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Editorial on the Research Topic

Cardiogenic Shock: Basic and Clinical Considerations

Cardiogenic shock (CS) remains a high morbidity/mortality condition despite advanced resource-
intensive therapies. It is a heterogeneous illness requiring individualized therapies, leading to
challenges in designing randomized clinical trials. A limited evidence base therefore informs
treatments, and substantial gaps in knowledge persist.

In this Research Topic, leading investigators in the field address the spectrum of basic,
translational, and clinical aspects of CS.

CS outcome, particularly in severe shock, depends on access to specialized capabilities to
handle advanced stages of shock as well as durable support devices and transplantation. Villela
et al. review systems of care in CS, including a “spoke and hub” and tiered models of care for
management of patients with different stages of CS. They also discuss development of protocols
with uniform definitions, management, and escalation of care in CS. Outcomes data from existing
models are discussed, and barriers to creating systems of care are identified. Readers interested in
understanding or creating structured, cost-effective, comprehensive CS systems of care will find
this manuscript invaluable.

Long and Baran explore limitations of commonly used historical CS risk stratification scores,
including limited applicability to non-ACS populations and inability to account for serial
assessments. The authors discuss the intent and framework of the Society of Cardiovascular
Angiography and Intervention (SCAI) CS classification that was developed to (a) risk stratify,
prognosticate and classify patients in different stages of shock for appropriate intervention in a
timely fashion, and (b) to design clinical trials that may allow hypothesis testing in a cohort of shock
patients with less heterogeneity. Validation studies performed with the new SCAI classification
are reviewed. They subsequently discuss future directions, including the need to account for
heterogeneity of CS in management strategies and design of clinical trials.

Kanwar et al. review the impact of age on mortality in CS patients from the Cardiogenic Shock
Work Group registry. This timely and relevant analysis, given increasing proportions of older
patients with CS, finds that increasing age is associated with higher mortality across all SCAI
stages, and provides insights into the role of temporary mechanical circulatory support (MCS) in
older patients.

The inflammatory and metabolic effects of VA-ECMO are poorly understood, despite major
clinical implications. Two manuscripts shed some light on this important topic. Siegel et al.
find increased baseline monocyte activation and decreased stimulability in VA-ECMO patients,
and changes in monocyte subtypes over time. Monocyte dysfunction may therefore be a marker
of an immunoparalyzed state and higher mortality on ECMO. Mandigers et al. examine tissue
perfusion and microcirculatory function in a porcine ECMO model. Skin mitochondrial partial
oxygen pressure measurement was feasible and there was discrepancy between mean arterial
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pressure (MAP) and mitochondrial partial oxygen pressure,
suggesting the role of using parameters such as mitochondrial
partial oxygen pressure sensor in addition to MAP to assess
adequacy of organ perfusion.

The role of MCS in high-risk surgical candidates is evolving,
with limited high-quality data. The requirement for MCS,
especially postoperatively, is a marker of higher risk. Hou et al.
report on a cohort of patients with ascending aortic dissection
who required VA-ECMO predominantly for failure to wean from
cardiopulmonary bypass or postoperative CS and find sobering
outcomes. The modality of support and optimal cannulation
approach for post-CS is also not well-defined, with recent
studies providing inconsistent results. Kalampokas et al. evaluate
86 patients who underwent VA ECMO for post-cardiotomy
shock, and find no significant outcome differences between those
undergoing central cannulation vs. peripheral cannulation.

Tsangaris et al. provide an expert review of VA ECMO in
the management of CS. All major aspects of ECMO, including
support indications, hemodynamics, venting, complications, and
weaning strategies are thoroughly discussed. The role of VA-
ECMO for COVID-associated CS is addressed. The authors also
discuss their groundbreaking research on extracorporeal CPR
from the Minnesota Resuscitation Consortium.

Schafer et al. examine the complex and still somewhat
unresolved question of complete vs. incomplete revascularization
in CS. After the CULPRIT-SHOCK trial there has been a
general shift toward culprit vessel only initial revascularization.
Most patients in CULPRIT-SHOCK, however, did not have
hemodynamic support at the time of PCI. In this retrospective
analysis from four high volume European centers, Impella-
supported PCI with complete revascularization with low residual
SYNTAX score was associated with lower mortality than Impella
post-PCI or incomplete revascularization in a cohort of patients
with profound CS and high incidence of cardiac arrest.

Finally, Sieweke et al. evaluate the role of microaxial-
pumps in patients successfully resuscitated after an out of
hospital cardiac arrest due to acute myocardial infarction (AMI)
from the HACURE (Hannover Cardiac Unloading) Registry.
It is important to note that the population studied was not
extracorporeal CPR, rather post cardiac arrest CS. Fifteen
patients from the Hanover Cardiac Unloading Registry who had
out of hospital cardiac arrest (OHCA) + AMI + CS + Impella
unloading were propensity matched to 15 patients from the
Hanover Cooling Registry who had OHCA+AMI+CS without
unloading. In this selected cohort, use of microaxial-pumps was
associated with improved survival and neurological outcome.
The role of VA-ECMO vs. microaxial pumps in this situation was
not addressed here and remains unknown.

In conclusion, cardiogenic shock remains a major problem in
cardiovascular medicine, but recent advances particularly in early

recognition and systems of care approaches have had measurable
impact in improving mortality. The challenge of translating
these outcomes reported from established tertiary care academic
centers to the overall population are, however, immense, and will
need creation of many large-scale integrated regional systems
of care, each with their individual resources, limitations, and
geographic and other considerations. An improved appreciation
of the heterogeneity of CS has highlighted the reasons for
some of the failures of MCS trials in CS, and the evolving
risk stratification models are enabling enhanced selection of
patients with CS for clinical trials for specific therapies. The need
for large, randomized trials to better understand the role and
limitations of expensive and invasive MCS devices is now well-
recognized and the trials are underway, albeit with substantial
recruitment challenges. Although the clinical management of CS
has achieved significant attention in recent years, the importance
of the complex molecular biology of CS cannot be overstated,
as paradigm changing approaches and dramatic improvements
may not occur from optimization of currently available therapies
but only rather after we understand the basic pathophysiology of
CS in a much more sophisticated manner than we currently do.
This Research Topic, with contributions from 80 expert authors
worldwide, addresses aspects of each of these issues. We hope
it will provide clinicians interested in learning about CS, those
who manage patients with CS, and investigators who strive to
expand the knowledge of CS with an overview and appreciation
of cutting-edge issues in cardiogenic shock.
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Objectives: Acute type A aortic dissection (aTAAD) is usually lethal without emergency

surgery. Although veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is

widely used in patients with cardiogenic shock following cardiac surgery, VA-ECMO

support following aTAAD surgery has not been well-described. Based on our 6-year

experience, we aimed to retrospectively analyze risk factors, application and timing of

VA-ECMO, and outcomes in aTAAD patients.

Methods: In this retrospective, single-center study, we enrolled adult patients who

underwent aTAAD surgery from January 2014 to December 2019 and were supported

with VA-ECMO. Patients were divided into two groups according to whether or

not they were successfully weaned from VA-ECMO. Preoperative, intraoperative and

postoperative variables were assessed and analyzed. Outcomes of the patients were

followed up until discharge.

Results: Twenty-seven patients who received aTAAD surgery with VA-ECMO support

were included in the study. Nine patients (33.3%) were successfully weaned from

VA-ECMO. The median VA-ECMO support time and length of hospital stay in the

successfully weaned group were significantly longer than in the group could not be

successfully weaned (192 [111–327] vs. 55 [23–95] h, p < 0.01; 29 [18–40] vs. 4 [3–8]

days, p < 0.01). Overall in-hospital mortality was 81.5%. The main causes of death

were bleeding (37%), neurological complications (15%), and multiple organ dysfunction

syndrome (15%). Preoperative levels of creatine kinase-MB (CK-MB) were lower in

patients who were successfully weaned from VA-ECMO than in the failed group (14

[6–30] vs. 55 [28–138] U/L, p < 0.01). Postoperative peak levels of CK-MB, cardiac

troponin T, lactate dehydrogenase, and lactate were significantly lower in the successful

group than in the failed group.
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Conclusion: Postoperative VA-ECMO support was rarely used in aTAAD patients.

Our study showed that VA-ECMO can be considered as a salvage treatment in aTAAD

patients, despite the high rate of complications and mortality.

Keywords: acute type A aortic dissection, veno-arterial extracorporeal membrane oxygenation, cardiogenic

shock, aortic surgery, acute

INTRODUCTION

Acute type A aortic dissection (aTAAD) is a cardiovascular
emergency associated with the formation of a false lumen in
the media, caused by intimal weakness or tear. Blood surges
through the false lumen and enlarges the tear at the proximal,
distal, or both ends (1). Because of its high mortality rate,
aTAAD is one of the most urgent surgical emergencies in
cardiac surgical patients. Despite significant improvements in
surgical techniques, cardiopulmonary bypass (CPB) practices,
cerebral protection procedures, and perioperative management

data published in the International Registry of Acute Aortic
Dissection (IRAD) show that the mortality rate in aTAAD
surgery is still∼20% (2).

The heart is one of the organs most commonly affected by
aTAAD, which can lead to cardiac tamponade, acute severe
aortic regurgitation, and/or coronary artery involvement.
Preoperative coronary artery dissection is usually associated
with acute myocardial infarction and heart failure. A previous
study showed that mortality associated with aTAAD involving

FIGURE 1 | Enrollment, allocation, and follow-up of aTAAD patients who received VA-ECMO. aTAAD, acute type A aortic dissection; VA-ECMO, veno-arterial

extracorporeal membrane oxygenation.

the coronary artery was as high as 20% (3). Poor myocardial
protection during surgery can also lead to myocardial ischemia
or ischemia-reperfusion injury. Perioperative multiorgan
malperfusion can also lead to uncorrectable acidosis and
end organ dysfunction, which contribute to the extremely
high mortality (4, 5).

