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Cardiogenic shock accounts for ∼100,000 annual hospital admissions in the

United States. Despite improvements in medical management strategies, in-hospital

mortality remains unacceptably high. Multiple mechanical circulatory support devices

have been developed with the aim to provide hemodynamic support and to improve

outcomes in this population. Veno-arterial extracorporeal membrane oxygenation

(VA-ECMO) is the most advanced temporary life support system that is unique in that

it provides immediate and complete hemodynamic support as well as concomitant

gas exchange. In this review, we discuss the fundamental concepts and hemodynamic

aspects of VA-ECMO support in patients with cardiogenic shock of various etiologies.

In addition, we review the common indications, contraindications and complications

associated with VA-ECMO use.

Keywords: extracorporeal membrane oxygenation, cardiogenic shock, mechanical circulatory support, VA-ECMO

indications, VA-ECMO complications

INTRODUCTION

The primary objective of this paper is to provide a comprehensive review of veno-arterial
extracorporeal membrane oxygenation (VA-ECMO) use in the management of adult patients with
refractory cardiogenic shock (CS).

THE EVOLVING DEFINITION OF CARDIOGENIC SHOCK

Cardiogenic shock is commonly defined as a state of low cardiac output that is inadequate to
support the systemic perfusion requirements in the context of normal cardiac filling pressures.
Organ hypoperfusion is a central feature of CS. The resultant tissue ischemia and reduced nutrient
delivery, if persistent, may lead to multi-organ failure including altered mental status, oliguria with
<30 cc/h urine output, narrow pulse pressure, and arterial lactic acid level exceeding 2 mmol/L
(1, 2).

Historically, clinicians and investigators established the presence of CS by using a
combination of select abnormal hemodynamic parameters and evidence of end-organ dysfunction.
Consequently, various landmark clinical trials employed different definitions to diagnose CS
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(Table 1). Most commonly using some combination of the
following criteria: (I) profound hypotension with a systolic blood
pressure (BP) <80–90 mmHg for at least 30min, a drop in
mean BP of 30 mmHg or more from baseline, the need for
vasoactive medications to maintain a systolic BP above 90 mmHg
despite adequate fluid resuscitation; (II) elevated biventricular
filling pressures with central venous pressure (CVP) above
10 mmHg and pulmonary capillary wedge pressure (PCWP)
exceeding 15 mmHg; (III) significantly reduced cardiac index
(<1.8 L/min/m2 or<2.2 L/min/m2 with hemodynamic support);
and (IV) low mixed venous blood oxygen saturation signaling
increased peripheral oxygen extraction due to hypoperfusion
(16). Systemic vascular resistance (SVR) is markedly elevated in
most cases of CS. While calculating SVR is critical to establish
the type of shock in routine clinical practice, it has not been
included in the definition of CS used by landmark clinical
trials as patients may initially present with normal or even
low SVR. The presence of low SVR may signify end-stage CS
as a result of inappropriate vasodilation despite hypotension,
low cardiac output, and tissue hypoperfusion. Accordingly, it is
associated with microvascular dysfunction, more severe systemic
inflammatory response (cytokine storm) and, ultimately, worse
clinical outcomes (22). Coronary perfusion pressure and,
therefore, coronary blood flow may decrease significantly in
CS owing to the severely elevated ventricular filling pressures
and systemic hypotension. This will further worsen myocardial
ischemia and contractility contributing to the vicious cycle of CS
(8, 18).

Up until recently, the diagnosis of CS was binary (present
or absent) and was established based on a combination of
distinct hemodynamic parameters detailed above. However, it
became increasingly clear that the clinical condition of patients
meeting the minimum criteria of CS are extremely heterogenous.
It may include outpatients with low cardiac output, those
requiring a single inotrope infusion as well as end stage
patients needing biventricular mechanical circulatory support
(MCS). Recognizing the continuum of hemodynamic instability
in this population, the Society for Cardiac Angiography and
Intervention (SCAI) recently published an expert consensus
statement defining five stages of CS ranging from at risk
to extremis (35, 36). A combination of easily identifiable
hemodynamic parameters, biochemical markers and physical
examination findings define each stage. This simple and validated
framework aims to facilitate targeted patient management by
matching the intensity of medical therapy and the level of
mechanical support to each individual’s CS stage. In addition,
physicians can quickly and frequently re-assess their patient’s
CS stage and adjust the management accordingly. Utilizing this
strategy is expected to reduce complications, improve clinical
outcomes, and survival.

EPIDEMIOLOGY OF CARDIOGENIC
SHOCK

Accurately pinpointing the prevalence of CS is challenging and
varies based on the era the data was collected and the definition

TABLE 1 | The broad range of criteria utilized to define cardiogenic shock.

Study Definition

Aissaoui et al.

USIK/UCIC/FAST-MI registries (3)

• SBP < 90 mmHg

• Oliguria or signs of peripheral hypoperfusion

Basir et al. The Detroit

cardiogenic shock initiative (4)

• SBP < 90 mmHg or need for supportive

measures to maintain SBP > 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

or elevated lactate

• Cardiac index <2.2 LPM/m2 or PCWP ≥

15 mmHg

Bisdas et al. (5) • SBP < 90 mmHg

• Lactate ≥ 4 mmol/L

• Cardiac index <2.2 LPM/m2

Brechot et al. (6) • LVEF < 25% or increased inotrope score or

SBP < 90 mmHg despite inotrope use

• Cardiac index < 2.2 LPM/m2

Brechot et al. (7) • LVEF < 35%

• Lactate ≥ 4 mmol/L

• Cardiac index < 3 LPM/m2

Califf et al. (8) • SBP< 90mmHg for more than 30min or SBP

drop >30 mmHg from baseline for 30min

• Cardiac index <2.2 LPM/m2 or PCWP ≥ 15

mmHg

• Oliguria, signs of peripheral hypoperfusion or

avO2 > 5.5 ml/dL

Chioncel et al. ESC heart failure

long-term registry (9)

• SBP < 90 mmHg or drop > 30 mmHg from

baseline for 30min

• Oliguria or signs of peripheral hypoperfusion

Chung et al. (10) • SBP < 90 mmHg and pulmonary edema or

need for supportive measures to maintain

SBP > 90 mmHg

De Roo et al. (11) • MAP ≤ 60 mmHg

• Cardiac index < 2.2 LPM/m2 with

hemodynamic support

Goldberg et al. (12) • SBP < 80 mmHg

• Signs of peripheral hypoperfusion or oliguria

Goldberg et al. (13) • SBP < 80 mmHg

• Signs of peripheral hypoperfusion or oliguria

Harjola et al. CardShock study

(14)

• SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

• Signs of peripheral hypoperfusion or lactate

≥ 2 mmol/L

Helgestad et al. (15) • SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP >90 mmHg

• Signs of peripheral hypoperfusion, oliguria or

lactate ≥ 2.5 mmol/L

Hochman et al. SHOCK study

(16)

• SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

• Cardiac index <2.2 LPM/m2 or PCWP ≥ 15

mmHg

• Oliguria or signs of peripheral hypoperfusion

Hochman et al. SHOCK study

(17)

• SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

• Cardiac index < 2.2 LPM/m2 or PCWP ≥

15 mmHg

(Continued)
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TABLE 1 | Continued

Study Definition

Hollenberg et al. (18) • SBP < 90 mmHg for more than 30min

• Cardiac index < 2.2 LPM/m2 or PCWP ≥

15 mmHg

Holmes et al. GUSTO-I (19) • SBP < 90 mmHg for more than 60 min or

need for supportive measures to maintain

SBP > 90 mmHg

• PCWP ≥ 15 mmHg

Hulman et al. (20) • Cardiac index <2 LPM/m2 with support

Killip et al. (21) • SBP < 90 mmHg

• Oliguria or signs of peripheral hypoperfusion

Kohsaka et al. SHOCK study (22) • SBP < 90 mmHg for more than 30 min or

need for supportive measures to maintain

SBP > 90 mmHg

• Cardiac index < 2.2 LPM/m2 or PCWP ≥ 15

mmHg

• Oliguria or signs of peripheral hypoperfusion

Lee et al. (23) • SBP < 90 mmHg for more than 30 min or

need for supportive measures to maintain

SBP > 90 mmHg

Muller et al. ENCOURAGE

derivation cohort (24)

• LVEF < 25% or SBP < 90 mmHg despite

inotrope use

• Cardiac index < 2.2 LPM/m2

Ostadal et al. ECMO-CS (25) • LVEF < 35% or LVEF 35–55% in combination

with valvular disease or need for supportive

measures to maintain MAP > 50 mmHg

• Cardiac index < 1.8 LPM/m2 without support

or central venous pressure >7 mmHg or

PCWP ≥ 12 mmHg

• SvO2 < 50% in two

consecutive measurements

Ouweneel et al. (26) • SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

Pozzi et al. (27) • SBP < 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

Rihal et al. SCAI/ACC/HFSA/STS

guidelines on MCS use for

cardiogenic shock (28)

• SBP < 90 mmHg for more than 30 min or

drop >30 mmHg from baseline for 30 min

• Cardiac index <2.2 LPM/m2 with support or

cardiac index <1.8 LPM/m2 without support

or PCWP ≥ 15 mmHg

Seyfarth et al. ISAR-SHOCK (29) • SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

• Cardiac index < 2.2 LPM/m2 or PCWP ≥

15 mmHg

Sheu et al. (30) • SBP < 90 mmHg and pulmonary edema or

need for supportive measures to maintain

SBP > 90 mmHg

Thayer et al. Cardiogenic shock

working group registry (31)

• SBP < 90 mmHg for more than 30 min

• Cardiac index <2.2 LPM/m2

Thiele et al. (32) • SBP < 90 mmHg for more than 30 min or

need for supportive measures to maintain

SBP > 90 mmHg

• Oliguria

• Cardiac index <2.2 LPM/m2 with support or

cardiac index <1.8 LPM/m2 without support

or PCWP ≥ 18 mmHg

(Continued)

TABLE 1 | Continued

Study Definition

Tsao et al. (33) • SBP < 90 mmHg and pulmonary edema or

intervention required to maintain SBP >

75 mmHg

Wu et al. (34) • Refractory ventricular tachycardia or need for

supportive measures to maintain SBP >

90 mmHg

SBP, systolic blood pressure; MAP, mean arterial pressure; PCWP, pulmonary capillary

wedge pressure; LVEF, left ventricular ejection fraction; SvO2, mixed venous blood oxygen

saturation; avO2, arteriovenous oxygen difference; SCAI, Society for Cardiovascular

Angiography and Interventions; ACC, American College of Cardiology; HFSA, Heart

Failure Society of America; STS, Society of Thoracic Surgeons; MCS, mechanical

circulatory support; CS, cardiogenic shock.

used (21, 35, 37, 38). CS is estimated to account for ∼100,000
annual hospitalizations in the United States alone (12, 13, 19,
32). Various studies and randomized clinical trials focusing
on patients with myocardial infarction (MI) have reported a
prevalence of 6–10%, with a slight increase over time (19, 39–42).

Acute coronary syndrome is the most frequent cause of CS,
representing 80% of all cases (14). While more common in
patients with ST-elevation myocardial infarction (STEMI), it
may also complicate non-STEMI (43, 44). Prior to the advances
in medical therapy and interventional strategies, in-hospital
mortality of post-MI CS reached 80% with nearly half of these
occurring within the first 24-h of presentation (9, 21). Although
the emphasis on optimal medical therapy, MCS use and the
widespread adoption of early revascularization strategies led
to a significant decline in mortality rates, the mortality of
CS associated with ACS remains high at 30–50% (3, 13, 45–
47). Elderly patients (age >75 years), females, and those with
underlying diabetes mellitus or prior myocardial injury are
particularly at risk.

While the incidence of post-MI CS has declined over the
past decades, there has been a concomitant increase in the
incidence of CS caused by other etiologies (48). The most
common causes include acute on chronic heart failure (HF),
fulminant myocarditis, high-risk pulmonary embolism, stress-
induced cardiomyopathy, severe valvular disease, sepsis, and
hemodynamically unstable arrhythmias (2, 14). Among ∼8
million HF hospitalizations between 2005 and 2014 recorded in
the National Inpatient Sample, the incidence rose from 4.1 to
15.6 per one thousand HF hospitalizations (48). For the same
time period, a large registry analysis found that the proportion
of patients admitted with post-MI CS has dropped significantly
from 65.3 to 45.6% (49). The overall in-hospital mortality rate for
this population initially was 42.4% but has decreased substantially
to 27.1% (49).

MECHANICAL CIRCULATORY SUPPORT
STRATEGIES FOR THE MANAGEMENT OF
CARDIOGENIC SHOCK

Multiple MCS devices have been developed over the past decades
with the aim to provide various levels of hemodynamic support
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to improve the devastating morbidity and mortality associated
with CS. The fundamental assumption is that ventricular support
and decompression leads to a reduction in myocardial wall stress
and oxygen consumption, while concurrently augmenting end
organ perfusion.

Several types of MCS devices are used in routine clinical
practice. The intra-aortic balloon pump (IABP) was first
developed in the 1960s and remains the most frequently utilized
percutaneous temporary MCS device (50). While it only provides
a modest increase in cardiac output, it augments diastolic
coronary flow and reduces myocardial oxygen consumption
(28). Newer percutaneous ventricular assist devices (pVAD)
can provide significantly higher level of hemodynamic support
and include the Tandemheart (LivaNova, London, UK) and
the Impella family (Abiomed Inc., Danvers, MA, US). The
increasingly utilized VA-ECMO systems (Centrimag, Abbott,
Chicago, IL, US and Cardiohelp, Maquet, Rastatt, Germany)
provide complete hemodynamic support and concomitant gas
exchange. Randomized clinical trials directly comparing the
efficacy and outcomes achieved with these devices are scarce and
are limited by low enrollment, the predominance of post-MI
patients and the highly variable definition of CS (26, 29, 51, 52)
(Table 1).

INTRODUCTION TO VA-ECMO

VA-ECMO is a temporary mechanical circulatory support system
that enables complete and immediate cardiopulmonary support
in the setting of cardiogenic shock and cardiac arrest (53). It
consists of a centrifugal pump capable of propelling up to 8 L/min
of blood and venous drainage and arterial return cannulas. A
hollow fiber membrane oxygenator is spliced into the circuit that
not only provides blood oxygenation but also carbon dioxide
(CO2) clearance via sweep gas flow. This latter function is a
critical distinguishing feature from other MCS strategies, such
as IABP and pVADs. VA-ECMO may also be placed surgically,
especially in the post-cardiotomy setting, when oxygenated blood
is returned directly into the ascending aorta (central cannulation
technique). However, this review focuses primarily on the use of
peripherally placed VA-ECMO as this is the most common type
of support instituted by cardiologists in the setting of cardiac
arrest or refractory CS.

The preferred approach for percutaneous VA-ECMO is
femoral artery and vein cannulation. In an adult, the tip of
an 18–28 Fr cannula draining deoxygenated venous blood is
positioned in the mid right atrium (RA) or the superior vena
cava-RA junction. After passing through the “membrane lung,”
oxygenated blood is returned to the systemic circulation via a 15–
19 Fr arterial cannula with its tip typically positioned in the iliac
artery. Selecting cannulas with appropriate diameters is critical
not only to reduce the risk of vascular injury but also to avoid
significant negative inflow (preferably <50 mmHg) and high
outflow pressure (<300 mmHg). To mitigate the risk of distal
limb ischemia, an 8 Fr distal reperfusion cannula is routinely
inserted into the superficial femoral artery in our center and is
spliced into the arterial limb of the circuit (2, 54).

Peripheral VA-ECMO is increasingly utilized as a short-
term support strategy to manage patients presenting with
cardiac arrest, severe biventricular HF and CS stages C-E,
independent of etiology (48). It can be initiated safely in the
cardiac catheterization laboratory by experienced interventional
cardiologists with very short door to support time, even
during ongoing cardiopulmonary resuscitation (CPR) (55, 56).
Depending on local institutional policies and the specific clinical
scenario, it may also be instituted in the field (mobile ECMO
programs), at bedside in the ICU, or in the operating room
(57). Full VA-ECMO support not only allows time to perform
diagnostic and therapeutic interventions while maintaining
appropriate hemodynamics and gas exchange, but also provides
time for potential organ recovery. Multiple clinical trials are
currently ongoing with the aim to address the potential
clinical benefits of early VA-ECMO initiation in various patient
populations (4, 25).

