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Abstract

Background: Acute myocardial infarction (AMI) complicated by cardiogenic shock (CS) is
associated with significant morbidity and mortality.

Methods: We provide an overview of previously conducted studies on the use of mechanical
circulatory support (MCS) devices in the treatment of AMI-CS and difficulties which may be
encountered in conducting such trials in the United States.

Results: Well powered randomized control trials are difficult to conduct in a critically ill patient
population due to physician preferences, perceived lack of equipoise and challenges obtaining
informed consent.

Conclusions: With growth in utilization of MCS devices in patients with AMI-CS, efforts to
perform well-powered, randomized control trials must be undertaken.

Keywords

acute myocardial infarction/STEMI; cardiogenic shock; clinical trials; ECMO/IABP/Tandem/
Impella; mechanical circulatory support

1| INTRODUCTION

Cardiogenic shock (CS) is a frequent and deadly complication of acute myocardial
infarction (AMI).1-3 With advancements in medical therapy, early revascularization and
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regional systems of care, the risk of death from AMI without CS is ~2%.4 However, in the
4-8% of patients who develop CS, the risk of in-hospital death is higher, 33-50%.1-4 With
the seminal publication of the “Shock Trial,” early revascularization demonstrated improved
survival in patients with AMI and cardiogenic shock (AMICS) in a randomized control

trial (RCT).> Despite two decades of medical advancements little gains have been made in
improving the morbidity and mortality associated with AMICS.6-10

Mechanical circulatory support (MCS) devices improve hemodynamics in patients with
AMICS and use of such devices as adjunctive therapy is supported in US guidelines

(Class 11 a/b recommendations).1112 The most widely available and utilized MCS device

is intra-aortic balloon pump counter-pulsation (IABP). Despite several observational studies
suggesting the benefit of IABP, RCTs have failed to demonstrate significant mortality
benefit when compared to medical therapy.’-% \eno-arterial extracorporeal membrane
oxygenation (ECMO) has been available for many decades, however, widespread adoption
has been limited given the high level of expertise needed, typically requiring dedicated
perfusionists. ECMO is utilized at select centers despite little evidence of improved
outcomes. Meta-analyses of observational studies demonstrate survival to discharge rates
below 50% as well as frequent complications including high rates of stroke and vascular
access complications.13-19 Technological advancements over the past decade have led to the
development of several commercially available percutaneous, temporary, MCS devices to
serve as adjunctive therapies to revascularization. Current MCS technologies include Impella
(Abiomed, Danvers, MA), Tandem Heart (LivaNova, London, UK), Heartmate PHP (Abbott,
Abbott Park, IL), and smaller, mobile, ECMO circuits such as CardioHelp (Maquet, Wayne,
NJ). These devices differ in their methods of use, ease of placement, cannula size, flow
capacity, effect on intra-cardiac hemodynamics and complication rates (Table 1).

Until recently, these large bore devices had been used sporadically in states of refractory CS,
in a relatively small subset of patients. Refractory CS management was largely driven by
surgeons utilizing ECMO. Technological development and increasing familiarity with MCS
led to a migration of shock management from the operating room into the catheterization
laboratory and shock teams have expanded to include interventional and advanced heart
failure specialists. This new CS treatment paradigm led to significant increases in the

use of MCS with a diffusion of MCS utilization to centers without LVAD/Transplant
programs.23:20 Variability in MCS utilization and outcomes fostered the development of
multidisciplinary, intra- and inter-facility CS teams with the aims of rapid recognition

and management of CS. This strategy has been comprehensively implemented in Detroit
where investigators across five large health care systems created a shock protocol to share
among physicians in their centers. The protocol was based on observed “best practices”

and implemented in an effort to improve local outcomes and unify significant variability
among physicians and health care systems. The implementation of the shock protocol
resulted in a multifactorial change from recognition to treatment. The protocol emphasized
the need for (1) early recognition and catheterization laboratory activation for patients who
present in AMICS, (2) early use of MCS prior to a state of refractory CS and (3) use of
invasive hemodynamics to guide therapies including escalation and weaning of inotropes
and MCS.21 Survival in patients improved from historic rates of ~50% to >70%.22 The study
was extended nationally and findings of improved survival against historical controls were
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replicated.23 The study, however, has significant limitations. There was no control arm and
results were compared only to historical controls. There were a multitude of therapeutic
changes that occurred simultaneously, and it is unclear how much effect any individual
therapy made, including use of MCS. Salvage patients (unwitnessed OHCA, cardiac arrest
>30 min, patients with signs of anoxic brain injury) were excluded from the protocol to limit
utilization of MCS in patients who may not gain significant benefit. Other centers, including
Inova Heart and Vascular Institute and the University of Utah, in observational studies, have
similarly shown improved outcomes through formalized shock teams and protocols.24-25

MCS is an expensive medical intervention with inherit industry, physician and health system
financial interests that incentivize utilization. Given the cost of MCS and associated care,
and as we transition to value-based care, concerns about the demonstrated clinical benefits
have also been magnified. MCS devices require large bore access and anticoagulation with
the risk of fatal vascular complications, which may be under reported in observational
studies, potentially mitigating clinical benefits. The few RCT of MCS conducted to date
have not demonstrated improved survival. These concerns were readdressed by Amin et

al. after they reported increasing in-hospital mortality, bleeding requiring transfusion, acute
kidney injury (AKI), stroke, length of stay (LOS), and hospital costs with use of Impella
when compared to IABP.26 |t is important to note the significant limitations of this analysis,
which consists of retrospective, claims-based data, using ICD codes (Premier Healthcare
Database).

In this article the authors review previously conducted studies and present the difficulties in
conducting randomized clinical trials in AMICS in the United States.

PRIOR TRIALS

Over a decade of results from various trials utilizing MCS strategies for CS management
have shown an absence of mortality benefit (Figure 1). Each trial, however, has been
challenged by significant logistical and ethical barriers impacting patient recruitment, as
well as the presence of a heterogeneous shock phenotype. While clinical trials often include
hemodynamic and clinical criteria for defining CS, CS presents on a wide continuum and
patient phenotypes can vary based on underlying cardiac etiology and presence or absence
of preexisting systolic dysfunction. The severity of CS, duration of CS, presence of isolated
versus biventricular cardiac failure, associated comorbidities and age of patients all impact
CS survival. In review of the clinical trials below, we will highlight key trial characteristics
(Table 2).

