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ABSTRACT

Objective: Patients with profound cardiogenic shock may require venoarterial (VA)
extracorporeal membrane oxygenation (ECMO) for circulatory support most
commonly via the femoral vessels. The rate of cardiac recovery in this population
remains low, possibly because peripheral VA-ECMO increases ventricular afterload.
Whether direct ventricular unloading in peripheral VA-ECMO enhances cardiac re-
covery is unknown, but is being more frequently utilized. A randomized trial is war-
ranted to evaluate the clinical effectiveness of percutaneous left ventricle venting
to enhance cardiac recovery in the setting of VA-ECMO.

Methods: We describe the rationale, design, and initial testing of a randomized
controlled trial of VA-ECMO with and without percutaneous left ventricle venting
using a percutaneous micro-axial ventricular assist device.

Results: This is an ongoing prospective randomized controlled trial in adult patients
with primary cardiac failure presenting in cardiogenic shock requiring peripheral
VA-ECMO, designed to test the safety and effectiveness of percutaneous left
ventricle venting in improving the rate of cardiac recovery.

Conclusions: The results of this nonindustry-sponsored trial will provide critical in-
formation on whether left ventricle unloading in peripheral VA-ECMO is safe and
effective. (JTCVS Open 2021;8:393-400)
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Schematic of the REVERSE Randomized Controlled
Study.
CENTRAL MESSAGE

REVERSE tested the hypothesis
that early unloading using a
percutaneous micro-axial ven-
tricular assist device will promote
ventricular recovery and improve
survival in patients requiring
VA-ECMO.
PERSPECTIVE
Whereas veno-arterial ECMO provides robust cir-
culatory support, it does not provide a reliable
platform for ventricular support due to the lack
of volume unloading and increased LV afterload.
The REVERSE study is the first randomized study
of the influence of direct ventricular unloading on
left ventricular recovery in man.

See Commentaries on pages 401 and 403.
-corporeal membrane oxygenation (VA-
Venoarterial extra
ECMO) is indicated as a hemodynamic rescue strategy in de-
compensated acute or chronic heart failure presenting as
cardiogenic shock.1 It has been used across etiologies,
including postmyocardial infarction, dilated cardiomyopathy,
acute miocarditis, and in postcardiotomy shock. VA-ECMO
has a number of effects on the circulation, including
improved end-organ perfusion and possibly improved coro-
nary perfusion, and is a bridge to further therapies such as per-
manent advanced mechanical circulatory support, cardiac
transplantation, and to cardiac recovery. The use of VA-
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Abbreviations and Acronyms
LVAD ¼ left ventricular assist device
VA-ECMO¼ venoarterial extracorporeal membrane

oxygenation
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ECMO has increased substantially over the past several
years,2,3 but the rate of cardiac recovery observed remains
low.4,5

Left ventricular assist devices (LVADs) provide long-
term mechanical circulatory support and also profoundly
mechanically unload the left ventricle.6 Multiple clinical
studies have documented cardiac recovery using LVAD
therapy, with a rate between 10% and 60% in selected pop-
ulations.6-12 A large body of basic and clinical science has
documented the pivotal role of mechanical load in
determining ventricular contractile performance across
species (amongst others13-23). Both clinical data and basic
laboratory data support the notion that profound
ventricular unloading may result in improved cardiac
performance through a variety of mechanisms ranging
from triggered de novo cardiomyocyte proliferation,14 sub-
cellular calcium handling reverse remodeling,22 changes to
the extracellular matrix of the myocardium,24 reverse re-
modeling of the neurohormonal milieu,25 amongst many
others.18,26,27 In chronic heart failure, direct ventricular un-
loading is critical to cardiac recovery.9,10,12,26