HEMODYNAMIC ASPECTS OF VA-ECMO
SUPPORT

VA-ECMO is used in the management of CS due to its
capability to reduce myocardial work (pressure-volume area)
while providing complete hemodynamic and respiratory support.
Myocardial pressure-volume area can be thought of as the sum
of myocardial potential energy and myocardial stroke work (58,
59). Both are thought to be increased profoundly in CS due
to a vicious cycle of maladaptive neurohormonal and vascular
mechanisms (8, 60).

In the typical VA-ECMO setup in CS, the venous inflow
cannula drains blood directly from the vena cavae or the
RA. This significantly decreases right ventricular (RV) preload,
trans-pulmonary blood flow and, therefore, left ventricular end-
diastolic volume (LVEDV) and pressure (LVEDP) (61–63). Thus,
VA-ECMO likely promotes hemodynamic stabilization in the
setting of CS and cardiac arrest via reduced LVEDV and LVEDP.
It follows, then, that VA-ECMO has been shown to reduce
stroke work in pre-clinical models of CS caused by acute
myocardial infarction (64). Themyocardial pressure-volume area
and myocardial potential energy may be further reduced by the
weaning of inotropic and vasopressor drugs once VA-ECMO
support is instituted. These pharmacologic agents are known
to increase myocardial oxygen consumption and left ventricular
(LV) stroke work dramatically (59, 65).

The use of VA-ECMO also improves systemic perfusion.
Typically, mean arterial blood pressure rises after VA-ECMO
initiation while the high-volume venous displacement from
the RA reduces central venous pressure. The systemic arterio-
venous pressure gradient increases as a result, thereby enhancing
systemic circulation. This may be particularly relevant to
improving blood flow in organs with portal circulation,
such as the liver and kidney (63). Fluid removal and
relief of venous congestion can be further enhanced by
splicing a continuous veno-venous hemodialysis machine
(continuous renal replacement therapy; CVVHD) into the
VA-ECMO circuit. By providing large volume oxygenated
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blood flow, organ perfusion can be supported irrespective of
the intrinsic cardiac function. Importantly, the native right
ventricular function is not as critical to the provision of
systemic perfusion (as is the case with IABP and some
pVADs) due to the lessened reliance on transpulmonary flow
with VA-ECMO.

Despite the acknowledged benefits of VA-ECMO, there
are still several critical gaps in the literature regarding the
hemodynamic implications of prolonged VA-ECMO usage.
Most notably, there is an absence of data using invasive
ventricular catheterization to define how myocardial work
and overall pressure-volume area is affected in the clinical
(human) setting. Currently, most published pressure-volume
loop data demonstrating the effects of varying levels of VA-
ECMO support are based on computer simulations or animal
experiments, rather than actual patient data (59, 66–68).
Many of these studies used at least one fixed parameter (e.g.,
LV contractile strength) when performing their analysis.
Yet, in real-life, these variables are interdependent and
contractile strength will vary based on the Frank-Starling
equation. Moreover, it is unclear how the hemodynamic
responses on VA-ECMO support differ between patients with
normal and depressed baseline LV ejection fraction, normal
and dilated LV cavity and/or right ventricular dysfunction.
Presumably, there is a diverse array of hemodynamic
mechanisms in these HF sub-types, all of which remain
largely uncharacterized in vivo.

The effect of retrograde arterial flow on LVEDV/LVEDP
and LV unloading remains controversial and deserves special
mention. Some commentators argue that the retrograde blood
flow increases LV afterload by increasing mean arterial BP.
This is thought to raise LVEDP, decrease stroke volume, reduce
native cardiac output, and render a deleterious effect on LV
performance (66, 68, 69). It is likely that this phenomenon
more pertinent to patients with the complete lack of or
minimal cardiac contractility, as opposed to patients that have
preservation of LV function (63). Nevertheless, it is increasingly
common to utilize one of the “LV venting” strategies, such
as an IABP or Impella, despite unclear universal benefit (70).
The device choice is often dependent of the center’s experience
and the benefit of upgrading from one strategy to another
remains unexplored.

The populations in which venting devices offer a clear
benefit remain largely uncharacterized. The hemodynamics of
patients with different HF phenotypes are likely to respond
differently to VA-ECMO support, thus creating a differential
risk-benefit ratio for the addition of an unloading strategy.
Patients with acute CS in the setting of severe, pre-existing
HF and elevated left atrial pressure may be best suited for
unloading. Moreover, patients with biventricular shock in whom
the RV recovers before the LV, may also benefit from unloading.
Under these circumstances, the RV may provide increased
trans-pulmonary flow prompting a rise in LV preload, despite
ongoing VA-ECMO support. The combination of increased
preload and afterload may lead to an increase in the LV’s
myocardial oxygen consumption, thereby supporting the need
for an unloading strategy.

COMMON INDICATIONS FOR VA-ECMO
SUPPORT

Cardiogenic Shock Complicating Acute
Myocardial Infarction
Despite the widespread use of early revascularization strategies,
6–10% of patients with acute coronary syndrome will progress
to develop CS, representing 60–80% of all CS cases (12, 14, 15,
71). Myocardial ischemia and necrosis may continue following
the index injury as the infarct extends circumferentially and
toward the subepicardial regions. This prompts a further decline
in cardiac function, increase in filling pressures, and excess
oxygen consumption of the healthy residual myocardium. These,
combined with reduced coronary perfusion pressure, initiate a
vicious cycle until∼50% of the functional LV mass is lost and CS
ensues. Initiating VA-ECMO early in this setting reduces cardiac
work, myocardial oxygen consumption and improves coronary
blood flow. Therefore, VA-ECMO may limit infarct extension
and allow time for the hibernating myocardium to recover (72).

The in-hospital mortality of post-MI patients with CS
approaches 70–80% with traditional management, including
vasoactive agents and IABP (12, 16, 17). Several non-randomized
trials have demonstrated a clear benefit of VA-ECMO support
in this population. As a result, its use has increased over 5-
fold between 2000 and 2010 in one report (73). In a single-
center retrospective study of 98 patients with MI, early VA-
ECMO cannulation was associated with an all-cause in-hospital
mortality of 67.3%. Patients presenting with CS as well as
cardiac arrest were included (74). In a single center, retrospective
observational study, Pozzi et al. identified 56 post-MI patients
who presented with evidence of CS and were supported with
VA-ECMO for a mean of 8.7 days. Survival to hospital discharge
reached 41.1 and 32.1% were alive after a mean follow-up of 38.0
± 29.9 months (27). In another single center study from Korea,
20 patients with post-MI CS were initiated on VA-ECMO before
proceeding with coronary revascularization. Although CPR was
performed in 70% of the cohort before cannulation, the in-
hospital survival rate reached 50% (75). Multiple other, relatively
small studies from around the world have reported similar rates
of successful VA-ECMO decannulation and hospital discharge in
the setting of post-MI CS (10, 23, 24, 30, 33, 34, 76–78) (Table 2).

Ventricular septal rupture (VSR) is a rare but dreaded
complication of acute STEMI. It typically develops within 1–
5 days after the STEMI and confers ∼90% mortality (79)
due to the rapid development CS. VA-ECMO may be an
effective temporary hemodynamic support strategy to stabilize
these patients. It can be instituted promptly and utilized as
a bridge to definitive surgical management while allowing the
friable myocardium surrounding the rupture site to mature
(80, 81). A case series of three individuals with post myocardial
infarction CS and VSR placed on VA-ECMO showed excellent
results with decannulation achieved in all patients and 100%
survival (82).

The timing of VA-ECMO cannulation is of paramount
importance in this population. It should be initiated within
60min of the recognition of refractory CS, especially if initial
attempts at hemodynamic stabilization with fluid resuscitation
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TABLE 2 | Outcomes of VA-ECMO support stratified by the initial cause of

cardiogenic shock.

Indication for VA-ECMO support Reported survival (%)

Acute myocardial infarction 33.8–66.7

Cardiomyopathy 35.7–57.0

COVID-19 infection 0–36.6

eCPR 8.8–54.0

Fulminant myocarditis 60.0–74.0

Primary graft failure post heart transplantation 50.0–84.2

Massive pulmonary embolism 38.5–53.1

Cardiomyopathy in the setting of sepsis 59.8–75.0

eCPR, extracorporeal cardiopulmonary resuscitation.

and pharmacological agents fail (83). Preferably, MCS support
should be established prior to proceeding with coronary
interventions (28). The increased and early utilization of VA-
ECMO in patients with post-MI CS is expected to translate into
further improved clinical outcomes.

Cardiogenic Shock Caused by Acute
Fulminant Myocarditis
Acute fulminant myocarditis is a relatively uncommon, but
severe condition characterized by the sudden and profound
inflammation of the myocardium. Although the exact
pathogenesis often remains obscure, myocyte edema and
necrosis develop in response to various infectious and non-
infectious triggers. The ensuing hypotension may progress to
refractory cardiogenic shock within 2 days to 2 weeks of the initial
insult. Owing to the profound hemodynamic instability and
biventricular failure, escalating doses of vasoactive medications
and IABP are often insufficient to maintain sufficient organ
perfusion. VA-ECMO is an invaluable asset in the management
of these patients. It may limit ongoing myocardial damage by
providing prompt and effective circulatory support until the
inflammatory storm subsides. Although VA-ECMO may serve
as a bridge to durable left ventricular assist device (LVAD) or
heart transplantation, full cardiac recovery is common within
seven to 10 days in patients with fulminant myocarditis. With
the exception of giant cell myocarditis, disease recurrence is
uncommon and medical management is effective.

The available data also reflect a relatively positive prognosis in
this population. In amulticenter, retrospective study of 57 patient
with fulminant myocarditis, the mean duration of VA-ECMO
support was 9.9 ± 19 days. 71.9% of patients were successfully
discharged from the hospital and 5-years survival rate reached
65.2% (84). Another small, single-center study performed in
Japan between 1991 and 2001 enrolled 14 patients with fulminant
myocarditis requiring percutaneous VA-ECMO support for an
average of 6.25 days. 71% of the cohort was weaned successfully
and all of these had full cardiac recovery within 6–12 months
(85). A study utilizing the ELSO database from 1995 through
2011 included 147 patients with a diagnosis of acute myocarditis
who underwent ECMO support and showed a survival to
hospital discharge rate of 61% (86). Many other groups have

reported similarly high weaning and hospital discharge rates,
establishing VA-ECMO as an extremely effective strategy for the
management of patients with fulminant myocarditis associated
with hemodynamic collapse (87–100) (Table 2).

Acute Pulmonary Embolism/Right
Ventricular Failure
The rate of hospital admissions for acute pulmonary embolism
(PE) continues to rise and it remains one of the leading causes
of cardiovascular death in the US (101, 102). Mortality reaches
80% in patients needing mechanical ventilation, 77% in those
who require CPR within the first 24 h of admission and 37% in
patients with syncope (103). Once the diagnosis is established,
immediate risk stratification is critical. High-risk (massive) PE is
characterized by: (I) Sustained systemic hypotension (systolic BP
< 90 mmHg for at least 15min or requiring inotropic support
with no other identifiable underlying causes, such as arrhythmia,
sepsis or hypovolemia); (II) Clinical evidence of shock; III)
Pulselessness or profound bradycardia (heart rate <40 BPM)
(104, 105). Obstruction of 30–50% of the pulmonary vasculature
in combination with vasoconstriction caused by thromboxane
A2 and serotonin released from activated platelets lead to an
acute increase in pulmonary vascular resistance (106, 107). As
the unconditioned right ventricle (RV) is rarely able to generate
a mean pulmonary artery (PA) pressure >40 mmHg in the
acute setting, stroke volume decreases, the ventricle dilates and,
ultimately, RV failure develops (108). The associated coronary
hypoperfusion and myocardial ischemia lead to a further
decline in RV function. These changes are critical as short-term
mortality is driven primarily by the RV failure. In addition to
the hemodynamic changes, respiratory failure is also common
in patients with acute high-risk PE owing to the immediate
development of ventilation-perfusion (V/Q) mismatch.

Most patients with massive PE and shock die within the
first hour of presentation (109). Therefore, it is vital to initiate
hemodynamic and respiratory support as early as possible after
patient contact. Of the available MCS devices, peripheral VA-
ECMO is the only system that can provide both and can
be instituted within minutes in experienced centers. It allows
rapid patient stabilization and therapeutic interventions to be
performed, such as thrombolysis or thrombectomy. VA-ECMO
removes blood from the RA in the veno-arterial configuration
and, after oxygenation and CO2 elimination, returns it to the
arterial system bypassing the pulmonary circulation. Therefore,
it reduces RV strain, stabilizes the PA pressure, increases systemic
perfusion and normalizes gas exchange.

To date, only a limited number of studies are available on
the use of VA-ECMO in the setting of massive PE. These are
mostly case reports and case series (110, 111) and no randomized
clinical trials have evaluated the safety and efficacy of this
approach. Overall survival rates are highly variable and depend
on the definitive interventions used to manage PE, such as
thrombolysis, surgical thrombectomy or heparin administration.
In some reports, survival reaches 70% with good neurological
function at discharge (Table 2). Cardiac arrest prior to VA-
ECMO initiation and a lactic acid level exceeding 6 mmol/L
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was associated with worse outcomes (112–117). The recent
European Society of Cardiology guidelines state that VA-ECMO
may be considered, in combination with surgical embolectomy
or catheter-directed treatment, in patients with PE and refractory
circulatory collapse or cardiac arrest if appropriate expertise and
resources are available (Class IIb, level of evidence: C) (118).
Randomized controlled trials are needed to establish the clear
benefit of VA-ECMO support in this population.

VA-ECMO Use in the Setting of
COVID-19-Associated Cardiogenic Shock
Coronavirus disease 2019 (COVID-19) was declared a pandemic
by the World Health Organization on March 11, 2020. The
causative virus, SARS-CoV-2 is highly infectious with a case
fatality rate approaching 5.94% in the United States (119, 120).
Although relatively rare, the most severe complications include
acute respiratory distress syndrome, acute coronary syndrome
secondary to coronary thrombosis or microembolism and stress-
induced cardiomyopathy (121–127). SARS-CoV-2 affects most,
if not all organs in the human body and the heart is no
exception. In a series of 138 patients admitted with COVID-
19 infection, the rate of acute cardiac injury was 7.2% (128).
Another, smaller study documented an even higher rate of 17%
(129). In both series, cardiac injury was defined by elevation of
cardiac biomarker levels >99th percentile or the presence of new
abnormalities on electrocardiography or echocardiography.

Given the prior use of VA-ECMO in patients with H1N1-
associated myocarditis, several centers implemented VA-ECMO
support for COVID-19-related CS. Given the extreme number
of infections and limited resources, the Extracorporeal Life
Support Organization (ELSO) has released guidelines on
the contraindications for VA-ECMO use in this population
(126, 130). These include, but are not limited to: advanced
age, presence of any terminal disease, severe central nervous
system injury, significant underlying comorbidities (such
a dementia, liver failure, metastatic malignancy), severe
multiorgan failure, severe peripheral vascular disease, “do
not resuscitate” status, clinical frailty scale category ≥3,
contraindications to anticoagulation, inability to accept blood
products and ongoing CPR. The decision to proceed with
VA-ECMO initiation should be made on a case by case basis
after discussion with family and using a multidisciplinary team
approach (131).

Recent reports suggest that only 5% of ECMO-supported
patients for COVID-19 infection required VA configuration,
while the need for VAV cannulation was reported in 6%
(132, 133). As the severity of CS improves more rapidly
than the respiratory failure, most patients on VAV-ECMO
were ultimately converted to VV support for ongoing ARDS.
Literature on patient survival requiring VA-ECMO cannulation
for COVID-19-associated hemodynamic collapse remains scarce
(Table 2). Further studies, such as the ExtraCorporeal Membrane
Oxygenation for 2019 novel Coronavirus Acute Respiratory
Disease (ECMOCARD) are warranted in this population.

In the case of respiratory failure and severe right ventricular
dysfunction with preserved LV function, a veno-venous

cannulation strategy with an oxygenator spliced into the
circuit may be considered (Protek Duo oxyRVAD; Tandemlife,
Pittsburgh, PA). A retrospective study by Mustafa and colleagues
showed amortality rate of 15% in 40 patients withmost achieving
freedom from ventilator care and ECMO support (134). Further
studies are needed using this system in patients with severe
COVID-19 infection.

Extracorporeal Cardiopulmonary
Resuscitation
VA-ECMO is increasingly utilized as a support strategy in the
setting of out-of-hospital and in-hospital cardiac arrest. The
provision of early extracorporeal cardiopulmonary resuscitation
(ECPR) can maintain vital organ perfusion during and
immediately after the arrest. In addition, ECPR provides full
hemodynamic and respiratory support while reversible causes of
the cardiac arrest are addressed and allows time for patients to
recover from multi-organ failure (61).