In 2005 Thiele et al.?” conducted a single center RCT comparing IABP to Tandem Heart

in 41 patients from 2000-2003.28 The primary outcome of this pilot trial was measured
cardiac power index (CPI). CPI along with other hemodynamic and metabolic variables
were improved with Tandem Heart support (from 0.22 [interquartile range (IQR) 0.19-0.30]
to 0.37 W/m2 [IQR 0.30-0.47, p < .001] when compared with IABP from 0.22 [IQR
0.18-0.30] to 0.28 W/m2 [IQR 0.24-0.36, p=.02; p=.004 for intergroup comparison]).
However, complications like severe bleeding (n = 19 vs. n = 8, p=.002) and limb ischemia
(n=7vs.n=0, p=.009) were encountered more frequently after Tandem Heart support.
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Overall, 30-day mortality was similar between the two groups (IABP 45% vs. Tandem Heart
43%, log-rank, p = .86).

The ISAR-SHOCK trial was a feasibility trial presented in 2008, randomizing 26 patients
with AMICS who received either an IABP or Impella.28 Compared to patients on IABP
support, Impella patients had higher cardiac indices and diastolic arterial pressures after 30
min of support, however, mortality was 46% (i.e., 6 of 13 patients) in both groups after 30
days. The cohort had several high-risk characteristics including mechanical ventilation on
admission in 92% and CPR/VT before randomization in 69-85%. The trial was not designed
nor powered to examine mortality.

The Recover Il Trial was a multicenter RCT comparing IABP and Impella 2.5 in AMICS
designed with the primary intent of assessing a composite endpoint of major adverse events
within 30 days or at hospital discharge. The sample size needed to determine significant
differences between groups was 384. Despite 58 sites with IRB approval in the United
States, only one patient enrolled in the study between July 2008 and August 2010, resulting
in discontinuation of the trial.

The Impella versus IABP Reduces Infarct Size in STEMI (IMPRESS) trial was a
randomized, prospective, open-label, multicenter trial, with the aim to randomize 130
patients with acute anterior STEMI and clinical signs of “pre-cardiogenic” shock, defined
as a heart rate > 100, systolic blood pressure (SBP) <100 mmHg and clinical signs of

CS including cold extremities, cyanosis, and altered mentation.2® Between 2008 and 2011,
only 21 patients (n = 12 with Impella) were enrolled and investigators cited the inclusion
criteria as the primary obstacle; “Although heart rate and blood pressure are objective and
easily available measures, it is less easy to define the clinical pre-shock condition within the
continuum from pre-shock to severe shock.” The trial enrollment criteria were then revised
to include patients with “severe shock,” defined as a SBP <90 mmHg or need for inotrope
support and the need for mechanical ventilation.30 Using the broader definition, a critically
ill cohort was recruited: all patients were on inotropes and 92% had a cardiac arrest (75%
required hypothermia and 48% achieving ROSC after more than 20 min of CPR). In total, 48
patients with AMICS were recruited and 24 received an Impella CP and 24 an IABP. At 30
days, mortality in patients treated with either IABP or Impella CP was similar (50 and 46%,
respectively, hazard ratio [HR] with Impella CP, 0.96 (95% confidence interval [CI] 0.42 to
2.18)). At 6 months, mortality for both the Impella CP and IABP was 50% (HR 1.04 (95%
Cl; 0.47-2.32). The main cause of death was neurologic injury and refractory CS.

ECMO has not been studied in any RCT in CS. In 2006 Massetti et al attempted the
“Comparison of Standard Treatment Versus Standard Treatment Plus Extracorporeal Life
Support (ECLS) in Myocardial Infarction Complicated with CS trial” which was halted in
2009 due to slow recruitment.31

ONGOING TRIALS

On the horizon RCTs have begun in Europe to help better evaluate the utility of MCS in
AMICS. ECMO-CS is a multicenter RCT comparing current standard of care to ECMO
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in AMICS.32 The primary endpoint is a composite of death from any cause, resuscitated
circulatory arrest, and implantation of another MCS device at 30 days. The sample size of
120 individuals (60 in each arm) provides 80% power to detect a 50% reduction of primary
endpoint, at alpha = 0.05. Patient recruitment started in October 2014. Similarly, Thiele et al
have begun the “ECLS-Shock” trial comparing ECMO with standard of care in a 420 patient
multicenter study, evaluating 30-day mortality.33 The trial will only enroll patients with a
lactate >3 mmoL/L, exclude patient with resuscitation >45 min or those with shock onset
>12 hr. The study will use a large working group of hospitals with the goal of completing
recruitment within 3 years. Banning et al. have begun the Euro Shock trial, the largest trial
planned to date evaluating the use of ECMO versus standard of care; with a goal recruitment
of 428 patients across 44 European centers.34

The Danish CS (DanShock) trial is a multicenter, RCT, comparing Impella CP with standard
of care that is currently enrolling in Denmark.3® Due to slow recruitment, sites in Germany
have been added and the trial is now called DanGer Shock. A total of 360 patients are
planned to be enrolled to assess the primary outcome of death from all causes at 6 months.
Inclusion criteria of study participants include: STEMI for <36 hr, CS for <24 hr, confirmed
based on arterial blood lactate =2.5 mmoL/L and/or SvO2 < 55% with a normal PaO2 and
systolic BP < 100 mmHg and/or need to vasopressor therapy, and a left ventricular ejection
fraction <45%. Since the study initiation in December 2012, about 150 patients have been
enrolled through the end of 2019. Lastly, planning has begun for the RECOVER IV trial,
which will evaluate outcomes of Impella using best practices incorporated from the National
Cardiogenic Shock Initiative (NCSI) versus standard of care. The trial is expected to include
an international cohort of patients, including those from the United States with plans to start
recruitment in 2021 or 2022.