Veno-arterial extracorporeal membrane oxygenation
(VA-ECMO), which provides temporary circulatory support
for critically ill patients with refractory cardiogenic shock
and cardiac arrest, can be used as a bridge to myocardial
recovery in aTAAD patients (6, 7). Since ventricular assist
devices are not yet available in China, our cardiovascular
center has routinely used VA-ECMO to treat patients
with CS. The use of VA-ECMO in aTAAD patients with
cardiogenic shock has not, however, been well-documented
although the prognosis of patients weaned from VA-
ECMO support after aTAAD surgery is known to be poor.
In the present study, we aimed to investigate the use
and timing of VA-ECMO, risk factors and outcomes in
aTAAD patients.
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MATERIALS AND METHODS

Patient and Study Design
In this retrospective, single-center study, we reviewed the records

of adult patients who received VA-ECMO support after aTAAD

surgery at Zhongshan Hospital, Fudan University (Shanghai,

China) from January 2014 to December 2019. Exclusion criteria

included: an age <18 years old or pregnancy. Zhongshan

Hospital performs over 150 aTAAD surgeries per year, including
ascending aortic and hemi- or total-arch replacement, with or
without concomitant surgical treatment of the aortic root, as
well as elephant trunk stent procedures for the descending
aorta. The study was approved by the Ethics Committee of
Zhongshan Hospital.

Patients were divided into two groups according to whether
the VA-ECMO was successfully removed or not (patients were

TABLE 1 | Demographic and clinical characteristics of ECMO patients prior to surgery.

Variables Total (n = 27) Wean-from ECMO p-value

Success (n = 9) Failure (n = 18)

Age, year 53 ± 14 45 ± 17 56 ± 12 0.06

Male, n (%) 22 (81) 7 (78) 15 (83) 1.00

BMI (kg/m2 ) 25.59 ± 3.49 25.45 ± 5.06 25.66 ± 2.58 0.91

Comorbidities, n (%)

Hypertension 24 (89) 6 (67) 18 (100) 0.03

Diabetes mellitus 1 (4) 0 (0) 1 (6) 1.00

COPD 5 (19) 1 (11) 4 (22) 0.64

Marfan syndrome 1 (4) 0 (0) 1 (6) 1.00

Atrial fibrillation 1 (4) 0 (0) 1 (6) 1.00

Clinical manifestation, n (%)

Coronary artery involvement 11 (41) 2 (22) 9 (50) 0.20

Cardiac tamponade 2 (7) 0 (0) 2 (11) 0.54

Aortic valve regurgitation 3 (11) 1 (11) 2 (11) 1.00

Previous cardiac surgery, n (%) 5 (19) 1 (11) 4 (22) 0.64

Laboratory tests

CK-MB level (U/L) 38 (15, 61) 14 (6, 30) 55 (28, 138) 0.01

cTnT (ng/ml) 0.60 (0.02, 3.45) 0.03 (0.01, 0.68) 0.97 (0.05, 4.57) 0.09

BNP (pg/ml) 732 (262, 2,559) 487 (196, 2,256) 1,358 (306, 2,879) 0.46

Hb (g/L) 131 ± 25 126 ± 19 134 ± 28 0.50

PLT (×109/L) 195 ± 67 226 ± 65 179 ± 63 0.09

WBC (×1012/L) 13 ± 5 12 ± 5 13 ± 5 0.53

Neutrophils (%) 80 ± 11 75 ± 13 83 ± 9 0.09

TBIL (µmol/L) 21 ± 29 17 ± 8 24 ± 35 0.60

DBIL (µmol/L) 10 ± 25 5 ± 1 12 ± 30 0.49

ALB (g/L) 39 ± 4 39 ± 5 39 ± 4 0.83

ALT (U/L) 39 (24, 70) 30 (14, 45) 44 (25, 89) 0.12

AST (U/L) 57 (23, 152) 28 (20, 68) 94 (27, 173) 0.08

LDH (U/L) 302 (250, 520) 253 (175, 399) 355 (280, 579) 0.06

GFR (ml/min/1.73 m2) 72 ± 23 76 ± 31 69 ± 19 0.47

Cr (µmol/L) 132 ± 75 76 ± 37 160 ± 73 0.05

BUN (mmol/L) 8 (4, 10) 5 (4, 9) 9 (5, 10) 0.18

Lac (mmol/L) 1.3 (1.0, 1.9) 1.1 (1, 1.7) 1.3 (1.1, 2.0) 0.43

EuroSCORE 7 ± 3 6 ± 3 8 ± 3 0.10

LVEF (%) 60 ± 8 58 ± 8 62 ± 8 0.20

Time from onset to hospital (h) 11 ± 6 9 ± 6 11 ± 6 0.36

Time from onset to operation (h) 22 ± 14 22 ± 16 22 ± 13 0.93

Continuous data are presented as the mean (SD) or median (IQR). Categorical data are presented as counts (%).

ECMO, extracorporeal membrane oxygenation; BMI, body mass index; COPD, chronic obstructive pulmonary disease; CK-MB, creatine kinase isoenzyme; cTnT, cardiac troponin

T; BNP, brain natriuretic peptide; Hb, hemoglobin; PLT, platelet; WBC, white blood cell; TBIL, total bilirubin; DBIL, direct bilirubin; ALB, albumin; ALT, alanine aminotransferase; AST,

aspartate aminotransferase; LDH, lactate dehydrogenase; GFR, Glomerular filtration rate; Cr, serum creatinine; BUN, blood urea nitrogen; Lac, lactate; EuroSCORE, European System

for Cardiac Operative Risk Evaluation; LVEF, left ventricular ejection fraction.
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defined as successfully weaned from VA-ECMO if they survived
for longer than 48 h after VA-ECMO explantation) (8, 9).
Baseline variables, which included age, gender, body mass index,
comorbidities, laboratory tests, and operative characteristics,
together with outcome variables, which included VA-ECMO
support time, VA-ECMO weaning rate, mechanical ventilation
time, length of stay in intensive care unit (ICU), length of hospital
stay, complications, and in-hospital mortality, were compared
between the two groups. All data were collected from the patients’
hospital records by two residents (H-W and JY-H).

Surgical Procedures
All aTAAD patients underwent emergency surgery, unless
the patient refused surgery or had preoperative neurological
complications. Surgical repair was performed under CPB
and deep hypothermic circulatory arrest. In some patients,
replacement of the ascending and proximal arch was sufficient,
but when the intimal tear was in the aortic arch, total arch
replacement was performed. We routinely used unilateral
selective antegrade cerebral perfusion with deep hypothermic

circulatory arrest as a cerebral protection strategy during
emergent surgical repair of aTAAD.We used continuous cerebral
near-infrared spectroscopy to monitor brain oxygenation
during surgery.

Timing of VA-ECMO Implantation
The decision to use VA-ECMO was made by the cardiac surgeon
in the operating room or by the intensivist in the cardiac surgery
ICU. Indications for VA-ECMO therapy included difficulty
weaning from CPB or postoperative refractory cardiogenic shock
despite adequate volumes and high doses of inotropes such
as norepinephrine, dobutamine, epinephrine, and milrinone. A
femoral venous cannula placed from the femoral vein to the
right atrium was used as the VA-ECMO venous cannula. The
femoral artery is most commonly used for arterial catheterization
in adult patients, but this puts the aTAAD patients at risk of
developing Harlequin syndrome. Because of this, we routinely
used right axillary artery catheterization in aTAAD patients with
refractory hypoxemia.

TABLE 2 | Intraoperative and postoperative clinical characteristics.

Variables Total (n = 27) Wean-from ECMO p-value

Success (n = 9) Failure (n = 18)

Intraoperative conditions 1.0

Ascending aorta+arch+ET (n) 17 6 11

Bentall (n) 4 1 3

Bentall+hemiarch (n) 2 1 1

Bentall+arch+ET (n) 4 1 3

Coronary artery bypass graft (n) 10 4 6

Mitral valve surgery (n) 1 0 1

Operation time (h) 8.58 ± 2.25 8.50 ± 1.87 8.63 ± 2.47 0.90

CPB time (min) 271 ± 117 235 ± 83 290 ± 129 0.26

Aortic cross clamp time (min) 111 ± 40 94 ± 19 120 ± 46 0.12

DHCA time (min) 20 ± 9 22 ± 4 18 ± 11 0.29

Post-ECMO support conditions

Perioperative blood transfusion (U) 17 ± 5 20 ± 6 16 ± 4 0.37

Peak CK-MB (U/L) 244 ± 161 134 ± 92 300 ± 161 0.01

Peak cTnT (ng/ml) 7.7 (4.0, 21.8) 4.0 (0.9, 7.1) 19.5 (6.6, 29.9) 0.01

Peak BNP (pg/ml) 3,400 (2,500, 7,845) 3,400 (2,525, 7 500) 3,429 (2,350, 8,671) 0.71

Peak lactate (mmol/L) 18 ± 3 16 ± 4 19 ± 3 0.02

Peak TBIL (µmol/L) 41 (30, 58) 38 (32, 58) 44 (28, 63) 0.78

Peak DBIL (µmol/L) 24 (19, 44) 23 (14, 41) 35 (19, 45) 0.40

Peak ALT (U/L) 334 (163, 1,205) 220 (179, 1,002) 372 (106, 1,615) 0.82

Peak AST (U/L) 584 (318, 1,720) 340 (273, 1,694) 959 (379, 2,624) 0.28

Peak LDH (U/L) 2,038 ± 1,197 1,178 ± 669 2,468 ± 1,181 0.01

Peak GFR (ml/min/1.73 m2) 22 (18, 30) 24 (15, 61) 22 (19, 26) 0.67

Peak BUN (mmol/L) 19 ± 10 21 ± 4 18 ± 8 0.45

Peak Cr (mmol/L) 263 (185, 312) 220 (129, 383) 263 (192, 324) 0.78

Peak PCT (ng/ml) 24 (14, 56) 29 (13, 40) 21 (15, 76) 0.53

ECMO, extracorporeal membrane oxygenation; ET, elephant trunk; CPB, cardiopulmonary bypass; DHCA, deep hypothermic circulatory arrest; CK-MB, creatine kinase isoenzyme; cTnT,

cardiac troponin T; BNP, brain natriuretic peptide; TBIL, total bilirubin; DBIL, direct bilirubin; ALT, alanine aminotransferase; AST, aspartate aminotransferase; LDH, lactate dehydrogenase;

GFR, glomerular filtration rate; Cr, serum creatinine; BUN, blood urea nitrogen; PCT, procalcitonin.
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Management During VA-ECMO Support
In the initial stage of VA-ECMO, the target mean arterial pressure
was maintained at ≥60 mmHg, thus, ensuring tissue perfusion
without excessive increase of afterload. Serum lactate level was
used as an indicator of tissue hypoperfusion and has been proved
to predict outcomes of cardiogenic shock associated with organ
failure (10). Cardiac structure and function, and hemodynamic
conditions were routinely assessed by transesophageal and/or
transthoracic echocardiography.

