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ABSTRACT

Veno-arterial extracorporeal membrane oxy-
genation (VA-ECMO) provides effective hemo-
dynamic support in cardiogenic shock, but in
some cases may be complicated by left ventric-
ular (LV) distension and pulmonary edema. The
Impella, a catheter-mounted microaxial pump
has been used to unload the LV. Recent studies
have compared the clinical outcomes of VA-
ECMO to the combination of Impella and VA-
ECMO. The purpose of this review is threefold:
firstly, to discuss the physiological effects of
Impella support in addition to VA-ECMO, sec-
ondly to review published studies on the out-
come of this combined support, and thirdly to
provide a practical overview of the approach to
combining Impella and VA-ECMO.
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Key Summary Points

Left ventricular distension is a recognized
complication of VA-ECMO support.

Impella is an effective venting or
decompression strategy during VA-ECMO
support.

The hemodynamic effects of Impella differ
from other left ventricular venting
strategies.

INTRODUCTION

Peripheral VA-ECMO or extracorporeal life
support (ECLS) provides effective hemodynamic
support in cardiogenic shock. However, VA-
ECMO modifies the normal hemodynamics in
the lung and left ventricle, with consequent
increase in left ventricular (LV) end-diastolic
pressure, LV distension, and pulmonary edema
in some patients. A number of LV ‘venting’ or
‘decompression’ strategies have been used with
varying degrees of success to mitigate this
increase in LV end-diastolic pressure (Table 1).
The insertion of a left-sided Impella (2.5, CP or
5.0) is one such strategy.
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The Impella class of devices consists of cathe-
ter-mounted microaxial pumps that function as
an Archimedes-screw pump, aspirating blood
from the left ventricle and expelling into the
aorta. The concomitant use of Impella with VA-
ECMO was first described by Vlasselaers and col-
leagues in 2006 in a 13-year old boy [1]. Since that
case report, this Impella-VA-ECMO combination
has been increasingly deployed in the manage-
ment of cardiogenic shock [2, 3]. The comparative
physiology and outcomes of Impella versus VA-
ECMO inpatientswith cardiogenic shock, the use
of Impella in high-risk coronary intervention, or
in the treatment of acute myocardial infarction
have been extensively reviewed [4–8]. This review
will focus on (i) the physiology of combined
Impella-VA-ECMO support, (ii) the clinical out-
comeswith this combinesmechanical circulatory
support strategy, and (iii) the practical approach
to the use of Impella-VA-ECMO. This article is
based on previously conducted studies and does
not contain any studies with human participants
or animals performed by any of the authors.

THE PHYSIOLOGY OF LV
DISTENSION ON VA-ECMO

The circulatory physiology of VA-ECMOhas been
reviewed previously [9]. VA-ECMO generates a
non-physiological circulation that has different
effects on the right (RV) and LV. Firstly, the VA-
ECMO circuit competes with the RV for preload.
Higher VA-ECMOflowdeprives the RV of preload
and reduces RV output and pulmonary blood
flow. Clinically, the latter may be evidenced by

the reduction in pulmonary artery pulse pressure
and partial pressure of end-tidal carbon dioxide
levels unless ventilation is significantlydecreased.

Secondly, blood is delivered retrogradely into
the aorta (typically via a return cannula in the
femoral artery), which pressurizes the systemic
circulation and increases hemodynamic load on
the LV. In order to overcome the increased
afterload to maintain the ejection, the LV must
have sufficient intrinsic contractility or, if unable
to attain sufficient contractility following initia-
tion of VA-ECMO, must recruit preload.

A number of mechanisms may conspire to
limit LV contractile response under VA-ECMO
support: (i) Theventricle in end-stageheart failure
may intrinsically only have limited contractile
reserve due to alterations in beta1-adrenoreceptor
signaling and intracellular calciumhandling [10];
(ii) LV contractile function may be compromised
by high VA-ECMO flow [11, 12], possibly due to
LV distension and impaired myocardial blood
flow; (iii) in the case of respiratory failure associ-
ated with persistent LV ejection, flow of poorly
oxygenated blood to the coronary circulation
may worsen myocardial ischemia (and hypoper-
fusion of the upper body—so-called differential
hypoxemia, north–south syndrome, or harlequin
syndrome) and contractile dysfunction; and (iv)
be in a state of myocardial stunning due to pro-
longed cardiac arrest, even in the presence of
adequate cardiopulmonary resuscitation.

