Percutaneous coronary intervention is being performed more and more frequently in unstable patients
or patients at increased risk for untoward events. Circulatory support is often used during the procedure
to reduce risk. However, the optimum circulatory support strategy is unknown and the definition of ‘high
risk’ is even a matter of debate. There are several percutaneous devices, such as the intra-aortic balloon
pump, Impella®, TandemHeart® and extracorporeal membrane oxygenation, that can provide circulatory
support during planned percutaneous coronary intervention, support cardiogenic shock during a large
myocardial infraction and salvage a patient who is in cardiac arrest. Although none of these devices have
been shown to have a mortality benefit, the use of these devices allows for operator comfort by providing
a ‘safety net’. In cases of cardiac arrest, these devices are frequently the only means of restoring adequate

perfusion.
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Improvements in catheter, guide wire, balloon and
stent technologies as well as improved diagnostic
tools, adjunctive antithrombotic and antiplatelet
agents and the application of randomized clini-
cal studies have directly led to improvement in
outcomes of percutaneous coronary intervention
(PCI). As a result, operators are more comfortable
with safely performing PCI on higher-risk lesions
in patients with comorbidities, which would
have been considered foolhardy a decade ago.
For example, PCI is now performed on lesions in
the last remaining patent saphenous vein graft or
coronary artery, multivessel PCI is carried out in
cardiogenic shock patients, and PCI is conducted
in patients with left main coronary artery dis-
ease in the setting of an occluded right coronary
artery or in patients with severely decreased left
ventricular ejection fraction. However, PCI in
these patient subgroups remains associated with
an increased risk of death and myocardial infarc-
tion and so operators have elected to perform the
PCI with circulatory support in the hopes of
decreasing the peri-procedural risk. We, hereby,
review the pathophysiology of cardiogenic shock,
the indications and uses of the available left ven-
tricular support devices and the procedural results
of these devices to support the performance of
PCI in higher-risk patients.

Cardiogenic shock

Cardiogenic shock is the presence of a systolic
blood pressure less than 90 mmHg and target
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organ hypoperfusion due to cardiac dysfunc-
tion [1]. In the absence of treatment, cardiogenic
shock carries an in-hospital mortality rate that
approaches 80% [2]. The use of thrombolytic
therapy reduced the mortality rate of cardio-
genic shock to 55%, but shock still accounts
for the highest number of deaths from an acute
myocardial infarction (3. The Should We
Emergently Revascularize Coronary Arteries for
Cardiogenic Shock (SHOCK) trial randomized
patients presenting with a myocardial infarction
and cardiogenic shock to either early revascu-
larization (either PCI or coronary artery bypass
surgery) or no revascularization. Alcthough there
was no difference in 30-day mortality, the group
randomized to revascularization had reduced
6- and 12-month mortality rates (relative risk:
0.8; 95% CI: 0.65-0.98) [45]. However, despite
the use of emergent PCI, approximately 10% of
acute coronary syndrome events are complicated
by cardiogenic shock and the mortality rate of
these patients has only minimally improved,
from 60% in 1995 to 47% in 2004 [6].
Cardiogenic shock during an acute myocardial
infarction is predominately due to left ventricular
dysfunction. Indeed, in the SHOCK registry, the
cause of shock in 1190 patients with acute myo-
cardial infarction and cardiogenic shock was left
ventricular dysfunction in 78.5% of cases, while
mitral regurgitation, isolated right ventricular
failure, ventricular septal rupture and tampon-
ade comprised the cause of shock in a minority
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of cases [5]. In the GUSTO-1 trial, only 11%
of patients presented with shock initially, while
89% subsequently developed shock after the ini-
tial presentation [3]. In a National Registry of
Myocardial Infarction (NRMI) review, 21% of
patients presented with shock while the remain-
ing 79% developed shock during the hours or
days following the initial infarction, despite
urgent coronary revascularization [6].
Myocardial ischemia/infarct leads to both
systolic and diastolic myocardial dysfunc-
tion (Ficure 1). Systolic abnormalities result in
decreased stroke volume, decreased cardiac out-
put and lower blood pressure. The normal physi-
ologic response is to increase the heart rate and
increase peripheral vasoconstriction. However,
the resulting hypotension and tachycardia
leads to decreased coronary perfusion, which is
dependent on diastolic blood pressure and the
diastolic filling period. Decreasing coronary
perfusion results in further myocardial ischemia
and a worsening cycle of myocardial dysfunction
ensues. Decreased blood pressure and thus, lower

renal blood flow, is a stimulant for the activa-
tion of the renin—angiotensin—aldosterone sys-
tem, which results in peripheral vasoconstriction
and increased afterload. Tachycardia and the
increased afterload leads to increased myocardial
demand and further myocardial dysfunction.

