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A B S T R A C T

In the setting of ST-segment elevation myocardial infarction (STEMI) complicated by cardiogenic shock,
three primary treatment objectives include providing circulatory support, ventricular unloading, and
restoring myocardial perfusion. In addition to primary percutaneous coronary intervention, each of these
three objectives can be achieved with appropriate use of an acute mechanical circulatory support (AMCS)
pump. Over the past decade, utilization of percutaneously-delivered AMCS devices including the Impella
axial-flow catheter, TandemHeart left atrial-to-femoral artery bypass system, and veno-arterial
extracorporeal membrane oxygenation (VA-ECMO) has grown exponentially. In this review, we will
discuss the hemodynamic impact of each AMCS device and clinical data surrounding their use in the
setting of STEMI complicated by cardiogenic shock.
© 2017 Published by Elsevier B.V. on behalf of Cardiological Society of India. This is an open access article

under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

A well-established goal for therapeutic success in the setting of
ST-segment elevation myocardial infarction (STEMI) is a Door to
Balloon (DTB) time less than 90 min, which is defined as the time
interval from the electrocardiogram obtained at first medical
contact demonstrating ST-segment elevations to interventional
reperfusion of a thrombotically occluded coronary artery.
* Corresponding author at: 800 Washington Street, Boston, MA 02111, United
States.
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However, recent studies suggest that DTB times less than 90 min
are not associated with improved in-hospital mortality, especially
for patients with anterior myocardial infarction and cardiogenic
shock.1,2 Furthermore, despite timely reperfusion, nearly 10% of
acute myocardial infarction (AMI) subjects die during their index
hospitalization and 76% of patients who survive progress to
develop chronic heart failure within the next 5 years.3–6 These
findings suggest that new approaches are needed to reduce the
burden of myocardial injury in AMI.

Described best by Braunwald and Kloner in 1985, myocardial
reperfusion is a “double edged sword” due to the fact that
reperfusion of ischemic myocardium promotes cardiomyocyte
death and microvascular damage through a process referred to as
is is an open access article under the CC BY-NC-ND license (http://creativecommons.
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myocardial ischemia-reperfusion injury (IRI).1 As an estimate of
how much residual damage exists after successful reperfusion
therapy in an anterior STEMI, the Counterpulsation to Reduce
Infarct Size Pre-PCI Acute Myocardial Infarction (CRISP-AMI) trial
demonstrated that nearly 40% of the left ventricle is injured as
quantified by cardiac magnetic resonance imaging within 1 week
of successful reperfusion therapy.3 The actual number of these
patients that go on to develop systolic heart failure remains poorly
defined.

In the setting of STEMI and cardiogenic shock, there exist three
primary treatment objectives. First, circulatory support must be
achieved in order to preserve adequate mean arterial pressure and
systemic organ perfusion. Second, ventricular unloading, which
refers to a reduction in both left ventricular pressure and volume, is
required to reduce myocardial oxygen demand given the limited
myocardial oxygen supply during a STEMI. Third, augmenting
myocardial perfusion can be achieved by re-opening an occluded
coronary artery, sustaining coronary arterial pressure, and reduc-
ing left ventricular diastolic pressure. The net effect is a positive
shift in the myocardial supply:demand ratio that further reduces
the burden of myocardial ischemia and injury. In addition to
balloon angioplasty, each of the three components of the
hemodynamic support equation (Fig. 1) can be achieved with
appropriate use of percutaneously inserted acute mechanical
circulatory support (AMCS) pumps.6 These pumps can be utilized
for multiple bridging strategies, including as a bridge-to-recovery,
a bridge-to-durable left ventricular assist device, or as a bridge-to-
decision in order to allow for further improvement in ventricular
function prior to making an assignment. A contemporary analysis
of the Nationwide Inpatient Sample from the Healthcare Cost and
Utilization Project reported stable rates of intra-aortic balloon
pump (IABP) implantation in the United States and increasing
utilization of AMCS devices including the Impella axial-flow
catheter, TandemHeart left atrial-to-femoral artery bypass system,
and veno-arterial extracorporeal membrane oxygenation (VA-
ECMO)7 (Fig. 2). In this review, we will discuss the hemodynamic
impact of each AMCS device and clinical data surrounding their use
in the setting of STEMI complicated by cardiogenic shock.