Other factors can contribute to LV distention
other than inadequate LV contractility. Since
the aorta is pressurized, pre-existing aortic
regurgitation may be exacerbated by VA-ECMO.
In addition, continuous filling of the LV due to
bronchial and, to a lesser extent, Thebesian
blood flow contribute to LV distension.

At a given level of contractile function, the
heart must recruit preload (increase end-diastolic
volume) to maintain stroke volume in the face of
increased afterload (Fig. 1a) [13]. However, there
are limits to which LV preload can increase. The
heart is constrained by an intrinsic limit in
recruitable preload reserve. In addition, due to the
non-linear diastolic pressure–volume relation, a
small increase in LV diastolic volume in the set-
ting of an already dilated LV, results in a dispro-
portionately greater increase in end-diastolic
pressure (and risk of pulmonary edema).

Table 1 Left ventricular venting strategies

Intra-aortic balloon pump

Left ventricular assist device (e.g.,: Impella 2.5, CP or

5.0)

(Surgical) Left ventricular drainage

Retrograde trans-aortic catheter drainage

(Trans-septal) left atrial drainage

Pulmonary artery catheter drainage

Pulmonary venous drainage
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Exhaustion of preload reserve and limited con-
tractile reserve renders the failing heart exqui-
sitely sensitive to increases in afterload—a
phenomenon that underpins the acute hemody-
namic effects of vasodilators in heart failure with
reduced ejection fraction; and the failure of LV
ejection in response to acute increase in afterload
associated with VA-ECMO (Fig. 1b).

The failure to sufficiently increase contrac-
tility or recruit preload to meet the increased
afterload results in reduced LV stroke volume
and diminished arterial pulse pressure, with
concomitant increase in mean arterial blood
pressure on VA-ECMO support. The simultane-
ous increase in LV volume and reduction in
stroke volume reduces myocardial efficiency
(the ratio of stroke work to myocardial oxygen
consumption, the latter is approximated by the
pressure–volume area) [14].

In this regard, VA-ECMO maintains pressure
and blood flow in the systemic circulation, in
contrast to the reduced pulmonary blood flow,
effectively uncoupling the two circulations.

THE PHYSIOLOGY OF IMPELLA
AND VA-ECMO

Case reports and case series have described sig-
nificant reductions in filling pressures, LV

distension, and consequent improvement in
cardiogenic pulmonary edema with Impella
when deployed in combination with VA-ECMO
in cardiogenic shock [15, 16]. Cheng et al. [17]
reported almost halving of pulmonary artery
wedge pressure and reductions in central
venous pressure and LV end-diastolic diameter
(7.8 ± 1.4 to 6.2 ± 0.8 cm, p = 0.001) in five
patients with cardiogenic shock and LV disten-
sion related to VA-ECMO support (average
Impella flow of 2.0 ± 0.5 l/min). These clinical
observations are consistent with the physiolog-
ical unloading effects of the Impella.

However, the unloading effect of Impella
differs from other ‘venting’ strategies, such as
pulmonary venous, pulmonary arterial, or
trans-atrial septal drainage [18]. The latter
strategies reduce LV end-diastolic volume and
pressure (preload), thereby unloading the LV
and diminish LV stroke volume. The reduction
in LV stoke volume is directly related to drai-
nage rate and may result in the loss of LV ejec-
tion (Fig. 2a). Hence, pulmonary venous,
pulmonary arterial or trans-atrial septal drai-
nage can reduce antegrade blood flow from the
LV to the aorta. When these alternate strategies
are used, special attention should be given to
ensure that the aortic valve is opening to avoid
stasis and thrombus formation in the LV and
proximal aorta.

Fig. 1 a In the face of increased afterload, at constant level
of contractility, the LV must increase diastolic volume (1)
to recruit preload and maintain stroke volume (2).
b Further increase in afterload (3), when the limit of

preload reserve is reached (4) will lead to reduction in
stroke volume, evident as narrowing of the width of the
pressure–volume loop (5)
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In contrast, the Impella continuously drains
the LV and delivers the blood to the proximal
aorta, thus maintaining flow from LV to the
aorta even in the absence of LV ejection and a
closed aortic valve. The continuous drainage of
the LV abolishes the isovolumic phases, result-
ing in a triangular-shaped pressure–volume
loop, reducing LV work, and unloading the LV
(Fig. 2b). Furthermore, unlike left atrial or ven-
tricular ‘vent’ drainage, which reduces LV ejec-
tion, the Impella contributes to total flow.