As soon as the VA-ECMO guidewire was implanted, heparin
(1 mg/kg) was given intravenously. During VA-ECMO support,
heparin was used as an anticoagulant. Active clotting time was
maintained at 180–200 s or activated partial thromboplastin time
was maintained at 50–80 s in patients with low bleeding risk.
In patients with high bleeding risk, active clotting time was
maintained at 160 s. Platelets were transfused when the patient’s
platelet count fell below 50× 109/L (11).

A protective lung ventilation strategy was used, including an
initial tidal volume of 6mL/kg of ideal body weight, a positive end
expiratory pressure of 5–10 cm H2O, a respiratory rate of 10–12
times/min and fraction of inspired oxygen nomore than 50%. All

patients received remifentanil and midazolam to achieve target
sedation and underwent daily awakening trials. We routinely
monitored cerebral oxygen saturation and carried out a physical
examination of the nervous system (12, 13).

When the primary disease was well-treated, the
hemodynamics was stable and the tissue perfusion was
satisfactory, the flow rate was gradually reduced to 1.5 L/min.
Removal of ECMOwas considered if echocardiography indicated
that the left ventricular outflow tract velocity time integral was
>10 cm, the lateral mitral annulus peak systolic velocity was >6
cm/s and the left ventricular ejection fraction was >25%(14).

Statistical Analysis
Continuous data are expressed as mean ± standard deviation
(SD), if normally distributed, or median (IQR), if not
normally distributed. For continuous variables, the normality
of distribution was evaluated using the Kolmogorov–Smirnov
test. Categorical variables are summarized as percentages (%).
Categorical variables were analyzed using the χ

2 test or Fisher’s
exact methods and quantitative variables were analyzed using
the Student’s t-test or Mann–Whitney U-test as appropriate.

FIGURE 2 | Comparative survival in aTAAD patients after VA-ECMO support. (A) Kaplan–Meier analysis of overall survival in aTAAD patients supported by VA-ECMO

from 2014 to 2019 (n = 27); (B) VA-ECMO weaning success or failure; (C) position of cannulation; (D) Initiation of VA-ECMO support (one patient in the successful

weaning group was discharged after 96 days of follow-up. The abscissa was set to 50 days, one data point is outside the axis limits). aTAAD, acute type A aortic

dissection; VA-ECMO, veno-arterial extracorporeal membrane oxygenation.
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No adjustment was made for multiplicity. Log-rank testing and
Kaplan–Meier survival curves were used to analyze survival.
Statistical significance was defined as p < 0.05. Statistical analysis
was performed using SPSS software (version 19.0; SPSS, Inc.,
Chicago, IL, USA).

RESULTS

Twenty-seven patients, who were supported with VA-ECMO
following aTAAD surgery, were enrolled in the study between

TABLE 3 | ECMO implementation and clinical outcomes.

Variables Total (n = 27) Wean-from ECMO p-value

Success

(n = 9)

Failure

(n = 18)

Initiation of VA-ECMO

support (n)

0.68

During surgery 17 5 12

In ICU 10 4 6

Position of cannulation

(n)

0.41

IVC-FA 11 5 6

IVC-RAA 16 4 12

ECMO duration (h) 82 (46, 192) 192 (111, 327) 55 (23, 95) 0.01

MV time (d) 6 (2, 14) 16 (8, 31) 3 (1, 7) 0.01

CRRT, n (%) 19 (70) 6 (67) 13 (72) 0.77

Major complications, n

(%)

Bleeding 10 (37) 1 (11) 9 (50) 0.23

Tamponade 0 (0) 0 (0) 0 (0) 1.00

Neurological

complications

4 (15) 2 (22) 2 (11) 0.58

VT/VF 3 (11) 0 (0) 3 (17) 0.53

Infection 1 (4) 1 (11) 0 (0) 1.00

MODS 4 (15) 0 (0) 4 (22) 0.27

ICU stay (d) 6 (3, 14) 16 (11, 35) 3 (2, 5) 0.01

Hospital stay (d) 7 (4, 18) 29 (18, 40) 4 (3, 8) 0.01

Mortality, n (%) 22 (81) 4 (44) 18 (100) 0.01

VA-ECMO, veno-arterial extracorporeal membrane oxygenation; ICU, intensive care unit;

IVC, inferior vena cava; FA, femoral artery; RAA, right axillary artery; MV, mechanical

ventilation; CRRT, continuous renal replacement therapy; VT, ventricular tachycardia; VF,

ventricular fibrillation; MODS, multiple organ dysfunction syndromes.

January 2014 andDecember 2019 (Figure 1). Themean age of the
patients was 53 ± 14 years and 81% were male. Demographics,
comorbidities, laboratory tests, and clinical manifestations of
the successful group and failed weaning group are shown in
Table 1. The preoperative CK-MB level in the failed group was
significantly higher than that in successful group (14 [6–30] vs. 55
[28–138] U/L; p< 0.01). Age and preoperative cardiac troponin T
(cTnT), lactate dehydrogenase (LDH), and creatinine (Cr) levels
were higher in the failed group than in the successful group (45±
17 vs. 56± 12 years; 0.03 [0.01–0.68] vs. 0.97 [0.05–4.57] ng/mL;
253 [175–399] vs. 355 [280–579] U/L; 76 ± 37 vs. 160 ± 73
µmol/L), but the differences between the two groups were not
statistically significant (p > 0.05).

Peri-operative details of the 27 patients who were supported
with VA-ECMO are summarized in Table 2. Coronary artery
bypass grafting was performed in ten patients because of poor
cardiac function caused by coronary artery dissection. Although
there were no significant difference in operation mode, operation
time, CPB time, aortic cross clamp time, or deep hypothermic
circulatory arrest time between the two groups, the CPB and
aortic cross clamp times in the failed group were longer than
those in the successful group (235 ± 83 vs. 290 ± 129min; 94 ±
19 vs. 120± 46min; p> 0.05). Postoperative peak CK-MB, cTnT,
and LDH levels were all significantly higher in patients who failed
withdrawal of VA-ECMO (134 ± 92 vs. 300 ± 161 U/L; 4.0 [0.9–
7.1] vs. 19.5 [6.6–29.9] ng/mL; 1,178± 669 vs. 2,468± 1,181 U/L,
respectively; p< 0.01). Postoperative peak lactate levels were also
higher in the successful group than in the failed group (19± 3 vs.
16± 4 mmol/L; p < 0.05).

Seventeen patients received VA-ECMO support in the
operating room because of difficulty in weaning from CPB,
and ten patients had VA-ECMO initiated in the cardiac surgery
ICU because of refractory postoperative cardiogenic shock. No
progression of aortic dissection was observed during VA-ECMO
support. After a median period of 192 h of support, nine patients
(33%) were successfully weaned from VA-ECMO support and
five patients (19%) survived to hospital discharge. One patient
had residual right lower limb movement disorder. The in-
hospital mortality rate was 81% (22 patients). The follow-up
survival rate of aTAAD patients who required perioperative
VA-ECMO support was relatively low (Figure 2).

Additionally, patients who were successfully weaned fromVA-
ECMO had a longer mechanical ventilation time (16 [8–31] vs.
3 [1–7] days; p < 0.01), a longer ICU stay (16 [11–35] vs. 3

TABLE 4 | Studies concerning the role of VA-ECMO in aTAAD patients.

Reference Study design Sample size Time of VA-ECMO

implantation

Approach of cannulation Wean from VA-ECMO Mortality

Lin et al. (17) Retrospective study 20 Postoperative IVC-RAA is preferred 65% 65%

Sultan et al. (18) Retrospective study 35 (31 open

surgery)

27 during surgery No mention No mention 89.7%

8 after surgery

Wang et al. (19) Retrospective study 7 6 during surgery IVC-FA 100% 14.3%

1 after surgery

Mariscalco et al. (20) Retrospective study 62 46 during surgery 19 central arterial cannulation 37% 74%

VA-ECMO, veno-arterial extracorporeal membrane oxygenation; aTAAD, acute type A aortic dissection; IVC, inferior vena cava; FA, femoral artery; RAA, right axillary artery.
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[2–5] days; p < 0.01) and a longer hospital stay (29 [18–40] vs. 4
[3–8] days; p< 0.01), compared with patients who failed weaning
from VA-ECMO. No patient was lost to follow-up during this
period. Details of VA-ECMO implementation and outcomes are
presented in Table 3.

DISCUSSION

In this single center study, 27 out of 912 aTAAD patients received
VA-ECMO and achieved barely satisfactory results. An intra-
aortic balloon pump cannot be used in aTAAD patients and
VA-ECMO may be the only viable extracorporeal life support
technique for aTAAD patients difficult to wean from CPB or with
postoperative cardiogenic shock. Despite its higher in-hospital
mortality and postoperative complications, VA-ECMO can be
considered as salvage treatment in patients after aTAAD surgery.

aTAAD is not only a morphological abnormality of the
aortic wall, but also involves hemodynamic changes that
affect cardiac function and the blood supply of important
organs, together with a systemic inflammatory reaction caused
by dissection. Improvements in surgical, CPB and cerebral
protection techniques, together with better perioperative
management strategies (nitrogen oxide, continuous renal
replacement therapy, and VA-ECMO), have led to a gradual
decrease in the mortality rate of aTAAD, with mortality rates
reported to be 15–30% (15, 16). VA-ECMO can provide
temporary mechanical circulatory support and allow time for
etiological treatment (6). Previous studies have shown that
the in-hospital mortality of patients who receive VA-ECMO
assistance after aTAAD surgery is still high (Table 4) (17–20).
Nevertheless, there have been no randomized controlled studies.
Additionally, successful weaning does not mean better survival,
since 20–65% of patients weaned from VA-ECMO support
do not survive to discharge (21). In our series, the successful
weaning rate and mortality following VA-ECMO were 33.3
and 81.5%, respectively. The main causes of this difference
may be associated with the onset time of aTAAD, the basic
condition, surgical strategies, the indication of VA-ECMO, and
cannulation strategies.