2. Intra-aortic balloon counterpulsation

The IABP percutaneous support device is a catheter-mounted
balloon that inflates during diastole, thereby displacing blood in
the descending aorta and increasing mean aortic pressure, which
Fig. 1. Solving the hemodynamic support equation in cardiogenic shock.73
Illustration of the three primary clinical objectives in the setting of acute
myocardial infarction complicated by cardiogenic shock. Circulatory support is
defined by an increase in mean arterial pressure. Ventricular support is defined by a
reduction in left ventricular (LV) pressure and volume, thereby reducing myocardial
wall stress and oxygen demand. Coronary perfusion is defined by an increase in the
trans-myocardial gradient, which is determined by the difference between
coronary arterial and LV end-diastolic pressure. The net effect of optimal
hemodynamic support is increased urine output, reduced serum lactate, reduced
pulmonary capillary wedge pressure, resolution of ischemic electrocardiographic
changes, and reduced levels of myocardial injury biomarkers such as CK-MB.
in turn may augment coronary perfusion. The IABP deflates during
systole and creates a pressure sink, into which blood is ejected
from the left ventricle. As a result, the net hemodynamic effect of
an IABP includes a reduction in ventricular afterload, increased
mean arterial pressure, and an augmented left ventricular stroke
volume (Fig. 3A). Multiple studies have identified that the
hemodynamics of balloon counterpulsation are predominantly
regulated by four factors: 1) the scale of diastolic pressure
augmentation; 2) the scale of reduction in systolic pressure; 3) the
degree of blood volume displacement; and4 the timing of balloon
inflation and deflation. There is also evidence that IABPs improve
microcirculatory support within the myocardium, especially
during periods of active ischemia when coronary autoregulation
is uncoupled, which may account for its beneficial effects in
patients with active angina.8–12 More recently, larger capacity
IABPs, known as the Mega Series (Maquet Inc), have been
introduced into clinical practice. Advantages of IABPs include:
ease of insertion, global familiarity with the technology, and
relative cost.13–20

Registry data have historically supported the use of IABPs.21–24
In the thrombolysis era, the Thrombolysis and Angioplasty in
Myocardial Infarction (TAMI) trials assessed the use of IABP in
patients after thrombolysis for STEMI. Out of 810 patients, 85
received an IABP and were found to have less re-occlusion of
culprit vessel (7% vs 13%) at one week follow up. In this non-
randomized study, there was, however, higher mortality among
IABP recipients, which may reflect a selection bias toward sicker
patients receiving IABP therapy. Despite this initial signal of
potential benefit for IABP therapy in the setting of thrombolysis,
data from primary percutaneous coronary intervention (PCI)
cohorts has been less clear. Van’t Hof and colleagues randomized
238 patients with high risk MI post PCI to receive either IABP or
usual care and found no difference in mortality, non-fatal MI,
stroke and ejection fraction. Similar findings were observed in the
Primary Angioplasty in Myocardial Infarction-II (PAMI-II) trial,
which is an international multicenter randomized trial in which
patients presenting with STEMI were randomized to primary PCI
and IABP versus IABP alone. No differences in death, re-infarction,
infarct related artery re-occlusion, stroke, new heart failure or
ventricular arrhythmias were observed between groups.25,26

Observational and randomized data also do not support routine
use of IABP therapy among patients with AMI complicated by
cardiogenic shock. Both the Should we emergently revascularize
Occluded Coronary arteries for cardiogenic shock (SHOCK) trial as
well as the National Registry of Myocardial Infarction-2 (NRMI-2)
trial showed no clear benefit for IABP use in the setting of AMI and
shock. Consistent with prior data, NRMI-2 showed lower in-
hospital mortality among patients who received thrombolysis for
STEMI and had an IABP placed compared to those receiving
thrombolysis alone. In the NRMI-2 trial however, patients
receiving PCI had no mortality benefit from IABP.27,28 More
recently, the IABP-SHOCK II study29 was a large randomized trial
of 600 patients that effectively showed that not all patients
presenting with an acute coronary syndrome (ACS) and clinical
evidence of hypoperfusion should receive an IABP. In this study,
trends toward benefit with IABP use were observed in younger
patients with anterior myocardial infarction, no hypertension, and
no prior infarction. The importance of this trial is that it confirms
what most catheterization laboratories already practice, namely, to
avoid non-discretionary use of an IABP in ACS.