Data regarding this approach has been available in the
literature for over a decade. Survival rates for out-of-hospital
cardiac arrest with ECPR use have varied widely from 7 to
45% (135–149). The disparity in outcomes seen in observational
data is likely attributable to the broad heterogeneity of
the study protocols. Some of these sources of heterogeneity
include (I) the type of rhythm (shockable vs. non-shockable),
(II) cannulation site (field, emergency room, or cardiac
catheterization laboratory), and (III) intensive care unit strategies
used in the post-arrest period. Moreover, there is a steep learning
curve for the rapid, efficient, and safe initiation of peripheral VA-
ECMO in the setting of cardiac arrest, particularly when CPR
is ongoing.

Several observational studies from the Minnesota
Resuscitation Consortium (MRC) support the use of ECPR
strategy for select patients. Early data from the group described
the feasibility of community-wide implementation of an
ECPR approach (55). It was demonstrated that, through close
collaboration with community emergency medical services,
it is possible to facilitate rapid patient transfer to an ECPR
hub where immediate VA-ECMO initiation and coronary
revascularization is feasible. Accordingly, 50% of the patients
enrolled in this protocol demonstrated survival to discharge
with good neurologic function despite presenting with refractory
ventricular tachycardia/ventricular fibrillation (VT/VF) arrest
and ongoing CPR. Subsequent data from the group validated
these survival results and suggested that rapid coronary
revascularization is fundamental to improving outcomes and
achieving high survival rates to discharge, owing to the incidence
of underlying severe coronary artery disease in this population
(150). This was further corroborated by a retrospective cohort
study from the MRC where the ECPR approach was associated
with improved rates of neurologically favorable survival to
discharge compared to a matched cohort from the ALPS trial
receiving standard advanced cardiac life support (ACLS) (151).
Again, this is likely due to the ability of VA-ECMO tomitigate the
severe and progressive metabolic derangements that occur with
prolonged CPR. Collectively, these data from the MRC suggest
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that early VA-ECMO initiation combined with rapid coronary
revascularization and an intensive care bundle promotes organ
recovery, including cardiac function, following out-of-hospital
cardiac arrest (152) (Table 2).

More recently, the MRC has published a single center
randomized trial (Advanced reperfusion strategies for patients
with out-of-hospital cardiac arrest and refractory ventricular
fibrillation; ARREST) of 36 patients with out-of-hospital cardiac
arrest due to refractory VT/VF. Patients were randomized to
receive ECPR or standard ACLS on presentation. Patients in
the VA-ECMO-facilitated resuscitation cohort had significantly
higher in-hospital (43 vs. 7%) and post-discharge survival at
6-months (43 vs. 0%, p = 0.0063) (55). This was the first
randomized clinical trial clearly demonstrating the benefits of
a mature ECPR program. Several studies are currently planned
or underway to invasively study the hemodynamic changes
associated with VA-ECMO support (153–155).

Other, Rare Indications for VA-ECMO Use
in the Setting of Cardiogenic Shock
Other indications for VA-ECMO use include (I) Sepsis in the
setting of underlying cardiomyopathy. Hemodynamic collapse
may develop as the left ventricle is unable to augment cardiac
output to counteract the severe vasodilation. Limited data has
shown a benefit for VA-ECMO use in selected patients (6, 7,
156) (Table 2); (II) Primary graft dysfunction following orthotopic
heart transplantation. Several studies have shown significantly
improved outcomes when VA-ECMO is initiated early in this
setting (11, 20, 157, 158) (Table 2); (III) Obstructive shock.
Large intracardiac mass lesions, most commonly metastases, may
limit blood flow across the cardiac valves. This may lead to
severe hypotension and, ultimately, obstructive shock. Of the
available MCS devices, VA-ECMO is the only option to support
hemodynamics in this setting.

COMPLICATIONS OF VA-ECMO SUPPORT

Although peripheral VA-ECMO is a promising strategy that
provides life support to patients with refractory CS, its use may
be associated with potentially devastating complications. Some
of these are preventable. Here, we review some of the common
complications encountered while initiating or managing patients
on VA-ECMO.

Hemocompatibility-Associated
Complications: Bleeding and Thrombosis
Bleeding is the most common complication reported in patients
supported with VA-ECMO. In addition to access site bleeding,
the risk of systemic hemorrhage is inherently increased in
this population. Upper and lower gastrointestinal bleeding,
hemopericardium, hemothorax, intra- and retroperitoneal
hemorrhage and intracranial bleeding are the most frequent.
It may be attributed to a combination of factors: (I) Acquired
coagulopathy owing to blood exposure to artificial MCS surfaces,
(II) Anticoagulation strategies used to reduce the risk of ex
vivo thrombus formation, (III) Shear stress-associated platelet

activation, (IV) Consumptive coagulopathy, (V) Constant
activation of the fibrinolytic system, (VI) Systemic inflammatory
response in the setting of CS and cardiac arrest, (VII) Infections
and sepsis especially in the setting of prolonged support, and
(VIII) Trauma associated with CPR and invasive procedures.

There is no clear consensus on anticoagulation strategy
with VA-ECMO use and practice differs significantly between
centers and individual patients. The risk of thrombosis and
hemorrhagic complications must be balanced in the clinical
context. Similar to our center, the most commonly reported
strategy is the use of intravenous heparin for the duration
of VA-ECMO support. However, the use of bivalirudin and
novel anticoagulants have also been described (159). Adding to
the controversy, optimal anticoagulant dosing remains unclear
and needs to be individualized [prophylactic vs. therapeutic
level; (159, 160)]. There is also emerging evidence that holding
anticoagulation while on VA-ECMO may be safe in select
patients and may decrease hemorrhagic complications and the
requirement for blood transfusions without increasing mortality
(161, 162). Regardless of the strategy and dosing selected,
coagulation status must be monitored meticulously during VA-
ECMO support. Various laboratory tests can be used depending
on institutional protocols and the anticoagulant selected, such
as activated clotting time (ACT), heparin anti-Xa level, activated
partial thromboplastin time (aPTT), global thromboelastography
(TEG), and prothrombin time (PT). Maintaining the platelet
count above 50,000/mm3 and replacing coagulation factors as
needed also reduces bleeding risk significantly.

Although thromboembolic complications have decreased in
recent years with the introduction of biocompatible materials,
they are still common and may have devastating clinical
consequences, such as stroke (163, 164). In fact, embolic brain
infarction has a reported prevalence of 1.7–15% with significant
associated morbidity and mortality (165–168). Therefore, regular
inspection of the circuit, including all connectors, is of critical
importance. It is mandatory to continually monitor the pressure
gradient across the oxygenator, the most common site for
thrombus formation (169). Thrombosis at the pump head
is rare but may lead to significant hemolysis and ultimately
pump failure. Any thrombus beyond the oxygenator can cause
systemic embolization as the blood is returned directly into the
arterial circulation. Therefore, discovering a clot may necessitate
the immediate replacement of the affected components. The
most common etiology for thrombus development is blood-
non-endothelialized extracorporeal circuit interactions that not
only activates the coagulation pathway but also initiates a
complement-mediated inflammatory response (170). Therefore,
all patients are carefully anticoagulated using heparin or, less
frequently, bivalirudin balancing the risk of bleeding and clotting.
Heparin induced thrombocytopenia (HIT) is a relatively rare but
highly prothrombotic condition. Monitoring platelet count on a
regular basis is essential and further laboratory testing should be
performed if any suspicion for HIT.

Vascular Complications
The rate of access site complications is reported at around
20% and are mostly related to the urgent need to establish
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large-bore peripheral vascular accesses (5, 171). The
spectrum of complications includes posterior vascular wall
perforation, vessel dissection, pseudoaneurysm development,
and thrombosis/embolic events. Patients are prone to large
hematoma formation (intramuscular, retroperitoneal) even
in the setting of minor vascular injury owing to the systemic
anticoagulation employed for the VA-ECMO circuit. Most of
these complications may be managed conservatively, while
others warrant urgent endovascular or open surgical repair. The
presence of peripheral artery disease poses an increased risk. The
routine use of ultrasound and/or fluoroscopic x-ray guidance is
recommended while obtaining vascular access as it allows precise
target vessel visualization reducing the risk of injury (56).

Another serious vascular complication associated with
peripheral VA-ECMO use is ipsilateral lower extremity ischemia.
The clinical presentation often includes pallor, cool extremity,
and gangrene development. Pain and neurological deficits may
be difficult to assess owing to the sedation while patient is on VA-
ECMO. A pooled analysis of 20 studies including 1,866 patients
supported with VA-ECMO for CS or cardiac arrest reported a
16.9% (12.5–22.6%) incidence of lower limb ischemia; the risk of
compartment syndrome or need for fasciotomy was 10.3% (7.3–
14.5%). Lower extremity amputation was necessary in 4.7% (2.3–
9.3%) of patients (172). Several risk factors have been identified
to increase the risk of limb ischemia. These include younger
age owing to the smaller femoral vessel size, female gender, the
presence of peripheral arterial disease, difficult vascular access,
and the use of larger bore cannulas (173–175). The routine use
of a small anterograde reperfusion catheter has been shown to
further reduce the risk of limb ischemia (174, 176). Ideally, it
should be placed at the time of VA-ECMO initiation (174). At
our center, heparin is often infused into the catheter according
to the low intensity protocol to prevent thrombus formation
and distal embolization. In addition, routine monitoring using
near-infrared spectroscopy (NIRS) and doppler ultrasound is
recommended in the clinical practice (177).

Access site infections may occur in 7–20% of patients with
femoral VA-ECMO support (5, 174). Meticulous attention should
be given to aseptic technique at the time of cannulation but
this may be challenging at times given the emergency nature of
the procedure that is often performed while CPR is in progress.
Infections may range from local cellulitis to systemic bacteremia
and sepsis and require appropriate antibiotic management.

North-South (Harlequin) Syndrome
North-South Syndrome is a complication unique to peripheral
VA-ECMO (178). It may develop under circumstances when
native cardiac function recovers pulsatility, yet pulmonary
function remains inadequate. Unless the lungs are able to
perform appropriate gas exchange, deoxygenated blood travels
through the pulmonary circulation and into the LV. Given the
native LV contractility, the deoxygenated blood is then ejected
into the ascending aorta. As a result, a mixing cloud forms
between the anterograde flowing deoxygenated blood and the
fully oxygenated retrograde flow provided by the circuit (179)
(Figure 1). The location of the mixing cloud depends on the
native cardiac function and the level of competing ECMO flow.

FIGURE 1 | Veno-arterial extracorporeal cardio-membrane oxygenation

(VA-ECMO) circuit and North South syndrome. A venous cannula is inserted

into the superior vena cava/right atrium to drain deoxygenated blood by the

extracorporeal pump (1). After passing through the “membrane lung (2),”

oxygenated blood is returned into the iliac artery through the arterial cannula.

Proximal (venous) and distal (arterial) sensors monitor circuit flow (3). A

continuous hemodialysis machine may be spliced into the venous limb of the

circuit if needed to provide renal replacement therapy (4). In situations when

the left ventricle recovers pulsatility yet the pulmonary gas exchange remains

inadequate, deoxygenated blood may be ejected into the ascending aorta. As

the fully oxygenated retrograde flow provided by the ECMO circuit collides with

the deoxygenated blood in the aorta, a mixing cloud forms (*). Its location is

determined by the native cardiac function and the level of competing ECMO

support. If undetected, ischemia of the organs perfused by the anterograde

flow may develop.

All organs perfused by the anterograde flow are at risk for
ischemia, including the myocardium and the brain. Therefore,
arterial oxygen saturation and blood gases should always be
monitored using samples obtained from the right radial artery as
the innominate artery is the first branch to receive deoxygenated
blood from the proximal aortic arch. Further, near-infrared
spectroscopy is a non-invasive tool developed recently to detect
changes in regional tissue oxygenation and perfusion. Its routine
use in patients supported with VA-ECMO may reduce the risk
of hypoxic brain injury. If the differential cyanosis cannot be
resolved by increasing the circuit flow, an additional cannula may
be placed into the right internal jugular vein to achieve a hybrid
configuration [veno-arterial-venous ECMO (VAV-ECMO)]. In
this case oxygenated blood will be directed toward the right
atrium by incorporating a “Y” connector into the arterial
limb of the ECMO circuit. The oxygen rich blood will cross
the pulmonary circulation thereby improving saturation in the
proximal branches of the aorta (180).

Acute Renal Failure
Acute renal failure is frequent in patients supported with VA-
ECMO (55.6%) and is associated with increased mortality (181).
Several factors may contribute to the renal injury including
systemic hypoperfusion and hypotension prior to cannulation,
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systemic inflammatory response, hemoglobinuria in the setting
of hemolysis, microemboli of the renal vasculature and kidney
hypoperfusion due to dysregulation of the renin angiotensin
aldosterone system (169, 181–184). Renal replacement therapy is
required in 46.0% of VA-ECMO supported patients and can be
initiated by splicing a CVVHmachine into the circuit (172).

Infections
Infections are one of the most common complications in
patients supported with VA-ECMO with a reported prevalence
between 9 and 65% (185–188). Access site infections are
common and might be related, at least in part, to the challenges
maintaining a sterile field during emergency cannulation while
patient is critically ill, and possibly, receiving cardiopulmonary
resuscitation. Other common infectious sources include the
urinary tract in the setting of prolonged indwelling catheter use,
the respiratory system and surgical wounds. Several investigators
described a strong correlation between the duration of VA-
ECMO support and the development of infections (188–190).
In addition, recent evidence suggests that VA-ECMO use is
associated with alterations in the innate and adaptive immune
systems, further increasing the risk (191). Common pathogens
include Staphylococcus Aureus (oftenmethicillin resistant), non-
lactose fermenting gram-negative bacilli and Candida (187,
189). Infections, especially when severe, are associated with a
significantly increased mortality, morbidity, delay in weaning
and circuit failure (187, 189, 192, 193). In addition to prevention,
close monitoring for signs of infection is critical in all patients, as
these may be subtle or masked by the effects of the ECMO circuit,
hematologic, or metabolic changes.

Patient Immobility and Alternative
Cannulation Configuration
One disadvantage of prolonged hemodynamic support via
the femoral approach is the need for patient immobility to
reduce the risk of cannula kinking and dislodgement. In
an alternative VA-ECMO configuration, the venous drainage
cannula is inserted through the right internal jugular vein and
oxygenated blood is returned into the subclavian or axillary
artery using an end-to-side vascular graft. While this strategy
allows for extended support while ensuring appropriate cerebral
perfusion and, potentially, patient ambulation, ipsilateral arm
hypoperfusion is reported in 20% of patients. While early
detection of arm hypoperfusion and compartment syndrome
may prove challenging in the setting of continuous blood
flow and vasoactive medication use, it is essential to avoid
limb ischemia.

Other Complications
Another complications that is not necessarily related to VA-
ECMO include hyperbilirubinemia (12.2%) (194). Monitoring
for this and management according to standard ICU cares
is critical.

WEANING FROM VA-ECMO SUPPORT

Following a few days of full cardiorespiratory support,
decannulation may be considered once the initial condition
necessitating VA-ECMO improved or resolved and vasoactive
medications are reduced to a minimum or off. Regular weaning
trials are performed to assess the patient’s hemodynamic
response to incremental decrease in support. However, to date,
the literature on VA-ECMO weaning strategies and timing is
limited and is often driven by institutional experience (195–197).
In addition, the reported definition of successful weaning
varies broadly (195, 198–200). These factors, in addition to the
differences in CS etiology, lead to reported weaning rates of
31–76% (201). Further studies are needed to identify the most
successful VA-ECMO weaning strategies, stratified based on the
etiology of the CS.

CONTRAINDICATIONS TO VA-ECMO USE

While VA-ECMO represents a potentially lifesaving
intervention for acutely unstable patients, absolute and
relative contraindications should be considered. Absolute
contraindications are few and, in general, include life expectancy
<1-year, acute or preexisting conditions that are incompatible
with recovery and VA-ECMO weaning (neurological injury,
disseminated malignancy) or if individual patient goals-of-care
are not compatible with such level of cardiorespiratory support.
Relative contraindications include advanced age (>75 years),
unrepaired aortic dissection as the retrograde high velocity
flow may further propagate the dissection flap, severe aortic
regurgitation as this may lead to progressive left ventricular
distension, advanced peripheral vascular disease when peripheral
cannulation is considered, and contraindications to systemic
anticoagulation (2). Caution should be exercised in patients with
prior mitral valve replacement as VA-ECMO can dramatically
decrease trans-mitral flow thereby increasing the risk of
thrombus formation.