Several factors may be associated with VA-ECMO weaning
failure. Younger age, lower preoperative CK-MB levels, reduced
postoperative blood transfusion, higher antegrade cannulation
rates, lower lactate levels, lower rates of continuous renal
replacement therapy, and organ ischemia have all been shown
to influence survival of aTAAD patients after VA-ECMO
support (10, 17). We also found that preoperative CK-MB
levels were significantly higher in the failed group than in
the successful group. Although patients who failed weaning
were older and had higher preoperative cTnT levels before
CPB than the successfully weaned group, these differences
were not statistically significant. Additionally, differences in
perioperative blood transfusion, rate of antegrade cannulation,
and rate of continuous renal replacement therapy did not
reach statistical significance. Postoperative peak levels of cTnT,
CK-MB, LDH, and blood lactate were, however, significantly

higher in patients who failed weaning from VA-ECMO. CTnT
and CK-MB are commonly used as indicators of acute
myocardial infarction. Higher cTnT and CK-MB levels after
24–48 h of VA-ECMO support may be associated with poor
prognosis. LDH, a key enzyme that regulates the conversion
of pyruvate to lactic acid during anaerobic glycolysis, is
widely distributed in the cytoplasm, and in mitochondria
of the heart, liver, skeletal muscle, and other tissues and
cells. When ischemic myocardial injury occurs, the damaged
myocardial cell membranes rupture and LDH, which can
also be used as a diagnostic marker of myocardial injury
(22), is released into the blood serum. Failure to successfully
wean from VA-ECMO may be attributable to more severe
organ ischemia, including myocardial ischemia, liver and
kidney injury, caused by aortic dissection before VA-ECMO
was started.

In terms of cannulation strategies, peripheral cannulation is
minimally invasive and is the routine pathway for most adult
patients. Although femoral artery-femoral vein catheterization is
easier and faster, we preferred to cannulate in the right axillary
artery because of residual aortic dissection in aTAAD patients.
Axillary artery cannulation is, however, technically more difficult
than the femoral artery and there is also a risk of hyperperfusion
of the ipsilateral arm and brain (23). We compared outcomes
of patients who were subjected to the two different cannulation
strategies and found there was no significant difference in
prognosis between the two groups.

Complications of VA-ECMO support following aTAAD
surgery include bleeding, cerebral dysfunction, malperfusion
of vital organs, and infection. In our study, death usually
occurred soon after surgery and major bleeding was the
most common cause of death in patients who could not be
successfully weaned from VA-ECMO. Causes of postoperative
bleeding may be multifactorial (24–26). Systemic inflammatory
reaction caused by dissection, longer CPB time, massive blood
transfusion during surgery, hypothermia and postoperative VA-
ECMO assistance all result in impaired postoperative coagulation
and bleeding. Precise management and proper hemostasis,
including bedside thromboelastography, reasonable infusion of
fresh frozen plasma, platelets, fibrinogen, and prothrombin
complex, are, therefore, very important during surgery.

Our study has several limitations. Firstly, the study was a
single-center, retrospective study. Secondly, because of the rarity
of aTAADwith VA-ECMO support, the sample size was too small
and the follow-up time was relatively short, which meant that
detailed analysis of risk factors was not possible. In the future,
multicenter studies, with large patient populations, are needed to
optimize management strategies and improve outcomes in this
rare but complex cardiac emergency.

CONCLUSIONS

This study showed that the use of VA-ECMO in aTAAD
patients is a viable salvage strategy, despite the relatively
high rate of complications and mortality. VA-ECMO could
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provide a bridge-to-recovery for aTAAD patients with refractory
cardiogenic shock.
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Cardiogenic shock accounts for ∼100,000 annual hospital admissions in the

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

mortality remains unacceptably high. Multiple mechanical circulatory support devices

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

outcomes in this population. Veno-arterial extracorporeal membrane oxygenation

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

it provides immediate and complete hemodynamic support as well as concomitant

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

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

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

associated with VA-ECMO use.

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

indications, VA-ECMO complications

INTRODUCTION

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

THE EVOLVING DEFINITION OF CARDIOGENIC SHOCK

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

Historically, clinicians and investigators established the presence of CS by using a
combination of select abnormal hemodynamic parameters and evidence of end-organ dysfunction.
Consequently, various landmark clinical trials employed different definitions to diagnose CS

16

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.686558
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.686558&domain=pdf&date_stamp=2021-07-07
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:yanno001@umn.edu
https://doi.org/10.3389/fcvm.2021.686558
https://www.frontiersin.org/articles/10.3389/fcvm.2021.686558/full


Tsangaris et al. VA-ECMO for Cardiogenic Shock

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

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

EPIDEMIOLOGY OF CARDIOGENIC
SHOCK

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

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

Study Definition

Aissaoui et al.

USIK/UCIC/FAST-MI registries (3)

• SBP < 90 mmHg

• Oliguria or signs of peripheral hypoperfusion

Basir et al. The Detroit

cardiogenic shock initiative (4)

• SBP < 90 mmHg or need for supportive

measures to maintain SBP > 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

or elevated lactate

• Cardiac index <2.2 LPM/m2 or PCWP ≥

15 mmHg

Bisdas et al. (5) • SBP < 90 mmHg

• Lactate ≥ 4 mmol/L

• Cardiac index <2.2 LPM/m2

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

SBP < 90 mmHg despite inotrope use

• Cardiac index < 2.2 LPM/m2

Brechot et al. (7) • LVEF < 35%

• Lactate ≥ 4 mmol/L

• Cardiac index < 3 LPM/m2

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

drop >30 mmHg from baseline for 30min

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

mmHg

• Oliguria, signs of peripheral hypoperfusion or

avO2 > 5.5 ml/dL

Chioncel et al. ESC heart failure

long-term registry (9)

• SBP < 90 mmHg or drop > 30 mmHg from

baseline for 30min

• Oliguria or signs of peripheral hypoperfusion

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

need for supportive measures to maintain

SBP > 90 mmHg

De Roo et al. (11) • MAP ≤ 60 mmHg

• Cardiac index < 2.2 LPM/m2 with

hemodynamic support

Goldberg et al. (12) • SBP < 80 mmHg

• Signs of peripheral hypoperfusion or oliguria

Goldberg et al. (13) • SBP < 80 mmHg

• Signs of peripheral hypoperfusion or oliguria

Harjola et al. CardShock study

(14)

• SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

• Signs of peripheral hypoperfusion or lactate

≥ 2 mmol/L

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

need for supportive measures to maintain

SBP >90 mmHg

• Signs of peripheral hypoperfusion, oliguria or

lactate ≥ 2.5 mmol/L

Hochman et al. SHOCK study

(16)

• SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

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

mmHg

• Oliguria or signs of peripheral hypoperfusion

Hochman et al. SHOCK study

(17)

• SBP < 90 mmHg for more than 30min or

need for supportive measures to maintain

SBP > 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

• Cardiac index < 2.2 LPM/m2 or PCWP ≥

15 mmHg

(Continued)
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TABLE 1 | Continued

Study Definition

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

• Cardiac index < 2.2 LPM/m2 or PCWP ≥

15 mmHg

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

need for supportive measures to maintain

SBP > 90 mmHg

• PCWP ≥ 15 mmHg

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

Killip et al. (21) • SBP < 90 mmHg

• Oliguria or signs of peripheral hypoperfusion

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

need for supportive measures to maintain

SBP > 90 mmHg

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

mmHg

• Oliguria or signs of peripheral hypoperfusion

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

need for supportive measures to maintain

SBP > 90 mmHg

Muller et al. ENCOURAGE

derivation cohort (24)

• LVEF < 25% or SBP < 90 mmHg despite

inotrope use

• Cardiac index < 2.2 LPM/m2

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

with valvular disease or need for supportive

measures to maintain MAP > 50 mmHg

• Cardiac index < 1.8 LPM/m2 without support

or central venous pressure >7 mmHg or

PCWP ≥ 12 mmHg

• SvO2 < 50% in two

consecutive measurements

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

need for supportive measures to maintain

SBP > 90 mmHg

Pozzi et al. (27) • SBP < 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

Rihal et al. SCAI/ACC/HFSA/STS

guidelines on MCS use for

cardiogenic shock (28)

• SBP < 90 mmHg for more than 30 min or

drop >30 mmHg from baseline for 30 min

• Cardiac index <2.2 LPM/m2 with support or

cardiac index <1.8 LPM/m2 without support

or PCWP ≥ 15 mmHg

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

need for supportive measures to maintain

SBP > 90 mmHg

• Signs of peripheral hypoperfusion or oliguria

• Cardiac index < 2.2 LPM/m2 or PCWP ≥

15 mmHg

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

need for supportive measures to maintain

SBP > 90 mmHg

Thayer et al. Cardiogenic shock

working group registry (31)

• SBP < 90 mmHg for more than 30 min

• Cardiac index <2.2 LPM/m2

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

need for supportive measures to maintain

SBP > 90 mmHg

• Oliguria

• Cardiac index <2.2 LPM/m2 with support or

cardiac index <1.8 LPM/m2 without support

or PCWP ≥ 18 mmHg

(Continued)

TABLE 1 | Continued

Study Definition

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

intervention required to maintain SBP >

75 mmHg

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

supportive measures to maintain SBP >

90 mmHg

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

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

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

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

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

circulatory support; CS, cardiogenic shock.