In summary, existing clinical data does not support routine IABP
use in the setting of STEMI. Among STEMI patients with
cardiogenic shock, recent data has not demonstrated clear benefit
of IABP therapy. Whether future clinical trials employing large
capacity 50 cc IABPs demonstrate better clinical outcomes than the
40 cc IABP remains unknown.



Fig. 2. Acute mechanical circulatory support devices for the left ventricle.73gr2

Fig. 3. Hemodynamic effects of acute mechanical circulatory support devices on the left ventricle. Pressure–volume loops for each device. (A) IABP reduces LV afterload but
does not unload the ventricle. (B) VA-ECMO increases the wall stress and afterload of the LV and does not unload without an LV vent.74 (C) The LA-FA bypass, or TandemHeart
device, unloads the left atrium, thereby decreasing LV end-diastolic volumes but does not decrease end-diastolic pressure.75 (D) The Impella device unloads the LV by
decreasing end-diastolic volume and pressure.75gr3
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3. Impella in STEMI

The Impella pumps are catheter-mounted axial-flow devices
that are deployed into the left ventricle across the aortic valve. The
pump transfers kinetic energy from a circulating impeller to the
blood in the left ventricle, resulting in continuous flow across the
aortic valve (Fig. 2). The Impella 2.5 LP and CP devices, as well as
the right-sided Impella RP, can be deployed percutaneously, while
the Impella 5.0 device warrants surgical vascular access. In contrast
to IABP therapy, the Impella pump reduces both native LV pressure
and volume, thereby leading to a greater reduction in LV stroke
work and myocardial oxygen demand (Fig. 3D).30,31 While
Impella pumps are primarily used to provide univentricular
support to either the left or right ventricle, several cases have
been reported using the pump for biventricular support, including
configurations for the Impella 5.0/TandemHeart RVAD, Impella
5.0/Impella RP, and the Impella CP/Impella RP.32–34 More
recently, preclinical data for another axial-flow catheter design,
the HeartMate Percutaneous Heart Pump (PHP; St. Jude Inc) was
reported.35 The PHP is approved for use in Europe after
completion of the SHIELD I study and is currently undergoing
clinical evaluation in the United States as part of the SHIELD II trial
(Fig. 2C).

No studies have specifically examined the clinical utility of
Impella unloading in the setting of STEMI. In 2008, the ISAR-SHOCK
study (Impella LP 2.5 versus IABP in Cardiogenic SHOCK) randomly
assigned 25 patients with AMI and cardiogenic shock to the
Impella 2.5 LP device or an IABP. Patients receiving the Impella had
a greater rise in cardiac index after 30 min of support 0.49 � 0.46 L/
min per m2 vs �.11 �0.31 L/min per m2. However, there was no
difference in mortality, bleeding or distal limb ischemia between
the two groups.36 Since then the EUROSHOCK registry evaluated
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the safety and efficacy of the Impella 2.5 LP in 120 patients from
multiple centers.37,38 This patient population had severe shock
and had Impella placed as a last resort after failure of conventional
therapy. Cardiopulmonary resuscitation prior to Impella implan-
tation occurred in 41% of patients. The investigators found that
within 24 h of support, there was a significant decrease in plasma
lactate levels suggesting improved organ perfusion. The mortality
rate in this population was 64% at 30 days, reflecting a sick patient
population with poor baseline hemodynamics and high risk of
impending death. The recently published IMPella versus IABP
Reduces mortality in STEMI patients treated with primary PCI in
SEVERE and deep cardiogenic SHOCK (IMPRESS) trial studied
outcomes in patients with late-stage cardiogenic shock and
identified no difference in outcome between the IABP and Impella
devices. Mortality in this trial was above 50% in both arms and
reflects the end-stage nature of cardiogenic shock among patients
enrolled.39