Having an exit strategy from VA-ECMO support is critically
important and should always be considered before cannulation.
Lack of such strategy may be considered a contraindication for
cannulation. Broadly, the goals of VA-ECMOmay be divided into
bridge to recovery or bridge to advanced heart failure therapies
(such as LVAD placement or heart transplantation). Defining
the goals is complex with a multitude of factors contributing,
such as clinical reason for hemodynamic collapse, end organ
function, age, patient wishes and values. In addition, the chance
ofmeaningful recoverymay be unclear at the time of cannulation.
When possible, discussion should be held with patient, family
and multidisciplinary team using best clinical judgement to
define the exit strategy as early as possible.

DISCUSSION

The stagnant in-hospital mortality rates for CS over the past
several decades has highlighted the need to develop increasingly
granular risk stratification models and to introduce novel MCS
strategies to improve outcomes for these patients.
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In response to these critical needs, multiple steps have
been taken. SCAI has published a novel classification schema
for CS (Stage A-E) in 2019 (35). It was proved to be
reproducible and to predict in-hospital mortality as well as 30-
days patient survival with medical therapy alone and with a
variety of MCS interventions (31, 202–205). Additionally, VA-
ECMO has evolved to the point where it can be initiated
within minutes by experienced clinicians and provides full
cardiorespiratory support for several days. Therefore, this
strategy enables the transfer of the sickest patients to experienced
centers where additional diagnostic/therapeutic procedures
may be performed while stable cardiorespiratory status is
maintained by the VA-ECMO device. However, in times of
global health crisis, such as during the COVID-19 pandemic,
rationing the use of highly resource intensive therapies,
like VA-ECMO, has to be considered. Complex clinical and
ethical decisions must be made following the recommendation
of multi-disciplinary triage committees that work alongside
clinicians to facilitate effective and equitable allocation of scarce
resources (206).

Ultimately, the combination of better risk stratification of
CS and the emergence of novel MCS strategies may improve
outcomes and survival in the most severe cases of CS (SCAI
Stages C-E). Accordingly, European and US guidelines on the use
of VA-ECMO in patients with CS are evolving and we anticipate
updates in the near future as more data becomes available
(2, 207–209). In the meantime, further prospective, randomized
clinical trials are needed to expand the results of the ARREST trial

and to evaluate the effects of VA-ECMO support on the survival
of patients with CS of various etiologies.

AUTHOR’S NOTE

Cardiogenic shock leads to ∼100,000 hospitalizations each
year in the United States alone with a significant proportion of
these patients dying during the index admission. While acute
coronary syndrome remains the most common underlying
cause, the incidence of cardiogenic shock due to other etiologies
has been increasing in recent years. Veno-arterial extracorporeal
membrane oxygenation (VA-ECMO) is the most advanced
temporary life support system that can uniquely provide full
hemodynamic as well as respiratory support. Our paper provides
a comprehensive review on the epidemiology and evolving
definition of cardiogenic shock, including the most recent
classification system introduced by the Society for Cardiac
Angiography and Intervention (SCAI). We discuss the system
components, cannulation strategies and hemodynamic aspects of
VA-ECMO support in the context of contemporary observational
and randomized data. Subsequently, we summarize the most
common indications, contraindications and complications
related to VA-ECMO usage.

AUTHOR CONTRIBUTIONS

All authors listed have made a substantial, direct and intellectual
contribution to the work, and approved it for publication.

REFERENCES

1. Ponikowski P, Voors AA, Anker SD, Bueno H, Cleland JGF, Coats AJS,

et al. 2016 ESC Guidelines for the diagnosis and treatment of acute and

chronic heart failure: The Task Force for the diagnosis and treatment of

acute and chronic heart failure of the European Society of Cardiology

(ESC)Developed with the special contribution of. Eur Hear J. (2016)

37:2129–200. doi: 10.1093/eurheartj/ehw128

2. van Diepen S, Katz JN, Albert NM, Henry TD, Jacobs AK, Kapur

NK, et al. Contemporary management of cardiogenic shock: a scientific

statement from the american heart association.Circulation. (2017) 136:e232–

68. doi: 10.1161/cir.0000000000000525

3. Aissaoui N, Puymirat E, Tabone X, Charbonnier B, Schiele F, Lefèvre

T, et al. Improved outcome of cardiogenic shock at the acute stage of

myocardial infarction: a report from the USIK 1995, USIC 2000, and

FAST-MI French nationwide registries. Eur Heart J. (2012) 33:2535–

43. doi: 10.1093/eurheartj/ehs264

4. Basir MB, Schreiber T, Dixon S, Alaswad K, Patel K, Almany S,

et al. Feasibility of early mechanical circulatory support in acute

myocardial infarction complicated by cardiogenic shock: the detroit

cardiogenic shock initiative. Catheter Cardiovasc Interv. (2018) 91:454–

61. doi: 10.1002/ccd.27427

5. Bisdas T, Beutel G, Warnecke G, Hoeper MM, Kuehn C, Haverich A,

et al. Vascular complications in patients undergoing femoral cannulation

for extracorporeal membrane oxygenation support. Ann Thorac Surg. (2011)

92:626–31. doi: 10.1016/j.athoracsur.2011.02.018

6. Bréchot N, Luyt C-E, Schmidt M, Leprince P, Trouillet J-L, Léger P, et al.

Venoarterial extracorporeal membrane oxygenation support for refractory

cardiovascular dysfunction during severe bacterial septic shock. Crit Care

Med. (2013) 41:1616–26. doi: 10.1097/CCM.0b013e31828a2370

7. Bréchot N, Hajage D, Kimmoun A, Demiselle J, Agerstrand C, Montero

S, et al. Venoarterial extracorporeal membrane oxygenation to rescue

sepsis-induced cardiogenic shock: a retrospective, multicentre, international

cohort study. Lancet. (2020) 396:545–52. doi: 10.1016/s0140-6736(20)

30733-9

8. Califf RM, Bengtson JR. Cardiogenic shock. N Engl J Med. (1994) 330:1724–

30. doi: 10.1056/NEJM199406163302406

9. Chioncel O, Mebazaa A, Harjola V-P, Coats AJ, Piepoli MF, Crespo-Leiro

MG, et al. Clinical phenotypes and outcome of patients hospitalized for

acute heart failure: the eSC heart failure long-Term registry. Eur J Heart Fail.

(2017) 19:1242–54. doi: 10.1002/ejhf.890

10. Chung SY, Tong MS, Sheu JJ, Lee FY, Sung PH, Chen CJ, et al. Short-

term and long-term prognostic outcomes of patients with sT-segment

elevation myocardial infarction complicated by profound cardiogenic

shock undergoing early extracorporeal membrane oxygenator-assisted

primary percutaneous coronary intervention. Int J Cardiol. (2016) 223:412–

7. doi: 10.1016/j.ijcard.2016.08.068

11. DeRoo SC, Takayama H, Nemeth S, Garan AR, Kurlansky P, Restaino S,

et al. Extracorporeal membrane oxygenation for primary graft dysfunction

after heart transplant. J Thorac Cardiovasc Surg. (2019) 158:1576–

84.e3. doi: 10.1016/j.jtcvs.2019.02.065

12. Goldberg RJ, Samad NA, Yarzebski J, Gurwitz J, Bigelow C,

Gore JM. Temporal trends in cardiogenic shock complicating

acute myocardial infarction. N Engl J Med. (1999) 340:1162–

8. doi: 10.1056/nejm199904153401504

13. Goldberg RJ, Spencer FA, Gore JM, Lessard D, Yarzebski J. Thirty-year trends

(1975 to 2005) in the magnitude of, management of, and hospital death

rates associated with cardiogenic shock in patients with acute myocardial

infarction: a population-based perspective. Circulation. (2009) 119:1211–

9. doi: 10.1161/CIRCULATIONAHA.108.814947

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1093/eurheartj/ehw128
https://doi.org/10.1161/cir.0000000000000525
https://doi.org/10.1093/eurheartj/ehs264
https://doi.org/10.1002/ccd.27427
https://doi.org/10.1016/j.athoracsur.2011.02.018
https://doi.org/10.1097/CCM.0b013e31828a2370
https://doi.org/10.1016/s0140-6736(20)30733-9
https://doi.org/10.1056/NEJM199406163302406
https://doi.org/10.1002/ejhf.890
https://doi.org/10.1016/j.ijcard.2016.08.068
https://doi.org/10.1016/j.jtcvs.2019.02.065
https://doi.org/10.1056/nejm199904153401504
https://doi.org/10.1161/CIRCULATIONAHA.108.814947
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

14. Harjola VP, Lassus J, Sionis A, Køber L, Tarvasmäki T, Spinar J, et al. Clinical

picture and risk prediction of short-termmortality in cardiogenic shock. Eur

J Hear Fail. (2015) 17:501–9. doi: 10.1002/ejhf.260

15. HelgestadOKL, Josiassen J, Hassager C, Jensen LO,Holmvang L, SørensenA,

et al. Temporal trends in incidence and patient characteristics in cardiogenic

shock following acute myocardial infarction from 2010 to 2017: a danish

cohort study. Eur J Heart Fail. (2019) 21:1370–1378. doi: 10.1002/ejhf.1566

16. Hochman JS, Sleeper LA, Webb JG, Sanborn TA, White HD, Talley JD,

et al. Early revascularization in acute myocardial infarction complicated

by cardiogenic shock. SHOCK investigators. should we emergently

revascularize occluded coronaries for cardiogenic shock. N Engl J Med.

(1999) 341:625–34. doi: 10.1056/nejm199908263410901

17. Hochman JS, Sleeper LA, Webb JG, Dzavik V, Buller CE, Aylward

P, et al. Early revascularization and long-term survival in cardiogenic

shock complicating acute myocardial infarction. Jama. (2006) 295:2511–

5. doi: 10.1001/jama.295.21.25111

18. Hollenberg SM, Kavinsky CJ, Parrillo JE. Cardiogenic shock. Ann Intern

Med. (1999) 131:47–59. doi: 10.7326/0003-4819-131-1-199907060-00010

19. Holmes DRJ, Bates ER, Kleiman NS, Sadowski Z, Horgan JH,

Morris DC, et al. Contemporary reperfusion therapy for cardiogenic

shock: the gUSTO-I trial experience. The GUSTO-I Investigators.

Global Utilization of Streptokinase and Tissue Plasminogen

Activator for Occluded Coronary Arteries. J Am Coll Cardiol. (1995)

26:668–74. doi: 10.1016/0735-1097(95)00215-p

20. Hulman M, Artemiou P, Ondrusek M, Hudec V, Gasparovic I, Bena

M, et al. Short-term mechanical circulatory support for severe primary

graft dysfunction following orthotopic heart transplant. Interact Cardiovasc

Thorac Surg. (2018) 27:229–33. doi: 10.1093/icvts/ivy050

21. Killip T 3rd, Kimball JT. Treatment of myocardial infarction in a coronary

care unit. A two year experience with 250 patients. Am J Cardiol. (1967)

20:457–64. doi: 10.1016/0002-9149(67)90023-9

22. Kohsaka S, Menon V, Lowe AM, Lange M, Dzavik V, Sleeper LA, et al.

Systemic inflammatory response syndrome after acute myocardial infarction

complicated by cardiogenic shock. Arch Intern Med. (2005) 165:1643–

50. doi: 10.1001/archinte.165.14.1643

23. Lee WC, Fang CY, Chen HC, Chen CJ, Yang CH, Hang CL, et al.

Associations with 30-day survival following extracorporeal membrane

oxygenation in patients with acute sT segment elevation myocardial

infarction and profound cardiogenic shock. Hear Lung. (2016) 45:532–

7. doi: 10.1016/j.hrtlng.2016.08.006

24. Muller G, Flecher E, Lebreton G, Luyt CE, Trouillet JL, Bréchot N, et al. The

ENCOURAGEmortality risk score and analysis of long-term outcomes after

VA-ECMO for acute myocardial infarction with cardiogenic shock. Intensive

Care Med. (2016) 42:370–8. doi: 10.1007/s00134-016-4223-9

25. Ostadal P, Rokyta R, Kruger A, Vondrakova D, Janotka M, Smíd O, et al.

Extra corporeal membrane oxygenation in the therapy of cardiogenic shock

(ECMO-CS): rationale and design of the multicenter randomized trial. Eur J

Heart Fail. (2017) 19 (Suppl. 2):124–7. doi: 10.1002/ejhf.857

26. Ouweneel DM, Eriksen E, Sjauw KD, van Dongen IM, Hirsch A, Packer EJ,

et al. Percutaneous mechanical circulatory support vs. intra-Aortic balloon

pump in cardiogenic shock after acute myocardial infarction. J Am Coll

Cardiol. (2017) 69:278–87. doi: 10.1016/j.jacc.2016.10.022

27. Pozzi M, Flagiello M, Armoiry X, Generali T, Adamou Nouhou K, Koffel

C, et al. Extracorporeal life support in the multidisciplinary management

of cardiogenic shock complicating acute myocardial infarction. Catheter

Cardiovasc Interv. (2020) 95:E71–e7. doi: 10.1002/ccd.28316

28. Rihal CS, Naidu SS, Givertz MM, Szeto WY, Burke JA, Kapur NK, et al.

2015 SCAI/ACC/HFSA/STSClinical Expert Consensus Statement on the Use

of Percutaneous Mechanical Circulatory Support Devices in Cardiovascular

Care: Endorsed by the American Heart Assocation, the Cardiological Society

of India, and Sociedad Latino Americana de Cardiologia Intervencion;

Affirmation of Value by the Canadian Association of Interventional

Cardiology-Association Canadienne de Cardiologie d’intervention. J Am

Coll Cardiol. (2015) 65:e7–e26. doi: 10.1016/j.jacc.2015.03.036

29. Seyfarth M, Sibbing D, Bauer I, Fröhlich G, Bott-Flügel L, Byrne R, et al. A

randomized clinical trial to evaluate the safety and efficacy of a percutaneous

left ventricular assist device vs. intra-aortic balloon pumping for treatment of

cardiogenic shock caused bymyocardial infarction. J Am Coll Cardiol. (2008)

52:1584–8. doi: 10.1016/j.jacc.2008.05.065

30. Sheu JJ, Tsai TH, Lee FY, Fang HY, Sun CK, Leu S, et al. Early extracorporeal

membrane oxygenator-assisted primary percutaneous coronary intervention

improved 30-day clinical outcomes in patients with sT-segment elevation

myocardial infarction complicated with profound cardiogenic shock. Crit

Care Med. (2010) 38:1810–7. doi: 10.1097/CCM.0b013e3181e8acf7

31. Thayer KL, Zweck E, Ayouty M, Garan AR, Hernandez-Montfort J, Mahr

C, et al. Invasive hemodynamic assessment and classification of in-Hospital

mortality risk among patients with cardiogenic shock. Circ Heart Fail. (2020)

13:e007099. doi: 10.1161/CIRCHEARTFAILURE.120.007099

32. Thiele H, Allam B, Chatellier G, Schuler G, Lafont A. Shock in acute

myocardial infarction: the cape horn for trials? Eur Heart J. (2010) 31:1828–

35. doi: 10.1093/eurheartj/ehq220

33. Tsao NW, Shih CM, Yeh JS, Kao YT, Hsieh MH, Ou KL, et al.

Extracorporeal membrane oxygenation-assisted primary percutaneous

coronary intervention may improve survival of patients with acute

myocardial infarction complicated by profound cardiogenic shock. J Crit

Care. (2012) 27:530.e1–11. doi: 10.1016/j.jcrc.2012.02.012

34. Wu MY, Tseng YH, Chang YS, Tsai FC, Lin PJ. Using extracorporeal

membrane oxygenation to rescue acute myocardial infarction with

cardiopulmonary collapse: the impact of early coronary revascularization.

Resuscitation. (2013) 84:940–5. doi: 10.1016/j.resuscitation.2012.12.019

35. Baran DA, Grines CL, Bailey S, Burkhoff D, Hall SA, Henry TD, et al.

SCAI clinical expert consensus statement on the classification of cardiogenic

shock: this document was endorsed by the american college of cardiology

(ACC), the american heart association (AHA), the society of critical care

medicine (SCCM), and the society of thoracic surgeons (STS) in april 2019.

Catheter Cardiovasc Interv Off J Soc Card Angiogr Interv. (2019) 94:29–

37. doi: 10.1002/ccd.28329

36. Baran DA, Long A, Jentzer JC. The stages of CS: clinical

and translational update. Curr Heart Fail Rep. (2020) 17:333–

40. doi: 10.1007/s11897-020-00496-6

37. GUSTO investigators. An international randomized trial comparing four

thrombolytic strategies for acute myocardial infarction.N Engl J Med. (1993)

329:673–82. doi: 10.1056/NEJM199309023291001

38. The International Study Group. In-hospital mortality and clinical course

of 20,891 patients with suspected acute myocardial infarction randomised

between alteplase and streptokinase with or without heparin. Lancet

(London, England). (1990) 336:71–5.

