation is the culmination
of an interplay of intrinsic RV dysfunction due to the under-
lying cardiomyopathy, patient comorbidities, pressure and/
gery c June 2023
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or volume overload, dynamic ventricular interactions and
pathophysiological changes after pump insertion, intraoper-
ative insults, and perioperative patient and LVAD
management5,6 (Figure 1). Among hundreds of parameters
studied, no single parameter has accurately characterized
the risk of RHF in the perioperative setting.2 Many preoper-
ative prediction models have been developed for postim-
plant RHF, but their utility has been limited due to poor
discrimination outside the derivation cohorts and limited
and variable RHF definitions.

Prior research has evaluated the role of both hemody-
namic and echocardiographic assessments for RHF predic-
tion. Although lacking rigorous sensitivity and specificity, a
number of hemodynamic assessments have been evaluated,
including central venous pressure, pulmonary artery pulsa-
tility index, right atrial pressure to pulmonary capillary
wedge pressure ratio, RV power output, and RV stroke-
work index.1,7 Regarding echocardiographic parameters,
investigators have evaluated measures reflecting the longi-
tudinal shortening of the RV (eg, RV free-wall longitudinal
strain or tricuspid annular plane excursion).8-10 Further
external validation of these parameters is necessary.
RV Pathophysiology in the Setting of LVAD Implant
RV function is determined by its preload, afterload, inter-

ventricular interactions via the interventricular septum and
Preoperative Intraoperative

• Demographics
Patient Factors

• Comorbidities
• Etiologies
• Clinical state
• RV dysfunction
• Genetics 
• Frailty

Measures
• Hemodynamics
(CVP/PCWP, PAPi, RVSWi)
• Echocardiography
(RVEF, TAPSE, TR) 
• Imaging (CMR)
• End-organ function
(INR, TBili, creatinine)
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Hypotension, hypoxia,
Volume overload,
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Ischemia, emboli,
pulmonary hypertension

Provider/System
• Concomittent procedure
• CBP/Crossclamp time
• Anesthetic Strategy
• Transfusion threshold
• Inotrope/Pulmonary Vasodilators

Measures
• Hemodynamics
(MAP, CVP/CPWP, PAPi, RVSWi)
• Echocardiography
(RVEF, TAPSE, TR)
• Lactate, ABG, DO2
• CBP/Crossclamp time 

Provider/System
• Center expertise/volume
• Evaluation/selection
• Optimization strategy
• Transplantation status

FIGURE 1. Conceptual framework summarizing the interactions between pat

standing of right heart failure in patients receiving a durable left ventricular assi

ICU, intensive care unit;RV, right ventricular;CVP, central venous pressure;PCW

index; RVSWi, right ventricular strokework index;RVEF, right ventricular ejectio

regurgitation; CMR, cardiac magnetic resonance; INR, International Normalize

blood gas; DO2, oxygen delivery.
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the pericardium, rhythm integrity, and myocardial contrac-
tility.11 Durable LVAD implantation acutely influences each
of the determinants of RV function, either in deleterious or
beneficial ways.12 The increase in systemic perfusion and
the reduction in LVend-diastolic pressure may improve cor-
onary perfusion and myocardial contractility (eg, RV
contraction assessed by end-systolic elastance). Conversely,
acute unloading of the LV as a consequence of the LVAD,
may lead to acute right to left interventricular septal shift,
decreasing RV contractility and rendering it more sensitive
to RVafterload changes.13 The loss of pericardial constraint
resulting from surgical pericardiotomy combined with the
increase of venous blood return can lead to RV volume
overload and dilation, especially in a previously maladapted
RV. Although increases in pump speed and LV unloading
can reduce RV afterload (ie, pulmonary arterial pressure,
elastance, and resistance), conductance catheter studies
have demonstrated that RV-PA coupling is minimally influ-
enced by acute modulations in pump speed.14 Thus, the
benefit of RVunloading in the acute setting may be limited.
THE MISSING PIECES: KNOWLEDGE GAPS
Understanding the Mechanisms Leading to RHF
A better understanding of the pathophysiological mecha-

nisms leading to RHF in patients with an LVAD is a prereq-
uisite for the development of new biomarkers and targeted
Postoperative Outcome
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• Hemodynamics
(MAP, CVP/CPWP, PAPi, RVSWi)
• Echocardiography
• Inotropes/Vasopressors
• Lactate, ABG, DO2
• LVAD parameters

Patient Factors
• Medication compliance
• Valvular disease
• Genetics

Provider/System
• LVAD management
• Inotrope decisions
• RVAD timing
• ICU team dynamics
• Volume

Acute vs. Chronic
Functional/Physiological Definition
RV function recovery

Right Heart Failure
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therapies. The development and the use of biobanks may
assist in identifying specific features of the genetic, molec-
ular, and cellular patterns of RHF in the setting of advanced
HF and LVAD therapy.