4. The TandemHeart device in STEMI

The TandemHeart device is an extra-corporeal centrifugal flow
pump that bypasses oxygenated blood from the left atrium (LA) to
the descending aorta via two cannulas: a 21Fr trans-septal inflow
cannula in the LA and an arterial outflow cannula in the femoral
artery (FA) (Fig. 2). The TandemHeart delivers flows of 3.0 to 5.0
liters/minute contingent on the size of the arterial outflow cannula,
which range between 15Fr to 19Fr in clinical practice.40 Previous
studies have shown that the position of the arterial outflow
cannula effects the magnitude of LV unloading. In particular, LA-to-
ascending aortic bypass increases LVSW, whereas LA-to-descend-
ing aortic bypass decreases LVSW. By delivering blood from the LA
to the arterial system, the TandemHeart pressurizes the aorta
(Fig. 3C).41 In the ascending aorta, the rise in afterload restricts the
degree of LV unloading.42 In the descending aorta, the increased
afterload is alleviated by retrograde perfusion of the mesenteric
and renal arteries, as well as the great vessels of the aortic arch,
which decreases LVSW.43 Additionally, we previously reported
that in a bovine model of AMI, activating the TandemHeart at 5500
RPM with a 17Fr arterial cannula produces 3.1 LPM of flow and
decreases LVSW by 38%, while maximum speeds at 7500 RPM
produce 4.4 LPM of flow and decrease LVSW by 67%.44 In
comparison to the Impella CP, the main effect of the TandemHeart
was a decrease in native LV stroke volume and thereby a reduction
in LVSW.

The clinical effects of the TandemHeart have been studied in 18
patients with cardiogenic shock after myocardial infarction. Thiele
and colleagues found that the device provided adequate support
that resulted in improved CVP, MAP, cardiac index and pulmonary
capillary wedge pressure.45 Gregoric and colleagues also demon-
strated an overall clinical improvement and improvement in end-
organ function in patients with refractory shock after the use of the
TandemHeart.46 In 2006, the TandemHeart Investigators Group
compared 42 patients presenting within 24 h of developing
cardiogenic shock who were randomized to an IABP or Tandem-
Heart device. AMI was the primary cause of shock in 70% of these
patients. The TandemHeart generated a higher cardiac index, mean
arterial pressure, and lower pulmonary capillary wedge pressure
compared to IABP therapy. Despite this hemodynamic improve-
ment, no difference in mortality at 30 days was observed in this
small study.47

Among 117 patients with cardiogenic shock refractory to IABP
and/or high dose vasopressors, Kar et al. also reported improved
hemodynamic parameters. Systolic blood pressure increased from
75 to 100 mmHg, cardiac index increased from 0.52 to 3 l/min/m2,
pulmonary capillary wedge pressure (PCWP) decreased from 31 to
17 mmHg and mixed venous oxygen saturation improved from 49
to 69.3%. Clinical parameters also improved: urine output
increased from 70 to 1200 ml/day, lactic acid level from 11 to
1.5 mg/dl, and creatinine from 1.5 to 1.2 mg/dl. The mortality rates
in this patient population were 40.2% and 45.3% at 30 days and 6
months respectively.40

5. Veno-arterial extracorporeal membrane oxygenation

VA-ECMO removes deoxygenated venous blood, circulates it
through an oxygenator and extra-corporeal centrifugal flow pump,
and returns oxygenated blood to the arterial circulation. The inflow
cannula is often placed in the right atrium or across the superior
and inferior vena cava (Fig. 2). The outflow cannula can be placed in
the femoral or subclavian arteries. Since no venous reservoir is
employed, VA-ECMO cannot be described as cardio-pulmonary
bypass. The primary effect of VA-ECMO is to displace blood volume
from the venous to the arterial circulation. As a result, reduced
right and left ventricular volumes can be observed with a
concomitant increase in mean arterial pressure. Depending on
native LV function and the presence of aortic valve disease, VA-
ECMO may be associated with increased LV pressures (Fig. 3B).48
The increase in LV pressures frequently leads to the use of a
concomitant strategy to ‘vent’ the LV or reduce LV pressures.
Common venting strategies include: inotropes or concomitant
placement of either an IABP, LV Impella, or LA cannula.