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

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

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

MECHANICAL CIRCULATORY SUPPORT
STRATEGIES FOR THE MANAGEMENT OF
CARDIOGENIC SHOCK

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

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

INTRODUCTION TO VA-ECMO

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

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

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

HEMODYNAMIC ASPECTS OF VA-ECMO
SUPPORT

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

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

The use of VA-ECMO also improves systemic perfusion.
Typically, mean arterial blood pressure rises after VA-ECMO
initiation while the high-volume venous displacement from
the RA reduces central venous pressure. The systemic arterio-
venous pressure gradient increases as a result, thereby enhancing
systemic circulation. This may be particularly relevant to
improving blood flow in organs with portal circulation,
such as the liver and kidney (63). Fluid removal and
relief of venous congestion can be further enhanced by
splicing a continuous veno-venous hemodialysis machine
(continuous renal replacement therapy; CVVHD) into the
VA-ECMO circuit. By providing large volume oxygenated

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2021 | Volume 8 | Article 68655819

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Tsangaris et al. VA-ECMO for Cardiogenic Shock

blood flow, organ perfusion can be supported irrespective of
the intrinsic cardiac function. Importantly, the native right
ventricular function is not as critical to the provision of
systemic perfusion (as is the case with IABP and some
pVADs) due to the lessened reliance on transpulmonary flow
with VA-ECMO.

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

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

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

COMMON INDICATIONS FOR VA-ECMO
SUPPORT

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

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

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

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

cardiogenic shock.

Indication for VA-ECMO support Reported survival (%)

Acute myocardial infarction 33.8–66.7

Cardiomyopathy 35.7–57.0

COVID-19 infection 0–36.6

eCPR 8.8–54.0

Fulminant myocarditis 60.0–74.0

Primary graft failure post heart transplantation 50.0–84.2

Massive pulmonary embolism 38.5–53.1

Cardiomyopathy in the setting of sepsis 59.8–75.0

eCPR, extracorporeal cardiopulmonary resuscitation.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

COMPLICATIONS OF VA-ECMO SUPPORT

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

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

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

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

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

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

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

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

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

FIGURE 1 | Veno-arterial extracorporeal cardio-membrane oxygenation

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

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

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

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

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

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

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

the left ventricle recovers pulsatility yet the pulmonary gas exchange remains

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

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

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

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

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

flow may develop.

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

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

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

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

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

WEANING FROM VA-ECMO SUPPORT

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

CONTRAINDICATIONS TO VA-ECMO USE

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

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

DISCUSSION

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

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

and to evaluate the effects of VA-ECMO support on the survival
of patients with CS of various etiologies.
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Background: Acute myocardial infarction-related cardiogenic shock (AMI-CS) still has

high likelihood of in-hospital mortality. The only trial evidence currently available for the

intra-aortic balloon pump showed no benefit of its routine use in AMI-CS.While a potential

benefit of complete revascularisation has been suggested in urgent revascularisation, the

CULPRIT-SHOCK trial demonstrated no benefit of multivessel compared to culprit-lesion

only revascularisation in AMI-CS. However, mechanical circulatory support was only used

in a minority of patients.

Objectives: We hypothesised that more complete revascularisation facilitated by

Impella support is related to lower mortality in AMI-CS patients.

Methods: We analysed data from 202 consecutive Impella-treated AMI-CS patients at

four European high-volume shock centres (age 66 ± 11 years, 83% male). Forty-seven

percentage (n = 94) had cardiac arrest before Impella implantation. Revascularisation

was categorised as incomplete if residual SYNTAX-score (rS) was >8.

Results: Overall 30-day mortality was 47%. Mortality was higher when Impella was

implanted post-PCI (Impella-post-PCI: 57%, Impella-pre-PCI: 38%, p = 0.0053) and if

revascularisation was incomplete (rS ≤ 8: 37%, rS > 8: 56%, p = 0.0099). Patients with

both pre-PCI Impella implantation and complete revascularisation had significantly lower

mortality (33%) than those with incomplete revascularisation and implantation post PCI

(72%, p < 0.001).

Conclusions: Our retrospective analysis suggests that complete revascularisation

supported by an Impella microaxial pump implanted prior to PCI is associated with lower

mortality than incomplete revascularisation in patients with AMI-CS.

Keywords: microaxial flow-pumps, acute heart failure, myocardial infarction, cardiogenic shock, revascularisation
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INTRODUCTION

Acute myocardial infarction (AMI) is one of the major
contributors to cardiogenic shock (CS) (1). The “Should We
Emergently Revascularize Occluded Coronaries for Cardiogenic
Shock” (SHOCK) trial demonstrated that urgent invasive
assessment and revascularization improves long term survival
(2). Based on this trial, current society guidelines recommend
urgent revascularisation in AMI-CS (3). However, even two
decades later, mortality in AMI-CS remains high with almost
every second patient dying (2, 4–7).

Mechanical circulatory support (MCS) raised hope to improve
outcome in AMI-CS. Although the intra-aortic balloon pump
(IABP) was the most frequently used MCS device, it failed to
improve survival compared to standard medical therapy (6, 8)
and thus is no longer recommended for routine use (Class IIIA
in the ESC Guidelines) (3). Today, a variety of more powerful
MCS devices are available, including Impella, TandemHeart and
extracorporeal membrane oxygenation (ECMO) (9). However,
due to lacking prospective randomised data, current guidelines
for use of MCS in AMI-CS are based on expert opinion and
generally do not favour one system over another (3, 10).

Previous trials investigating Impella pumps in AMI-CS
were not adequately powered regarding clinically meaningful
outcome differences. Additionally, high proportions of patients
with out-of-hospital cardiac arrest (OHCA) had a strong and
negative influence on the reported mortality rates, and lacked
standardisation of timing of Impella placement (11, 12). Several
observational studies reported a positive association of Impella
support prior to PCI on mortality, especially in patients who
did not suffer cardiac arrest before device implantation (13–19).
Whether approaches aiming for early implementation of Impella
support in AMI-CS relate to improved outcome is currently
investigated in the adequately powered DanGer-Shock trial (20).
Since DanGer-Shock will most probably require somemore years
before data are reported, deciding about the use of MCS is based
on individual experience.

While it is nowadays recommended to achieve complete
revascularisation in stable AMI patients (21), the historic belief
of complete revascularisation in AMI-CS has been challenged
by the results of the CULPRIT-SHOCK trial, demonstrating
lower mortality in AMI-CS patients receiving culprit-lesion-
only compared to multivessel revescularisation (22). A major
limitation to more complete revascularisation in that trial
was haemodynamic instability during PCI in the multivessel
group. Whether complete revascularisation in AMI-CS would
be associated with improved outcome if patients were stabilised
more rigorously by more liberal use of MCS devices in AMI-CS,
has not been determined in a prospective study yet. Recently,
the American National Shock Initiative Investigators reported
about AMI-CS patients treated by a common strategy of early

Abbreviations: AMI, acute myocardial infarction; CS, cardiogenic shock;

ECMELLA, combination of Impella and ECMO; ECMO, extracorporeal

membrane oxygenation; IABP, intraaortic balloon pump; LV, left ventricle/ left

ventricular; MCS, mechanical circulatory support; NSTEMI, non-ST-segment

elevationmyocardial infarction; PCI, percutaneous coronary intervention; STEMI,

ST-segment elevation myocardial infarction.

revascularisation on Impella support. In 198 patients with
multivessel disease presenting with AMI-CS, revascularization
of non-culprit lesions was associated with similar survival
compared with culprit-only PCI (23).

Completeness of revascularisation has been addressed in PCI
trials in the past using the residual Syntax score (rS) with a value
of 8 or less indicating complete revascularisation (21). While the
Syntax score was originally derived from a randomised study
excluding AMI patients, it has been widely used in AMI patients
and rS demonstrated its prognostic relevance in this particular
setting as well (24–28). The more recent publications even used
a similar threshold for incomplete revascularisation of rS of 8
with persistent prognostic relevance as (26–28). Most recently,
the ACTION Core group from Paris used the rS for their analysis
on complete revascularisation in the CULPRIT-SHOCK trial. In
their analysis, rS was independently associated with early and late
mortality (29).

In order to provide more detailed insight into that matter,
we collected observational data from four shock centres running
Impella programs and report about a total of 202 AMI-
CS patients treated with Impella microaxial flow-pumps in
clinical routine. We compared 30-day mortality in those
patients in relation to completeness of revascularisation using
residual syntax score as a previously investigated surrogate for
completeness of revascularisation (21).

METHODS

Study Design
This was a retrospective, observational analysis that included
data from all patients undergoing implantation of an Impella CP
microaxial flow-pump in AMI-CS between 2012 and 2018 in all
four centres when complete revascularisation during the index
procedure was the intended strategy based on previous guideline
recommendations (30). De-identified data were entered into a
combined database. All data were collected in accordance with
the Declaration of Helsinki and approved by the local ethics
committee of each centre.

In general, all participating centres use algorithms for AMI-CS
aiming for rapid detection and treatment of cardiogenic shock
(19, 31). Patients with AMI are taken to the cath labs when in
shock and rapid revascularisation and initiation ofMCS is used in
patients requiring higher amounts of vasopressors and inotropes
in conjunction with increased levels of serum lactate as a sign
of systemic hypoperfusion when LV-EF is impaired (32). Impella
implantation is initiated during the initial cath lab procedure.

Patient Population
Based on a previous analysis (19), we calculated a required sample
size of n= 196 patients to give us 80% power to detect an absolute
10% reduction in mortality with an error of < 0.05. All 202
AMI-CS patients included in the analysis had been supported
with an Impella CP at four different shock centres in Germany
(University hospitals in Hannover, Bonn and Düsseldorf) and
Italy (Padua).

The primary outcome measure of this study was to evaluate if
more complete revascularisation defined by a rS of 8 or less would

Frontiers in Cardiovascular Medicine | www.frontiersin.org 2 July 2021 | Volume 8 | Article 67874834

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Schäfer et al. Revascularisation on Impella in Cardiogenic Shock

TABLE 1 | Baseline and procedural characteristics of the present prospective cohort.