39. Effectiveness of intravenous thrombolytic treatment in acute myocardial

infarction. Gruppo Italiano per lo Studio della Streptochinasi nell’Infarto

Miocardico (GISSI). Lancet (London, England). (1986) 1:397–402.

40. ISIS-3: a randomised comparison of streptokinase vs tissue plasminogen

activator vs anistreplase and of aspirin plus heparin vs aspirin alone

among 41,299 cases of suspected acute myocardial infarction. ISIS-3

(Third International Study of Infarct Survival) Collaborative Group. Lancet.

(1992) 339:753–70.

41. Kolte D, Khera S, Dabhadkar KC, Agarwal S, Aronow WS, Timmermans

R, et al. Trends in coronary angiography, revascularization, and outcomes

of cardiogenic shock complicating non-ST-Elevation myocardial infarction.

Am J Cardiol. (2016) 117:1–9. doi: 10.1016/j.amjcard.2015.10.006

42. Chioncel O, Parissis J, Mebazaa A, Thiele H, Desch S, Bauersachs J,

et al. Epidemiology, pathophysiology and contemporary management of

cardiogenic shock - a position statement from the heart failure association

of the european society of cardiology. Eur J Heart Fail. (2020) 22:1315–

41. doi: 10.1002/ejhf.1922

43. Reynolds HR, Hochman JS. Cardiogenic shock: current

concepts and improving outcomes. Circulation. (2008) 117:686–

97. doi: 10.1161/CIRCULATIONAHA.106.613596

44. Abbott JD, Ahmed HN, Vlachos HA, Selzer F, Williams DO. Comparison of

outcome in patients with sT-elevation vs. non-ST-elevation acute myocardial

infarction treated with percutaneous coronary intervention (from the

national heart, lung, and blood institute dynamic registry). Am J Cardiol.

(2007) 100:190–5. doi: 10.1016/j.amjcard.2007.02.083

45. Hernandez GA, Lemor A, Blumer V, Rueda CA, Zalawadiya S, Stevenson

LW, et al. Trends in utilization and outcomes of pulmonary artery

Frontiers in Cardiovascular Medicine | www.frontiersin.org 12 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1002/ejhf.260
https://doi.org/10.1002/ejhf.1566
https://doi.org/10.1056/nejm199908263410901
https://doi.org/10.1001/jama.295.21.25111
https://doi.org/10.7326/0003-4819-131-1-199907060-00010
https://doi.org/10.1016/0735-1097(95)00215-p
https://doi.org/10.1093/icvts/ivy050
https://doi.org/10.1016/0002-9149(67)90023-9
https://doi.org/10.1001/archinte.165.14.1643
https://doi.org/10.1016/j.hrtlng.2016.08.006
https://doi.org/10.1007/s00134-016-4223-9
https://doi.org/10.1002/ejhf.857
https://doi.org/10.1016/j.jacc.2016.10.022
https://doi.org/10.1002/ccd.28316
https://doi.org/10.1016/j.jacc.2015.03.036
https://doi.org/10.1016/j.jacc.2008.05.065
https://doi.org/10.1097/CCM.0b013e3181e8acf7
https://doi.org/10.1161/CIRCHEARTFAILURE.120.007099
https://doi.org/10.1093/eurheartj/ehq220
https://doi.org/10.1016/j.jcrc.2012.02.012
https://doi.org/10.1016/j.resuscitation.2012.12.019
https://doi.org/10.1002/ccd.28329
https://doi.org/10.1007/s11897-020-00496-6
https://doi.org/10.1056/NEJM199309023291001
https://doi.org/10.1016/j.amjcard.2015.10.006
https://doi.org/10.1002/ejhf.1922
https://doi.org/10.1161/CIRCULATIONAHA.106.613596
https://doi.org/10.1016/j.amjcard.2007.02.083
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

catheterization in heart failure with and without cardiogenic shock. J Card

Fail. (2019) 25:364–71. doi: 10.1016/j.cardfail.2019.03.004

46. Berg DD, Bohula EA, van Diepen S, Katz JN, Alviar CL, Baird-

Zars VM, et al. Epidemiology of shock in contemporary cardiac

intensive care units. Circ Cardiovasc Qual Outcomes. (2019)

12:e005618. doi: 10.1161/CIRCOUTCOMES.119.005618

47. Fang J, Mensah GA, Alderman MH, Croft JB. Trends in acute myocardial

infarction complicated by cardiogenic shock, 1979-2003, united states. Am

Heart J. (2006) 152:1035–41. doi: 10.1016/j.ahj.2006.07.013

48. Yandrapalli S, Sanaani A, Harikrishnan P, Aronow WS, Frishman WH,

Lanier GM, et al. Cardiogenic shock during heart failure hospitalizations:

age-, sex-, and race-stratified trends in incidence and outcomes. Am Heart J.

(2019) 213:18–29. doi: 10.1016/j.ahj.2019.03.015

49. Shah M, Patnaik S, Patel B, Ram P, Garg L, Agarwal M, et al. Trends

in mechanical circulatory support use and hospital mortality among

patients with acute myocardial infarction and non-infarction related

cardiogenic shock in the united states. Clin Res Cardiol. (2018) 107:287–

303. doi: 10.1007/s00392-017-1182-2

50. Kapur NK, Esposito M. Hemodynamic support with percutaneous

devices in patients with heart failure. Heart Fail Clin. (2015) 11:215–

30. doi: 10.1016/j.hfc.2014.12.012

51. Thiele H, Jobs A, Ouweneel DM, Henriques JPS, Seyfarth M, Desch S, et al.

Percutaneous short-term active mechanical support devices in cardiogenic

shock: a systematic review and collaborative meta-analysis of randomized

trials. Eur Hear J. (2017) 38:3523–31. doi: 10.1093/eurheartj/ehx363

52. Garan AR, Takeda K, Salna M, Vandenberge J, Doshi D, Karmpaliotis D,

et al. Prospective comparison of a percutaneous ventricular assist device

and venoarterial extracorporeal membrane oxygenation for patients with

cardiogenic shock following acute myocardial infarction. J Am Heart Assoc.

(2019) 8:e012171. doi: 10.1161/JAHA.119.012171

53. Telukuntla KS, Estep JD. Acute mechanical circulatory support for

cardiogenic shock. Methodist Debakey Cardiovasc J. (2020) 16:27–

35. doi: 10.14797/mdcj-16-1-27

54. Thiele H, Ohman EM, de Waha-Thiele S, Zeymer U, Desch S. Management

of cardiogenic shock complicating myocardial infarction: an update 2019.

Eur Hear J. (2019) 40:2671–83. doi: 10.1093/eurheartj/ehz363

55. Yannopoulos D, Bartos J, Raveendran G, Walser E, Connett J, Murray

TA, et al. Advanced reperfusion strategies for patients with out-of-hospital

cardiac arrest and refractory ventricular fibrillation (ARREST): a phase

2, single centre, open-label, randomised controlled trial. Lancet. (2020)

396:1807–16. doi: 10.1016/s0140-6736(20)32338-2

56. Yannopoulos D, Bartos JA, Martin C, Raveendran G, Missov E,

Conterato M, et al. Minnesota resuscitation consortium’s advanced

perfusion and reperfusion cardiac life support strategy for out-of-

Hospital refractory ventricular fibrillation. J Am Heart Assoc. (2016)

5:3732. doi: 10.1161/JAHA.116.003732

57. Bartos JA, Frascone RJ, Conterato M, Wesley K, Lick C, Sipprell

K, et al. The minnesota mobile extracorporeal cardiopulmonary

resuscitation consortium for treatment of out-of-hospital refractory

ventricular fibrillation: program description, performance, and outcomes.

EClinicalMedicine. (2020) 29–30:100632. doi: 10.1016/j.eclinm.2020.100632

58. Jain P, Shehab S, Muthiah K, Robson D, Granegger M, Drakos SG,

et al. Insights into myocardial oxygen consumption, energetics,

and efficiency under left ventricular assist device support using

noninvasive pressure-Volume loops. Circ Heart Fail. (2019)

12:e006191. doi: 10.1161/CIRCHEARTFAILURE.119.006191

59. Nozawa T, Cheng CP, Noda T, Little WC. Relation between left

ventricular oxygen consumption and pressure-volume area in conscious

dogs. Circulation. (1994) 89:810–7. doi: 10.1161/01.cir.89.2.810

60. Burkhoff D, Sayer G, Doshi D, Uriel N. Hemodynamics of

mechanical circulatory support. J Am Coll Cardiol. (2015)

66:2663–74. doi: 10.1016/j.jacc.2015.10.017

61. Kalra R, Kosmopoulos M, Goslar T, Raveendran G, Bartos JA, Yannopoulos

D. Extracorporeal cardiopulmonary resuscitation for cardiac arrest. Curr

Opin Crit Care. (2020) 26:228–35. doi: 10.1097/mcc.0000000000000717

62. Kosmopoulos M, Kalra R, Bartos JA, Raveendran G,

Yannopoulos D. Contemporary approaches to cardiopulmonary

resuscitation: physiology-guided approaches. J Emerg

Crit Care Med. (2019) 4:19. doi: 10.21037/jeccm.2019.

10.04

63. Fuhrman BP, Hernan LJ, Rotta AT, Heard CM, Rosenkranz ER.

Pathophysiology of cardiac extracorporeal membrane oxygenation. Artif

Organs. (1999) 23:966–9. doi: 10.1046/j.1525-1594.1999.06484.x

64. Swain L, Reyelt L, Bhave S, Qiao X, Thomas CJ, Zweck E, et al. Transvalvular

ventricular unloading before reperfusion in acute myocardial infarction. J

Am Coll Cardiol. (2020) 76:684–99. doi: 10.1016/j.jacc.2020.06.031

65. Vasu MA, O’Keefe DD, Kapellakis GZ, Vezeridis MP, Jacobs ML, Daggett

WM, et al. Myocardial oxygen consumption: effects of epinephrine,

isoproterenol, dopamine, norepinephrine, and dobutamine. Am J Physiol.

(1978) 235:H237–41. doi: 10.1152/ajpheart.1978.235.2.H237

66. Schiller P, Vikholm P, Hellgren L. Experimental venoarterial extracorporeal

membrane oxygenation induces left ventricular dysfunction.ASAIO J. (2016)

62:518–24. doi: 10.1097/MAT.0000000000000392

67. Kawashima D, Gojo S, Nishimura T, Itoda Y, Kitahori K, Motomura N, et al.

Left ventricular mechanical support with impella provides more ventricular

unloading in heart failure than extracorporeal membrane oxygenation.

ASAIO J. (2011) 57:169–76. doi: 10.1097/MAT.0b013e31820e121c

68. Uriel N, Sayer G, Annamalai S, Kapur NK, Burkhoff D.

Mechanical unloading in heart failure. J Am Coll Cardiol. (2018)

72:569–80. doi: 10.1016/j.jacc.2018.05.038

69. Ostadal P, Mlcek M, Kruger A, Hala P, Lacko S, Mates M, et al. Increasing

venoarterial extracorporeal membrane oxygenation flow negatively affects

left ventricular performance in a porcinemodel of cardiogenic shock. J Transl

Med. (2015) 13:266. doi: 10.1186/s12967-015-0634-6

70. Schrage B, Becher PM, Bernhardt A, Bezerra H, Blankenberg S,

Brunner S, et al. Left ventricular unloading is associated with

lower mortality in patients with cardiogenic shock treated with

venoarterial extracorporeal membrane oxygenation: results from

an international, multicenter cohort study. Circulation. (2020)

142:2095–106. doi: 10.1161/CIRCULATIONAHA.120.048792

71. Kolte D, Khera S, AronowWS,MujibM, Palaniswamy C, Sule S, et al. Trends

in incidence, management, and outcomes of cardiogenic shock complicating

sT-elevation myocardial infarction in the united states. J Am Hear Assoc.

(2014) 3:e000590. doi: 10.1161/jaha.113.000590

72. Nix C, Ishikawa K, Meyns B, Yasuda S, Adriaenssens T, Barth S, et al.

Comparison of hemodynamic support by impella vs. peripheral extra-

corporeal membrane oxygenation: a porcine model of acute myocardial

infarction. Front Cardiovasc Med. (2020) 7:99. doi: 10.3389/fcvm.2020.00099

73. Paden ML, Conrad SA, Rycus PT, Thiagarajan RR. Extracorporeal

life support organization registry report 2012. Asaio j. (2013) 59:202–

10. doi: 10.1097/MAT.0b013e3182904a52

74. Sakamoto S, Taniguchi N, Nakajima S, Takahashi A. Extracorporeal

life support for cardiogenic shock or cardiac arrest due to

acute coronary syndrome. Ann Thorac Surg. (2012) 94:1–

7. doi: 10.1016/j.athoracsur.2012.01.032

75. Chung ES, Lim C, Lee HY, Choi JH, Lee JS, Park KH. Results of

extracorporeal membrane oxygenation (ECMO) support before coronary

reperfusion in cardiogenic shock with acute myocardial infarction. Korean

J Thorac Cardiovasc Surg. (2011) 44:273–8. doi: 10.5090/kjtcs.2011.

44.4.273

76. Demondion P, Fournel L, Golmard JL, Niculescu M, Pavie A, Leprince

P. Predictors of 30-day mortality and outcome in cases of myocardial

infarction with cardiogenic shock treated by extracorporeal life support. Eur

J Cardiothorac Surg. (2014) 45:47–54. doi: 10.1093/ejcts/ezt207

77. Esper SA, Bermudez C, Dueweke EJ, Kormos R, Subramaniam K, Mulukutla

S, et al. Extracorporeal membrane oxygenation support in acute coronary

syndromes complicated by cardiogenic shock. Catheter Cardiovasc Interv.

(2015) 86 (Suppl. 1):S45–50. doi: 10.1002/ccd.25871

78. Negi SI, Sokolovic M, Koifman E, Kiramijyan S, Torguson R, Lindsay J, et al.

Contemporary use of veno-arterial extracorporeal membrane oxygenation

for refractory cardiogenic shock in acute coronary syndrome. J Invasive

Cardiol. (2016) 28:52–7.