CHALLENGES IN PERFORMING RCT

The current “absence of evidence” of survival benefit with MCS is not “evidence of
absence” of benefit. The aforementioned trials lack the appropriate sample size to determine
if a survival benefit exists or not. Possible explanations for low enrollment include physician
preferences, perceived lack of equipoise and challenges in obtaining informed consent.

Low incidence

The principal challenge in conducting RCT in AMICS is recruitment. The incidence of
AMICS and use of MCS is relatively low.3¢ The expertise needed in implanting and

more importantly managing MCS devices such as Impella, Tandem Heart, and ECMO is
challenging and currently only a small number of regional centers can perform and manage
these devices safely.3” This challenge was present in the IMPRESS trial, which mandated
that each center have pre-trial experience with at least 10 high-risk PCI procedures with
Impella to demonstrate the ability to implant and manage this device safely. Even among
centers with an expertise in the utilization of one form of MCS, one cannot have an
expectation that such expertise will translate into the management of other forms of MCS
and therefore centers with a high expertise in multiple MCS modalities are further limited.37
Though the use of these devices is expanding to community programs, these initiatives are
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usually led by a physician leader and at times do not cultivate in other operators or the
institution as a whole.

Heterogeneous patient phenotype

CSin clinical trials is often defined using both hemodynamic and clinical signs and/or
symptoms. Definitions used in trials vary and include evidence of persistent hypotension
(SBP < 80-90 mmHg or a mean arterial pressure 30 mmHg below baseline) with a
low-cardiac index (<1.8 L/min/m? without support or < 2.0-2.2 L/min/m?2 with support),
low-cardiac power output (CPO <0.6 W) and elevated filling pressures (left ventricular
end-diastolic pressure > 18 mmHg or right atrial pressure > 10-15 mmHg) along with

cool extremities, lactic acidosis, and/or evidence of end-organ dysfunction. Despite the CS
criteria outlined above, CS tends to present on a wide continuum and patient phenotypes

are highly variable with presentations driven by underlying cardiac etiology, presence or
absence of prior cardiac dysfunction and duration of CS.38 While prolonged shock is
associated with worse outcomes, the onset of CS is often hard to pinpoint. Timing for
enrollment into RCT is therefore critical in evaluating the efficacy of MCS in a particular
stage of CS. As mentioned previously investigators in the IMPRESS trial originally intended
to recruit patients in pre-shock (SCAI Shock Stage B); however, substantial difficulties were
encountered that required changes to their inclusion criteria ultimately leading to recruitment
of patients in deteriorating shock (SCAI Shock Stage D), exemplifying the difficulties in
recruiting across the shock continuum. Thus, while a minimum level of hemodynamic
compromise is necessary for an inclusion definition, trials must be similarly cognizant of the
worst level of shock acceptable in a given trial, so as not to include patients who have little
to gain from a given therapy (i.e., the futile patient).

FDA approval

Ethical concerns are an additional impediment to enrollment. In contrast to FDA
requirements for new drugs, medical devices are subject to a separate approval pathway.
When a device already has an indication for use, physicians charged with the care of
these patients may perceive it to be unethical to randomize patients not to receive MCS.
Hence, with market expansion, physicians are left under a cloud of uncertainty regarding
the ethics of withholding treatment in a randomized trial. In an ideal world regulatory and
clinical treatment decisions should be based on assessment of treatment effectiveness and
safety based on RCT data. Approvals that are based solely on data that do not involve

a well-structured RCT can result in patients and clinicians practicing with uncertainties
regarding the benefits and harms associated with new medical devices and therapies.

Crossover

In order to most efficiently test a hypothesis that an intervention works, a RCT should
minimize bail-out crossover from the medical therapy arm to MCS. Cardiologists, however,
may feel that not having a bail-out option would be unethical leaving a critically ill patient to
die. Even without a RCT proving mortality benefit, MCS devices are implanted in an effort
to improve hemodynamics with the belief that their efforts will result in improved survival.
Early adopters of MCS who have a perception of improving outcomes therefore may be

less likely to participate in such trials. As utilization continues, particularly in the United
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States, the perception has left many to wonder if such trials can only take place outside of
the United States. Trials, which will allow cross over will also need to have strict definitions
and parameters when such cross over can or should occur.
High reimbursement
Given the current crisis of healthcare costs, one may also question why the system is paying
for expensive MCS in the absence of survival benefit from RCTs. MCS are costly and
range from $10,000-30,000 with Medicare Severity Diagnosis Related Groups (MS-DRG)
reimbursement reaching $100,000.
TRIAL DESIGN

Taking into account the aforementioned challenges in conducting RCTs using MCS in
AMICS, investigators are left with the challenge of designing trials that will accomplish
the objectives of determining efficacy while balancing issues such as low recruitment, cross
over, and cost. Suggested efficacy end points are listed in Table 3.

The DAWN trial in ischemic stroke provides a template for an innovative trial design that
lends itself well to some of these challenges.38 Briefly, the DAWN trial randomly assigned
patients with an ischemic stroke to receive late endovascular thrombectomy or standard
therapy. After 206 patients were enrolled, the trial was stopped for efficacy; Bayesian
posterior probabilities of >0.999 suggested strong evidence in favor of thrombectomy. The
DAWN trial has two interesting design features that lend themselves nicely to a trial of MCS
in AMICS.

First, this design allows frequent interim analyses for benefit and harm without
compromising the validity of the final results. With a trial design based on Bayesian
posterior probabilities of success, the investigators planned to conduct interim analyses after
enrollment of 150 patients and again after every 50 patients thereafter up to a maximum
enrollment of 500 patients; thanks to the adaptability of this design, the trial was stopped
after enrolling 206 patients with strong and uniform signs of efficacy (Bayesian posterior
probability >0.999 for superiority). Had there been a smaller benefit that was not conclusive
at the interim analysis, the trial would have continued until sufficient data accrued to
conclude that (1) there was a true benefit or (2) there was no benefit. While the specific
number of patients required and interim strategy deployed for a MCS trial would be
dependent on other operating characteristics, the key takeaway is that this design allows

us to enroll “just as many” patients as needed to answer the question, thereby minimizing
patient exposure. This provides a practical advantage as well as since it is difficult to enroll
these patients into trials. It also may mitigate ethical concerns by exposing the fewest
patients needed to obtain a valid answer.