All patients rS-score ≤ 8 rS-score > 8 p-value

n = 202 n =130 n = 72 rS≤8 vs. >8

Age, mean (SD), years 66 ± 11 65 ± 12 67 ± 11 0.1449

Gender- male, n (%) 168 (83) 111 (85) 57 (79) 0.2601

Height, mean (SD), cm 174 ± 10 175 ± 11 172 ± 8 0.1321

Weight, mean (SD), kg 84 ± 15 85 ± 16 81 ± 11 0.1099

BMI, mean (SD), kg/m² 28.8 ± 13.7 29.3 ± 16.4 27.7 ± 3.7 0.5109

Admission lactate, mean (SD), mmol/L 5.7 ± 4.5 6.0 ± 4.6 5.3 ± 4.3 0.2645

Pre-existing conditions

Hypertension, n (%) 133 (66) 86 (66) 47 (65) 0.9005

Diabetes mellitus, n (%) 64 (32) 36 (28) 28 (39) 0.1024

Hyperlipidaemia, n (%) 68 (34) 40 (31) 28 (39) 0.2443

Smoking, n (%) 63 (31) 45 (35) 18 (25) 0.1593

CKD, n (%) 43 (21) 23 (18) 20 (28) 0.0842

LV-EF, mean (SD), % 26 ± 11 26 ± 11 27 ± 11 0.6170

Cardiac arrest prior to Impella, n (%) 94 (46) 67 (52) 27 (38) 0.0558

ROSC, mean (SD), min 25 ± 20 26 ± 20 24 ± 20 0.7649

Impella pre-PCI, n (%) 96 (48) 60 (46) 36 (50) 0.6022

Combination with ECMO, n (%) 27 (13) 20 (15) 7 (10) 0.2595

Duration of shock prior to Impella, mean (SD), h 3.3 ± 6.8 2.2 ± 3.3 5.4 ± 10.3 0.0014

Infarct location, n (%) 0.0201

left main 38 (19) 22 (17) 16 (22)

LAD 106 (52) 77 (59) 29 (40)

LCX 24 (12) 13 (10) 11 (15)

RCA 25 (12) 14 (11) 11 (15)

Bypass graft 9 (4) 4 (3) 5 (7)

Initial Syntax Score, mean (SD) 29 ± 13 24 ± 12 37 ± 12 <0.0001

Residual Syntax Score, mean (SD) 8 ± 10 2 ± 2 19 ± 11 <0.0001

TIMI flow at the end of procedure, n (%) <0.001

TIMI 0/I 15 (7) 2 (2) 13 (18)

TIMI II 16 (8) 11 (8) 5 (7)

TIMI III 171 (85) 117 (90) 54 (75)

Type of myocardial infarction, n (%) 0.033

STEMI 121 (60) 85 (65) 36 (50)

NSTEMI 81 (40) 45 (35) 36 (50)

Extent of CAD, n (%) 0.001

1-vessel disease 34 (17) 30 (23) 4 (6)

2-vessel disease 39 (19) 29 (22) 10 (14)

3-vessel disease 129 (64) 71 (55) 58 (80)

BMI, body mass index; CABG, coronary artery bypass graft; CAD, coronary artery disease; CKD, chronic kidney disease; LAD, left anterior descending coronary artery; LCX, left

circumflex coronary artery; LV-EF, left-ventricular ejection fraction; NSTEMI, Non-ST-segement elevation myocardial infarction; PCI, percutaneous coronary intervention; RCA, right

coronary artery; ROSC, Return of spontaneous circulation; STEMI, ST-segement elevation myocardial infarction; TIMI, thrombolysis in myocardial infarction.

Bold values indicate significant p-values < 0.05

be associated with lower 30 day mortality than less complete
revascularisation in AMI-CS patients. In a second step, the
same principle was applied to patients with or without Impella
implantation prior to PCI.

Since we previously demonstrated higher mortality in AMI-
CS patients who suffered cardiac arrest (17, 19) or when
hemodynamic support was initiated post-PCI (13, 15, 19),
the analysis of the overall cohort was also stratified based
on the presence or absence of cardiac arrest and timing of
Impella implantation.

Data Collection and Definitions
Basic demographic data, coronary anatomy, laboratory data
and documented complications during in-hospital stay were
collected. AMI-CS was defined as hypotension (systolic blood
pressure <90 mmHg or need for inotropes or vasopressors to
maintain systolic blood pressure >90 mmHg) and evidence of
end organ hypoperfusion as indicated by altered mental status,
clammy skin, or elevated lactate (>2 mmol/l) after adequate
fluid resuscitation. Individual variables were fully available for all
patients (32). Bleeding was defined by GUSTO criteria (33) and
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haemolysis during Impella support was defined as LDH ≥1,000
and haptoglobin <0.3 g/l in 2 consecutive blood samples within
24 h.

Clinical Follow-Up
Patient follow-up was for the period of hospitalisation, and vital
status was determined from medical records. The follow-up of
those patients who were discharged from hospital before 30
days was obtained by documents of primary care physicians or
rehabilitation hospitals. In case of discharge from hospital or
rehabilitation within 30 days, further follow-up was performed by
phone. Vital status for 30 days was confirmed in 201/202 patients
with the remaining patient discharged home alive on day 11.

Statistical Analysis
Numbers are given as n (%), mean ± standard deviation (SD)
for normally distributed variables, or median and interquartile
range (IQR) for non-normally distributed variables. Statistical
analysis was performed with ANOVA and corrected for multiple
comparisons with a Bonferroni correction; Kruskal-Wallis-Test
was used for non-parametric tests (17). Chi-square tests were
used to compare patient characteristics. Cumulative mortality
was estimated by Kaplan-Meier analysis and compared between
groups by the log-rank test.

Univariate Cox proportional hazard regression analyses
included variables potentially associated with mortality rates
were performed to identify factors associated with risk of
30-day mortality. Factors considered included: infarct related
artery other than LAD, initial Syntax score, NSTEMI, number
of vessels, shock duration until Impella implantation. Then
stepwise multivariate Cox regression analyses including variables
significantly linked to mortality in the respective univariate
analyses (p < 0.05) were performed. Analysis for correlation
and multicollinearities were performed before multivariate
regressions analysis. Results from regression analyses are
expressed as hazard ratios (HR) including 95% confidence
interval (CI).

Data were analysed using GraphPad Prism 6.0 (GraphPad
Software, Inc., La Jolla, CA) and SPSS Statistics 24 (IBM SPSS
Statistics 24). A p < 0.05 was considered statistically significant.

Propensity Score Matching
A propensity score matching was performed to minimise
confounder bias when comparing 30-day mortality in patients
with rS ≤ 8 to patients with rS > 8. Variables related to
incomplete revascularization in univariate regressions analysis
were taken in to account in propensity score-matching: Infarct
related artery other than LAD, initial Syntax score, NSTEMI,
numbers of vessels, and shock duration prior to Impella
implantation. Matching was realised by a stepwise match on the
logit of the estimated propensity score (1:1) between cases and
control groups using a nearest neighbour model. Callipers width
was equal to 0.2. A balanced distribution of these parameters
was achieved. Propensity score-matching was analysed using R
program 3.3.3, and SPSS 25 (IBM SPSS Statistics 25).

TABLE 2 | Thirty-day adverse events.

All n = 202

Definite stent thrombosis 2 (1%)

Ischemic stroke 6 (3%)

Haemorrhagic stroke 6 (3%)

Peripheral ischaemia of the leg requiring surgery or intervention 18 (9%)

Haemolysis 67 (33%)

Bleeding [based on GUSTO definitions (33)]

Lif1e-threatening/severe 20 (10%)

Moderate 45 (22%)

Mild 12 (6%)

Sepsis 73 (36%)

Renal replacement therapy 88 (44%)

Combination with vaECMO 28 (14%)

vaECMO, veno-arterial extracorporeal membrane oxygenation.

RESULTS

Patient Characteristics
The overall patient population consisted of 202 AMI-CS patients
that had been treated with an Impella CP device. Patient
characteristics are summarised in Table 1. Mean age in our
cohort was 66 ± 11 years and 83% were male. Cardiac arrest
had occurred in 94 patients (47%) prior to Impella implantation.
Impella was implanted pre-PCI in 96 patients (48%). The type
of AMI was STEMI in 60% and NSTEMI in 40%. In general,
an average lactate of 5.7 mmol/l and LV-EF of 26% indicate that
the patients supported with Impella CP in this analysis were in
profound AMI-CS (34, 35).

The most frequent adverse events were the need for renal
replacement therapy, bleeding, sepsis and haemolysis (Table 2).

Impact of Complete Revascularisation on
Mortality
Mean rS was 7.6 in the overall cohort, 130 patients (64%) had an
rS ≤ 8, 72 patients (36%) had an rS > 8 with a mean of 18.5 ±

10.6. Patients with rS≤ 8 had significantly lower 30 day mortality
than patients with incomplete revascularisation [rS ≤ 8 37% vs.
rS > 8 56%, p = 0.0099, HR 0.58, 95%CI (0.33–0.85), Figure 1].
Comparing characteristics of complete compared to incomplete
revascularized patients showed that patients with rS ≤ 8 trended
to have less pre-existing chronic kidney disease but had a higher
rate of pre-Impella cardiac arrest; otherwise, these patients had
similar baseline characteristics. In multivariate analysis, only
initial Syntax score and duration of shock prior to Impella
support remained as independent predictors for incomplete
revascularisation (Table 3). As uneven distribution of factors
such as type of infarction, number of vessels affected, presence
of LAD as culprit, shock duration prior to Impella placement,
and baseline Syntax score might have contributed to the observed
difference between complete and incomplete revascularisation,
we also performed a 1:1 propensity score matching regarding
these factors, which reduced the number of cases in the complete
revascularisation group from 130 to 56 and from 72 to 56 in
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FIGURE 1 | Central illustration. Thirty-day mortality in acute myocardial

infarction cardiogenic shock (AMI-CS) on Impella depending on completeness

of revascularisation: Observed 30-days mortality in AMI-CS treated with

Impella was lower if complete revascularisation defined by an residual Syntax

score ≤ 8 was achieved by percutaneous coronary intervention (PCI)

compared to less complete revascularisation (rS > 8).

the incomplete revascularisation group. The mortality rates were
slightly affected (rS ≤ 8: 42% after matching compared to 37%
prior to matching; rS > 8: 51% after matching compared to 56%
prior to matching), but the strong reduction in cases in the rS
≤ 8 group resulted in a p > 0.05. Nevertheless, the trend was
in the direction reported prior to propensity score matching
(Supplementary Figure 1).

