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CARDIOGENIC shock is an important health care issue

associated with significant socioeconomic and financial impli-

cations. Its incidence has been rising steadily, and despite

improvements in treatment, mortality remains formidable at

approximately 50%.1,2 In addition, the costs associated with

managing cardiogenic shock have risen rapidly to astronomi-

cal levels. A recent analysis of the Nationwide Inpatient Sam-

ple database spanning the years 2004 to 2014 revealed a 2-fold

increase in discharges complicated by cardiogenic shock.3

Although this trend may seem benign, a deeper delve reveals

how cardiogenic shock has the potential to pose an ominous

challenge to the existing health care paradigm. Acute coronary

syndromes and progressive heart failure remain the leading

causes of cardiogenic shock and typically affect the elderly.4

By 2030, the United States will be home to 80 million seniors,

and it is projected that more than 8 million people will be in

various stages of heart failure. The cost of taking care of these

patients will rise to a staggering $160 billion. Currently, acute

coronary events affect an American every 40 seconds, and

the direct costs of taking care of these patients has been esti-

mated to be more than $200 billion.5,6

Cardiogenic shock clinically has been defined as a critical

state of tissue hypoperfusion that results from an ineffective

cardiac output. In contrast to other shock states, hemodynamic
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instability in cardiogenic shock is primarily a result of a car-

diac disorder involving the myocardium, valves, conduction

system, or pericardium and often necessitates pharmacologic

or mechanical circulatory support (MCS). Patients with cardio-

genic shock exhibit persistent hypotension and a low cardiac

index. Various hemodynamic definitions are included in

Table 1.7�9

Recently, cardiogenic shock was staged into 5 risk catego-

ries. In addition to providing a uniform definition, this catego-

rization portrays the typical progression of this shock state and

suggests therapies (Table 2).10 Whereas volume optimization,

use of vasopressors or inotropes, and early revascularization

strategies in myocardial infarction remain mainstays of treat-

ment, the role of MCS for alleviating cardiogenic shock con-

tinues to evolve with the advent of newer technology.
MCS in Cardiogenic Shock

In addition to patients with cardiogenic shock, MCS is most

commonly used in patients undergoing high-risk percutaneous

coronary intervention and those who experience cardiac

arrest.11 The goal of MCS is 2-fold—(1) reduction of left ven-

tricular stroke work and myocardial oxygen demand and (2)

maintenance of systemic and coronary perfusion. Physiologi-

cally, the provision of MCS should lead to an increase in mean

arterial pressure and cardiac index, in conjunction with a

decrease in pulmonary capillary wedge pressure, left ventricu-

lar end-diastolic pressure, and left ventricular end-diastolic
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Table 1

Hemodynamic Definitions of Cardiogenic Shock

Name of Trial/

Guidelines

Definition of Cardiogenic Shock

SHOCK7 I. a. SBP <90 mmHg for � 30 min OR

b. Support to maintain SBP � 90 mmHg

II. End organ hypoperfusion: Urine output <30 mL/h

or cool extremities and heart rate >60 b.p.m.

III. Hemodynamic parameters: CI � 2.2 L/min/m2

PCWP � 15 mmHg

IABP-SHOCK II8 I. SBP <90 mmHg for � 30 min or catecholamines to

maintain SBP >90 mmHg&

II. Clinical pulmonary congestion&

III. Impaired endorgan perfusion with at least one of

the following criteria:

a. Altered mental status

b. Cold/clammy skin and extremities

c. Urine output <30 mL/h

d. Lactate >2.0 mmol/L

European Society of

Cardiology Heart

Failure

Guidelines9

I. SBP <90 mmHg with adequate volume and clinical

or laboratory signs of hypoperfusion

II. Clinical hypoperfusion:

Cold extremities, oliguria, mental confusion,

dizziness, and narrow pulse pressure.

III. Laboratory hypoperfusion:Metabolic acidosis,

Elevated lactate&/OR Elevated creatinine

Abbreviations: SBP: Systolic Blood Pressure, CI: Cardiac Index, PCWP:

Pulmonary Capillary Wedge Pressure.

Table 2

Stages of Progression of Cardiogenic Shock

Stage of Cardiogenic

Shock

Defining Features

A (at risk) Patients are “at risk” for developing cardiogenic

shock but currently are not experiencing signs/

symptoms of cardiogenic shock.