79. Faber C, McCarthy PM, Smedira NG, Young JB, Starling RC, Hoercher KJ.

Implantable left ventricular assist device for patients with postinfarction

ventricular septal defect. J Thorac Cardiovasc Surg. (2002) 124:400–

1. doi: 10.1067/mtc.2002.124243.024

80. Jeppsson A, Liden H, Johnsson P, Hartford M, Rådegran K. Surgical repair

of post infarction ventricular septal defects: a national experience. Eur J

cardio-thoracic Surg Off J Eur Assoc Cardio-thoracic Surg. (2005) 27:216–

21. doi: 10.1016/j.ejcts.2004.10.03

Frontiers in Cardiovascular Medicine | www.frontiersin.org 13 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1016/j.cardfail.2019.03.004
https://doi.org/10.1161/CIRCOUTCOMES.119.005618
https://doi.org/10.1016/j.ahj.2006.07.013
https://doi.org/10.1016/j.ahj.2019.03.015
https://doi.org/10.1007/s00392-017-1182-2
https://doi.org/10.1016/j.hfc.2014.12.012
https://doi.org/10.1093/eurheartj/ehx363
https://doi.org/10.1161/JAHA.119.012171
https://doi.org/10.14797/mdcj-16-1-27
https://doi.org/10.1093/eurheartj/ehz363
https://doi.org/10.1016/s0140-6736(20)32338-2
https://doi.org/10.1161/JAHA.116.003732
https://doi.org/10.1016/j.eclinm.2020.100632
https://doi.org/10.1161/CIRCHEARTFAILURE.119.006191
https://doi.org/10.1161/01.cir.89.2.810
https://doi.org/10.1016/j.jacc.2015.10.017
https://doi.org/10.1097/mcc.0000000000000717
https://doi.org/10.21037/jeccm.2019.10.04
https://doi.org/10.1046/j.1525-1594.1999.06484.x
https://doi.org/10.1016/j.jacc.2020.06.031
https://doi.org/10.1152/ajpheart.1978.235.2.H237
https://doi.org/10.1097/MAT.0000000000000392
https://doi.org/10.1097/MAT.0b013e31820e121c
https://doi.org/10.1016/j.jacc.2018.05.038
https://doi.org/10.1186/s12967-015-0634-6
https://doi.org/10.1161/CIRCULATIONAHA.120.048792
https://doi.org/10.1161/jaha.113.000590
https://doi.org/10.3389/fcvm.2020.00099
https://doi.org/10.1097/MAT.0b013e3182904a52
https://doi.org/10.1016/j.athoracsur.2012.01.032
https://doi.org/10.5090/kjtcs.2011.44.4.273
https://doi.org/10.1093/ejcts/ezt207
https://doi.org/10.1002/ccd.25871
https://doi.org/10.1067/mtc.2002.124243.024
https://doi.org/10.1016/j.ejcts.2004.10.03
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

81. Kwon J, Lee D. The effectiveness of extracorporeal membrane oxygenation

in a patient with post myocardial infarct ventricular septal defect. J

Cardiothorac Surg. (2016) 11:143. doi: 10.1186/s13019-016-0537-5

82. McLaughlin A, McGiffin D, Winearls J, Tesar P, Cole C, Vallely M,

et al. Veno-Arterial eCMO in the setting of post-Infarct ventricular septal

defect: a Bridge to surgical repair. Heart Lung Circ. (2016) 25:1063–

6. doi: 10.1016/j.hlc.2016.02

83. Aoyama N, Imai H, Kurosawa T, Fukuda N, Moriguchi M, Nishinari M, et al.

Therapeutic strategy using extracorporeal life support, including appropriate

indication, management, limitation and timing of switch to ventricular assist

device in patients with acute myocardial infarction. J Artif Organs Off J

Japanese Soc Artif Organs. (2014) 17:33–41. doi: 10.1007/s10047-013-0735-z

84. Lorusso R, Centofanti P, Gelsomino S, Barili F, Di Mauro M, Orlando P, et al.

Venoarterial extracorporeal membrane oxygenation for acute fulminant

myocarditis in adult patients: a 5-Year multi-Institutional experience. Ann

Thorac Surg. (2016) 101:919–26. doi: 10.1016/j.athoracsur.2015.08.014

85. Asaumi Y, Yasuda S, Morii I, Kakuchi H, Otsuka Y, Kawamura A, et al.

Favourable clinical outcome in patients with cardiogenic shock due to

fulminant myocarditis supported by percutaneous extracorporeal membrane

oxygenation. Eur Hear J. (2005) 26:2185–92. doi: 10.1093/eurheartj/ehi411

86. Diddle JW, Almodovar MC, Rajagopal SK, Rycus PT, Thiagarajan

RR. Extracorporeal membrane oxygenation for the support

of adults with acute myocarditis. Crit Care Med. (2015)

43:1016–25. doi: 10.1097/CCM.0000000000000920

87. Mirabel M, Luyt C-E, Leprince P, Trouillet J-L, Léger P, Pavie A, et al.

Outcomes, long-term quality of life, and psychologic assessment of fulminant

myocarditis patients rescued by mechanical circulatory support. Crit Care

Med. (2011) 39:1029–35. doi: 10.1097/CCM.0b013e31820ead45

88. Hsu K-H, Chi N-H, Yu H-Y, Wang C-H, Huang S-C, Wang S-S, et al.

Extracorporeal membranous oxygenation support for acute fulminant

myocarditis: analysis of a single center’s experience. Eur J Cardio-

Thoracic Surg Off J Eur Assoc Cardio-Thoracic Surg. (2011) 40:682–

8. doi: 10.1016/j.ejcts.2010.12.050

89. Chen Y-S, Yu H-Y, Huang S-C, Chiu K-M, Lin T-Y, Lai L-P, et al. Experience

and result of extracorporeal membrane oxygenation in treating fulminant

myocarditis with shock: what mechanical support should be considered

first? J Hear lung Transplant Off Publ Int Soc Hear Transplant. (2005)

24:81–7. doi: 10.1016/j.healun.2003.09.038

90. Cheng R, Hachamovitch R, Kittleson M, Patel J, Arabia F, Moriguchi

J, et al. Clinical outcomes in fulminant myocarditis requiring

extracorporeal membrane oxygenation: a weighted meta-analysis of

170 patients. J Card Fail. (2014) 20:400–6. doi: 10.1016/j.cardfail.2014.

03.005

91. Saito S, Toda K, Miyagawa S, Yoshikawa Y, Hata H, Yoshioka D, et al.

Diagnosis, medical treatment, and stepwise mechanical circulatory support

for fulminat myocarditis. J Artif organs Off J Japanese Soc Artif Organs. (2018)

21:172–9. doi: 10.1007/s10047-017-1011-4

92. Wu IH, Ko WJ, Chou NK, Chao A, Lin FY. Extracorporeal membrane

oxygenation in treatment of cardiogenic shock caused by acute myocarditis.

J Formos Med Assoc. (1998) 97:364–6.

93. Mody KP, Takayama H, Landes E, Yuzefpolskaya M, Colombo

PC, Naka Y, et al. Acute mechanical circulatory support for

fulminant myocarditis complicated by cardiogenic shock. J

Cardiovasc Transl Res. (2014) 7:156–64. doi: 10.1007/s12265-013-

9521-9

94. Hékimian G, Jovanovic T, Bréchot N, Lebreton G, Leprince

P, Trouillet J-L, et al. When the heart gets the flu: fulminant

influenza B myocarditis: a case-series report and review of the

literature. J Crit Care. (2018) 47:61–4. doi: 10.1016/j.jcrc.2018.

06.001

95. Nakajima S, Seguchi O, Fujita T, Hata H, Yamashita K, Sato T, et al.

Successful treatment of near-fatal fulminant myocarditis using bi-ventricular

assist device support. J Artif Organs Off J Japanese Soc Artif Organs. (2016)

19:293–6. doi: 10.1007/s10047-016-0899-4

96. Bohné M, Chung D-U, Tigges E, van der Schalk H, Waddell D, Schenker

N, et al. Short-term use of “ECMELLA” in the context of fulminant

eosinophilic myocarditis with cardiogenic shock. BMC Cardiovasc Disord.

(2020) 20:519. doi: 10.1186/s12872-020-01808-3

97. Sawamura A, Okumura T, Hirakawa A, Ito M, Ozaki Y, Ohte N, et al.

Early prediction model for successful bridge to recovery in patients

with fulminant myocarditis supported with percutaneous venoarterial

extracorporeal membrane oxygenation- insights from the CHANGE PUMP

study. Circ J. (2018) 82:699–707. doi: 10.1253/circj.CJ-17-0549

98. Montero S, Aissaoui N, Tadié J-M, Bizouarn P, Scherrer V, Persichini R,

et al. Fulminant giant-cell myocarditis on mechanical circulatory support:

management and outcomes of a french multicentre cohort. Int J Cardiol.

(2018) 253:105–12. doi: 10.1016/j.ijcard.2017.10.053

99. Ripoll JG, Ratzlaff RA, Menke DM, Olave MC, Maleszewski JJ, Díaz-

Gómez JL. Hemodynamic transesophageal echocardiography-Guided

venous-Arterial extracorporeal membrane oxygenation support in

a case of giant cell myocarditis. Case reports Crit Care. (2016)

2016:5407597. doi: 10.1155/2016/5407597

100. Milas A, Shah A, Anand N, Saunders-Kurban M, Patel S. Respiratory

syncytial virus associated myocarditis requiring venoarterial

extracorporeal membrane oxygenation. Case Rep Infect Dis. (2017)

2017:7074508. doi: 10.1155/2017/7074508

101. Goldhaber SZ, Bounameaux H. Pulmonary embolism and deep

vein thrombosis. Lancet (London, England). (2012) 379:1835–

46. doi: 10.1016/S0140-6736(11)61904-1

102. Benjamin EJ, Muntner P, Alonso A, Bittencourt MS, Callaway CW,

Carson AP, et al. Heart disease and stroke statistics-2019 update: a

report from the american heart association. Circulation. (2019) 139:e56–

28. doi: 10.1161/CIR.0000000000000659

103. Janata K, Holzer M, Domanovits H, Müllner M, Bankier A, Kurtaran A,

et al. Mortality of patients with pulmonary embolism.WienKlinWochenschr.

(2002) 114:766–72.

104. Jaff MR, McMurtry MS, Archer SL, Cushman M, Goldenberg N, Goldhaber

SZ, et al. Management of massive and submassive pulmonary embolism,

iliofemoral deep vein thrombosis, and chronic thromboembolic pulmonary

hypertension: a scientific statement from the american heart association.

Circulation. (2011) 123:1788–830. doi: 10.1161/CIR.0b013e318214914f

105. Sekhri V, Mehta N, Rawat N, Lehrman SG, Aronow WS. Management

of massive and nonmassive pulmonary embolism. Arch Med Sci. (2012)

8:957–69. doi: 10.5114/aoms.2012.32402

106. Smulders YM. Pathophysiology and treatment of haemodynamic

instability in acute pulmonary embolism: the pivotal role of

pulmonary vasoconstriction. Cardiovasc Res. (2000) 48:23–

33. doi: 10.1016/s0008-6363(00)00168-1

107. McIntyre KM, Sasahara AA. The hemodynamic response to pulmonary

embolism in patients without prior cardiopulmonary disease. Am J Cardiol.

(1971) 28:288–94. doi: 10.1016/0002-9149(71)90116-0

108. Matthews JC, McLaughlin V. Acute right ventricular failure in the setting of

acute pulmonary embolism or chronic pulmonary hypertension: a detailed

review of the pathophysiology, diagnosis, and management. Curr Cardiol

Rev. (2008) 4:49–59. doi: 10.2174/157340308783565384

109. Stein PD, Henry JW. Prevalence of acute pulmonary embolism among

patients in a general hospital and at autopsy. Chest. (1995) 108:978–

81. doi: 10.1378/chest.108.4.978

110. Suguta M, Hoshizaki H, Anno M, Naito S, Tada H, Nogami A, et al. Right

ventricular infarction with cardiogenic shock treated with percutaneous

cardiopulmonary support: a case report. Jpn Circ J. (1999) 63:813–

5. doi: 10.1253/jcj.63.813

111. Scherer M, Sirat AS, Moritz A, Martens S. Extracorporeal membrane

oxygenation as perioperative right ventricular support in patients with

biventricular failure undergoing left ventricular assist device implantation.

Eur J Cardio-Thoracic Surg Off J Eur Assoc Cardio-Thoracic Surg. (2011)

39:939–44; discussion 944. doi: 10.1016/j.ejcts.2010.09.044

112. Meneveau N, Guillon B, Planquette B, Piton G, Kimmoun A, Gaide-

Chevronnay L, et al. Outcomes after extracorporeal membrane oxygenation

for the treatment of high-risk pulmonary embolism: a multicentre series of

52 cases. Eur Heart J. (2018) 39:4196–204. doi: 10.1093/eurheartj/ehy464

113. George B, Parazino M, Omar HR, Davis G, Guglin M, Gurley

J, et al. A retrospective comparison of survivors and non-

survivors of massive pulmonary embolism receiving veno-arterial

extracorporeal membrane oxygenation support. Resuscitation. (2018)

122:1–5. doi: 10.1016/j.resuscitation.2017.11.034

Frontiers in Cardiovascular Medicine | www.frontiersin.org 14 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1186/s13019-016-0537-5
https://doi.org/10.1016/j.hlc.2016.02
https://doi.org/10.1007/s10047-013-0735-z
https://doi.org/10.1016/j.athoracsur.2015.08.014
https://doi.org/10.1093/eurheartj/ehi411
https://doi.org/10.1097/CCM.0000000000000920
https://doi.org/10.1097/CCM.0b013e31820ead45
https://doi.org/10.1016/j.ejcts.2010.12.050
https://doi.org/10.1016/j.healun.2003.09.038
https://doi.org/10.1016/j.cardfail.2014.03.005
https://doi.org/10.1007/s10047-017-1011-4
https://doi.org/10.1007/s12265-013-9521-9
https://doi.org/10.1016/j.jcrc.2018.06.001
https://doi.org/10.1007/s10047-016-0899-4
https://doi.org/10.1186/s12872-020-01808-3
https://doi.org/10.1253/circj.CJ-17-0549
https://doi.org/10.1016/j.ijcard.2017.10.053
https://doi.org/10.1155/2016/5407597
https://doi.org/10.1155/2017/7074508
https://doi.org/10.1016/S0140-6736(11)61904-1
https://doi.org/10.1161/CIR.0000000000000659
https://doi.org/10.1161/CIR.0b013e318214914f
https://doi.org/10.5114/aoms.2012.32402
https://doi.org/10.1016/s0008-6363(00)00168-1
https://doi.org/10.1016/0002-9149(71)90116-0
https://doi.org/10.2174/157340308783565384
https://doi.org/10.1378/chest.108.4.978
https://doi.org/10.1253/jcj.63.813
https://doi.org/10.1016/j.ejcts.2010.09.044
https://doi.org/10.1093/eurheartj/ehy464
https://doi.org/10.1016/j.resuscitation.2017.11.034
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

114. Yusuff HO, Zochios V, Vuylsteke A. Extracorporeal membrane oxygenation

in acute massive pulmonary embolism: a systematic review. Perfusion. (2015)

30:611–6. doi: 10.1177/0267659115583377

115. Kmiec L, Philipp A, Floerchinger B, Lubnow M, Unterbuchner C,

Creutzenberg M, et al. Extracorporeal membrane oxygenation for massive

pulmonary embolism as bridge to therapy. ASAIO J. (2020) 66:146–

52. doi: 10.1097/MAT.0000000000000953

116. Corsi F, Lebreton G, Bréchot N, Hekimian G, Nieszkowska A, Trouillet

J-L, et al. Life-threatening massive pulmonary embolism rescued by

venoarterial-extracorporeal membrane oxygenation. Crit Care. (2017)

21:76. doi: 10.1186/s13054-017-1655-8

117. Weinberg A, Tapson VF, Ramzy D. Massive pulmonary

embolism: extracorporeal membrane oxygenation and surgical

pulmonary embolectomy. Semin Respir Crit Care Med. (2017)

38:66–2. doi: 10.1055/s-0036-1597559

118. Konstantinides SV, Meyer G, Becattini C, Bueno H, Geersing G-J, Harjola

V-P, et al. 2019 ESC Guidelines for the diagnosis and management of

acute pulmonary embolism developed in collaboration with the European

Respiratory Society (ERS): The Task Force for the diagnosis andmanagement

of acute pulmonary embolism of the European Society of Cardiology (ESC).

Eur Respir J. (2019) 54:190160. doi: 10.1183/13993003.01647-2019

119. Hoffmann C, Wolf E. Older age groups and country-specific case fatality

rates of COVID-19 in Europe, USA and Canada. Infection. (2021) 49:111–

6. doi: 10.1007/s15010-020-01538-w

120. Grech V. Unknown unknowns - Covid-19 and potential global mortality.

Early Hum Dev. (2020) 144:105026. doi: 10.1016/j.earlhumdev.2020.105026

121. Khan IH, Zahra SA, Zaim S, Harky A. At the heart of COVID-19. J Card

Surg. (2020) 35:1287–294. doi: 10.1111/jocs.14596

122. Xiong T-Y, Redwood S, Prendergast B, Chen M. Coronaviruses and the

cardiovascular system: acute and long-term implications. Eur Heart J. (2020)

41:1798–800. doi: 10.1093/eurheartj/ehaa231

123. Driggin E, Madhavan M V, Bikdeli B, Chuich T, Laracy J, Biondi-Zoccai G,

et al. Cardiovascular considerations for patients, health care workers, and

health systems during the cOVID-19 pandemic. J Am Coll Cardiol. (2020)

75:2352–71. doi: 10.1016/j.jacc.2020.03.031

124. Madjid M, Safavi-Naeini P, Solomon SD, Vardeny O. Potential effects of

coronaviruses on the cardiovascular system: a review. JAMA Cardiol. (2020)

5:831–40. doi: 10.1001/jamacardio.2020.1286

125. Zeng J-H, Liu Y-X, Yuan J, Wang F-X, Wu W-B, Li J-X, et al. First case

of cOVID-19 complicated with fulminant myocarditis: a case report and

insights. Infection. (2020) 48:773–7. doi: 10.1007/s15010-020-01424-5

126. Hu H, Ma F, Wei X, Fang Y. Coronavirus fulminant myocarditis treated

with glucocorticoid and human immunoglobulin. Eur Heart J. (2021)

42:206. doi: 10.1093/eurheartj/ehaa190

127. Valchanov K, Krishnan U, Hoole SP, Davies WR, Pettit S, Jones N, et al.

COVID-19 patient with coronary thrombosis supported with ECMO and

impella 5.0 ventricular assist device: a case report. EurHear J Case Rep. (2020)

4:1–6. doi: 10.1093/ehjcr/ytaa342

128. Wang D, Hu B, Hu C, Zhu F, Liu X, Zhang J, et al. Clinical characteristics of

138 hospitalized patients with 2019 novel coronavirus-Infected pneumonia

in Wuhan, China. JAMA. (2020) 323:1061–9. doi: 10.1001/jama.2020.1585

129. Zhou F, Yu T, Du R, Fan G, Liu Y, Liu Z, et al. Clinical course and risk

factors for mortality of adult inpatients with cOVID-19 in Wuhan, China:

a retrospective cohort study. Lancet (London, England). (2020) 395:1054–

62. doi: 10.1016/S0140-6736(20)30566-3

130. Bartlett RH, Ogino MT, Brodie D, McMullan DM, Lorusso R, MacLaren

G, et al. Initial ELSO guidance document: ECMO for cOVID-19

patients with severe cardiopulmonary failure. ASAIO J. (2020) 66:472–74.

doi: 10.1097/MAT.0000000000001173

131. Chow J, Alhussaini A, Calvillo-Argüelles O, Billia F, Luk A.

Cardiovascular collapse in cOVID-19 infection: the role of venoarterial

extracorporeal membrane oxygenation (VA-ECMO). CJC Open. (2020)

2:273–7. doi: 10.1016/j.cjco.2020.04.003

132. Loforte A, Di Mauro M, Pellegrini C, Monterosso C, Pelenghi S, Degani

A, et al. Extracorporeal membrane oxygenation for COVID-19 respiratory

distress syndrome: an italian society for cardiac surgery report. ASAIO J.