Among the major deficiencies of peripheral VA-ECMO is
the afterload it presents to the LV, with associated ventricular
distension28,29 and pulmonary congestion, which can derail
clinical improvement and hamper cardiac recovery. These
conditions can result in a congested, pressure-overloaded
ventricle, even in the absence of echocardiographic ventricu-
lar distension. This may be ameliorated with the addition of
ventricular mechanical unloading, an LV vent, of which there
are several varieties, including surgical vents in the LVapex,
pulmonary artery vents, and percutaneous transvalvular vents.
Among the most popular and least invasive modalities is the
Impella pump (Abiomed, Mass), which is a percutaneous
micro-axial LVAD available in a number of sizes, providing
different flow capacities. Other attractive options include
the use of percutaenous pulmonary arterial drainage including
ProTek Duo (LivaNova, London, England). Retrospective an-
alyses suggest that the addition of ventricular drainage strate-
gies to reduce ventricular loading in VA-ECMO results in
improved survival and recovery of ventricular performance
in the setting of cardiogenic shock.5 In a number of small
studies, the use of additional means to unload the ventricle, re-
sults in cardiac recovery and less ventricular distension.30-32

A randomized trial to evaluate the safety and effective-
ness of percutaneous LV venting in peripheral VA-ECMO
is warranted and indeed necessary to guide the care of
this population of patients.
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Trial Objectives
The objective of this randomized study is to determine

whether or not the addition of early direct ventricular
unloading using a percutaneous micro-axial LVAD leads
to higher rates of cardiac recovery, defined as survival
free from mechanical circulatory support, heart
transplantation, or inotropic support at 45 days. This
study will also examine the clinical, biochemical,
echocardiographic, and radiologic effects of VA-ECMO
with and without the addition of percutaneous micro-
axial LVADs to directly vent the LV to address adjunct
important questions such as the effects on pulmonary
congestion.
Trial Design
This is a prospective, multisite, single health system ran-

domized, controlled trial conducted primarily at the Univer-
sity of Pennsylvania. Patients placed on VA-ECMO for
cardiogenic shock are screened and once enrolled,
randomly assigned 1:1 to either VA-ECMO alone or VA-
ECMO with the addition of a percutaneous micro-axial
LVAD. The enrollment period is estimated to be 48 months
and all patients will be followed through to hospital
discharge and beyond for at least 1 year. The primary end
point is 45-day survival free from mechanical circulatory
support, heart transplant, or inotropes.

Due to the nature of the interventions, it is not possible to
blind patients or investigators. All data will be blinded
before analyses. Similarly, informed consent was obtained
from the appropriate family members or next of kin, due
to the inability to provide consent by participants directly.
Serious adverse events are adjudicated by a central commit-
tee. An institutional review board review was submitted and
obtained (The University of Pennsylvania No. 82198;
August 20, 2018).
Crossover
In the presence of radiologic evidence of severe pul-

monary congestion, crossover from the nonvented to
vented (percutaneous micro-axial LVAD) arm will be al-
lowed at the discretion of the principal investigator. This
consideration is made because the standard of clinical
care is that in the presence of severe pulmonary edema,
most physicians would advocate addition of an LV vent
(surgical or percutaneous) for VA-ECMO patients. In our
early experience of 17 patients, only 1 patient crossed
over, indicating this will likely be a low-frequency
event. To mitigate its influence upon the study, several
steps have been taken, including defining need to cross
over as a predetermined secondary outcome and
including both intention-to-treat and as-treated arms
analysis of the primary outcome. Given the significant
clinical indications for crossover, the ability to cross
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over, although we anticipate this being a rare event, is
important for the safety and clinical acceptability of
this study. Information on the data safety monitoring
board and central adjudication committee are presented
in Appendix 1.