A Need for a More Physiology-Guided Definition of
RHFAfter LVAD Implant

Weaknesses in the rigor of the prior literature (eg, lack of
standardization of RHF definitions) contribute to the
inability to derive accurate estimations of the incidence of
RHF. The recently described Mechanical Circulatory Sup-
port—Academic Research Consortium definition relies on
inotropic duration, inhaled pulmonary vasodilators, and
RVAD implantation as measures of RV function severity.15

Rather than leveraging physiological parameters, these
criteria reflect clinical decisions that may vary by surgeon
and center and cause significant variability in actual risk
factors. Further, each of the multiple phenotypes of post-
LVAD implantation RHF (ranging from severe acute RHF
requiring intraoperative RVAD implantation at the time of
LVAD implantation, to prolonged perioperative inotrope re-
quirements, to late RV failure requiring rehospitalization)
may require objective and individualized evaluation and
treatment. Establishing a definition of RHF based on
nontherapeutic measurable indices (eg, imaging, bio-
markers, and hemodynamic parameters) is an important
area of future investigation.

Intraoperative Assessment and Management of the
RV

During LVAD implantation, the RV is subject to the detri-
mental influence of general anesthesia, the loss of pericar-
dial interaction, inflammation, ischemia-reperfusion
injuries secondary to cardiopulmonary bypass, fluid over-
load, and increase in pulmonary vascular resistances (eg,
increased afterload).16 Intraoperative management consists
of limiting cardiopulmonary bypass duration, maintaining
adequate perfusion pressure, minimizing transfusion,
providing hemodynamic-guided fluid repletion, and insti-
tuting pulmonary vasodilator therapy and inotropic support.
Although those principles are generally well established,
there remains significant variation in intraoperative man-
agement across centers and teams.17 Preservation of the
pericardial-RV interaction using less-invasive approaches
for LVAD implantation has been believed to reduce the inci-
dence of RHF. However, a recent Society of Thoracic
Surgeons-Intermacs analysis did not support this hypothesis
and further research into the effects of alternative surgical
implant techniques is necessary.18

Although associations between intraoperative hemody-
namic (eg, central venous pressure and pulmonary artery
pulsatility index) and echocardiographic (eg, right atrial
and ventricular diameters and tricuspid annular plane excur-
sion) parameters with severe RHF following LVAD
2128 The Journal of Thoracic and Cardiovascular Sur
implantation19 have been reported, further studies focusing
on hemodynamic variations during surgery and their associ-
ation with RHF are needed.

IMPLICATIONS OF THIS CONCEPTUAL MODEL:
FUTURE DIRECTIONS

The total interaction of patient comorbidities, genetics
and cellular biology, preoperative risk factors, intraopera-
tive insults, provider decision making, and hospital-level
system factors in relation to the incidence and management
of postoperative RHF has not been thoroughly evaluated.
This framework identifies new areas for research and
opportunities to influence outcomes in patients with RHF
following LVAD implantation (Figure 2).

Phenotyping the RV Before LVAD Implantation
We postulate that there are unexplored patient, provider,

and system factors that may influence the incidence and
severity of RHF. These factors could include patient ge-
netics, evaluation and selection practices, optimization stra-
tegies, as well as hospital characteristics (eg, patient to
nurse ratios, transplant center status, and number of
beds).20 Further evaluations of interhospital variation in
RHF incidence using standardized definitions would permit
granular comparison of preoperative management strate-
gies and patient characteristics that may contribute to an
improved understanding of the varying phenotypes
comprising RHF. Novel assessments of RV function with
pressure-volume loops generated from conductance cathe-
ters have recently been performed in the setting of LVAD
implantation and represent a gold standard methodology
to assess myocardial contractility, RV-PA coupling, and
provide information to differentiate adaptive and maladap-
tive phenotypes.21 Cardiac magnetic resonance (CMR) is
now the gold standard to assess RV morphology and func-
tion.22,23 As the number of CMR-compatible pacemakers
or internal defibrillators increases, the place of CMR for
RVassessment before LVAD implant may be more feasible.
Less-constrained methods to measure RV-PA coupling us-
ing the ratio of RV free wall longitudinal strain derived
from speckle-tracking echocardiography and noninvasively
calculated RV systolic pressure are promising.24 Multi-
modal monitoring that integrates continuous RV and PA
pressure, 3-dimensional volumetric and strain assessments,
and assessment of congestive end-organ consequences will
help delineate diastolic and systolic RV function.