Overall 30-day mortality was lower when Impella was
implanted pre-PCI (38%, n= 40/106) compared to when Impella
was implanted post-PCI [57%, n = 55/96; p = 0.0034, HR 0.54,
95%CI (0.33–0.79), Figure 2A]. While patients receiving Impella
post-PCI were younger (64 ± 12 vs. 68 ± 11 years, p = 0.0241),
they had higher admission lactate levels (6.8 ± 5.0 vs. 4.7 ± 3.7
mmol/l, p = 0.0008), longer shock duration prior to Impella (4.2
± 8.6 vs. 2.5± 4.4 h, p= 0.0869) and had had cardiac arrest more
often prior to implantation (55 vs. 39%, p = 0.0186). However,
both groups depicted similar LV (pre-PCI 25 ± 11% vs. post-
PCI 27 ± 11%, p = 0.3420) and renal function (eGFR: pre-PCI
58 ± 28 vs. post-PCI 58 ± 26 ml/min, p = 0.8989) prior to
support, and success in revascularisation (rS: pre-PCI 8 ± 12 vs.
post-PCI 7 ± 9, p = 0.2961). Initial Syntax-score was higher in
the pre-PCI compared to the post-PCI group (31 ± 14 vs. 26
± 12, p = 0.0033). As circulatory support initiated prior to PCI
will improve peri-procedural haemodynamics, we also assessed
mortality depending on both co-variates. Patients with both
pre-PCI Impella implantation and complete revascularisation
had significantly lower mortality than those with incomplete
revascularisation and implantation post PCI [33 vs. 72%, HR
0.30, 95%CI (0.10–0.41), p < 0.001, Figure 2B].

Duration of shock prior to Impella implantation was shorter
in patients with complete revascularisation (rS ≤ 8 2.2 ±

3.3 h vs. rS > 8 5.4 ± 10.3 h, p = 0.0014), and most of
the benefit of complete revascularisation on mortality was
observed in patients with shorter shock duration prior to
Impella implantation (Supplementary Figure 2A). Furthermore,
mortality could potentially be affected if additive treatment
with V-A ECMO were required either due to biventricular
failure or need for more potent circulatory support owing
to more severe shock. While numerically more patients
received ECMELLA support in the completely revascularised
group (rS ≤ 8 15% vs. rS > 8 10%, p = 0.2595), the
overall impact of incomplete revascularisation on mortality
was not changed by ECMELLA compared to Impella-only
support. In patients with Impella-only support, mortality was
significantly lower in the group with rS ≤ 8 compared to
less complete revascularisation, and within the ECMELLA
group a similar trend was observed (Supplementary Figure 2B).
Patients with both pre-PCI Impella implantation and complete
revascularisation had significantly lower mortality (33%) than
those with incomplete revascularisation and implantation post
PCI (72%, p < 0.001).

Of the 94 patients who suffered cardiac arrest prior to Impella
implantation, 53 died and most common cause of death (n =

39, 74%) was due to early haemodynamic instability despite
rapid circulatory support. That proportion was larger than in
patients without prior cardiac arrest, in whom 39% died due
to early haemodynamic failure indicating that late unmasking
of underlying anoxic brain damage was not the major driver
of increased mortality in patients with cardiac arrest prior to
Impella implantation.

DISCUSSION

In our analysis of 202 AMI-CS patients on Impella support
treated by stratified protocols in four high-volume European
shock centres, achieving complete revascularisation characterised
by a residual Syntax score of 8 or less (21) was associated with
lower 30 day mortality than less complete revascularisation. The
most promising outcome was observed in patients with [pre
PCI] implantation of Impella and complete revascularisation
compared to patients with Impella implantation post PCI and
incomplete revascularisation.

Recently, the AmericanNational Shock Initiative Investigators
reported that in their experience multi-vessel PCI in AMI-CS
was safe, when patients had been supported with an Impella
microaxial flow-pump to rapidly stabilise haemodynamics (23).
On first sight, theirs and our results appear to be in contradiction
to the randomised CULPRIT-SHOCK trial, in which mortality
was even higher whenmultivessel compared to culprit lesion only
PCI was attempted (22).While excess mortality in the multivessel
group was mainly driven by anoxic brain damage related to
resuscitation prior to revascularisation, the rate of refractory
cardiogenic shock was reduced by 12% in the mutlivessel group
(22). However, in that trial only 12% of patients received
circulatory support by Impella (overall mechanical support by
Impella, ECMO, and/or TandemHeart was provided in ∼18–
19%) and even less were supported by ECMO. The extent
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TABLE 3 | Uni- and multi-variate analysis of predictors for incomplete revascularisation.

Parameter Univariate regressions analysis Multivariate regressions analysis

HR (95% CI) P HR (95%CI) p

Infarct related artery other than LAD 2.15 (1.19–3.87) 0.01 1.15 (0.56–2.38) 0.698

Initial syntax score 1.09 (1.06–1.13) <0.001 1.09 (1.06–1.12) <0.001

NSTEMI 2.01 (1.10–3.67) 0.023 1.41 (0.67–2.93) 0.365

Number of vessels 2.44 (1.51–3.94) <0.001 1.56 (0.88–2.78) 0.130

Duration shock until Impella implantation 1.08 (1.02–1.15) <0.001 1.09 (1.01–1.17) 0.024

LAD, left anterior descending coronary artery; NSTEMI, Non-ST-segement elevation myocardial infarction.

FIGURE 2 | Thirty-day mortality in acute myocardial infarction cardiogenic shock (AMI-CS) on Impella depending on timing of Impella support and completeness of

revascularisation: Observed 30-days mortality in AMI-CS treated with Impella was lower if Impella was implanted pre PCI compared to post PCI (A). Lowest mortality

was observed in patients receiving Impella pre PCI and achieving complete revascularisation defined by an residual Syntax score (rS) ≤ 8 (B).

of systemic hypoperfusion was similar with an average lactate
about 5.0 mmol/l (66% > 2.0 mmol/l) compared to the 5.7
mmol/l (73% > 2.0 mmol/l) in our analysis (22). Recently,
that trial and others in stable AMI patients have led to a
change in recommendations for revascularisation strategies,
whereby guidelines do now prefer culprit-lesion only PCI in
AMI-CS (3), but complete revascularisation in stable AMI,
contrary to the recommendations given several years before (30).
Nevertheless, a large national Korean AMI registry demonstrated
lower mortality in multivessel AMI-CS patients when complete
compared to culprit-lesion only revascularisation was performed
(36). Very recently, a sub-analysis from the CULPRIT-SHOCK
trial reported that complete revascularisation was only achieved
in roughly 25% of their AMI-CS patients treated using an multi-
vessel PCI approach. In their analysis, rS was independently
associated with early and late mortality (29). Similarly, findings

from the Italian IMP-IT registry using Impella suggested a
survival benefit when complete revascularisation was achieved in
AMI-CS patients (37).

In patients with stable moderate- and high-risk ACS,
incomplete revascularisation with rS above 8 is associated with
poor short- and long-term outcome (21). When this parameter
was applied to almost 90,000 patients in a meta-analysis, the
mortality benefit associated with complete revascularisation
was consistent across studies irrespective of revascularization
modalities (38). Recently an increasing trend of Impella use
over time has been observed along with increased mortality,
acute kidney injury, stroke and costs associated with Impella
use. Moreover, compared with IABP, Impella was associated
with higher mortality, bleeding, acute kidney injury, and stroke.
Interestingly, a wide variation in Impella utilisation across
hospitals was observed, and hospitals with higher utilisation did
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not necessarily have better outcomes than lower-use hospitals
(39). When trying to perform propensity score matching to
patients enrolled in the IABP-Shock II-trial, no benefit had been
detected by Impella in AMI-CS, however, the analysis included
heterogeneous treatment strategies (40). Recently, retrospective
data did suggest that using defined treatment strategies for
Impella in AMI-CS could potentially have a beneficial impact
on mortality (19, 41). Retrospective observational comparisons
between registries and clinical trials inherit the risk of severe
selection bias regarding patients selected in clinical practise
compared to patients enrolled in clinical trials. For example, of
the 202 AMI-CS patients included in the present analysis, 154
(76%) would have fulfilled the inclusion/exclusion criteria of the
IABP-Shock II-trial (6), but only 35 (17%) would have qualified
for the DanGer-Shock trial (20). Our reported data represent
evidence from real clinical practise in AMI-CS, whenever the
treating interventional cardiologist felt the need for MCS based
on the clinical patient presentation including higher lactate,
impaired LV ejection fraction and raised vasopressor demand. As
our registry is retrospective, differences in baseline characteristics
can influence the allocation to the different treatment strategies
as well as the observed outcome. Therefore, we intended to
perform a propensity score-matching, after which there was still
a trend toward lower mortality in the rS ≤ 8 group, however,
the sample size was significantly reduced by the matching and
the resulting p-value did not achieve statistical significance
afterwards. Nevertheless, it has not been our intention to
claim superiority of complete revascularisation on MCS over
other approaches, we merely wanted to illustrate that results of
complete compared to incomplete revascularisation might be
different when patients are haemodynamically stabilised during
the revascularisation procedure and we should not draw the
conclusion that complete revascularisation always results in
worse outcome.