Patient Population
The population for this trial consists of patients with

significant cardiogenic shock despite vasoactive pharma-
cologic support and requiring VA-ECMO according to
institutional criteria (See Online Data Supplement).
Following initiation of VA-ECMO according to institu-
tional candidacy guidelines, patients were screened for
inclusion in the study. These inclusion criteria are
described in Figure 1. They target a population with se-
vere cardiac failure, either acute or acute on chronic
decompensation. They span a multitude of common eti-
ologies of heart failure. The ideal patient has acute
cardiogenic shock; for example, postmyocardial infarc-
tion but without major comorbidities. The exclusion
criteria in Figure 1 aim to remove patients with little
chance of recovery of cardiac function (eg, those with
extremely dilated LV and a pre-ECMO, pre-event ejec-
tion fraction <25%), primarily noncardiac shock, and
those with contraindications to the percutaneous micro-
axial LVAD.
FIGURE 1. Inclusion criteria, visual flowsheet of study, and exclusion criteria

poreal membrane oxygenation for cardiogenic shock study. ECMO, Extracorpor

noarterial extracorporeal membrane oxygenation; MCS, mechanical circulat

resuscitation; LVEDD, left ventricular end diastolic dimension; LVEF, left vent

AI, aortic insufficiency.
Randomization
Patientsmust be enrolled and randomizedwithin 12 hours

of ECMO initiation. Once randomized, an additional
12 hours to place the device is allowed in the case that the
patient is allocated to the treatment arm.
The study design is both covariate balanced and response

adaptive.33 Patients are randomized, in groups of 10, to
either VA-ECMO alone (VA arm) or VA þ V percutaneous
micro-axial LVAD (VA þ V arm), as follows:
The first groups of 10 patients (20 patients total) will be

assigned to VA arm or VA þ V arm with equal allocation
probabilities (flips of a fair coin);
After 45-day responses are observed for the first 2 groups

(20 patients total), posterior probabilities of superiority of
VA or VA þ V will be computed, conditional upon the
data observed so far. This will be as detailed below.
Using groups of size 10 with an early-stopping rule, we

implement for treatment groups labelled VA and VA þ V,
for convenience, design points D1 through D7:

� D1. Until 45-day responses are observed for the first 2
groups of 10 patients each (20 patients overall), employ
equal allocation probabilities to treatments VA and
VA þ V.

� D2. After the first 20, 45-day responses are observed,
compute the posterior probabilities that VA or VA þ V
for the trial of early left ventricular venting during venoarterial extracor-

eal membrane oxygenation; VSD, ventricular septal defect; VA-ECMO, ve-

ory support; OHT, orthotopic heart transplpant; CPR, cardiopulmonary

ricular ejection fraction; AVR, aortic valve replacement; LV, left ventricle;
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is superior, conditional upon the data observed so far in
the trial. If either probability exceeds 99%, then stop.
Otherwise, proceed to D3.

� D3. After the first 20 responses are observed, fit a logistic
model using those 20 responses and their prognostic fac-
tors. This model yields a prognostic score for each patient
in the third group of 10 patients to be randomized.

� D4. For each patient randomized in the third group of 10
patients, compute the covariate balance probabilities
pc_VA and pc_VA þ V, as follows: pc_VA ¼ 0.75 or
0.25, respectively, according to whether assignment
of the patient to VA yields a smaller, or larger,
Kolmogorov-Smirnov statistic for testing imbalance of
prognostic scores between treatments, and
pc_VA þ V ¼ 1 – pc_VA. The quantities pc_VA and
pc_VAþ V bias allocation toward balance on prognostic
factors. In case of a tie, set pc_VA ¼ pc_VA þ V ¼ 0.5.

� D5. For each patient randomized in the third group of 10
patients, compute the response adaptive probabilities
pr_VA and pr_VA þ V, as follows: pr_VA equals the
normalized square-root-transformed probability that VA
is the better treatment, based on all responses observed
so far in the trial, and pr_VA þ V ¼ 1 – pr_VA.

� D6. Randomize each patient in the third group of 10 pa-
tients to treatment VA with probability p_VA, equal to
pc_VA 3 pr_VA/(pc_VA 3 pr_VA þ pc_VA þ V 3
pr_VA þ V), and to treatment VA þ V with probability
p_VAþV¼ 1 – p_VA. Note that this revised assignment
probability addresses both covariate balance and
response adaptation.

� D7. Repeat steps D2 through D6 for each group of 10 pa-
tients, but fitting all models using all accumulated re-
sponses and prognostic factors, not just the previous
block, until either the early stopping criterion is met or
the conventional total sample size of 96 patients is reached.