Focus on the Intraoperative Period
Preoperative risk models, which lack dynamic intraoper-

ative factors associated with LVAD implantation, have
focused on the decision to implant an LVAD and assessing
the need for RVAD support.1 Recently, the focus has shifted
to evaluating intraoperative predictors of severe postopera-
tive RHF and identifying modifiable targets/practices. The
gery c June 2023
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 Intraoperative Post LVAD implant

Standardization of RVF definition
Prevention of RVF

Standardization of practice
Rescue right ventricular function

Multi-disciplinary Heart Team & Collaborative Learning

Adaptive / Maladaptative

Pressure-volume loops and 

RV-PA coupling

Genetic factors

Metabolic assessment: glycolytic shift,

nuclear imaging

Cellular and molecular mechanisms of

RHF (BioBank)

Morphologic and functional: role of CMR

National or international registries: STS-Intermacs, IMACS, EuroMACS

 Intraoperative Electronic Health Data 
(e.g., Multicenter Perioperative Outcomes Group, Patient Rentered Outcomes Research Network)

Medicare and Medicaid Electronic Health Record, American Hospital Association, Centers for Medicare and Medicaid services

2. Preoperative optimization

Define optimal right heart Cath
numbers

Place of ERAS guidelines

Role of inotropic optimisation

3. Impact of health care systems
and network

Impact of hospital characteristics

1. Better standardized definition for early

and late RVF

2. Understand the interaction between LVAD

parameters and RV function

3. Understand the variability of RVF incidence

between centers

4. Impact of fragmentation of care on RVF

1. Management-related factors

Use large datases and artificial intelligence to diagnose early RVF

Understand the variability of practice between centers: fluid

management, inotropic support, pulmonary vasodilators, operative

techniques

Assess the impact of the time in the targeted-range of monitoring

parameters:

SaO2, Mean AP, CVP, Hte, Pulmonary pressures, diuresis

2. Patient-related factors

Understand the influence of operatives steps on RV function

Identify new echographic and hemodynamic indices for

right heart failure detection (PA waves analysis, echographic

indices of venous congestion)

3. Integration of intraoperative predicting factors in predicting
risk models

FIGURE 2. Axes for future research in right heart failure after left ventricular assist device (LVAD) implantation. The approach to improved understanding

of right heart failure (RHF) in the setting of durable LVAD implantation will require a multidisciplinary heart team approach. Expertise in areas of cardio-

vascular genetics and biology, imaging, critical care, analyses of large datasets, and surgical care will be required to explore important issues. RV, Right

ventricle; RVF, right ventricular failure; RV-PA, right-ventricular-pulmonary arterial; CMR, cardiac magnetic resonance; ERAS, enhanced recovery after

surgery; SaO2, oxygen saturation; AP, arterial pressure; CVP, central venous pressure; Hte, hematocrit; PA, pulmonary artery; STS-Intermacs, The Society

for Thoracic Surgeons-Interagency Registry for Mechanically Assisted Circulatory Support; IMACS, International Society for Heart and Lung Transplan-

tation Mechanically Assisted Circulatory Support; EuroMACS, European Registry for Patients with Mechanical Circulatory Support.

Pienta et al Adult: Mechanical Circulatory Support: Expert Opinion

A
D
U
L
T

influence of intraoperative practice patterns on RV function,
and hemodynamic responses to surgical and anesthetic in-
terventions (eg, induction of anesthesia, sternotomy, and
initiation/cessation of cardiopulmonary bypass) used as a
means to characterize RHF phenotypes, have not been pre-
viously well described. Furthermore, the ability of such
practice patterns to predict and potentially modify the
risk of RHF has not been thoroughly assessed. Cross-
institutional collaborative research groups like the Multi-
center Perioperative Outcomes Group,25 which collects
The Journal of Thoracic and Car
granular intraoperative electronic health record data and
early postoperative outcomes from more than 50 hospitals,
including more than 20 LVAD centers, could provide crit-
ical insights into determinants of intraoperative RV function
and variation in intraoperativemanagement practices across
institutions. Furthermore, these data could be linked to The
Society of Thoracic Surgeons Intermacs database and
administrative datasets such as Medicare, to allow for
detailed analyses of the effects of intraoperative manage-
ment on postoperative outcomes.
diovascular Surgery c Volume 165, Number 6 2129
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Postoperative
Postoperative structural and system factors may

contribute to observed interhospital variation in RHF inci-
dence. However, factors contributing to these differences
have not been fully captured and evaluated. Similar to the
intraoperative environment, there has been little investiga-
tion into postoperative factors related to RHF and threshold
for RVAD support initiation. However, multiple factors may
alter risk, including perioperative inotrope management,
pulmonary vasodilator use, blood transfusion practices,
ventilator management, LVAD speed titration, staffing
models, and care team dynamics (eg, teamwork and
communication).
CONCLUSIONS
This conceptual framework summarizes the knowledge

gaps in the understanding of RHF in the setting of LVAD
implantation, including the need for widespread adoption
of standardized definitions, consideration of the influence
of intraoperative management, and new strategies to
manage RHF and to prevent significant morbidity or mortal-
ity. Further research is necessary to characterize genetic un-
derpinnings, biomarkers, practice pattern variation in
preoperative optimization and intraoperative management,
and optimal practices to reduce morbidity and mortality
associated with RHF. Multicenter collaborative studies
will be necessary to elucidate optimal strategies.
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