CLINICAL OUTCOMES
OF COMBINED IMPELLA AND VA-
ECMO SUPPORT

There are no prospective randomized trials that
have compared venting strategies in VA-ECMO.
Nevertheless, there are a number of (mostly
single-center) retrospective registry studies that
have evaluated the strategy of Impella and VA-
ECMO in patients with cardiogenic shock
(Table 2). Some reports have also inferred that
this combination of Impella and VA-ECMOmay
facilitate LV recovery [19–21]. There are inher-
ent limitations with these reports with consid-
erable risk of biases—small number of patients,

the selection of patients, decision to vent, the
use of Impella instead of other venting strate-
gies, and management strategies of patients on
VA-ECMO.

In a propensity matching study, Pappalardo
et al. [22] compared Impella plus VA-ECMO to
VA-ECMO alone in patients with cardiogenic
shock of different etiologies. Overall in-hospital
mortality is high (73%), and the mortality in the
VA-ECMO only group was significantly higher
than the Impella and VA-ECMO group (48%).
However, there were significant differences in
baseline characteristics between groups (the VA-
ECMO only group was significantly more likely
to have undergone cardiopulmonary resuscita-
tion and had lower pH levels). Nevertheless,
hospital survival remained significantly better in
the propensity score-matched subgroup (Im-
pella plus VA-ECMO group 48% vs. VA ECMO
alone 74%, p = 0.04). In a separate study, Patel
et al. [23] noted similar difference in survival
between VA-ECMO alone compared to Impella
plus VA-ECMO (30-day survival 22 vs. 43%
respectively, p = 0.02) in a cohort of 66 patients
with cardiogenic shock of mixed etiologies.
However, there were many differences in base-
line characteristics between these groups, which
limits the ability to draw any conclusions.

Fig. 2 a Pulmonary arterial, venous, or left atrial vent
diminish LV volume (preload) with consequent reduction
in LV end-diastolic pressure (1). Reduction in LV preload
at unchanged contractility will reduce LV systolic pressure
(2). The LV will fail to eject if LV systolic pressure fails to
exceed aortic pressure (horizontal line). b The Impella

continuously drains from the LV, reducing LV volume and
converts the pressure–volume loop into a triangular shape
due to the loss of isovolumic phases (3). Left ventricular
systolic pressure drops below aortic pressure and the LV
fails to eject (4), but the Impella maintains LV output
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Table 2 Outcome of combined Impella and VA ECMO support in cardiogenic shock

Author Description Results

Tepper

2017

Single-center study 30-day survival (p = 0.42):

23 patients with Impella ? VA ECMO

compared to 22 VA ECMO ? surgical

vent

Impella ? VA ECMO 43%

VA ECMO ? surgical vent 32%

Pappalardo

2017

Multi-center study Hospital mortality:

34 Impella ? VA ECMO compared to 123

VA ECMO

Impella ? VA ECMO 47% vs. VA ECMO 80% (p\ 0.001)

Successful bridging to recovery or next therapy:

Propensity matched cohort Impella ? VA ECMO 68% vs. VA ECMO 28% (p\ 0.001)

21 Impella ? VA ECMO compared to 42

VA ECMO
Propensity matched:

Impella ? VA ECMO 48% vs. VA ECMO 74% (p = 0.04)

Higher rates of hemolysis (76 vs. 33%, p = 0.004) and CVVH

(48 vs. 19%, p = 0.02) in the Impella ? VA ECMO group

Colombier

2018

Single-center study Median time to Impella 84 (24–186) h

31 patients with refractory shock despite

VA ECMO and IABP

Median Impella support 8 (5–10) days

30-day survival 53%

Median age 53 years, 74% males HFREF independent risk factor for 30-day mortality

Akanni

2018

Single-center study 30-day survival (p = 0.913):

15 from Impella to Impella ? VA ECMO Impella to Impella ? VA ECMO 46.7%

VA ECMO to Impella ? VA ECMO 42.9%

14 from VA ECMO to Impella ? VA

ECMO

VA ECMO alone 49%

Compared to 196 patients supported on VA

ECMO

Schrage

2018

Single-center study 21% Impella first, 19% VA ECMO first, 60% implanted

simultaneously (59% CPR)

106 consecutive patients Impella CP in 83 (78%), Impella 2.5 in 23 (22%)

38 survivors and 68 non-survivors at 30 days 12 patients (22%) upgraded from Impella CP to Impella 5.0

Median duration of VA ECMO support: 6 (3–10) days

Median duration of Impella support: 6 (3–12) days

12 patients bridged to durable LVAD, no patients bridged to

transplantation

30-day mortality 64%
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The timing of Impella support may be rele-
vant. Akanni et al. [24] compared the outcomes
of different sequences of support (Impella to
Impella plus VA-ECMO, VA-ECMO to Impella
plus VA-ECMO vs. VA-ECMO alone) in a cohort
of patients with cardiogenic shock of various
etiologies. The Impella was added after a med-
ian interval of 12 (4–26) h, and VA-ECMO was
added to Impella after an interval of 7 (3–31) h.
With this strategy of early escalation of support,
there was no significant difference in 30-day
survival between the groups (47 vs. 43 vs. 49%,
p = 0.913).