This design ensures that the trial arms will be relatively
balanced on the prognostic factors, with simulations
showing that fewer than 5% of potential prognostic factors
exhibit significant imbalance. Further, the stopping rule en-
sures that the trial will likely be stopped in the case that one
treatment vastly outstrips the other. Simulations indicate
that for effect sizes on the order of those observed by Pap-
palardo and colleagues,5 the expected total sample size can
range from 71 to 87 with statistical power exceeding 80%.
End Points
The primary end point is survival free from inotropes,

mechanical circulatory support, or transplantation at
45 days. We selected the 45-day time point because retro-
spective review of our VA-ECMO experience showed that
30 days was often too early to capture a definitive clinical
end point, while 45 days appeared to more rigorously cap-
ture true early clinical recovery.
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The durability of weaning is captured in a series of
other secondary outcomes, including survival to hospital
discharge; cardiac recovery, defined as freedom from
inotropic support, mechanical circulatory support and trans-
plantation for>24 hours; significant between-group differ-
ences in inotropic score, pulmonary compliance, and
radiologic measures of pulmonary congestion at 24 to
72 hours; significant between-group differences in echocar-
diographic measurements, biochemical profile, and hemo-
dynamics parameters; and incidence of crossover
(Figure 2).

Treatment Intervention
The standard ECMO setup routinely used at the Univer-

sity of Pennsylvania will be employed. This typically in-
volves a 22Fr to 25Fr venous cannula in the femoral vein
and a 15Fr to 19Fr arterial cannula in the femoral artery.
A distal arterial perfusion cannula is uniformly used, often
a micropuncture 5Fr to 9Fr perfusion cannula. Central
aortic and venous cannulation will not be used. A centrifu-
gal pump such as Maquet Rotaflow or Centrimag platform
are used on a console with standard Maquet bioline heparin
bonded cannulae and Quadrox D oxygenator (Getinge,
Sweden).

The percutaneous micro-axial LVAD system that pro-
vides a low profile through a 16Fr sheath with flow up to
3.0 to 3.5 L/min on a 15Fr motor pump setup. The
maximum outer diameter of the device as it crosses the ilio-
femoral subclavian vessels is 5.8 mm. In the absence of sig-
nificant peripheral vascular disease, it will be inserted via
femoral artery using the Seldinger or open surgical tech-
nique in the operating theatre or cardiac catheterization
lab under fluoroscopic guidance, with its position re-
adjusted under echocardiographic guidance. The subcla-
vian artery route is also well established and will be used
when more appropriate than femoral access. Angiography
will be used routinely to guide placement. The device cath-
eter will be positioned near the LVapex with the distal end
of the catheter between 3 and 4 cm from the aortic valve.

In addition, wherever possible, all patients will receive a
Swan-Ganz catheter, which is the standard of care in the
management of cardiogenic shock.

Our full protocol details heparinization protocols and
target activated partial thromboplastin clotting time goals.

Follow-up
It is essential to assess the long-term durability of recov-

ery in survivors of both the control and experimental arms
of the study. We propose to follow up at 3, 6, 9, and
12 months. This includes a visit with a heart failure cardiol-
ogist for a clinical history and physical examination, SF-36
quality of life questionnaire, transthoracic echocardiogram.
We would also draw a single sample of peripheral venous
blood for storage in a heart failure biomarker bank. At



Primary Outcomes

45-Day Survival Free

of Inotropes, MCS,

Transplant

Cardiogenic Shock patients
requiring VA ECMO

Implications - Quality study is needed to determine the appropriate standard of
care regarding LV venting in cardiogenic shock patients treated with VA ECMO.