Diastolic dysfunction leads to an elevated left
ventricular end diastolic pressure, which, in com-
bination with a decreased diastolic blood pressure,
results in a lower coronary perfusion pressure and
lower coronary blood flow. The higher left ven-
tricular end diastolic pressure leads to increased
pulmonary vascular congestion and hypoxia,
which, in turn, results in further myocardial
ischemia.

There are two stages of cardiogenic shock
(Ficure 2): the initial infarct and subsequent cycle
of cardiovascular changes that lead to worsen-
ing myocardial function; and target organ dys-
function and systemic inflammatory response
syndrome (SIRS). If unchecked, cardiogenic
shock results in severe lactic acidosis, cell death
and, in association with SIRS, severely decreased
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Figure 1. Progression of myocardial ischemia to cardiogenic shock. Mechanisms by which
extensive myocardial ischemia or infarction can lead to cardiogenic shock.
LVEDP: Left ventricular end diastolic pressure; RAAS: Renin—angiotensin—aldosterone system.
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systemic vascular resistance. Unlike the first
stage of cardiogenic shock, which is primarily a
problem of insufficient supply, the second stage
can best be thought of as an inability to extract
and use oxygen due to microvascular dysfunc-
tion, mitochondrial disarray and, eventually,
cell death. Hence, efforts to treat cardiogenic
shock that either address the underlying cause
or supplement cardiac output (such as PCI and
mechanical support devices) are most efficacious
if utilized before the onset of the second stage.
Once target organ dysfunction and the SIRS
response develop, it is unlikely that simply aug-
menting cardiac output will result in complete
recovery.

Use of circulatory support
In addition to urgent revascularization, the ini-
tial management of cardiogenic shock involves
administration of vasopressors and inotropes,
as well as mechanical circulatory support.
Despite these therapeutic strategies, some
patients remain hypotensive with concomitant
signs and symptoms of poor organ perfusion,
and, as such, may benefit from more aggressive
means of circulatory support, such as left ven-
tricular assist devices (LVADs). Second- and
third-generation surgical LVADs are safe and
efficacious alternatives for bridging patients to
cardiac transplant, as well as destination ther-
apy for patients with advanced heart failure (7).
However, the implantation of these permanent
devices in patients who are in severe refractory
cardiogenic shock is often associated with a
high early mortality rate, likely due to the need
for cardiopulmonary bypass during a lengthy
surgery. Indeed, as several studies have shown,
patients deteriorating most rapidly are the least
likely to recover after implantation of a LVAD
[9]. Percutaneous ventricular assist devices, such
as the Impella® (Abiomed, Danvers, MA, USA)
and the TandemHeart® (CardiacAssist, PA,
USA), as well circulatory support via extracor-
poreal membrane oxygenation (ECMO) may
provide safer and less invasive alternatives for the
most critically ill cardiac patients with potential
for future improvement via revascularization or
as a bridge to surgical LVAD or heart transplant.
Mechanical circulatory support is a treatment
option for three patient populations (Ficure 3).
The least acute cohort is the planned percutane-
ous intervention in a high-risk patient. While the
definition of a high-risk patient is open to debate
we classify a patient as high-risk when there is
decreased left ventricular ejection fraction, severe
aortic or mitral valvular disease, or deemed to
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Figure 2. Stages of cardiogenic shock. While the initial infarct causes damage to
the heart alone and is characterized as an insufficient supply of blood to the

myocardium, the second stage represents target o
response.
MI: Myocardial infarction.

not be a surgical candidate, and vessel-specific
factors such as intervention on last remaining
vessel or graft, left main or ostial left anterior
descending artery or a bifurcation lesion involv-
ing large side branches (Ficure 4). In the setting
of an acute myocardial infarction patient aged
>75 years, left ventricular ejection fraction being
<40%, presence of hypotension, arrhythmia
requiring treatment, in-hospital cerebral vas-
cular accident and the final TIMI grade blood
flow were all predictive of increased in-hospital
mortality [10]. Other risk stratification systems
such as the SYNTAX score that are used to pre-
dict major adverse cardiovascular events when
comparing PCI with bypass surgery take into
account lesion/vessel anatomic characteristics
such as the number, location and complexity of
the lesions [11]. While this score can lend insight
into those anatomic characteristics which may
be associated with worse outcomes, it has not
been validated for use in the acute setting to dif-
ferentiate the high risk versus low risk PCI can-
didate. Insofar that it remains difficult to @ priori

predict those patients with a high likelihood of

www.futuremedicine.com

rgan dysfunction and a systemic

451



Shreenivas & Wilensky

Group 1: prevention

High-risk PCI:

e LVEF <30%

» Age >70 years

* Last remaining vessel
* Multivessel PCI

Large myocardial

infarction:

* Prevent infarct
progression

* Facilitate PCI of ACS
complicated by
cardiogenic shock

Group 2: support Group 3: rescue

Severe refractory
cardiogenic shock

Circulatory arrest

Figure 3. Patient populations who may benefit from circulatory support
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ACS: Acute coronary syndrome; LVEF: Left ventricular ejection fraction;
PCl: Percutaneous coronary intervention.
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peri-procedural events it therefore, it is difficult
to predict which patients would or have benefit-
ted by the use of circulatory support. The use of
circulatory support in these setting is to ensure
support in case the intervention proves more dif-
ficult than anticipated or results in a complica-
tion which may potentially lead to cardiogenic
shock. In these cases, if the procedure goes well
the device is removed prior to the patient leaving
the catheterization laboratory.

Patients with an acute myocardial infarction
and cardiogenic shock are the second group of
patients in whom mechanical circulatory sup-
port is used. These patients might be stable on
one inotrope or pressor but there is concern that
the hemodynamic profile might worsen while the
percutaneous intervention is being performed.
The use of mechanical circulatory support,
thusly, allows for a more complete revascular-
ization in a more stable environment. Following
a successful PCI and a favorable hemodynamic
profile, the device is removed shortly thereafter.

Severe refractory cardiogenic shock and/or
circulatory arrest patients represent the third
group in which mechanical circulatory support
is used in order to salvage myocardium and pre-
vent death. The use of circulatory assist devices in
these scenarios often facilitates subsequent defini-
tive therapy (coronary artery bypass surgery, PCI,
ventricular tachycardia ablation, ventricular sep-
tal defect repair and so on) and may be a bridge
to a permanent LVAD or heart transplantation.
Infrequently, the device can be sufficient to allow
for myocardial recovery. These patients usually
require multiple days or even weeks of circulatory
support prior to device removal.

Mechanical circulatory support
devices

B Intra-aortic balloon pump

The intra-aortic balloon pump (IABP) is a bal-
loon catheter that is inserted via a 7- or 8-French
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sheath in the femoral artery and positioned
in the descending aorta. The balloon can be
inflated with an electrocardiographic or aortic
pressure trigger. The device inflates during dias-
tole, providing greater coronary blood flow, and
deflates during systole, creating a venturi effect,
thus decreasing afterload and left ventricular end
diastolic pressure [12].

The use of the IABP in cardiogenic shock
was initally described by Kantrovitz in 1968 and
its use increased in the thrombolytic era after
data showed that the combination of IABP and
thrombolysis in acute myocardial infarction
increased patency of the infarct-related artery
and improved thrombolysis in myocardial
infarction (TIMI) grade blood flow [13-15].

However, this benefit has not been observed
in several trials that examined the use of an
IABP during PCI. The Primary Angioplasty
in Myocardial Infarction (PAMI) 2 trial ran-
domized 1100 patients with acute myocardial
infarction who, in turn, were stratified into a
high-risk group (>one of the following criteria:
age >70 years, three-vessel disease, left ventricu-
lar ejection fraction <45%, vein graft occlusion,
malignant ventricular arrhythmias or suboptimal
angioplasty result) and low-risk group [16]. The
high-risk group was subsequently randomized
to either TABP or to standard medical care. Use
of the IABP did not reduce the combined end
point of death, reinfarction, stroke, heart fail-
ure or sustained hypotension. Indeed, the group
randomized to TABP had a 2.4% incidence of
stroke compared with 0% in control patients.
The trial excluded all patients with triple-vessel
or left main disease who underwent coronary
artery bypass grafting. Furthermore, the use of
IABP for cardiogenic shock excluded patients
from enrollment. As such, the PAMI 2 trial was
a select group of patients who were deemed high
risk by study criteria but did not include such
high-risk patients that they might have benefited
from IABP support (triple-vessel and left main
coronary artery disease or cardiogenic shock).