Second, the adaptive-enrichment strategy allows for fine tuning of the patient population
at interim analyses. The DAWN trial for example prespecified five patient subpopulations
based on infarct size. At each planned interim analysis, if the highest currently open
group had less than 40% probability of demonstrating an average positive treatment effect,
enrollment of patients in that group would be suspended. Thereby concluding that the
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experimental treatment was “futile” in that population and that there was nothing to be
gained by continuing to enroll those patients. The study would remain open in the other
groups. A similar design could be quite useful in AMICS if prespecified subgroups were
identified to eliminate patient groups where MCS was demonstrating little evidence of
benefit. Subgroups for example could be based upon SCAI shock stages or a variation of the
stages.39

If MCS has a strong and uniform survival benefit, the trial would terminate relatively early
and have conclusive proof of efficacy with a relatively small number of patients exposed. If
MCS has a strong survival benefit in some patients but not all, the trial could be designed
to suspend enrollment as soon as efficacy was proven for the subgroup in which benefit

has been proven while enrollment in the other subgroups remains open long enough to
determine whether benefit extends to those groups. If MCS has little or no survival benefit in
any patients, the trial will enroll just long enough to rule out benefit in all patients. If MCS
has a strong harmful tendency in some patients, enrollment will likely be suspended in the
specific subgroups in which harm has been proven very quickly while remaining open long
enough to rule out benefit in the other subgroups. If MCS has a strong and uniform harmful
tendency, the trial would again terminate relatively early with conclusive evidence against
the use of MCS.

Another potential model is the recently published ARREST trial of reperfusion strategies
in patients with out-of-hospital cardiac arrest and refractory ventricular fibrillation. Patients
were randomly assigned to ECMO-facilitated resuscitation versus initial standard advanced
cardiac life support (ACLS) treatment. Like the DAWN trial, ARREST was designed

using Bayesian group sequential monitoring in efforts to maximize efficiency, with planned
response adaptive randomization if the trial continued past the first interim analysis. The
design planned for interim analyses after every 30 participants followed-up for the primary
endpoint, potentially enrolling up to 150 total participants. If strong evidence was found

of an effect on survival to hospital discharge (posterior probability of 0.986 or higher) the
DSMB was obliged to provide a formal recommendation on whether to stop the trial. For
the first group of 30 patients, patients were randomized in a 1:1 allocation ratio; if the trial
continued, randomization to the subsequent group of participants was to be weighted in
proportion to the posterior probability of the superior treatment at the most recent analysis.
Like DAWN, the study was terminated at the first interim analysis (30 patients) because
the posterior probability of superiority exceeded the prespecified monitoring boundary; six
patients that had been randomly assigned to early ECMO had survived versus just one

in the standard ACLS group for a posterior probability of benefit of 0.986 with ECMO
versus ACLS. These trial designs are potentially attractive in the setting of CS research,

a high-mortality population where treatments may have very large treatment effects. By
performing frequent interim analyses that allow for stopping once the data are sufficiently
convincing to meet a prespecified threshold for success, the trial can be “rightly-sized” to
enroll just as many participants as needed to establish therapeutic efficacy without going
further and randomizing participants beyond the point where the data are sufficient to prove
that the therapy is effective. Such trials may also specify a maximum sample size; if a
stopping rule is not met at any of the previously conducted interim analysis, the trial will
cease and provide a final estimate of treatment based on the observed data.
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Planning this trial would require outlining the important trial operating characteristics
including: estimated mortality in control arm, possible effect sizes, definition of subgroups,
agreed-upon Bayesian probability thresholds for futility, and so on. Similarly, we would
need to conduct extensive simulations to ensure that the design would function well under
variations of these parameters. The NCSI network along with other collaborative networks
could come together to perform such a study.

The NCSI enrolled patients with similar inclusion and exclusion criteria when compared to
the Shock and IABP-Shock Trials. If we assume 41% mortality in the control arm, similar to
the outcomes seen the IABP-Shock trial and a 28% mortality in the intervention arm, similar
to the outcomes seen in the NCSI, a traditional trial design planning to enroll 500 patients
would have approximately 87% power.

An adaptive trial design in the model of DAWN or ARREST would have potential to
conduct this trial even more efficiently. As an example: suppose that the trial is designed to
enroll up to a maximum of 500 patients (using 1:1 randomization throughout), with planned
interim analysis after each group of 50 patients enrolled, allowing for efficacy termination
if the posterior probability of superiority exceeds 0.99 for one treatment group. Under the
same assumptions used above, in 100,000 simulations we demonstrate that the trial would
have comparable power to the traditional design (about 86%) with an additional benefit that
the majority of such trials would stop before enrolling 500 participants (mean number of
about 296 participants required) while controlling the Type | error rate at about 5% overall.
The ability for trials to terminate early in the setting of a very large observed mortality
benefit is an attractive feature of the adaptive design in high-mortality populations.

6| CONCLUSIONS

AMI complicated by CS is associated with substantial morbidity and mortality. There has
been an increasing utilization of MCS devices for management of such patients to improve
hemodynamics, facilitate revascularization, and preserve end organ function. MCS devices
are expensive and invasive interventions with inherent industry, physician, and health system
financial interests that may increase utilization. Well-powered RCTs are difficult to conduct
in a critically ill patient population due to physician practice preferences, perceived lack

of equipoise, and challenges in obtaining informed consent. Despite these challenges it

is imperative to guide physicians with the most compelling level of evidence. Given
uncertainty stemming from observational studies suggesting both benefit and harm when
utilizing MCS, physician leaders and regulatory bodies must come together to ensure trials
are conducted to provide the safest, most evidence-based care for our patients.
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Randomized Control Trials Evaluating Mechanical Circulatory Support
in Acute Myocardial Infarction and Cardiogenic Shock

Thiele et al. Massetti et al IABP SHOCK
2005 2009 2012 | DA:lNGEF; oc EECC&S(;SH%E'E Recover IV
IABP vs Tandem IABP vs IABP vs OMT i pledec e n\llfz;zo Impella vs SOC
=41 EEMD or mpells =500 Activel Re_cruiting Activ(:;1 Re—cruitin 2021
Mortality 43-45% | | Poor Recruitment Mortality 40% y v ¢
IMPRESS
ISAR-Shock
zoogoc Recover I 2016 ECMO-CS EuroShock
IABP vs Impella 2008-2010 IABP vs Impella ECMO vs SOC ECMO vs SOC
N=26 IABP vs Impella N=48 Goal N=120 Goal N=428
; Poor Recruitment Poor Recruitment Actively Recruiting Actively Recruiting
M lity 46
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FIGURE 1.