Abbreviations: LV – Left ventricle, VA
ECMO – Veno-Arterial Extracorporeal
Membranous Oxygenation, MCS –
Mechanical Circulatory Support

Methods - Randomized to with Percutaneous LV
venting or without (96 total patients, 48 each)

Prospective, Randomized Evaluation of Potential Benefits of LV
Venting in Cardiogenic Shock Treated with VA ECMO

Results

Survival to Discharge

Cardiac Recovery

Inotropic Score

Pulmonary Congestion

Echocadiography

Biochemical profile

Hemodynamics

Crossover incidence

Secondary Outcomes

FIGURE 2. Visual representation of the Proposal for a trial of early left ventricular venting during venoarterial extracorporeal membrane oxygenation for

cardiogenic shockstudy showing patient population, randomization to either left ventricle venting group orwithout, and list of primary and secondary outcomes.
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6 months, per the standard of care, patients would undergo
submaximal cardiopulmonary exercise testing using the 6-
minute walk test with measurement of maximal oxygen
consumption.
Sample Size, Power, and Analysis
Using binary response rates at 45 days based on recent

work by Pappalardo and colleagues,5 statistical power ex-
ceeds 80% at a ¼ 0.05 to detect a doubling of the response
rate, with sample sizes of 48 VA-ECMO and 48 VA-ECMO
plus percutaneous micro-axial LVAD patients.

The data analysis plan for testing the primary hypothesis
of whether VA þ V is superior to VA involves the Bayesian
fitting of logistic regression and Cox proportional hazards
models for outcome at 45-days follow-up, with a binary in-
dicator variable of treatment arm and adjustment for poten-
tial confounders not included in the design.29 Secondary
end point of survival to discharge and cardiac recovery
will be addressed similarly. Group differences in inotropic
scores and other continuous measures will be tested by anal-
ysis of variace, whereas group effects on categorical out-
comes will be tested by contingency tables.
Additional Analyses
Additional analyses include using logistic regression and

Cox models to relate patient-level hemodynamic parame-
ters to survival outcomes.
DISCUSSION
The trend in ECMO mortality has remained relatively

stable and high, with approximately 50% to 60% in-
hospital mortality,3 and even 80% in some series.5 Un-
doubtedly, this is related to the underlying level of critical
illness in this population. Likewise, the rate of weaning
fromVA-ECMO is low.4,5 Recently, the influence of periph-
eral VA-ECMO on human ventricles has been described in
multiple case series, showing increased LV diameters
consistent with the physiological influence of retrograde
perfusion, which may be ameliorated by direct unload-
ing.28,30,32 This may be a critical barrier to cardiac recovery
using this platform.
The notion of unloading or resting the ventricle as a stim-

ulus to cardiac recovery is not new: in 1945, Samuel Levine
stated that “the first principle in the treatment of such a
[heart failure] patient is rest.”1 Two decades later,
JTCVS Open c Volume 8, Number C 397
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McDonald and colleagues, using this principle to treat pa-
tients with congestive heart failure, reported that “with
maximal reduction in the workload of the dilated heart by
prolonged bed rest one can often achieve some degree of re-
covery (reviewed in 26).”2 The development of direct me-
chanical unloading has allowed us to fully explore this
potential and over the past several decades, a large body
of basic and clinical science has shown that direct ventric-
ular unloading is the cornerstone of recovering the LV by
mechanical means.26 Clinical recovery from even severe
chronic dilated cardiomyopathy has been documented in
selected patients at a rate of up to 60%,10 and at lower rates
in multiple series.26 This has triggered an intensive scienti-
fic exploration of the influence of mechanical unloading on
a failing mammalian ventricle. Mechanical unload triggers
load-specific molecular pathways triggering changes as
diverse as reactivation of the fetal genome, reorganization
of the cell membrane, de novo cellular formation, and
changes to tissue architecture and mass.

VA-ECMO has emerged as the primary mechanical
rescue therapy for acute cardiogenic shock, and its use
has increased substantially over the past several
years.2,3,34,35 Therefore, we must understand what platform
maximizes the chances of cardiac recovery. The addition of
direct ventricular unloading with a percutaneous LVAD is
an attractive option due to its availability, ease of implanta-
tion, and relatively low morbidity profile. As stated, some
retrospective data suggest addition of these devices can
augment survival and recovery5; and so this is an opportune
moment to test this in the form of the prospective random-
ized study we here describe. Additionally, this study will
provide great insight into the effect of these treatment mo-
dalities on clinically important measures such as pulmonary
artery pressure, pulmonary edema, renal function, inotrope
requirements, liver function, acidosis, and many others.