In a recent meta-analysis of seven randomized
trials and nine cohort studies of IABP use in ST
elevation myocardial infarction complicated by
cardiogenic shock, IABP demonstrated no sur-
vival benefit or improvement in left ventricular
ejection fraction [17]. The aforementioned stud-
ies included a wide range of patients (average
age: 50—065 years), various treatment modali-
ties for ST elevation myocardial infarction (no
therapy, thrombolytic therapy or primary PCI)
and a wide range of inclusion criteria (some stud-
ies also included non-ST elevation myocardial
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infarction). The timing from initial infarct to
study inclusion ranged from 3 to 24 h. IABP use
in the setting of primary PCI was associated with
a 6% increase in 30-day mortality.

In an effort to see if the use of IABP could
reduce infarct size when used in conjunc-
tion with primary PCI for ST elevation myo-
cardial infarction, the Counterpulsation to
Reduce Infarct Size Pre-PCI Acute Myocardial
Infarction (CRISP AMI) trial randomized
patients to pre-PCI IABP placement versus
PCI without IABP placement [18]. There were
no differences between the two groups in left
ventricular mass as measured by cardiac MRI
up to 5 days post-intervention. The potential
benefit of IABP placement prior to PCI may have
been offset by the time it took to place the IABP,
although placement added roughly 9 min to the
procedure. The death rate was statistically insig-
nificantly lower in the IABP plus PCI group.
The observation that 8.5% of patients in the PCI
group crossed over to rescue IABP supports the
use of IABP as standby strategy.

So, despite the early promising data for the
use of the IABP in acute myocardial infarc-
tion and the continued American College of
Cardiology/American Heart Association 1B
recommendation for the use of IABP in acute
myocardial infarction complicated by cardio-
genic shock, there is a lack of data to support
the routine use of IABP during primary PCI [19].

B Impella

The HemoPump® (Medtronics Corp, MN,
USA) was a surgical LVAD mounted on a cath-
eter and placed retrograde into the left ventricle
via the femoral artery [20]. The concept behind
this device was eventually used to engineer the
Impella percutaneous LVAD. The Impella is an
axial flow rotary pump that is placed retrograde
into the left ventricle and directly decompresses
the left ventricle, with an outflow of blood into
the ascending aorta. The Impella 2.5 provides
up to 2.5 I/min of flow while the Impella 5.0
can provide up to 5.0 [/min of flow but requires
surgical cut-down for femoral arterial place-
ment. The Impella 2.5 has been demonstrated to
decrease mean pulmonary capillary wedge pres-
sure, increase coronary blood flow and improve
cardiac output [21].

The Prospective Feasibility Trial Investigating
the Use of the Impella 2.5 System in Patients
Undergoing High-Risk Percutaneous Coronary
Intervention (PROTECT 1) was a small multi-
center feasibility trial that assessed the use of the

Impella 2.5 device in high-risk PCI, defined by
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low ejection fraction (mean left ventricular ejec-
tion fraction [LVEF]: 26 + 6%) and either left
main (n = 14) or last remaining vessel interven-
tion (n = 6). The primary end point was the inci-
dence of major adverse cardiovascular events at
30 days. The Impella 2.5 was implanted success-
fully in all patients without evidence of aortic
valve injury, LV perforation or limb ischemia [22].
The subsequent PROTECT II randomized trial
was designed to assess the effect of the Impella
2.5 versus the IABP on mortality in a high-risk
PCI cohort. However, it was prematurely termi-
nated at the halfway point (~300 patients) when
it was apparent that the study would be unable to
meet its prespecified end points and the study is,
as yet, unpublished [101]. A critique of the study
has been that rotational atherectomy was used
in almost twice the number of patients in the
Impella cohort, and this might have biased the
effect towards the null hypothesis owing to the
known increased risk of peri-procedral myocar-
dial infarctions related to rotational atherectomy
use. Indeed, rotational atherectomy may have
been used more often after randomization to
Impella as a result of the operator’s bias toward
Impella use in high-risk patients.

Data to support the use of Impella 2.5 in high-
risk PCI come from European and American
registries. The Europella registry reported on

144 consecutive high-risk patients (elderly,

Pre-PCl of LMCA Post-PCI of LMCA

B

Figure 4. Impella®-supported percutaneous coronary intervention.
Cineangiograms from a 61-year-old man with ischemic cardiomyopathy and
biventricular failure (ejection fraction: 10%), coronary artery disease with known
occluded right coronary artery and an 80% eccentric ostial left main stenosis, and
chronic renal insufficiency, who was admitted with decompensated heart failure.
Despite his poor cardiac function, a viability study demonstrated that he had viable
myocardium in the circumflex and proximal left anterior artery territories. He was
turned down for surgical revascularization and underwent high-risk percutaneous
unprotected left main stenting. (A) The white arrow denotes the presence of the
unprotected ostial left main coronary artery stenosis prior to percutaneous
coronary intervention (B) and after stent implantation. The black arrow denotes the
Impella device, placed across the aortic valve into the left ventricle.