B (beginning) Patients exhibit clinical evidence of relative

hypotension or tachycardia without hypoperfusion.

These patients are considered to be experiencing the

“beginning” of cardiogenic shock.

C (classical) Patients demonstrate “classic” cardiogenic shock:

hypotension and hypoperfusion are manifest. In

addition to inotropes and vasopressors, mechanical

circulatory support, excluding extracorporeal

membrane oxygenation, may be needed.

D (doom) Cardiogenic shock signals deteriorating or “doom”;

cardiogenic shock is refractory to therapies and

patient’s condition is deteriorating rapidly. Consider

initiating or mobilizing extracorporeal membrane

oxygenation support.

E (extremis) Patients in “extremis” include those who are

experiencing cardiac arrest with ongoing

cardiopulmonary resuscitation and/or

extracorporeal membrane oxygenation

cardiopulmonary resuscitation.
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volume. Thus, an ideal MCS device should increase cardiac

output, optimize preload and afterload conditions, and hasten

or support recovery of the failing ventricle. Biochemically, the

resolving shock state is reflected by a decreasing serum lactate

level and increasing mixed venous oxygen saturation.1�4,10�12
The intra-aortic balloon pump (IABP) has been a popular

MCS device since the early 1960s. Benefit from its use was

largely driven by clinical perception, and its efficacy was

examined in the IABP SHOCK II trial.8 This randomized trial

enrolled a total of 600 patients who experienced a myocardial

infarction complicated by cardiogenic shock and underwent

early revascularization via stenting or surgery. Patients were

divided into the following 2 groups: those who received IABP

support and those who did not. There was no difference in the

primary outcome of 30-day mortality, and even long-term fol-

low-up after 6 years failed to show a mortality benefit of using

IABP support. With the use of IABP relegated to a class IIIb

designation in the European Society of Cardiology guidelines,

the use of other MCS devices for the management of cardio-

genic shock has started to increase both in the United States

and Europe.9,13 Use of devices such as the Impella (Abiomed,

Danvers, MA) and venoarterial (VA) extracorporeal mem-

brane oxygenation (ECMO) has increased steadily from 1% in

2006 to 8% in 2014 in the United States.

Broadly, percutaneous MCS devices can be categorized by

the ventricle they are assisting, as described in the following:

1. Left ventricular assist devices: Impella 2.5, Impella 3.7,

Impella 5, TandemHeart (LivaNova, London, United King-

dom)

2. Right ventricular assist devices: Impella RP, TandemHeart

(right atrium-pulmonary artery)

3. Biventricular assist devices: VA ECMO

Impella Devices

The Impella family provides a versatile armamentarium of

devices to support the left ventricle. Although available devi-

ces differ in size and flow capabilities (Table 3), their basic

design incorporates a continuous, nonpulsatile, axial-flow

Archimedes screw pump that aspirates blood from the left ven-

tricle and expels it into the aorta.11,14,15 This allows for imme-

diate unloading of the left ventricle, and the ensuing

physiological consequences may lead to near ideal conditions

for recovery of the failing left ventricle. Impella sup-

port�mediated decreases in left ventricular diastolic pressure

and left ventricular wall tension minimize myocardial oxygen

demand. Increases in mean arterial pressure, diastolic pressure,

and cardiac output augment coronary perfusion and ameliorate

the effects of shock by improving systemic perfusion. Thus, in

addition to decreasing myocardial oxygen demand, Impella

assistance increases myocardial oxygen supply. Lastly, effec-

tive decreases in pulmonary venous pressures and pulmonary

vascular resistance decrease right ventricular afterload, boost-

ing right ventricular function and potentially biventricular syn-

chrony. In contrast to IABP support, Impella assistance is

independent of cardiac rhythm and augments cardiac output

irrespective of severity of tachyarrhythmia. The extent of car-

diac flow augmentation also is much greater compared with

IABP support.16 Three randomized trials, each with a small

number of patients and a subsequent meta-analysis of these



Table 3

Characteristics of Impella Devices

Impella

2.5

Impella CP:

Cardiac Power

Impella 5.0 &

LD: Left Direct

Impella RP: Right

Percutaneous

Cardiac flow or

output (L/min)