Colombier et al. [25] described their experi-
ence with Impella in 31 patients with VA-ECMO
who had insufficient LV unloading with an
intra-aortic balloon pump. The median time to
Impella insertion was 84 (24–186) h. Overall
mortality at 30 days was 53%, with significantly
worse outcomes in patients with chronic heart
failure. The physiology of patients with cardio-
genic shock due to end-stage chronic heart
failure differs from patients with acute
myocardial infarction [26]. These patients with
cardiogenic shock due to chronic heart failure
are characterized by poor LV contractility, LV
dilatation, often with co-existing mitral regur-
gitation and marked afterload sensitivity, which
renders them particularly vulnerable to LV dis-
tension. These patients also tend to have greater
degrees of RV dysfunction than in the acute
myocardial infarction patients. It is possible
that earlier Impella support may improve out-
comes in these patients with end-stage heart
failure.

Tepper et al. [27] compared Impella to a
surgical vent in 45 patients with cardiogenic
shock. Post-cardiotomy shock was more com-
mon in the surgical vent group, while acute
myocardial infarction was significantly more

common in the Impella group. Both Impella
and surgical vent reduced pulmonary artery
diastolic pressure although the change of cen-
tral venous pressure was only significant in the
Impella group. Despite comparable improve-
ment in pulmonary artery diastolic pressure,
radiological improvement in pulmonary edema
was more common in the Impella group (65%)
compared to the surgical vent (24%) group.
There was no significant difference in 30-day
survival, bleeding, or vascular complications.
Some of the differences may be related to
patient heterogeneity, small sample size, and
differences in the surgical vent (cannula size
and position) [28].

COMPLICATIONS OF COMBINED
IMPELLA AND VA-ECMO SUPPORT

It is likely that the addition of Impella will also
introduce Impella-related complications, but it
is difficult to discern the clinical significance
and contributions of VA-ECMO versus Impella
to the adverse events in the absence of
prospective randomized trials. In addition, the
adverse event rates are confounded by the
inherent biases in selecting the ‘venting’
strategies and implanter (center) experience
with Impella and VA-ECMO.

Pappalardo et al. did note a higher incidence
of hemolysis and renal failure in the Impella
plus VA-ECMO group, but no significant dif-
ference in bleeding. However, these events are
generally transient in nature, and may not
compromise survival in the Impella group.
Schrage et al. [29] reported their combined
Impella plus VA-ECMO experience in 106
patients. Vascular complications requiring
intervention, bleeding requiring intervention,

Table 2 continued

Author Description Results

Patel 2019 Single-center study Surgical venting in 21 (58%) of VA ECMO patients

30 patients with Impella ? VA ECMO

compared to 36 patients with VA ECMO

30-day survival: Impella ? VA ECMO 43% vs. VA ECMO

22% (p = 0.02)
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hemolysis, and sepsis were reported in 34, 25,
47, and 42% of patients, respectively.

Other studies of Impella have reported sig-
nificant risks of complications, primarily related
to vascular access, bleeding, and hemolysis. In
the Impella-EUROSHOCK registry with Impella
2.5, which included 120 patients, major bleed-
ing at the vascular access site, hemolysis, and
pericardial tamponade occurred in 34 (28.6%),
nine (7.5%), and two (1.7%) patients, respec-
tively [30]. In the Europella registry of 144
patients who underwent Impella 2.5 for high-
risk PCI, rates of bleeding requiring transfusion
or surgery and vascular complications were 6.2
and 4%, respectively [31]. In a small random-
ized trial of 25 patients (12 with Impella), Sey-
farth et al. [32] noted one acute limb ischemia
requiring surgery, higher free hemoglobin, and
greater packed red cells transfusions compared
to IABP.

In contrast, Badiye et al. reported a signifi-
cantly higher frequency of hemolysis, which
occurred in the majority of patients on Impella
support (62.5% of 118 devices), with an average
duration of support of 86 h [33]. Severe hemol-
ysis resulting in acute renal failure has also been
described [34]. Less common Impella-related
complications include device failure due to
kinking of the driveline (device failure) [35] and
iatrogenic mitral regurgitation related to the
positioning of the Impella in the mitral valve
apparatus [36, 37]. There do not appear to be
any significant short or long-term detrimental
effects on the aortic valve [38, 39].