LMCA: Left main coronary artery; PCl: Percutaneous coronary intervention.

453

www.futuremedicine.com



454

Shreenivas & Wilensky

those with lower ejection fraction, and requir-
ing PCl in the left main, multiple vessel and last
remaining vessel) in whom the Impella 2.5 was
used to facilitate PCI [23]. The 30-day mortal-
ity was 5.5%. There were no myocardial infarc-
tions but 6.2% of patients suffered bleeding
that required transfusions and 4% of patients
had vascular complications. The USpella regis-
try report contained outcomes on 175 patients
with Impella 2.5 implantation prior to high-risk
PCI [24). Patients with a ST elevation myocar-
dial infarction and/or cardiogenic shock were
excluded from this registry. In the USpella reg-
istry, 30-day mortality was 4% and there was an
8% rate of major adverse cardiovascular events
(death, myocardial infarction, stroke, emer-
gency cardiac or vascular surgical operation).
The rate of groin hematomas was 8.6%, and
9.7% of patients required blood transfusions. An
additional 3.4% of patients had vessel dissec-
tion and/or arteriovenous fistulas. There were
no clinically important cases of hemolysis due to
Impella use. Aortic stenosis is considered a con-
tra-indication for the placement of an Impella;
however, in a small series of patients, successful
use of the Impella was demonstrated [25].

The ISAR-SHOCK trial randomized
25 patients with acute myocardial infarction
complicated by cardiogenic shock who were
undergoing primary PCI with an IABP or the
Impella 2.5 and compared the change in hemo-
dynamics [26]. The average time from the initial
myocardial infraction to randomization was
4.5 h (range: 3.3-13 h). The Impella group had
an increase in cardiac index of 0.49 1/min/m?
and improved pulmonary capillary wedge pres-
sure but there was no difference in 30-day
mortality between the two groups (46%). The
group implanted with the Impella 2.5 had no
major bleeding, but there was one case of limb
ischemia post-device removal. Engstrom ez al.
evaluated the value of the Impella 5.0 versus
the Impella 2.5 in patients presenting with a ST
elevation myocardial infarction complicated by
cardiogenic shock in a case series of 34 patients
at a single center [27]. Although mortality rates
in both groups were high, improved survival
was observed in the group implanted with the
Impella 5 (30-day mortality for Impella 5.0:
66%; Impella 2.5: 76%). Eight of 25 patients
initially implanted with the Impella 2.5 were
later upgraded to the Impella 5.0 owing to lack
of support and persistent hypotension.

Hence, there are no current randomized clini-
cal data that indicate that the use of the Impella
2.5 or the Impella 5.0 carries a mortality benefit
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in high-risk PCI. However, the use of this device
does lead to favorable hemodynamic changes and
the outcomes of high-risk patients in nonran-
domized case series show a low complication
rate and a high success rate with the Impella 2.5
device. The use of this device in shock is also of
unproven mortality benefit as no large studies
on acute cardiogenic shock have been performed
with the Impella 2.5. Furthermore, there is con-
cern that 2.5 [/min of flow may not be sufficient
to adequately support a completely failed native
circulation. Although the Impella 5.0 device does
offer significantly more cardiac support, there is
a requirement for a surgical cut-down to implant
this device.

B TandemHeart

In 1962, Dennis reported the use of percutane-
ous trans-septal puncture as a means to provide
left heart bypass [28]. This straightforward means
of decompressing the left of the heart eventu-
ally evolved into the TandemHeart (Ficure 5).
The TandemHeart is a percutaneous mechani-
cal support device comprised of three parts — a
21-French venous sheath (inflow) placed via
the femoral vein across the interatrial septum,
which then decompresses the left atrium, a
15-17-French arterial sheath (outflow) placed
in the femoral artery, and a centrifugal pump
that drives the circuit. The device on average
takes 30 min to implant and requires the user
to be facile with trans-septal puncture. The
TandemHeart provides up to 5.0 I/min of flow
and allows for direct left heart decompression.