2.5 4 5 4.6

Access site and placement

technique

Femoral artery, percutaneous Femoral artery, percutaneous Axillary or femoral artery or

ascending aorta, surgical

placement

Femoral vein, percutaneous

Motor and introducer sheath

size (F)

12 and 13 F peel away 14 and 14 F peel away 21 and Dacron graft 10 mm

recommended

22 and 23 F peel away

Suggested maximum

implantation days

5-7 5-7 10 14

Physiological goals achieved Decreased afterload, left ventricular end-diastolic pressure, pulmonary capillary wedge pressure,

left ventricular preload, and myocardial oxygen demand

Decreased afterload, right

ventricular end-diastolic

pressure, preload, and

myocardial oxygen demand

Increased mean arterial pressure, cardiac flow, and coronary perfusion

S. Khanna and C. Trombetta / Journal of Cardiothoracic and Vascular Anesthesia 34 (2020) 283�288 285
trials (n = 95 patients), examined mortality rates with the use

of Impella or IABP support in patients with cardiogenic shock.

None of the trials were able to demonstrate a mortality benefit

from Impella use. However, all the trials were underpowered

to detect such a difference. Investigators have noted that large-

scale randomized trials may not be possible because of the

extenuating circumstances and emergency conditions under

which these devices typically are used.17�21

In the RECOVER I trial, a multicenter, prospective, single-

arm study, 16 patients who developed cardiogenic shock after

being weaned off cardiopulmonary bypass postcardiac surgery

received Impella 5 support. Alteration in hemodynamic param-

eters was achieved immediately after initiation of Impella

assistance. The cardiac index increased by 60% (1.65 v 2.7

L/min/m2; p = 0.0001), mean arterial pressure increased from

71.4 to 83.1 mmHg (p = 0.01), and pulmonary artery diastolic

pressure decreased by 30% (28.0 v 19.8 mmHg; p < 0.0001).

Average cardiac flow provided by the Impella 5 was approxi-

mately 4.0 § 0.6 L/min for an average duration of 3.7 §
2.9 days (range 1.7-12.6). The primary efficacy endpoint,

defined as recovery of native heart function, was achieved in

93% of the patients discharged, with bridge-to-other therapy in

7%. In addition, 30-day, 3-month, and 1-year survival rates

were impressive at 94%, 81%, and 75%, respectively.22

Results from the USpella Registry also have been encouraging.

O’Neill et al. were able to show that pre-percutaneous coro-

nary intervention use of Impella 2.5 as opposed to postpercuta-

neous coronary intervention use in patients with cardiogenic

shock related to acute myocardial infarction was an indepen-

dent predictor of in-hospital survival.23 This led to a multicen-

ter endeavor, the Detroit Cardiogenic Shock Initiative,

wherein 4 sites in the Detroit area implemented a common pro-

tocol focused on early Impella use in patients with cardiogenic

shock related to myocardial infarction.24 Importantly, survival

to discharge in these patients has increased to 76% compared

with 50% in historical control patients. The success of this

strategy has prompted formation of a National Cardiogenic

Shock Initiative.25

The Impella RP (see Table 3), unlike the other devices in the

Impella family, is specifically designed to support the failing
right ventricle. Although it retains the ease of percutaneous

implantation, fluoroscopic guidance for accurate placement is

mandatory. The Impella RP aspirates blood from the inferior

vena cava and expels it into the pulmonary artery. This unloads

the right ventricle and maintains left ventricular preload. The

RECOVER RIGHT trial evaluated the safety and efficacy of

this device. Thirty patients received Impella RP support—18

patients had experienced right ventricular failure after left ven-

tricular assist device implantation and 12 patients demon-

strated a failing right ventricle after cardiac surgery or

myocardial infarction. The cardiac index increased from 1.80

§ 0.2 to 3.30§ 0.23 L/min/m2 (p< 0.001), and central venous

pressure decreased from 19.24 to 12.61 mmHg (p < 0.001).