Timeline of randomized control trials performed to date and currently enrolling, evaluating
the efficacy of mechanical circulatory support in acute myocardial infarction and

cardiogenic shock. CS, cardiogenic shock; ECMO, extracorporeal membrane oxygenation;
IABP, intraaortic balloon pump counter-pulsation

Catheter Cardiovasc Interv. Author manuscript; available in PMC 2022 December 01.



Page 14

Basir et al.

“BARD BUBA 10113dNS ‘DAS ‘801N 1SISSE Je[naLIuaA 1YBLL ‘QWAY ‘8]191IUBA 1B ‘AN ‘winuie 1yBu vy ‘Atenre Areuownd ‘vd ‘801Asp

1SISSE JBINOLIUBA 143] SnosueIndIad ‘WA 191IUBA JB| ‘AT ‘WINLIYE 3] 7 ‘BABD BUSA J0OLIBJUI ‘DA ‘AISLIE [elowaol|l ‘4] ‘uoieuaBAXo sueiquiaw [2810d10011X8 ‘OINDT ‘eLoe 'OV :SUONRIASIGY

‘A|[eJ1ua2 10 snosueINoJad parenuued aq ued pue Loddns JejnaLiuaAlg apiaoid 03 suoleINBIIUOD SnoJawnu Ul paInBiuod

8Q UBD sejnuued QDT ‘Alejiwis “(-01e ‘wapuel -1g ‘e||8do3 ‘ejjadig) uoddns JejnaLinuaAlg spiacid 01 paulquiod aq ued poddns papis ya| pue Loddns papis 1B pa1e|os] JO UOIBUIGUIOD \/ BION

adl v A
1 v A
v 1 A
4 1 A
t < N
1 o N

> > N

peol AY  peoj AT uoddns A1

Author Manuscript

uoddns AY

apesbonsy A uesHwsapue] Jo ‘djsHolpseD ‘Bewitnusd 4179 O4S/OAI ADS ‘OAI ‘Y OWD3 AVA

apesfoney A MeaHwsapue] Jo ‘djaHolp.teD ‘Bewiua) 4l vy OWD3 VA

yoddns uoieulquod

apesbaiuy N dHd ‘G'5/0°S eliedwi ‘4D ejfedw ‘Gz ejjadwy ov A1 AvAT [eIXyY

apesfoney A uUeaHwsapue] ‘djaHolp.te) ‘Bewnua) 4l V1  dvAT [ebnynus)d

1ioddns papis Yo

VIN N dy efjaduw vd Al avAY [exy

VIN A HeaHuwapue] ‘djaHolpJed ‘Bewinus) vd vd  QvAd [eBnynuad

VIN A UeaHuwapue] ‘djaHolpJed ‘Bewinus) INS'DAI'RY INS'DAI'RY OWD3 AA

uoddns papis b1y

MOJJ 210y UoIeUabBAXO suondo 8dIne@  MojIno dwng mopjul dwnd 801A8Q
193449 pue sad1Asp Hoddns A101e|nauid jeatueydaw Aresodwal

T371gvLl

Author Manuscript Author Manuscript Author Manuscript

Catheter Cardiovasc Interv. Author manuscript; available in PMC 2022 December 01.



Page 15

Basir et al.

Aenow sAep
0€ Ul 9dUIaIp
JuedIubIS ON

e|jadwi Jo

asn yum sainssald
21]0ISBIP pUB X3pul
Jeip.Jed panoidu]

Ajenow
Aep Qg ul adualayIp
JuediubIS oN

ueay
wapue) 4o asn ayy
L1 BILUBLOSI Ll

(uiod

pua Arewnid) veay
Wiapue} Jo asn ay}

yum xapur Jamod

JeIpJed panoidw|

(s)uonreniwiy/(s)awoanQ

Author Manuscript

[ens1 Jo Apnis Jayjoue ui uoisnjou|
Aoueubald
IV edyubis

Ayredojnfeod
umouy Aue Jo urreday o3 ABis||v

wsijoqws Areuownd

uonuUsAIBIUI
[e16ans 10} pasu e yum Buipss|g

35easIp 203190 UMOU
sisdas

SON
Y 10§ Paau 8y 10 ainjre) AY JuBUILOPaId

suo1ea1|dwod [eatueydsw Ag pasned SO

aAeA
[e2IUBYDBW 10 8SeaSIP Je[NAJEA 819A8S

SNQWIoIY} A7 HuUYRQ
INOOH
(ulw pg<) uoneasnsey

sIeak gT > aby

foueoadxa
}1] PadNpPal UM Saseasip Jayl0

avd aJ1anss
ulw Qg< uoreNIsnssy

abewep [eigalad aJanss

IV Jueoyiubis

sisdas

ain|re} AY

IV 10 suoljedijdwod [ealueyasin

‘sieah G/ < aby

BI1491119 UOISN[OX]

Author Manuscript

1y $Z > 19SU0 Y20yS

BHWW 0z< da3AT pue
%0€> 437 21ydeiboibue YO BHWW GT< dMOd

WU/ g > 10

ewapa Areuow|nd 1o (Jy/jw o> 40 Indino suln
® 10 SalIWaXa [009) uoisnyiadodAy uebio-pug

BHWW 06< 49s urelurew o3 sbnip
oidonour Jo wdg p6< ¥H pue BHwWW 06> d9S

1y 8> INV

1y ZT> 18SU0 X20US
AW 12> 10
BHWW GT< dMOd

(77/10Ww z< 81€19B| WINJSS PUB ‘SBINIWSIIXS pUe UIXs
P02 ‘y/jw 0€> INdino suin “*6:a) ainjrey uebio-pugz

BHWW 06<
dgs urelurew o0y siossaidosen Jo BHWW 06> 49S

(s1qerdende 9gv0) 10d pauue|d/m [INY

BI481110 UOISN[oU|

syuaned 9z
G'Z eladwi
'SA davi
10y
paJaluadNNIA

sjuaned T Leay
wapue) ‘sA dgvl

104
J191Ud9 31buIs

azis
a1dwes/ubisaq

800¢ [el}

MOOHS
R=AA)

§00¢

[e 39 818IyL

el

SOINY Ul SOIN Bunenjens s19y Wol) sonsialoeieyd [eL) Aad]

¢ 3149vL

Author Manuscript

Author Manuscript

Catheter Cardiovasc Interv. Author manuscript; available in PMC 2022 December 01.