The TandemHeart, like the Impella, can
be used to support high-risk patients during
planned percutaneous interventions. Recently,
an approach utilizing a stepwise increase in
the degree of support used (Impella 2.5 vs
TandemHeart) based on the patient risk profile
has been described [29]. Patients with severely
reduced ejection fractions (<10%) or severely
decompensated heart failure (pulmonary cap-
illary wedge pressure >25 mmHg) undergoing
intervention of the last remaining vessel or a left
main intervention might be better supported
with a device that can provide complete circu-
latory support such as the TandemHeart over the
other devices that might not be able provide a
similar level of support. Patients with aortic ste-
nosis may benefit from the use of TandemHeart
rather than an Impella.

There has only been one extensive case series
that describes the outcome of patients in whom
the TandemHeart was used to support a planned
high-risk PCI. Thomas ¢t al. reported a case series
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of 37 patients who were supported with the
TandemHeart during PCI of which 47% of inter-
ventions were on the left main coronary artery
and 21% of patients had concomitant severe
aortic stenosis [30]. Twenty six of the 37 patients
survived to hospital discharge but bleeding was a
frequent complication, with 30 requiring blood
transfusions.

The TandemHeart is more likely to be used
in cases of rescue from cardiogenic shock. Thiele
et al. randomized 41 patients who presented with
acute myocardial infarction and subsequently
developed cardiogenic shock to either an IABP or
to the TandemHeart, with hemodynamic change
as the primary end point 31]. The TandemHeart
markedly improved hemodynamic function
as compared with the IABP, as evidenced by
a higher cardiac power index (cardiac power
index = cardiac index x mean arterial pressure
x 0.0022) and lower pulmonary artery and pul-
monary capillary wedge pressures. The decrease
in serum lactate was more pronounced in the
group treated with the TandemHeart compared
with the group treated with an IABP. Despite the
improved hemodynamics, there was no mortal-
ity difference between the two groups (45% for
IABP and 43% for TandemHeart). In addition,
the group randomized to the TandemHeart was
more likely to have major bleeding requiring
transfusion (19 patients with LVADs vs eight
patients with an IABP) and to suffer limb isch-
emia (seven patients with LVADs versus zero
patients with IABP). Bleeding was predomi-
nately at the arterial access site for the patients
with the TandemHeart. In addition, the authors
postulated that the increased blood transfusion
requirement in this group was secondary to the
large cannulas used and activation of the comple-
ment cascade leading to a disseminated intravas-
cular coagulation-like picture; a phenomenon
which is also seen in patients placed on extra-
corporeal membrane oxygenation (32]. The cause
for the lack of mortality benefit may have been
related to the prolonged time from shock onset
to randomization (11 h).

More recently, Kar et al. described a series
of 117 patients that were implanted with the
TandemHeart at a single center from 2003 to
2008 [33]. The patient population included
80 patients with an ischemic cardiomyopathy, 48
of whom had initially presented with a ST eleva-
tion myocardial infarction, although only five
had had the LVAD implanted during an acute
coronary syndrome. Of the 117 patients, 47.9%
underwent cardiopulmonary resuscitation during
the LVAD implant and 82.1% were supported
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Figure 5. TandemHeart®. The TandemHeart system includes a venous and an
arterial cannula, a centrifugal pump and a controller.

with inotropes and an IABP. The only patients
not supported with an TABP had been actively
undergoing cardiopulmonary resuscitation. The
median LVEF was 20% (interquartile range: 5%)
and the average preimplant mean pulmonary
capillary wedge pressure was 31.5 + 10.2 mmHg.
Despite the high anticipated mortality rate of this
cohort, the investigators reported a 30-day sur-
vival rate of 59.8% and a 6-month survival rate
0f 54.7%. In the cardiac arrest cohort, the 30-day
survival rate was 43% higher than expected.
One reason for the relatively impressive mor-
tality results may have been the relatively rapid
implantation of the LVAD after onset of severe
refractory shock, with an average time to implant
from CPR onset of 65.6 + 41.3 min. One patient
suffered a wire perforation of the left atrium, only
3% suffered limb ischemia and 29% of patients
had bleeding around the groin cannula site. The
markedly lower limb ischemia rate was likely due
to the increased use of an antegrade perfusion
catheter.

W Extracorporeal membrane
oxygenation

A machine designed to provide artificial oxy-
genation and perfusion was initially developed
by Gibbon in 1953 and then further refined by

Lillehei and Kirklin into what eventually became
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the current cardiopulmonary bypass system
(34-36]. ECMO has seen widespread use in the
last 5 decades in providing mechanical circula-
tory support in the perioperative setting and in
the congenital heart and lung pediatric popula-
tion. Many adult medical centers have turned to
ECMO as the salvage mechanism for refractory
cardiogenic shock and cardiac arrest with mixed
results. Analysis of ECMO outcomes is compli-
cated by several factors including the wide vari-
ety of diagnoses for implant (i.e., rescue for post-
cardiotomy syndrome, congenital abnormalities,
univentricular versus bi-ventricular failure, and
cardiac versus cardiac and respiratory failure),
different implant strategies (peripheral vs central,
size of implant cannulas), multiple different types
and lengths of connecting tubing, and the use of
different pumps to drive the circuit.