(2021) 67:385–91. doi: 10.1097/MAT.0000000000001399

133. Li X, Guo Z, Li B, Zhang X, Tian R, Wu W, et al. Extracorporeal membrane

oxygenation for coronavirus disease 2019 in Shanghai, China. ASAIO J.

(2020) 66:475–81. doi: 10.1097/MAT.0000000000001172

134. Mustafa AK, Alexander PJ, Joshi DJ, Tabachnick DR, Cross CA, Pappas

PS, et al. Extracorporeal membrane oxygenation for patients with

COVID-19 in severe respiratory failure. JAMA Surg. (2020) 155:990–

2. doi: 10.1001/jamasurg.2020.3950

135. Stub D, Bernard S, Pellegrino V, Smith K, Walker T, Sheldrake J, et al.

Refractory cardiac arrest treated with mechanical CPR, hypothermia, ECMO

and early reperfusion (the CHEER trial). Resuscitation. (2015) 86:88–

94. doi: 10.1016/j.resuscitation.2014.09.010

136. Maekawa K, Tanno K, Hase M, Mori K, Asai Y. Extracorporeal

cardiopulmonary resuscitation for patients with out-of-hospital cardiac

arrest of cardiac origin: a propensity-matched study and predictor analysis.

Crit Care Med. (2013) 41:1186–96. doi: 10.1097/CCM.0b013e31827ca4c8

137. Lamhaut L, Hutin A, Puymirat E, Jouan J, Raphalen J-H, Jouffroy

R, et al. A pre-Hospital extracorporeal cardio pulmonary resuscitation

(ECPR) strategy for treatment of refractory out hospital cardiac arrest: an

observational study and propensity analysis. Resuscitation. (2017) 117:109–

17. doi: 10.1016/j.resuscitation.2017.04.014

138. Schober A, Sterz F, Herkner H, Wallmueller C, Weiser C, Hubner P,

et al. Emergency extracorporeal life support and ongoing resuscitation: a

retrospective comparison for refractory out-of-hospital cardiac arrest. Emerg

Med J. (2017) 34:277–81. doi: 10.1136/emermed-2015-205232

139. Fjølner J, Greisen J, Jørgensen MRS, Terkelsen CJ, Ilkjaer LB, Hansen TM,

et al. Extracorporeal cardiopulmonary resuscitation after out-of-hospital

cardiac arrest in a danish health region. Acta Anaesthesiol Scand. (2017)

61:176–85. doi: 10.1111/aas.12843

140. Lee JJ, Han SJ, Kim HS, Hong KS, Choi HH, Park KT, et al. Out-of-

hospital cardiac arrest patients treated with cardiopulmonary resuscitation

using extracorporeal membrane oxygenation: focus on survival rate

and neurologic outcome. Scand J Trauma Resusc Emerg Med. (2016)

24:74. doi: 10.1186/s13049-016-0266-8

141. Pozzi M, Koffel C, Armoiry X, Pavlakovic I, Neidecker J, Prieur C, et al.

Extracorporeal life support for refractory out-of-hospital cardiac arrest:

should we still fight for? A single-centre, 5-year experience. Int J Cardiol.

(2016) 204:70–6. doi: 10.1016/j.ijcard.2015.11.165

142. Haneya A, Philipp A, Diez C, Schopka S, Bein T, Zimmermann M, et al. A 5-

year experience with cardiopulmonary resuscitation using extracorporeal life

support in non-postcardiotomy patients with cardiac arrest. Resuscitation.

(2012) 83:1331–7. doi: 10.1016/j.resuscitation.2012.07.009

143. Leick J, Liebetrau C, Szardien S, Fischer-Rasokat U, Willmer M, van Linden

A, et al. Door-to-implantation time of extracorporeal life support systems

predicts mortality in patients with out-of-hospital cardiac arrest. Clin Res

Cardiol. (2013) 102:661–9. doi: 10.1007/s00392-013-0580-3

144. Kim SJ, Jung JS, Park JH, Park JS, Hong YS, Lee SW. An optimal

transition time to extracorporeal cardiopulmonary resuscitation

for predicting good neurological outcome in patients with out-of-

hospital cardiac arrest: a propensity-matched study. Crit Care. (2014)

18:535. doi: 10.1186/s13054-014-0535-8

145. Sakamoto T, Morimura N, Nagao K, Asai Y, Yokota H, Nara S,

et al. Extracorporeal cardiopulmonary resuscitation vs. conventional

cardiopulmonary resuscitation in adults with out-of-hospital cardiac

arrest: a prospective observational study. Resuscitation. (2014) 85:762–

768. doi: 10.1016/j.resuscitation.2014.01.031

146. Wang C-H, Chou N-K, Becker LB, Lin J-W, Yu H-Y, Chi N-

H, et al. Improved outcome of extracorporeal cardiopulmonary

resuscitation for out-of-hospital cardiac arrest–a comparison

with that for extracorporeal rescue for in-hospital cardiac arrest.

Resuscitation. (2014) 85:1219–24. doi: 10.1016/j.resuscitation.2014.

06.022

147. Johnson NJ, Acker M, Hsu CH, Desai N, Vallabhajosyula P, Lazar S,

et al. Extracorporeal life support as rescue strategy for out-of-hospital

and emergency department cardiac arrest. Resuscitation. (2014) 85:1527–

32. doi: 10.1016/j.resuscitation.2014.08.028

148. Kagawa E, Dote K, Kato M, Sasaki S, Nakano Y, Kajikawa M, et al.

Should we emergently revascularize occluded coronaries for cardiac

Frontiers in Cardiovascular Medicine | www.frontiersin.org 15 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1177/0267659115583377
https://doi.org/10.1097/MAT.0000000000000953
https://doi.org/10.1186/s13054-017-1655-8
https://doi.org/10.1055/s-0036-1597559
https://doi.org/10.1183/13993003.01647-2019
https://doi.org/10.1007/s15010-020-01538-w
https://doi.org/10.1016/j.earlhumdev.2020.105026
https://doi.org/10.1111/jocs.14596
https://doi.org/10.1093/eurheartj/ehaa231
https://doi.org/10.1016/j.jacc.2020.03.031
https://doi.org/10.1001/jamacardio.2020.1286
https://doi.org/10.1007/s15010-020-01424-5
https://doi.org/10.1093/eurheartj/ehaa190
https://doi.org/10.1093/ehjcr/ytaa342
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1016/S0140-6736(20)30566-3
https://doi.org/10.1097/MAT.0000000000001173
https://doi.org/10.1016/j.cjco.2020.04.003
https://doi.org/10.1097/MAT.0000000000001399
https://doi.org/10.1097/MAT.0000000000001172
https://doi.org/10.1001/jamasurg.2020.3950
https://doi.org/10.1016/j.resuscitation.2014.09.010
https://doi.org/10.1097/CCM.0b013e31827ca4c8
https://doi.org/10.1016/j.resuscitation.2017.04.014
https://doi.org/10.1136/emermed-2015-205232
https://doi.org/10.1111/aas.12843
https://doi.org/10.1186/s13049-016-0266-8
https://doi.org/10.1016/j.ijcard.2015.11.165
https://doi.org/10.1016/j.resuscitation.2012.07.009
https://doi.org/10.1007/s00392-013-0580-3
https://doi.org/10.1186/s13054-014-0535-8
https://doi.org/10.1016/j.resuscitation.2014.01.031
https://doi.org/10.1016/j.resuscitation.2014.06.022
https://doi.org/10.1016/j.resuscitation.2014.08.028
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

arrest?: rapid-response extracorporeal membrane oxygenation and intra-

arrest percutaneous coronary intervention. Circulation. (2012) 126:1605–

13. doi: 10.1161/CIRCULATIONAHA.111.067538

149. Avalli L, Maggioni E, Formica F, Redaelli G, Migliari M, Scanziani M, et al.

Favourable survival of in-hospital compared to out-of-hospital refractory

cardiac arrest patients treated with extracorporeal membrane oxygenation:

an italian tertiary care centre experience. Resuscitation. (2012) 83:579–

83. doi: 10.1016/j.resuscitation.2011.10.013

150. Yannopoulos D, Bartos JA, Raveendran G, Conterato M, Frascone RJ,

Trembley A, et al. Coronary artery disease in patients with out-of-Hospital

refractory ventricular fibrillation cardiac arrest. J Am Coll Cardiol. (2017)

70:1109–17. doi: 10.1016/j.jacc.2017.06.059

151. Kudenchuk PJ, Brown SP, Daya M, Rea T, Nichol G, Morrison LJ, et al.

Amiodarone, lidocaine, or placebo in out-of-Hospital cardiac arrest. N Engl

J Med. (2016) 374:1711–22. doi: 10.1056/NEJMoa1514204

152. Kalra R, Bartos JA, Kosmopoulos M, Carlson C, John R, Shaffer

A, et al. Echocardiographic evaluation of cardiac recovery after

refractory out-of-hospital cardiac arrest. Resuscitation. (2020)

154:38–46. doi: 10.1016/j.resuscitation.2020.06.037

153. Schrage B, Burkhoff D, Rübsamen N, Becher PM, Schwarzl M, Bernhardt

A, et al. Unloading of the left ventricle during venoarterial extracorporeal

membrane oxygenation therapy in cardiogenic shock. JACCHear Fail. (2018)

6:1035–43. doi: 10.1016/j.jchf.2018.09.009

154. Meani P, Gelsomino S, Natour E, Johnson DM, Rocca HB, Pappalardo F,

et al. Modalities and effects of left ventricle unloading on extracorporeal life

support: a review of the current literature. Eur J Hear Fail. (2017) 19 (Suppl.

2):84–91. doi: 10.1002/ejhf.850

155. Russo JJ, Aleksova N, Pitcher I, Couture E, Parlow S, Faraz M, et al.

Left ventricular unloading during extracorporeal membrane oxygenation

in patients with cardiogenic shock. J Am Coll Cardiol. (2019) 73:654–

62. doi: 10.1016/j.jacc.2018.10.085

156. Vogel DJ, Murray J, Czapran AZ, Camporota L, Ioannou N, Meadows CIS,

et al. Veno-arterio-venous ECMO for septic cardiomyopathy: a single-centre

experience. Perfusion. (2018) 33:57–64. doi: 10.1177/0267659118766833

157. Mastroianni C, Nenna A, Lebreton G, D’Alessandro C, Greco SM, Lusini

M, et al. Extracorporeal membrane oxygenation as treatment of graft

failure after heart transplantation. Ann Cardiothorac Surg. (2019) 8:99–

108. doi: 10.21037/acs.2018.12.08

158. Lehmann S, Uhlemann M, Etz CD, Garbade J, Schroeter T, Borger

M, et al. Extracorporeal membrane oxygenation: experience in acute

graft failure after heart transplantation. Clin Transplant. (2014) 28:789–

96. doi: 10.1111/ctr.12380

159. Kaseer H, Soto-Arenall M, Sanghavi D, Moss J, Ratzlaff R, Pham S,

et al. Heparin vs bivalirudin anticoagulation for extracorporeal membrane

oxygenation. J Card Surg. (2020) 35:779–86. doi: 10.1111/jocs.14458

160. Raman J, Alimohamed M, Dobrilovic N, Lateef O, Aziz S. A comparison

of low and standard anti-coagulation regimens in extracorporeal membrane

oxygenation. J Hear lung Transplant Off Publ Int Soc Hear Transplant. (2019)

38:433–9. doi: 10.1016/j.healun.2019.01.1313

161. Chung YS, Cho DY, Sohn DS, Lee WS, Won H, Lee DH, et al. Is

stopping heparin safe in patients on extracorporeal membrane oxygenation

treatment? ASAIO J. (2017) 63:32–6. doi: 10.1097/MAT.0000000000000442

162. Wood KL, Ayers B, Gosev I, Kumar N, Melvin AL, Barrus B,

et al. Venoarterial-Extracorporeal membrane oxygenation without routine

systemic anticoagulation decreases adverse events. Ann Thorac Surg. (2020)

109:1458–66. doi: 10.1016/j.athoracsur.2019.08.040

163. Brodie D, Bacchetta M. Extracorporeal membrane oxygenation for aRDS in

adults. N Engl J Med. (2011) 365:1905–14. doi: 10.1056/NEJMct1103720

164. Oliver WC. Anticoagulation and coagulation management

for eCMO. Semin Cardiothorac Vasc Anesth. (2009) 13:154–

75. doi: 10.1177/1089253209347384

165. Xie A, Lo P, Yan TD, Forrest P. Neurologic complications of extracorporeal

membrane oxygenation: a Review. J Cardiothorac Vasc Anesth. (2017)

31:1836–46. doi: 10.1053/j.jvca.2017.03.001

166. Omar HR, Mirsaeidi M, Shumac J, Enten G, Mangar D, Camporesi EM.

Incidence and predictors of ischemic cerebrovascular stroke among patients

on extracorporeal membrane oxygenation support. J Crit Care. (2016) 32:48–

51. doi: 10.1016/j.jcrc.2015.11.009

167. Lorusso R, Barili F, Mauro M Di, Gelsomino S, Parise O, Rycus PT,

et al. In-Hospital neurologic complications in adult patients undergoing

venoarterial extracorporeal membrane oxygenation: results from the

extracorporeal life support organization registry. Crit Care Med. (2016)

44:e964–72. doi: 10.1097/CCM.0000000000001865

168. Iacobelli R, Fletcher-Sandersjöö A, Lindblad C, Keselman B, Thelin

EP, Broman LM. Predictors of brain infarction in adult patients on

extracorporeal membrane oxygenation: an observational cohort study. Sci

Rep. (2021) 11:3809. doi: 10.1038/s41598-021-83157-5

169. Zanatta P, Forti A, Bosco E, Salvador L, Borsato M, Baldanzi F,

et al. Microembolic signals and strategy to prevent gas embolism

during extracorporeal membrane oxygenation. J Cardiothorac Surg. (2010)

5:5. doi: 10.1186/1749-8090-5-5

170. Murphy DA, Hockings LE, Andrews RK, Aubron C, Gardiner EE, Pellegrino

VA, et al. Extracorporeal membrane oxygenation-hemostatic complications.

Transfus Med Rev. (2015) 29:90–101. doi: 10.1016/j.tmrv.2014.12.001

171. Rupprecht L, Lunz D, Philipp A, Lubnow M, Schmid C. Pitfalls in

percutaneous eCMO cannulation. Hear Lung Vessel. (2015) 7:320−6.

172. Cheng R, Hachamovitch R, Kittleson M, Patel J, Arabia F, Moriguchi J, et al.

Complications of extracorporeal membrane oxygenation for treatment of

cardiogenic shock and cardiac arrest: a meta-analysis of 1,866 adult patients.