Recruitment will be a challenge in this trial, even across
the clinically busy network of Penn hospitals and possibly
partners. Families being approached are in a state of crisis,
these events take place at all hours and these patients are
new to us, often being transferred or coming in through
the emergency department and so it is a challenge to under-
stand their eligibility. In other surgical trials, the volume of
the target population was, in reality, considerably lower
than anticipated36 and other barriers to recruitment
emerged. This is even more problematic in the setting of a
surgical shock trial. Nevertheless, we remain committed
to the completion of this study.

The clinical implications for practice of this study will be
several. First, we are studying a true area of clinical equi-
poise—how does the risk and cost of additional intervention
compare with the efficacy of direct ventricular unloading.
Hitherto, this question has been informed by each physi-
cians’ experiential bias but without the benefit of good, pro-
spective, and randomized data. This trial has something to
398 JTCVS Open c December 2021
say about the paradigm for ventricular recovery in cardio-
genic shock and indeed would be the first true randomized
test of the concept of mechanical unloading as a stimulus for
ventricular recovery. We have defined a challenging and
strict criteria for the primary outcome, which includes sur-
vival. It will also be important to understand whether or not
there is a ventricle-level effect because survival may be
influenced by the overall acuity and morbidity of the
population.
CONCLUSIONS
We believe that this trial will be an informative study that

will provide rich data and clinical evidence for an emerging
treatment modality that has significant promise but remains
to be tested rigorously.
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APPENDIX 1. DATA SAFETY MONITORING
BOARD AND CENTRAL ADJUDICATION
COMMITTEE

This study has also incorporated the use of a data safety
monitoring board (DSMB) an a central adjudication com-
mittee (CAC) to oversee study progression, to protect the
integrity of the investigation, and most importantly, to pro-
tect the study’s vulnerable study population.

The DSMB will be composed of an independent panel
of clinicians and scientists considered experts in the fields
of cardiogenic shock, mechanical circulatory support,
biostatistics, and clinical trial design and performance.
Although care will be taken to appoint a comprehensive
collection of expertise, allowances will be made to accom-
modate input from nonvoting ad hoc specialists on an as-
needed basis. Potential members will be vetted for their
suitability and expertise, as well as to ensure there is no
potential conflict of interest that could draw into question
the findings of the board. The charge of the DSMB will be
to oversee the interim data from the study at selected inter-
vals—intervals of time and enrollment—to ensure trial
protocols are being followed, to monitor for adverse
events, and to assess the completeness and timely report-
ing and accounting of data. Given the nature of our study,
with its inability to blind clinicians and patients to the
treatment arm patients are assigned, the DSMB will also
serve as a monitor for possible confounding variables

not initially adjusted for. The patient population for
REVERSE involves, without exception, patients who are
critically ill and the DSMB will importantly be charged
with the assessment and implementation of the stopping
criteria detailed in the Randomization section of the
article. All meetings of the DSMB will be confidential,
and protocols will be followed for the secure transmission
of information and findings.

The CAC will also be constituted of experts in the fields
of cardiogenic shock, mechanical circulatory support,
biostatistics, and clinical trials. The members of the CAC
will also be free of conflicts of interest. The data and trial
information provided to the CAC will be blinded for their
evaluation. Although the primary end points do not lend
themselves to ambiguity, many of the secondary end points
would benefit from a panel with expertise in the field to
fairly delineate trial participants’ performances for compar-
ison. Their participation will determine safety and efficacy
end points as having been met and will help define and
ensure consistency and standardization in performance
measures across the study. The CACwill adjudicate any un-
toward event as expected or unexpected, and define its
severity. These will be communicated regularly to the insti-
tutional review board. As with the DSMB, the CAC will be
charged with complete confidentiality in and of their discus-
sions to protect our patients and the integrity of the
REVERSE study.
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