Due to the much larger sheath size and the
associated greater risk of vessel injury, bleeding
and limb ischemia, only a few cases of ECMO for
planned high-risk PCI have been reported [37.38].
In the few case reports in which ECMO was
used for cardiac support, the choice to use this
support over other previously described support
options was usually made owing to the greater
comfort level of the performing institution with
ECMO compared with the other options. The
discussion here will be limited to ECMO that is
peripherally inserted for the indication of isolated
cardiogenic shock. In this setting, a catheter is
placed in the femoral vein (23-29 French) and
femoral artery (17-20 French) and connected
to a pump and oxygenator. Like the Impella,
TandemHeart and the IABP, systemic antico-
agulation with heparin is needed for as long as
the device is implanted. The flow rates delivered
by such a system can reach up to 10 [/min and,
in addition to providing perfusion, also provide
complete oxygenation.

At our institution, ECMO has become the
default salvage mechanism for patients present-
ing in severe cardiogenic shock or circulatory
arrest. Thiagarajan ez al. published the largest
case series describing outcomes with ECMO as
a salvage mechanism for cardiopulmonary resus-
citation — the outcomes of the Extracorporeal
Life Support Organization (ELSO) registry
from 1992 to 2007 (39]. During this timeframe,
295 patients, who presented in cardiac arrest,
were placed on ECMO when traditional cardio-
pulmonary resuscitation was insufficient. The
average age of the patients was 52 years (inter-
quartile range: 35-64) and 75% of them had
a cardiac cause of cardiac arrest (other causes
included pulmonary embolus, accidental injury,
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other respiratory disease and, infrequently, sep-
sis). The majority of patients were peripherally
cannulated in the femoral artery (81%) and fem-
oral vein (70%). Overall survival to discharge
was 27%, comparing favorably to the previ-
ously published survival rate of 17% in 14,720
in-hospital cardiac arrests in which only tradi-
tional CPR was used [40]. Factors associated with
a higher likelihood of survival included cause
of cardiac arrest, higher pre-ECMO mean arte-
rial pressure, pre-ECMO pulmonary artery O,
saturation and the use of percutaneous cannu-
lation. Patients with viral myocarditis had the
highest survival with ECMO support, although
these patients comprised a minority of cases. The
need for renal replacement therapy was associ-
ated with a twofold increase in mortality. A high
percentage (33%) of patients experienced neuro-
logic injury, 19% developed clots in the ECMO
circuit, 21% had culture-proven infection and
24% of patients had bleeding requiring surgical
intervention.

In an effort to minimize the complications
associated with peripheral ECMO, El-Banayosy
simplified the ECMO circuit to remove any
extraneous tubing (platelet activation due to
contact with plastic tubing surface is thought to
promote ECMO circuit clot formation and pos-
sibly ischemia and stroke) and standardized the
pump to a more powerful device (CentriMag;
Thoratec, Pleasanton, CA, USA). Recently, this
group reported a case series of ten patients (mean
age: 45 years; LVEF: 30%) who all presented
with cardiogenic shock refractory to conven-
tional therapy (MAP <65 and cardiac index <2.2
on maximal inotropic support) and were then
placed on the aforementioned ECMO circuit
(41]. The in-hospital survival was 60% with no
mechanical errors of the ECMO circuit. In addi-
tion, none of the ten patients experienced distal
limb ischemia (likely due to the routine use of
an anterograde perfusion catheter). However,
bleeding continued to be a major complication
as all patients required transfusions of one to
four units of packed red blood cells daily.

The advantage of ECMO over the
TandemHeart and Impella is the ability to
support a patient with bi-ventricular failure
and combined cardiac and respiratory failure.
Furthermore, peripheral ECMO can be con-
ducted at the patient’s bedside and does not
require a trans-septal puncture, nor does it even
necessitate activation of the cardiac catheteriza-
tion laboratory. Owing to the nonproprietary
nature of the ECMO circuit, the cost associ-
ated with carrying out ECMO is a tenth of the
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cost associated with either the Impella or the
TandemHeart. The cost difference between the
various devices is especially pertinent because
the neurologic status and the ultimate outcome
of many cardiac arrest patients is unknown
and many health systems are reluctant to use
an expensive device in a patient that may, even
with optimal support, exhibit irreversible anoxic
brain injury.