COMBINING IMPELLA AND VA-
ECMO IN PRACTICE

Cardiogenic shock is a complex syndrome with
heterogenous clinical presentation, pathophys-
iology, etiology, and hemodynamic profile.
Mechanical circulatory support (MCS) is a key
element of cardiogenic shock care pathways
[40]. Specifically, center-specific care pathways
should define the triggers for initiation of MCS,
the choice of MCS modality, and the escalation
and management of MCS in patients with car-
diogenic shock.

Impella and/or peripheral VA-ECMO are
often the primary MCS modality of choice in
critical cardiogenic shock, as they can be
deployed rapidly. In either case, the adequacy of
hemodynamic support and the adequacy of LV
unloading need to monitored. The most direct
means of guiding care through each of these
stages of clinical decision-making is the use of a
pulmonary artery catheter to measure central
venous pressure, pulmonary capillary wedge
pressure, and cardiac output. These critical
measurements, when added to standard clinical
measures such as blood pressure, lactate, urine
output, and echocardiographic assessments of
LV size, function, and aortic valve opening can
help simultaneously optimize pharmacologic
and guide escalation of mechanical circulatory
support.

Escalation of support from Impella CP

The Impella CP, which provides up to 3.5 l/min
blood flow, can be inserted rapidly percuta-
neously, and is being increasingly deployed in
patients with cardiogenic shock due to acute
myocardial infarction. Impella 5.0, with its lar-
ger bore catheter and pump, has a blood flow
capacity of 5.0 l/min; however, this device
generally requires surgical cutdowns for inser-
tion. Thus, in many institutions, Impella CP is
the first choice for support.

Right heart failure is an indication for esca-
lating support from Impella CP. Rising central
venous pressure (CVP), changes in CVP wave-
form (new ‘v’ waves and/or steep ‘y’ descent),
diminishing pulmonary artery pulse pressure,
and right ventricular dilatation on echocardio-
gram would be indicative of right heart failure.
Typically, Impella flow would be limited by
recurrent suction events in right heart failure,
necessitating down-titration of Impella pump
power level. The addition of VA ECMO to
Impella CP is indicated in right heart failure.

In some cases, persistent low cardiac output
may reflect inadequate support from Impella
CP. Upgrading to Impella 5.0 may be indicated
in the absence of right heart failure.
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Addition of Impella to VA-ECMO

Left ventricular distension and pulmonary
edema is a complication of VA-ECMO, occur-
ring in 30–68% of patients, at variable time
from institution of VA-ECMO [41, 42]. A com-
bination of arterial blood pressure monitoring,
echocardiography (aortic valve opening, LV
volume, spontaneous contrast and mitral
regurgitation), pulmonary artery (wedge) pres-
sure monitoring, partial pressure of end-tidal
carbon dioxide levels and chest radiographs
should be used routinely during VA-ECMO
support for surveillance. Indication and
threshold for LV decompression vary between
centers, which reflect differences in practices in
the absence of clinical trials. In general, indi-
cations for LV decompression include rising
pulmonary artery pressures (and wedge pres-
sure) and/or reducing arterial pulse pressure (LV
ejection) in association with LV dilatation and/
or worsening pulmonary congestion on chest
radiograph, or (ii) spontaneous contrast on
echocardiography with limited or no aortic
valve opening. We have adopted the routine
insertion of Impella CP at the time of peripheral
VA-ECMO support in Birmingham since 2016, a
practice that is not unique to our center [31].

We have previously estimated the total sys-
temic blood flow using the Fick principle during
Impella and VA-ECMO support [43] [SUPPLE-
MENTARY MATERIAL]. The increase in trans-
pulmonary blood flow is supported by the
observed increase in partial pressure of end-tidal
carbon dioxide, a finding that has been con-
firmed by other investigators [44].

CONCLUSIONS

Left ventricular distension and pulmonary
edema are recognized complications of the
abnormal circulatory physiology associated
with VA-ECMO. The Impella left ventricular
assist device effectively unloads the LV and
relieves VA-ECMO-related LV distension. Unlike
other venting strategies, the Impella also con-
tributes to total blood flow. Despite the addi-
tional risks associated with Impella, some
studies have reported better clinical outcomes

with combined Impella and VA-ECMO support
compared to VA-ECMO alone; and these find-
ings will need to be confirmed in future
prospective studies.
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