Ann Thorac Surg. (2014) 97:610–6. doi: 10.1016/j.athoracsur.2013.09.008

173. Foley PJ, Morris RJ, Woo EY, Acker MA, Wang GJ, Fairman RM, et al. Limb

ischemia during femoral cannulation for cardiopulmonary support. J Vasc

Surg. (2010) 52:850–3. doi: 10.1016/j.jvs.2010.05.012

174. Lamb KM, DiMuzio PJ, Johnson A, Batista P, Moudgill N, McCullough

M, et al. Arterial protocol including prophylactic distal perfusion

catheter decreases limb ischemia complications in patients undergoing

extracorporeal membrane oxygenation. J Vasc Surg. (2017) 65:1074–

9. doi: 10.1016/j.jvs.2016.10.059

175. Lamb KM, Hirose H, Cavarocchi NC. Preparation and technical

considerations for percutaneous cannulation for veno-arterial

extracorporeal membrane oxygenation. J Card Surg. (2013)

28:190–2. doi: 10.1111/jocs.12058

176. Tanaka D, Hirose H, Cavarocchi N, Entwistle JWC. The impact

of vascular complications on survival of patients on venoarterial

extracorporeal membrane oxygenation. Ann Thorac Surg. (2016)

101:1729–34. doi: 10.1016/j.athoracsur.2015.10.095

177. Patton-Rivera K, Beck J, Fung K, Chan C, Beck M, Takayama H, et al.

Using near-infrared reflectance spectroscopy (NIRS) to assess distal-limb

perfusion on venoarterial (V-A) extracorporeal membrane oxygenation

(ECMO) patients with femoral cannulation. Perfusion. (2018) 33:618–

23. doi: 10.1177/0267659118777670

178. Rao P, Khalpey Z, Smith R, Burkhoff D, Kociol RD.

Venoarterial extracorporeal membrane oxygenation for

cardiogenic shock and cardiac arrest. Circ Hear Fail. (2018)

11:e004905. doi: 10.1161/circheartfailure.118.004905

179. Prisco AR, Aguado-Sierra J, Butakoff C, Vazquez M, Houzeaux G, Eguzkitza

B, et al. Concomitant respiratory failure can impair myocardial oxygenation

in patients with acute cardiogenic shock supported by vA-ECMO. J

Cardiovasc Transl Res. (2021). doi: 10.1007/s12265-021-10110-2. [Epub

ahead of print].

180. Abrams D, Combes A, Brodie D. Extracorporeal membrane oxygenation

in cardiopulmonary disease in adults. J Am Coll Cardiol. (2014) 63:2769–

78. doi: 10.1016/j.jacc.2014.03.046

181. Lee SW, Yu M-Y, Lee H, Ahn SY, Kim S, Chin HJ, et al. Risk

factors for acute kidney injury and in-Hospital mortality in patients

receiving extracorporeal membrane oxygenation. PLoS ONE. (2015)

10:e0140674. doi: 10.1371/journal.pone.0140674

182. Semmekrot BA, Pesman GJ, Span PN, Sweep CGJ, van Heijst AFJ,

Monnens LAH, et al. Serial plasma concentrations of atrial natriuretic

peptide, plasma renin activity, aldosterone, and antidiuretic hormone in

neonates on extracorporeal membrane oxygenation. ASAIO J. (2002) 48:26–

33. doi: 10.1097/00002480-200201000-00007

183. McILwain RB, Timpa JG, Kurundkar AR, Holt DW, Kelly DR, Hartman YE,

et al. Plasma concentrations of inflammatory cytokines rise rapidly during

ECMO-related sIRS due to the release of preformed stores in the intestine.

Lab Invest. (2010) 90:128–39. doi: 10.1038/labinvest.2009.119

Frontiers in Cardiovascular Medicine | www.frontiersin.org 16 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1161/CIRCULATIONAHA.111.067538
https://doi.org/10.1016/j.resuscitation.2011.10.013
https://doi.org/10.1016/j.jacc.2017.06.059
https://doi.org/10.1056/NEJMoa1514204
https://doi.org/10.1016/j.resuscitation.2020.06.037
https://doi.org/10.1016/j.jchf.2018.09.009
https://doi.org/10.1002/ejhf.850
https://doi.org/10.1016/j.jacc.2018.10.085
https://doi.org/10.1177/0267659118766833
https://doi.org/10.21037/acs.2018.12.08
https://doi.org/10.1111/ctr.12380
https://doi.org/10.1111/jocs.14458
https://doi.org/10.1016/j.healun.2019.01.1313
https://doi.org/10.1097/MAT.0000000000000442
https://doi.org/10.1016/j.athoracsur.2019.08.040
https://doi.org/10.1056/NEJMct1103720
https://doi.org/10.1177/1089253209347384
https://doi.org/10.1053/j.jvca.2017.03.001
https://doi.org/10.1016/j.jcrc.2015.11.009
https://doi.org/10.1097/CCM.0000000000001865
https://doi.org/10.1038/s41598-021-83157-5
https://doi.org/10.1186/1749-8090-5-5
https://doi.org/10.1016/j.tmrv.2014.12.001
https://doi.org/10.1016/j.athoracsur.2013.09.008
https://doi.org/10.1016/j.jvs.2010.05.012
https://doi.org/10.1016/j.jvs.2016.10.059
https://doi.org/10.1111/jocs.12058
https://doi.org/10.1016/j.athoracsur.2015.10.095
https://doi.org/10.1177/0267659118777670
https://doi.org/10.1161/circheartfailure.118.004905
https://doi.org/10.1007/s12265-021-10110-2
https://doi.org/10.1016/j.jacc.2014.03.046
https://doi.org/10.1371/journal.pone.0140674
https://doi.org/10.1097/00002480-200201000-00007
https://doi.org/10.1038/labinvest.2009.119
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

184. Williams DC, Turi JL, Hornik CP, Bonadonna DK, Williford WL,

Walczak RJ, et al. Circuit oxygenator contributes to extracorporeal

membrane oxygenation-induced hemolysis. ASAIO J. (2015) 61:190–

5. doi: 10.1097/MAT.0000000000000173

185. Hsu M-S, Chiu K-M, Huang Y-T, Kao K-L, Chu S-H, Liao C-H. Risk factors

for nosocomial infection during extracorporeal membrane oxygenation. J

Hosp Infect. (2009) 73:210–6. doi: 10.1016/j.jhin.2009.07.016

186. Burket JS, Bartlett RH, Vander Hyde K, Chenoweth CE. Nosocomial

infections in adult patients undergoing extracorporeal membrane

oxygenation. Clin Infect Dis an Off Publ Infect Dis Soc Am. (1999)

28:828–33. doi: 10.1086/515200

187. Aubron C, Cheng AC, Pilcher D, Leong T, Magrin G, Cooper DJ,

et al. Infections acquired by adults who receive extracorporeal membrane

oxygenation: risk factors and outcome. Infect Control Hosp Epidemiol. (2013)

34:24–30. doi: 10.1086/668439

188. Schmidt M, Bréchot N, Hariri S, Guiguet M, Luyt CE, Makri R, et al.

Nosocomial infections in adult cardiogenic shock patients supported by

venoarterial extracorporeal membrane oxygenation. Clin Infect Dis Off Publ

Infect Dis Soc Am. (2012) 55:1633–41. doi: 10.1093/cid/cis78

189. Sun H-Y, Ko W-J, Tsai P-R, Sun C-C, Chang Y-Y, Lee C-

W, et al. Infections occurring during extracorporeal membrane

oxygenation use in adult patients. J Thorac Cardiovasc Surg. (2010)

140:1125–32.e2. doi: 10.1016/j.jtcvs.2010.07.017

190. Steiner CK, Stewart DL, Bond SJ, Hornung CA, McKay VJ. Predictors of

acquiring a nosocomial bloodstream infection on extracorporeal membrane

oxygenation. J Pediatr Surg. (2001) 36:487–92. doi: 10.1053/jpsu.2001.21609

191. Frerou A, Lesouhaitier M, Gregoire M, Uhel F, Gacouin A, Reizine F, et al.

Venoarterial extracorporeal membrane oxygenation induces early immune

alterations. Crit Care. (2021) 25:9. doi: 10.1186/s13054-020-03444-x

192. Vogel AM, Lew DF, Kao LS, Lally KP. Defining risk for infectious

complications on extracorporeal life support. J Pediatr Surg. (2011) 46:2260–

4. doi: 10.1016/j.jpedsurg.2011.09.013

193. Bizzarro MJ, Conrad SA, Kaufman DA, Rycus P. Infections acquired

during extracorporeal membrane oxygenation in neonates, children, and

adults. Pediatr Crit Care Med J Soc Crit Care Med World Fed Pediatr

Intensive Crit Care Soc. (2011) 12:277–81. doi: 10.1097/PCC.0b013e3181e

28894

194. Thiagarajan RR, Barbaro RP, Rycus PT, McMullan DM,

Conrad SA, Fortenberry JD, et al. Extracorporeal life support

organization registry international report 2016. Asaio J. (2017)

63:60–7. doi: 10.1097/mat.0000000000000475

195. Aissaoui N, El-Banayosy A, Combes A. How to wean a patient from veno-

arterial extracorporeal membrane oxygenation. Intensive Care Med. (2015)

41:902–5. doi: 10.1007/s00134-015-3663-y

196. Pappalardo F, Pieri M, Arnaez Corada B, Ajello S, Melisurgo G, De

Bonis M, et al. Timing and strategy for weaning from venoarterial

ECMO are complex issues. J Cardiothorac Vasc Anesth. (2015) 29:906–

11. doi: 10.1053/j.jvca.2014.12.011

197. Cavarocchi NC, Pitcher HT, Yang Q, Karbowski P, Miessau J, Hastings HM,

et al. Weaning of extracorporeal membrane oxygenation using continuous

hemodynamic transesophageal echocardiography. J Thorac Cardiovasc Surg.

(2013) 146:1474–9. doi: 10.1016/j.jtcvs.2013.06.055

198. Mebazaa A, Combes A, van Diepen S, Hollinger A, Katz JN, Landoni

G, et al. Management of cardiogenic shock complicating myocardial

infarction. Intensive Care Med. (2018) 44:760–3. doi: 10.1007/s00134-018-

5214-9

199. Luo X, Wang W, Hu S, Sun H, Gao H, Long C, et al.

Extracorporeal membrane oxygenation for treatment of cardiac

failure in adult patients. Interact Cardiovasc Thorac Surg. (2009)

9:296–300. doi: 10.1510/icvts.2008.197681

200. Aissaoui N, Luyt C-E, Leprince P, Trouillet J-L, Léger P, Pavie A, et al.

Predictors of successful extracorporeal membrane oxygenation (ECMO)

weaning after assistance for refractory cardiogenic shock. Intensive Care

Med. (2011) 37:1738–45. doi: 10.1007/s00134-011-2358-2

201. Ortuno S, Delmas C, Diehl J-L, Bailleul C, Lancelot A, Naili M, et al.Weaning

from veno-arterial extra-corporeal membrane oxygenation: which strategy

to use? Ann Cardiothorac Surg. (2019) 8:E1–E8. doi: 10.21037/acs.2018.08.05

202. Hanson ID, Tagami T, Mando R, Kara Balla A, Dixon SR, Timmis S, et al.

SCAI shock classification in acute myocardial infarction: insights from the

national cardiogenic shock initiative. Catheter Cardiovasc Interv Off J Soc

Card Angiogr Interv. (2020) 96:1137–42. doi: 10.1002/ccd.29139

203. Schrage B, Dabboura S, Yan I, Hilal R, Neumann JT, Sörensen NA, et al.

Application of the sCAI classification in a cohort of patients with cardiogenic

shock. Catheter Cardiovasc Interv Off J Soc Card Angiogr Interv. (2020)

96:E213–E9. doi: 10.1002/ccd.28707

204. Baran DA, Long A, Badiye AP, Stelling K. Prospective validation of the sCAI

shock classification: single center analysis. Catheter Cardiovasc Interv Off J

Soc Card Angiogr Interv. (2020) 96:1339–47. doi: 10.1002/ccd.29319

205. Jentzer JC, van Diepen S, Barsness GW, Henry TD, Menon V, Rihal

CS, et al. Cardiogenic shock classification to predict mortality in

the cardiac intensive care unit. J Am Coll Cardiol. (2019) 74:2117–

28. doi: 10.1016/j.jacc.2019.07.077

206. Supady A, Curtis JR, Abrams D, Lorusso R, Bein T, Boldt J, et al. Allocating

scarce intensive care resources during the COVID-19 pandemic: practical

challenges to theoretical frameworks. Lancet Respir Med. (2021) 9:430–

434. doi: 10.1016/S2213-2600(20)30580-4

207. Ibanez B, James S, Agewall S, Antunes MJ, Bucciarelli-Ducci C, Bueno

H, et al. 2017 ESC Guidelines for the management of acute myocardial

infarction in patients presenting with ST-segment elevation: the Task Force

for the management of acute myocardial infarction in patients presenting

with ST-segment elevation of the European Socie. Eur Hear J. (2018) 39:119–

77. doi: 10.1093/eurheartj/ehx39

208. Peura JL, Colvin-Adams M, Francis GS, Grady KL, Hoffman TM,

Jessup M, et al. Recommendations for the use of mechanical circulatory

support: device strategies and patient selection: a scientific statement

from the American heart association. Circulation. (2012) 126:2648–

67. doi: 10.1161/CIR.0b013e3182769a54

209. Lindenfeld J, Albert NM, Boehmer JP, Collins SP, Ezekowitz JA, Givertz MM,

et al. HFSA 2010 comprehensive heart failure practice guideline. J Card Fail.

(2010) 16:e1–94. doi: 10.1016/j.cardfail.2010.04.004

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.

Copyright © 2021 Tsangaris, Alexy, Kalra, Kosmopoulos, Elliott, Bartos and

Yannopoulos. This is an open-access article distributed under the terms of

the Creative Commons Attribution License (CC BY). The use, distribution or

reproduction in other forums is permitted, provided the original author(s) and the

copyright owner(s) are credited and that the original publication in this journal

is cited, in accordance with accepted academic practice. No use, distribution or

reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org 17 July 2021 | Volume 8 | Article 686558

https://doi.org/10.1097/MAT.0000000000000173
https://doi.org/10.1016/j.jhin.2009.07.016
https://doi.org/10.1086/515200
https://doi.org/10.1086/668439
https://doi.org/10.1093/cid/cis78
https://doi.org/10.1016/j.jtcvs.2010.07.017
https://doi.org/10.1053/jpsu.2001.21609
https://doi.org/10.1186/s13054-020-03444-x
https://doi.org/10.1016/j.jpedsurg.2011.09.013
https://doi.org/10.1097/PCC.0b013e3181e28894
https://doi.org/10.1097/mat.0000000000000475
https://doi.org/10.1007/s00134-015-3663-y
https://doi.org/10.1053/j.jvca.2014.12.011
https://doi.org/10.1016/j.jtcvs.2013.06.055
https://doi.org/10.1007/s00134-018-5214-9
https://doi.org/10.1510/icvts.2008.197681
https://doi.org/10.1007/s00134-011-2358-2
https://doi.org/10.21037/acs.2018.08.05
https://doi.org/10.1002/ccd.29139
https://doi.org/10.1002/ccd.28707
https://doi.org/10.1002/ccd.29319
https://doi.org/10.1016/j.jacc.2019.07.077
https://doi.org/10.1016/S2213-2600(20)30580-4
https://doi.org/10.1093/eurheartj/ehx39
https://doi.org/10.1161/CIR.0b013e3182769a54
https://doi.org/10.1016/j.cardfail.2010.04.004
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Overview of Veno-Arterial Extracorporeal Membrane Oxygenation (VA-ECMO) Support for the Management of Cardiogenic Shock
	Introduction
	The Evolving Definition of Cardiogenic Shock
	Epidemiology of Cardiogenic Shock
	Mechanical Circulatory Support Strategies for the Management of Cardiogenic Shock
	Introduction to VA-ECMO
	Hemodynamic Aspects of VA-ECMO Support
	Common Indications for VA-ECMO Support
	Cardiogenic Shock Complicating Acute Myocardial Infarction
	Cardiogenic Shock Caused by Acute Fulminant Myocarditis
	Acute Pulmonary Embolism/Right Ventricular Failure
	VA-ECMO Use in the Setting of COVID-19-Associated Cardiogenic Shock
	Extracorporeal Cardiopulmonary Resuscitation
	Other, Rare Indications for VA-ECMO Use in the Setting of Cardiogenic Shock

	Complications of VA-ECMO Support
	Hemocompatibility-Associated Complications: Bleeding and Thrombosis
	Vascular Complications
	North-South (Harlequin) Syndrome
	Acute Renal Failure
	Infections
	Patient Immobility and Alternative Cannulation Configuration
	Other Complications

	Weaning From VA-ECMO Support
	Contraindications to VA-ECMO Use
	Discussion
	Author's Note
	Author Contributions
	References