The utility of VA-ECMO in AMI remains unknown. Several
limitations preclude the use of VA-ECMO in AMI including: 1) the
possibility for LV distention and increased LV stroke work, 2) a
potentially higher risk for bleeding complications due to the need
for large bore cannulas in the setting of aggressive antithrombotic
and antiplatelet therapy, and 3) the risk of other complications
including vascular injury, limb ischemia and insufficient upper
body oxygenation in cases of relatively preserved LV systolic
function. A recent, single-center experience reported a 67%
survival to discharge rate among 18 patients with acute coronary
syndromes complicated by cardiogenic shock. Bleeding compli-
cations were observed in 94% (17 out of 18) patients in this study.
49

6. Right ventricular myocardial infarction

Several studies have examined the clinical importance of right
ventricular (RV) failure in the setting of an AMI. RV dysfunction as
defined by echocardiography can be identified in up to 50% of
patients presenting with an acute IWMI.50 Of these patients, 15–
25% will exhibit hemodynamic instability suggestive of RV
involvement, yet histologic infarction of the RV free wall occurs
in only 3–5% of patients with an acute IWMI. We recently identified
the pulmonary artery pulsatility index (PAPi) as a hemodynamic
indicator of right ventricular failure in patients presenting with an
inferior MI51 as well as in patients post-LVAD.52 In a sub-study of
the SHOCK trial, RV-dominant cardiogenic shock was associated
with similar in-hospital mortality rates as LV-dominant cardio-
genic shock (53.1% vs 60.8%, p = 0.3) despite a younger age, lower
rate of anterior MI, and higher likelihood of single-vessel disease
among RV-dominant shock patients.50 Furthermore, a meta-
analysis of several studies, showed significantly higher in-hospital
mortality and higher incidence of shock, ventricular arrhythmias,
and advanced atrio-ventricular block if AMI involved the RV.53

Current management of RV failure includes addressing the
primary cause, which may necessitate volume resuscitation,
inotropic therapy, or pulmonary vasodilation to maintain RV
preload, promote RV contractility, and decrease RV afterload,
respectively. In RV failure that is refractory to medical manage-
ment, treatment options include surgical RV assist devices (RVAD),
extracorporeal membrane oxygenation (ECMO), atrial septostomy,



Fig. 5. Proposed algorithm for the use of acute mechanical circulatory support
devices in STEMI complicated by cardiogenic shock.73gr5
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and cardiac transplantation. Percutaneously delivered circulatory
support for RV failure is an emerging field with several device
options available including the IABP, the TandemHeart percutane-
ous RVAD, the TandemHeart Protek Duo cannula, the axial-flow
Impella RP catheter, and VA-ECMO (Fig. 4).

At present, minimal data exploring the clinical utility of
percutaneous RV support devices in RVMI exist. Several studies
have shown the potential benefits of centrifugal flow pumps in RV
failure using surgical and hybridized surgical-percutaneous
deployment with the Centrimag (Thoratec Inc),54 Rotaflow
(Maquet Inc),55 and TandemHeart pumps.56,57 Most recently
the Recover Right trial evaluated the Impella RP device in the
setting of RVMI or post-cardiotomy RV failure.58 As experience
with percutaneous RV support devices grows, their role in the
armamentarium of the mechanical therapies for RMVI will depend
less on the technical ability to place the device, but rather on
improved algorithms for patient selection, patient and device
monitoring, and weaning protocols.

7. Time for a paradigm shift: from primary reperfusion to
primary unloading in STEMI

Current approaches to reduce myocardial injury without
foregoing the benefit of reperfusion therapy in STEMI are
limited.15 tone of the most promising approaches for cardiopro-
tection in AMI is ischemic conditioning, which involves creating
brief, intermittent periods of intentional coronary occlusion either
before (preconditioning) or after (postconditioning) the initiation
of a total coronary occlusion. Remote ischemic conditioning (RIC)
involves the creation of intermittent periods of limb ischemia
using a tourniquet during AMI. Theoretically, RIC leads to release of
circulating cardioprotective chemokines such as stromal derived
factor 1a (SDF1a) that reduces infarct size. RIC is actively under
investigation.59,60 Other modalities include pharmacologic treat-
ments that are targeted to proteins involved in myocardial
ischemia-reperfusion injury, such as cyclosporine.61,62 Lastly,
other methods, such as systemic hypothermia, have also been
tested without any definitive evidence of benefit.