Length of support averaged 3.0 § 1.5 days (range 0.5-7.8),

and overall survival at 30 days was 73.3%. At 6-month follow-

up, the survival rate of all discharged patients was 100%.26

Since the RECOVER RIGHT trial, there has been great

enthusiasm for early initiation of Impella RP support for the

failing right ventricle in a variety of populations. The strategy

of providing percutaneous biventricular support with simulta-

neous use of right and left ventricular Impella pumps or

BiPella support also is increasingly being used.27

This is not surprising because the Impella devices offer dis-

tinct advantages, including ease of placement, familiarity with

procedural skills needed for placement, speedy deployment,

increased patient mobility, and simplicity of management proto-

cols. In addition, provision of robust cardiac flow support that is

rhythm independent makes these devices an attractive option

compared with other MCS devices. Percutaneous placement

and use of echocardiography or fluoroscopy to achieve optimal

positioning often are required. Traditionally, cardiologists and

cardiac surgeons are adept at using the Seldinger techniques of

placing intravascular wires and sheaths. Thus, placement of

Impella devices does not require intensive training or acquire-

ment of an additional skill set. Whereas Impella 2.5 and CP are

most amenable to percutaneous insertion via the femoral artery,

the Impella 5.0 and LD often require surgical access of the axil-

lary artery for safe placement. Unlike femoral site access, axil-

lary site insertion offers the advantage of more patient mobility.

Recently, percutaneous placement of an Impella 5.0 device via



Table 4

Impella Mechanical Circulatory Support: Complications and Contraindications

Complications (Frequency) Contraindications

Access site bleeding (17.5%) Significant aortic valve disease

Limb ischemia (<4%) Mechanical aortic valve

Hemolysis (<10%) Presence of left ventricular thrombus

Stroke (<2%)

Others: Access site infection, device

migration
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the axillary route was described. Similarly, the Impella RP can

be inserted comfortably percutaneously via the femoral vein.

Selection of the percutaneous or surgical approach for place-

ment depends on device size and patency of the vasculature.

Because patients with coronary artery disease are likely to have

peripheral vascular disease, it is imperative that pre-insertion

patency and suitability of placement via the target artery are

ascertained. The aorta-iliac-femoral axis or the aorta-axillary

artery axis can be evaluated via ultrasonography, arteriography,

or computed tomography.

A foreign device necessitates initiation of anticoagulation to

prevent thrombosis. While institutional anticoagulation regi-

mens vary, Impella insertion often mandates maintenance of

activated clotting times in the 160- to 180-second range. Hepa-

rin infusions commonly are used for achieving this goal. How-

ever, bivalirudin or argatroban can be used in patients with

heparin-induced thrombocytopenia or heparin allergy. Com-

mon contraindications and complications associated with

Impella use are listed in Table 4.14,15

VA ECMO: Pitfalls and Complications

VA ECMO has been used as an MCS modality for more

than 3 decades. Its use in select patients who experience car-

diac arrest from a potentially reversible cause has been

endorsed by the American Heart Association. The use of such

an extracorporeal cardiopulmonary resuscitation strategy has

been shown to increase survival in moribund patients in whom

conventional cardiopulmonary resuscitation strategy was inef-

fective. This has sparked a resurgence in the interest of using

VA ECMO for MCS in patients with cardiogenic shock. Bar-

riers to use include bulky circuitry, higher rate of vascular

complications compared with other MCS devices, need for

greater levels of anticoagulation, risk of hemorrhage, and

altered physiology that may impede recovery of the failing left

ventricle.3,28,29

Peripheral VA ECMO often is established by accessing the

femoral or internal jugular vein with an 18 to 21 F venous

inflow cannula. The aspirated blood is circulated through a

membrane oxygenator-heater and is returned to the systemic

arterial vasculature via the aid of a nonpulsatile centrifugal

pump. Typically the femoral or axillary artery is cannulated

with a 15 to 22 F outflow cannula to facilitate the return of

oxygenated and heated blood. Unlike the Impella devices that

augment cardiac flow and output in a physiological antero-

grade manner, VA ECMO relies on a nonphysiological
retrograde perfusion technique to provide circulatory support.