The disadvantage of the ECMO circuit is
twofold: it has an inability to provide left ven-
tricular decompression and a higher incidence
of bleeding, limb ischemia and intravascular
clot formation. When providing mechanical
circulatory support to a young patient, one exit
strategy is for myocardial recovery. However, if
there is not adequate left ventricular decompres-
sion, worsening preload could hamper recovery
and lead to further cardiac damage. However,

while hypothesized and generally adhered to in
the management of surgical LVADs, the theory
that left ventricular decompression could pro-
mote myocardial recovery has not been conclu-
sively proven. The increased bleeding and limb
ischemia rates seen with ECMO are likely due
to cannula size, although one could postulate
that the increased surface area of the ECMO
circuit could promote a DIC-like picture and
cause clotting abnormalities.

Conclusion

It is perhaps unfair to subject the indications for
the use of circulatory assist devices to the results
of randomized clinical trials. Generally, the use
of such devices is at the behest of the inter-
ventionalist if they believe that, after assessment
of the patient’s comorbidities and anatomical
characteristics, circulatory support is necessary
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in order to perform the required procedure safely.
As such, the actual risk of the untoward events
with such a procedure may be less than 10% so
that 90% of patients undergo implantation of
such devices without benefit. As such, clinical
benefit in a randomized prospective study may
be impossible to demonstrate unless a very large
number of patients were randomized. However,
the piece of mind afforded by such circulatory
support devices and the possibility of performing
the procedure in the absence of hemodynamic
instability may make the risks associated with
the placement of circulatory support devices well
worthwhile.

In summary, IABP (Ficure 6) requires a baseline
residual cardiac function and a stable cardiac
thythm. Its use in a patient who is undergoing
cardiac arrest adds little to the stabilization of
the patient. It is best used in a high-risk PCI
cohort where it might lessen peri-procedural
complications, but, even in this group, there is
no proven mortality benefit.

The Impella 2.5 provides up to 2.5 I/min of
circulatory support, which is frequently enough
to temporarily stabilize a patient in extremis.
However, the flow rates with this axial pump
can change in response to the patient’s systemic
vascular resistance such that a patient with a very
low cardiac output and a very high systemic vas-
cular resistance can frequently see much lower
flow rates than 2.5 [/min. Also, this amount of
support is not sufficient for a patient in cardiac
arrest.

The TandemHeart can provide up to 4.0 [/min
of circulatory support but requires both venous

and arterial access and a trans-septal puncture.
This amount of circulatory support rivals that
seen with ECMO and is frequently enough to
provide complete circulatory support.

Finally, if a patient has bi-ventricular failure
or combined respiratory and cardiac failure,
ECMO has the ability to provide both oxy-
genation and perfusion and thus provides com-
plete cardiopulmonary support. However, the
complication rate with ECMO is higher.

Future perspective

In order to make the PCI procedures safer, there
is a need for better, less-invasive mechanical
circulatory support options. An easily implant-
able device that could provide at least 3.5 [/min
of flow with minimal bleeding complications
would expand the use of these devices to many
more patients. Currently, Abiomed has plans for
a version of the Impella that will provide up to
3.5 I/min of flow and stay the same size as the
current Impella 2.5 model. Other percutaneous
heart pumps are being developed and clinically
assessed.
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High-risk patients
Patients at high risk are those who are:
— Aged >70 years;
— Have a left ventricular ejection fraction of <30%;
— Have a pulmonary capillary wedge pressure of >20 mmHg;
— Have a cardiac index of <2.2 I/min/m?;
— Require intervention for the last remaining vessel of bypass graft;
— Require intervention of the left main artery.
Two stages of cardiogenic shock
Stage one of cardiogenic shock: initial insult and subsequent hypotension.
Stage two of cardiogenic shock: target organ hypoperfusion and systemic inflammatory response syndrome.
The goal is to recognize the patient as being at risk of advancing from stage one to stage two and to provide mechanical circulatory
support before the patient enters stage two.
When to use which device
High-risk percutaneous coronary intervention: Impella® or intra-aortic balloon pump.
ST elevation myocardial infarction plus cardiogenic shock: TandemHeart® or possibly Impella.
Cardiac arrest: TandemHeart if isolated left ventricular failure and patient can be brought to the catheterization laboratory.
Extracorporeal membrane oxygenation in the case of biventricular failure or respiratory and cardiac failure, or if the procedure needs to
be done at the bedside.
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