Page 16

Basir et al.

U01193SSIP D10y
uonelBinBal 211108 819A3S 0} B1RI9POIA|

Kiape [eloway 0}
BINUUED MOJINO JO UoIMasUl Buljqesip avd

INOOH

9S0]ewod
mc_c_m_.cw‘_ SIOAIAINS JSalle Jelpied

uoislanolpued Jo Buioed

Aq pajeasy 10u pue Aujigelsul dlweuApoway
10} 3]qisuodsal aq ybIw yarym
eIpJeaAyoe) 1o eipseakpelq weaniubis

00y J0 8sned e se apeuoduie) oeIpIed

SAep 0€ 1e 801AaD 10 1joqwa Areuowynd jo uoiaidsns ybiH

1oddns A103e[N2419 [BIIUBYISW
Jayioue o uoleiueidwi pue
159148 A10JBINJIID PaYeHISNSal
‘Ureap s Sawoano Asewild

Jeak T ueyy 1amo| Aoueidadxa aj1

sIeak gT > aby

JUBWIINIoAI
MOJS 0} anp A}Jes
panuIIUo3SIp INq

EJETEIINo
ummm&o _oooum_nﬂ . >oam Buipadaid auy UIyIM GV
sAep og snoinaid

OIE1S 290US 31 UIYIIM [eL Jay1o Aue uonedionied

-a1d ayy BuiAynuapi
ur Appnaiip oy

anp pauopueqge sem
3o0ys-aid |jolua

01 1dwane eniu| . aseasIp
JeINAJEA 1110 JBIPJIED 8I9ASS UMOUM

Jeak T > Jo Aouerdadxa
3J1] © Y1IM 9SeasIp JUBIILLIOIUOD UMOUY

Ajenow
Aep-Qg Ul aoualayip SO 10 dgv| Jayia o Juswaded
weoIubIs ON . Buipaduwi aseasip oelj1-0110e 319AsS

PaIBUILLIS) SeM PUB JUSW}INIOA)
MO| )M panuiiuod ing ejjadwi

01 ONIDT woJy pabueys sem
pajuejdwi aq 03 891A3P SDIN 8y}
BWINIIBA MOJS 0} aNP 2002 Ul

suibaq ured ay Jaye 4y ¥Z < uoisnyiaday

>00ys 91uaboIpaes A1010B.481 )M JUBITRd

sleak
Z Ul pajjoiud sem SnquioI AT
wianed suo AluO .
lenoidde gy| pey 05 . V1L 10 80138 JU828Y

©1LI0E 83U} JO Sanfewlouqy
WaWINIORI

104 9AIIOE SOMS TT . 1S9..8 JRIPJRD PassaulMUN

(s)uonenwi|/(s)awodnQ

Author Manuscript

BLIS)IID UOISN[OXT

Author Manuscript

puaJ) Buisealdspuou yim ‘(sajdwes
U9aMIaq Ul QE<) T1/joww €2 SanjeA
SAIINIBSUOD OM] - 31B10B| ‘01|0qeIB|N .

(SV 40 SIA| 9J9A3S + %SG

—GE€ 43N 10 %SGE> 4IAT) + unw/Bx/6r

G< 9s0p aulwengop + uiw/Bx/br z:0<

asop aurydsuidaiou + BHww QOT >

dgs 4o uiwyBy/Brl g< asop suwengop

+ utw/By/61 1°0< asop suydsuidaiou
+ ZWuIwy 2z > 19 “olweuApowsH .

'Se paulep SO 818nsS 'q

SV 10 YN 81985 JO 85eD Ul 9GG—GE
43N 10 %GE> 43T paitedwi + BHWW 0G< dVIN
urejurew 0} s10ssa1doseA Jo uoneisiulpe snjoq
pareadal Buielissadau Ajigelsul dlwreuApoway

se paulap SO Buneloualsp Ajpidey v

1134118 BLIBILID [[1IN) 1SNW SIUaITed

uolezIWopues

210J9Q pare|uUaA Ajfealueydsw aq Isni .
‘BHWW 0p< 49S 01 sadosoul
10} paau 8y} Jo ulw < Joj BHWW 06> d9S .
10d 8leipswwi 4oy ueyd .
IN3LS .
eljadwy
-S7103 10 49| 0] UOI1ed1pule.Iuod JNoYIIM Juaired .

320ys d1uaboipJed
Yl pareol|dwod uopdJeyul [eIpJedoAw 8oy .
yoddns a1dosioul 104 pasu ay L -
uoisnyiadodAy anssi pue eipseadyoe] -
alnssald poojq ajqeisun -
:BuImo]|04 8y} JO BUO 1SEB] Je YIM Sluasald Jualied .

10d Atewnd ButoBispun |INTLS .