Consequently, unlike the Impella devices that effectively can

unload the left ventricle, creating conditions for recovery of

the failing left ventricle, VA ECMO often increases total

peripheral resistance and left ventricular wall tension and can

lead to paradoxical elevation of left ventricular end-diastolic

pressures. This can worsen subendocardial myocardial ische-

mia and hinder recovery of the failing left ventricle. In addi-

tion, such alterations can precipitate cardiogenic pulmonary

edema. Because VA ECMO does not address shunt flow into

the left ventricle from the bronchial circulation, pooling of

such venous blood in the failing left ventricle can lead to for-

mation of a left ventricular thrombus. To prevent these compli-

cations, venting of the left ventricle is encouraged when VA

ECMO is used.3,28 Use of Impella devices to reduce left ven-

tricular distention in patients on VA ECMO has been

described. This concept of ECMELLA has been shown to

decrease mortality significantly. Pappalardo et al. examined a

retrospective cohort of 157 patients with refractory cardio-

genic shock. Compared with 42 patients who received ECMO

support, 21 patients were treated with ECMELLA. Mortality

was substantially lower at 47% in the ECMELLA cohort com-

pared with 80% in the ECMO cohort.30

Another disadvantage of retrograde perfusion in VA ECMO

is the potential for compromising cerebral perfusion and oxy-

genation. To ensure that retrograde flow is reaching the aortic

arch, often cerebral oximetry and monitoring of upper extrem-

ity oxygen saturation are used in sedated patients receiving

mechanical ventilation. Whether anterograde flow from native

heart function and retrograde flow from VA ECMO can lead

to “water shedding” is unclear. The North-South or Harlequin

syndrome, wherein the upper half of the body is perfused with

hypoxemic blood, has been described in patients on ECMO.

Increased left ventricular end-diastolic pressure, in the absence

of left ventricular venting, in patients on ECMO can compro-

mise oxygenation by precipitating pulmonary edema. In addi-

tion, it is not uncommon for patients with cardiogenic shock to

have some degree of acute lung injury that results in hypox-

emia. When such hypoxemic blood is ejected into the aorta

and mixes with the retrograde flow of oxygenated blood sup-

plied by ECMO, upper extremity and cerebral oxygenation

can suffer.3,28,31

In patients with cardiogenic shock not requiring cardiopulmo-

nary resuscitation strategy, the utility of VA ECMO is question-

able. Muller et al. examined survival and quality of life in 138

patients who experienced cardiogenic shock associated with

myocardial infarction and received MCS via VA ECMO. Mor-

tality at discharge, 6 months, and 1 year remained high at 53%,

59%, and 62%, respectively. ECMO-related complications,

including leg ischemia, hemorrhage, infection, hemolysis, and

pulmonary edema occurred in 55 of 138 patients.32

Lamarche et al. demonstrated similar 30-day mortality in

patients who were supported by Impella devices or ECMO

after cardiac surgery (38% v 44%, respectively). Of 51 patients

studied, 29 received an Impella device and 32 received ECMO

support. The incidence of arterial thrombosis and vascular

complications was much lower in the Impella group (3.4% v
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18.8%; p < 0.05). Median transfusion of packed red blood

cells (18 v 4; p < 0.001), fresh frozen plasma (14 v 2;

p < 0.001), and platelets (5 v 0; p < 0.001) was much higher

in the ECMO group.33

In a recent 2-center study, data from 128 patients with cardio-

genic shock from myocardial infarction who received either

Impella CP/5.0 (n = 90) or ECMO support (n = 38) from

2006�2018 were examined retrospectively. The 30-day mortal-

ity was similar for both groups (53% v 49% [Impella v ECMO];

p = 0.30). Not surprisingly, patients with Impella support devel-

oped significantly fewer device-related complications than

patients treated with ECMO (17% v 40%; p< 0.01).34

Because ECMO initiation necessitates placement of

larger cannulae compared with Impella devices, the risk of

developing limb ischemia and vascular injuries is greater. A

meta-analysis of 1,900 patients who were supported with

extracorporeal life support reported alarming complication

rates: 41% for bleeding, 17% for limb ischemia, 6% for stroke,

and 30% for significant infection.35 ECMO potentiates the

imbalance between the coagulation and anticoagulation sys-

tems. This can lead to both thrombosis and hemorrhage. Acti-

vation of the complement system triggers coagulation,

potentiating thrombosis, and the consumption and loss of von

Willebrand factor, in conjunction with accelerated fibrinolysis,

promote hemorrhage. Intracranial hemorrhage has been

reported to occur in 16% to 21% of patients.36

In conclusion, ECMO use is associated with greater risk and

incidence of complications compared with Impella MCS in

patients experiencing cardiogenic shock. In addition to a better

safety profile, Impella devices are versatile, augment cardiac

flow physiologically, and offer the advantage of increased

patient mobility.
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