Critical barriers to contemporary cardioprotective strategies are
2 the complex nature of reperfusion injury, which limits the impact
of a single-target pharmacologic strategy5; the possibility of
coronary dissection or perforation during ischemic conditioning;
and6 the requirement for rapid coronary reperfusion within the
90 min DTB time and limited time for any cardioprotective strategy
to beneficially impact myocardial injury zones. There is a clear
need for improved approaches to restrict reperfusion injury that
have a multifactorial benefit on the reperfusion injury cascade
while also allowing time for drug penetration and effect.

Historically, surgical implementation of cardio-pulmonary
bypass has been an effective method to reduce myocardial oxygen
demand and has been associated with improved clinical outcomes
and reduced infarct size in AMI complicated by cardiogenic shock.
Fig. 4. Acute mechanical circulatory sup
63,64 Based on these early observations, activation of an intra-
aortic balloon pump or catheter-mounted axial flow pump prior to
coronary occlusion were found to reduce infarct size in preclinical
models of AMI.65–67 We and others have reported that reducing
LV wall stress using the TandemHeart left atrial-to-femoral artery
bypass pump and delaying coronary reperfusion by 30 min
significantly decreased infarct size in a preclinical model of AMI.
68,69 This preclinical study led to the TandemHeart to Reduce
Infarct Size (TRIS) trial, which is currently underway in the United
States.70 We recently reported that mechanically conditioning the
myocardium using the Impella CP pump while delaying coronary
reperfusion by 60 min reduces LV wall stress and activates a
myocardial protection program that upregulates expression of the
cytokine SDF-1a, increases cardioprotective signaling, reduces
apoptosis, and limits myocardial damage in AMI.71

In contrast to multiple reports over the past 2 decades
suggesting the potential benefit of mechanical unloading of the
heart in acute MI, the novel aspects of this report included the
concept that reducing left ventricular wall stress and delaying
reperfusion led to small infarct sizes despite a higher ischemic
burden, and the use of an AMCS device as a method to reduce left
ventricular wall stress.2,5,17,18 The clinical utility of primarily left
ventricular unloading as opposed to primary reperfusion in STEMI
with a left atrial-to-femoral artery bypass pump will be tested in
the TRIS trial.

The concept of first unloading the heart with a circulatory
support device and then providing reperfusion when it is safe to do
so should not be so foreign to us. First, we know that myocardial
perfusion is driven by a balance of several factors, including
coronary perfusion pressure versus ventricular filling pressure and
myocardial oxygen supply versus demand. The net effect of acute
circulatory support may affect these factors in favor of optimal
port devices for the right ventricle.
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myocardial perfusion. Second, we can learn from our surgical
colleagues, who often approach STEMI and shock management by
first initiating cardiopulmonary bypass to unload both the right
and left ventricles, followed by a period of time to harvest bypass
conduits (during which time the culprit artery remains occluded),
and ultimately reperfusion. Third, we know from a recent analysis
of the USPELLA registry that implantation of an Impella device
before PCI in STEMI and shock may improve survival.20 Based on
this preclinical and clinical data, the Door to Unloading Trial was
recently initiated in the United States to study the concept of first
unloading the LV before reperfusion in STEMI.72

Over the next few years, the increase in utilization of acute
mechanical circulatory support devices will hopefully translate
into improved knowledge of advanced ventricular hemodynamics,
coronary physiology, and the optimal management of cardiogenic
shock in the setting of STEMI (Fig. 5). It remains to be decided
whether a door-to-unload strategy will provide superior benefit in
these patients compared to a DTB strategy, and further advances in
this exciting field need to be achieved in order to bring this concept
to clinical fruition.
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