BII811I0 UOISN|OU|

Author Manuscript

swaned 0zZT

9JeJ JO pIepuels

'SA ONO3
104 Buinioal
Jaudd-NINN- SO-OND3

syuaied

8t dO eladwi
'SA 4Vl 9T0C el
10y SSIUdINI

aJed JO pJepuels

‘SA (ejjadwi 01
papuappe) $103 600¢ ‘I
104 19 massey

juaired auQ
G'g eljedwi
'SA daVI 0T
104 —800¢ [eL
palauadNN 11 Janoday
azis
a1dwes/ubisaq leuL

Author Manuscript

PMC 2022 December 01.

in

available

)

Catheter Cardiovasc Interv. Author manuscript



Page 17

Basir et al.

sainseawl
a}1] Jo Aipenb pue sasAjeue
SSBUBAINDAYJS 1500 JO SOUBWIIOLIDd

ain|iey Leay 10y

uoISSIWpe Yuow g1 .
Alenow
asneo-|[e yuow-zT .
aln|ey
Jeay Joj uoissjwpe
J1o Aijenow
asneo-|[e yjuow-zT .
:sjutodpua

Arepuodas Aljenow asneo |[e
Aep o€ s1uiod pua Arewid

Kep-0g 18 yresp
asned [[e SI sawo9Ino Arewiid

(s)uonenwi|/(s)awodnQ

Author Manuscript

(pareoipul
-eJIu02 OIND3 Bunjew ssaode Buipnjoaid)
aseasip Jejnasen [esaydiiad a1enss

sypuow
21> Aoueyoadxa ajl| yum Aupigiowo)

Aj1anss Aue Jo erjuswiap umouy]

SSaU|1 91WdISAS urdIUBIS

(018 snipsesoAw ‘sixejAydeue

o0ys d1waejonodAy/oibeysiowsay ‘sisdas)
asned Jayioue Wouy 4I0ys

(24008 Ayjreuy
uelpeue) G) [1ely Ajareridoidde pawasq

(31npa20ud [Dd 40 pud JO UIW OF UIYIM
pap102al) uoiebinbal [eajiw o1WaeYdSI
‘aimdnu [jem 8813\ ‘19849p [e1das
1e|noLusA B3 :S97 Joj asned [ealueyodsw
10 (99uapi1ne o1ydesBolpreooyog

[eLn Jayloue ul uonedionied

AoueuBald

syuow 9> Aoue1dadxae aj1| panwi|
UHM 8SE8SIp JUBHLIOIUOD 818A8S 18I0

(019 ‘elwajoN0dAY
‘sisdas ‘eIpseakpelq) asned Jaylo JO 3I0ys

s1eak G/ < abe 1o sieak QT > aby

sejnuued S93 Wasul 03 Alpigissoduwi
Unm aseasip Assire esaydiiad asanas

1Y ZT< X20US JO 18SUO
>o0ys 01uaBoIpJeD JO 8sNed [BoIUBYIBIA

UIW Gp< UONBIIISNSaY

Auyredojeydaous umouy

sypuow 9 Ise| ulynm Buipssiq
Jofew 1L Jo Buipas|q pajjonuodun

BLIS)IID UOISN[OXT

Author Manuscript

UoISNUI SNONUIIUO B 10} JuaWalinbal e 4o ‘uiw g
1589] 18 0y BHWW 06 > ainssaid poojq 21j01sAS

‘eLI9}112 0M) BuImoj oy auy Aq pauyap ag |[1m SO

JuaLISSasSe

[eatun)d pue AydelBoipsesoyds 1oy mojfe 03 Alorie
AIeu0409 111d|Nd JO UOIILZIIRINISBAR) [NSSBIINSUN
10 [NJSS9IINS JaYe UIW OF SOD JO 30USISIAd

paidwiane usag sey |Dd

(0YV sisoquuoayy uals
91noe-qns/anae) |Dd 1uadal snoinaid Buimoyjoy
SOV 01 A1epu02ss 10 (IINFLS-N 10 IINTLS 1IN

T 8dA1) SOV 01 A1epuodas aq AJuo ued SO

swoldwAs (SOV) awolpuAs Areuolod
91N2k J0 13SUO JO 4y $Z UIYIIM SO UOITRIUSSaId

10d Arewiid yyum payeal

IV Bunearjdwod sooys olusboipie)d

JUSSU0D PaWLIoU|
T/710WW €< 81eI0R| [BLIBLY

Jy/lw 0€> INdIN0 dULIN YIM

euNBIjo (9) ‘saniwaiIxa pue upys Awwreld ‘pjod (q)
'SN1eIS [elUaW patalfe (e) elallId Buimoljo) ayl JO
3U0 1se3| Je yum uoisnyiad uebio patredwi Jo subis

8]015As Bunnp BHww
06 < 24nssald urelurew 01 paiinbal saulwe|oydaled
10 ulw og< BHWW 6 > ainssaid poojq 21j0ISAS

(9gvo
Alanireusayfe 1o |Dd) UOIBZLIRINISBAR) pauueR|d

:Asoyebiiqo snid (IN3LSN
10 [INTLS) 1INV Buneardwod 3ooys oiusbolpie)

BHWW ZT
< ainssaid abpam Auejjideds Areuownd
1o PHWW / < ainssaid snousa

[ellua) :papnjoxa ag Isnw eiwajoAodAH .

slossaidosen Jojpue

sadoajoul Jo sasop Apeals uo pusil
Buisealouluou yym ‘(sjuswiainses
U93M18Q UIW OE<) %0G> Sanjen
9AIINDISUOD OM] - ZOAS J0 siossaidosen
Jo/pue sadojoul Jo sasop Apess uo

BII811I0 UOISN|OU|

Author Manuscript

swared gz
8led JO plepuels
'SA OINO3
10d

121uad-1 NN

swaired ozi
8Jed JO plepuels
'SA OND3
10
J8UsdNINA

azis
a1dwes/ubisaq

Author Manuscript

Buninioay
320ys 0in3

Buninioay
MOOHS
-$7103

feuL

PMC 2022 December 01.

in

available

)

Catheter Cardiovasc Interv. Author manuscript



Page 18

Basir et al.

"aInssald poojq 21101sAS ‘'dgS ‘8[oLIuUBA YBILI ‘AY ‘[eLl} [01U02 paziwopuel ‘1 DY ‘uoddns Aloyenalio
|ea1UBYIBW ‘SO ‘B]oLIUBA U3 ‘AT ‘uones|nd-1aunod dwnd uoojjeq onuoe-enul ‘dgy| ‘uoddns ay1) [ealodiodelixs ‘S7O3 Xo0ys d1usbiolpaes ‘SO ‘UoIlolesul [eIpJed0AW 31NdY ‘|INY :SUOIRIASIGQY

sypuow 9 Je ypeap
3sneo-|[e SI S3W02IN0 AJewtid

(s)uonenwi|/(s)awodnQ

Author Manuscript

USIM 8]e113snsal 10U 0g

yoddns
Alore[nalio [ealueydaW paysijgelss Apeal|y

80URIB|0IUI ULieday UMOUS]
1y pZ<uoneinp 3o0ys

JS0Y I3ye 8>
3|eos BWOd Mobise|o Jsisiad YIM YOHO

aIn|ie} AY Jueulwopaid

SV/IV 313/8S

uonoJRJUI [RIPILI0AW
01 UoINEo1dW0D [BIIUBYO3W 0} 8NP %O0YS

(sixejAydeue 1o
wstjoquwa Areuowind ‘sisdas ‘abeylioway
‘e1ws|oAodAy) Xo0ys 40 Sasned Jayl0

J19)] Jad [owiw O°Z> JO [9A8] 818108 [eLIBUY

SLIUOW ZT 388 8Us UIy}M [eL
4oJeasal paziwopuel Jayjoue
Ul panjoAu| -asde|jod Jo uiw
0T UIyum ¥do Japueisiq

INOYNM / < 10 Hd INOYHA -

(11oy8 uonenasnsal burobuo)
uoI3eINaJId snosuejuods
10 uInjaJl INOYNM -

-:$80UEISWNIID BUIMO||04 3} JO Aue Japun
(WOHO) 158418 JRIpIED [ENdSOY-40-INO

sjuabe 19jare|diue
anoguwiolyinue Jo [eaifojooewreyd
0} 92URIB|OIUI JO ABJo||e a19naS

BLIS)IID UOISN[OXT

Author Manuscript

9'T< X8pul 8109 UOIOW [[em AQ 10 %SGy> 43T .
Adesayy

10ssa1doseA 10} pasu Jo/pue BHWW QOT > d9S .
(zoed
[EWIOU B UNM 945G > ZOAS J0/pue /70w G2

a1e108| Poo|q [eliale) uoisnyiadodAy fessydiiad .

:Aq pawuyuod ‘uonelnp
1y 7> >0ys d1usliolpsed uoreInp 1y 9> IINFLS .

(yuasuod 01 ajqeun si Jualyed ayl J1 JUasU0I UeldISAYd 10 anle|al
10) ‘Juasuod juaried Ag Pamo| |0} JUSSSe PaLLLIOJUL JO UOISIAOI]
181 Jad joww 0'Z< JO [9A3] a1eIaR| [eLIdME pajeAs]d

Jnoy Jad Jw Qg ueyp ssa] 40 Indino surn e yum eunbiio

squii] pue urys Awwejd pue pjod

SNIEIS [RIUBW PaJA)Y

‘suoljelsajiuewW BuIMO||0 BU) JO BUO Isea] Je Yyiim uoisnyiad ueflio
pairedwi o subis snd ‘uonsabuod Areuownd Jo subis [ealuljd

BHwWW 06 < ainssaid poo|q 21|0IsAS
urejurew 03y Adesayy a1dosiour Jo Jossaidosen Jo

BII811I0 UOISN|OU|

Author Manuscript

swanred 09
8led JO plepuels

'SA 4D eljadw
104 Bunminiosy
J81usd-NINIA ISERINA (@]

azis
a1dwes/ubisaq leuL

Author Manuscript

PMC 2022 December 01.

in

available

)

Catheter Cardiovasc Interv. Author manuscript



Page 19

Basir et al.

‘ainssaud feue 6L ‘v ‘aanssald Asenre Areuownd ‘wd ‘uonoeyul [eipseaoAw ‘| ‘Hoddns A103IN0110 [BOIURBYIBW ‘SOIA ‘o1l 1esy ‘HH ‘81ed UolRIi|1y Jeinawo|B ‘Y49 HorNe JeIndseA [eiqalad
“WAD ‘uluieald ‘19 ‘indino eipted ‘0D ‘Xapul JeIpted ‘|9 ‘aInssaid poojq 'dg ‘WNILoSU0D YoJeasay dlwapedy Buipas|g ‘DYvg ‘oseulliesuel) syeuedse ‘| Sy ‘aseullesuel) auluBe ‘1Y (SUONRIAIGAY

Author Manuscript

(Anpoey aled ande wual-Huol ‘qeyal ‘swoy) uonisodsip abreyasig
jue|dsuen 40 SOIN 8|qesnp Joj pasN
(af1eyds1p 1e JuswalINbal SISA[RIP/I0IR[1IUSA MaU ‘[N ‘BIWBYISI quil| ‘UOISNYSUBI] ‘Z—T WAD) SIUBAS 8SISAPY
(suonuaniaiui [esayduad ‘suonuaaiaiul [ea1bins ‘Buipas)q -z DYvd) suonealjdwod SO
(3'a ‘0 'g 'v) abeis yooys
(eve30e] 17V ‘LSV 4D ‘Y49) uoisnyiad uebio-pu3
sJossaidosen pue sadosjoul Jo uonezi|nn
(1200 'd9 "dH 'Vd "Wd) s1084y8 dlweuApouisH
syutod pus Jaylo
suoIsSIWpe ain|iey eay Jeak-T pue Lpuow-9
[eAIAINS JeaA-T pue Lpuow-9
(5-€ DdD WAD ‘uoneindwe ‘Buipas)q § DYvg) suonealjdwod Jofew SON
apelbdn SOIN Jo) pasN
syutod pus Alepuodss
[eAIAINS (Aep 06—0€) Wd1-1oys

juiod pus Arewid

SOINY 10} 10Y e ul sjulod pus pajsahibng
€37149vl

Author Manuscript Author Manuscript Author Manuscript

Catheter Cardiovasc Interv. Author manuscript; available in PMC 2022 December 01.



	Abstract
	INTRODUCTION
	PRIOR TRIALS
	ONGOING TRIALS
	CHALLENGES IN PERFORMING RCT
	Low incidence
	Heterogeneous patient phenotype
	FDA approval
	Crossover
	High reimbursement

	TRIAL DESIGN
	CONCLUSIONS
	References
	FIGURE 1
	TABLE 1
	TABLE 2
	TABLE 3