In addition to failing cardiac output as a direct consequence
of myocardial compromise in AMI-CS, a major contributor to
mortality in AMI-CS trials is anoxic brain damage that has
occurred prior to hospital admission and prior to insertion of
a hemodynamic support device in patients suffering out-of-
hospital cardiac arrest [cardiac arrest before enrolment: 28%
in IABP-Shock II (6), 54% in CULPRIT-SHOCK (22), 46%
in our analysis] as a consequence of AMI-related arrhythmias
(17). As a matter of fact, post-arrest brain injury was the
most relevant factor in excess mortality between the groups
in CULPRIT-SHOCK with an absolute difference of 8.2% in
favour of culprit-only PCI. However, regarding manifestation
of refractory cardiogenic shock, there was an absolute 8.4%
difference in favour of multivessel PCI in the same trial (22).
So even while the primary endpoint including mortality was
positive toward the culprit-only group based on a non-shock
related factor, the more specific shock-related outcome, e.g.,
refractory cardiogenic shock, was lower in the multivessel-PCI
group indicating that complete revacularisation might indeed
positively influence shock outcome. Brain injury also highly
impacted on the IMPRESS-in-SEVERE-SHOCK trial, in which
92% of patients were post-arrest and which did not demonstrate
improved survival on Impella support in a small population of

AMI-CS patients (12). While the authors stated that Impella was
not effective in CS, not many patients in that study actually had
the potential to survive with good neurological outcome. The
IABP-Shock II entry criteria (applied in many of the AMI-CS
trials) excluded patients who had undergone resuscitation for
more than 30min or were in a coma with fixed dilatation of
pupils. In our analysis, pre-implantation cardiac arrest in AMI-
CS was associated with a 78% higher 30-day mortality. While
in routine treatment a MCS device will not be withheld from
AMI-CS patients just because the patient had cardiac arrest
before as long as no reliable prediction can be performed to
prognosticate neurological outcome, in clinical trials a protocol
ensuring exclusion of any comatose post-arrest patients should be
employed to test the hypothesis whethermortality can be reduced
by standardised use of MCS devices. However, this will exclude a
large number of patients and the trial recruitment will be much
slower. Nevertheless, such a clear stratified protocol for non-
comatose AMI-CS patients testing Impella support compared to
standard treatment is currently enrolling, the DanGer-Shock trial
(20). Notably, comatose patients after out-of-hospital cardiac
arrest and those with prolonged shock duration above 24 h are
excluded, in an effort to remove patients who may not derive
any benefit from the device due to already established extensive
systemic or neurologic damage.

While evidence for MCS use from prospective trials is
eagerly awaited and use of IABP in AMI-CS is strongly
discouraged, individual decision making is required (32). In
order to obtain at least some clarity, we combined our
experience from four shock centres with regular Impella
use for AMI-CS treatment. When using Impella microaxial
flow-pumps to stabilise haemodynamics, we observed better
outcome in patients with complete revascularisation compared
to those with incomplete revascularisation. Whether complete
revascularisation on MCS is superior to current standard
treatment, which focuses on culprit lesion only revascularisation
without routine circulatory support, needs to be addressed in a
randomised-controlled clinical trial.

LIMITATIONS

First, our analysis is based on observational data; so neither
controls nor randomised treatment were available. Impella
support was initiated whenever the interventional cardiologist
felt the need for rapid mechanical circulatory support being
justified by elevated lactate levels, impaired LV-ejection fraction
on transthoracic echo, and increased vasopressor demand and/or
compromised haemodynamics. Obviously, the analysis can only
cover patients who survived until implantation of MCS. The
results of our analysis are meant to be hypothesis generating
given the longer shock duration prior to Impella use and the
more complex disease includingmoreNSTEMI in the incomplete
revascularisation group. Until prospective trials are conducted,
retrospective analyses like ours might, however, suggest using
Impella in properly selected patients and appeared at least to be
safe if not advantageous to aim for complete revascularisation
if the patient is haemodynamically stabilised. While triggering
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factors for Impella placement might therefore have been different
for patients with Impella implanted prior compared to after
PCI and those achieving complete compared to incomplete
revascularisation, the timing of placement did not significantly
affect completeness of revascularisation. Nevertheless, we cannot
exclude that higher baseline Syntax score and more patients
with TIMI 0/1 flow might have impacted on the overall
message, which, however, is in line with a recent sub-analysis
from the CULPRIT-SHOCK trial regarding completeness of
revascularisation (29). An approach to use propensity score
matching for potentially differing baseline parameters indicated
a similar trend, but the statistical power was too low owing to the
reduction in sample size.

CONCLUSIONS

As long as we are waiting for data from randomised trials,
deciding about certain forms of MCS is an individual decision
based on the interventionist’s experience. While routine use of
circulatory support is not suggested, under certain conditions,
complete revascularisation supported by an Impella microaxial
pump implanted before PCI in AMI-CS might contribute to
improved outcomes.
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propensity score matching for type of infarction, number of vessels affected,

presence of LAD as culprit, and baseline Syntax score.

Supplementary Figure 2 | Thirty-day mortality in acute myocardial infarction

cardiogenic shock (AMI-CS) on Impella depending on completeness of

revascularisation and extent of cardiogenic shock: Observed 30-days mortality in

AMI-CS patients treated with Impella was lower if complete revascularisation

defined by an residual Syntax score ≤ 8 was achieved by percutaneous coronary

intervention (PCI) compared to less complete revascularisation (rS > 8)

independent from the time in shock prior to Impella implantation (A) and whether

patients were supported by Impella alone or in combination with V-A ECMO

(ECMELLA, B).
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Background: Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) is used

for critically ill patients requiring hemodynamic support but has been shown to induce an

inflammatory response syndrome potentially leading to severe complications and poor

outcome. Monocytes are comprised of different subsets and play a central role in the

innate immune system. The unique small binding proteins, Designed Ankyrin Repeat

Protein “F7” and single chain variable fragment “MAN-1,” specifically detect the activated

conformation of the leukocyte integrin Mac-1 enabling the highly sensitive detection of

monocyte activation status. The aim of this study was to characterize monocyte function

and heterogeneity and their association with outcome in VA-ECMO patients.

Methods: VA-ECMO patients were recruited from the ICUs of the University Hospital in

Freiburg, Germany. Blood was sampled on day 0 and day 3 after VA-ECMO placement,

after VA-ECMO explantation and from healthy controls. Monocyte subset distribution,

baseline activation and stimulability were analyzed by flow cytometry using the unique

small binding proteins F7 and MAN-1 and the conventional activation markers CD163,

CD86, CD69, and CX3CR1. Furthermore, expression of monocyte activation markers

in survivors and non-survivors on day 0 was compared. Simple logistic regression was

conducted to determine the association of monocyte activation markers with mortality.

Results: Twenty two patients on VA-ECMO and 15 healthy controls were recruited.

Eleven patients survived until discharge from the ICU. Compared to controls,

baseline monocyte activation was significantly increased, whereas stimulability was

decreased. The percentage of classical monocytes increased after explantation, while

the percentage of intermediate monocytes decreased. Total, classical, and intermediate
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monocyte counts were significantly elevated compared to controls. On day 0, baseline

binding of F7 was significantly lower in non-survivors than survivors. The area under the

ROC curve associated with mortality on day 0 was 0.802 (p = 0.02).

Conclusions: Distribution of monocyte subsets changes during VA-ECMO and

absolute classical and intermediate monocyte counts are significantly elevated compared

to controls. Monocytes from VA-ECMO patients showed signs of dysfunction. Monocyte

dysfunction, as determined by the unique tool F7, could be valuable for predicting

mortality in patients receiving VA-ECMO and may be used as a novel biomarker guiding

early clinical decision making in the future.

Keywords: extracorporeal membrane oxygenation, monocyte, Mac-1, inflammation, DARPin®, activation

INTRODUCTION

Veno-arterial extracorporeal membrane oxygenation (VA-
ECMO) is being increasingly used as a last resort for critically
ill patients with circulatory failure. Although the underlying
technology has substantially improved, the mortality rate in
these patients remains high at over 50% (1, 2). Contributing to
this high mortality rate are severe, life-threatening complications
such as bleeding, thrombosis, and capillary leakage syndrome
which have been associated with a systemic inflammatory
response syndrome occurring after ECMO initiation. This
overshooting inflammatory response is triggered by contact of
blood components with extracorporeal surfaces (3).

The inflammatory reaction to ECMO therapy is complex.
Recent studies report altered function and response to
stimulation of immune cells in ECMO patients, also referred to
as immunoparalysis. It has been suggested that this phenomenon
might also affect outcome in these patients, e.g., by increased
vulnerability toward infection (4, 5).

Monocytes play a crucial role in the development and
progression of a wide range of inflammatory conditions
(6–8). They can be differentiated according to their
expression of the surface markers CD14 and CD16 into
classical (CD14++CD16−), intermediate (CD14++CD16+),
and non-classical (CD14+CD16++) monocytes, each
with distinct functions (9). Only limited information is
available on monocyte subset distribution and function in
ECMO patients.

Several markers of monocyte activation have been described

including CD163 (10, 11), CD86 (12, 13), CD69 (14, 15),

CX3CR1 (16), and the leukocyte integrin Mac-1 [=CD11b or

αMβ2-integrin (17)]. Importantly, Mac-1 exists in a resting and

activated conformation on the monocyte surface depending on

the activation status and the change in integrin conformation
occurs within minutes of leukocyte activation (18, 19). The

sensitivity of detecting monocyte activation can be dramatically

increased by specifically detecting the activated conformation

of Mac-1 using the following unique tools: the small binding
proteins, single chain variable fragment (scFv) MAN-1 and
Designed Ankyrin Repeat Protein (DARPin) F7.

These small binding proteins, compared to conventional
immunoglobulins, are more stable, have similar or even higher

affinities to their targets and are more easily produced and
selected, entailing lower costs (20). MAN-1 and F7 have
previously been used to detect monocyte activation in a clinical
setting, e.g., in septic patients or patients with myocardial
infarction (19, 21).

The aim of this study was to characterize monocyte function
and heterogeneity and their association with outcome in VA-
ECMO patients.

MATERIALS AND METHODS

Patient Recruitment
Patients were recruited prospectively from the intensive care
units of the medical and heart surgical intensive care wards of
the University Hospital in Freiburg, Germany from December
2019 until December 2020. Daily screening of the patient data
management system was performed to identify patients receiving
VA-ECMO. Patients were eligible if they were 18 years or older,
had no hematological malignancies and a hemoglobin value
above 8 g/dl. Blood was carefully drawn from an arterial line from
patients after VA-ECMO implantation on day 0 (“d0,”<24 h after
VA-ECMO initiation), day 3 (“d3,” 72 h ± 12 h after VA-ECMO
initiation) and after explantation (“post explant.,” <12 h after
VA-ECMO explantation). Blood was immediately transferred
to the laboratory where flow cytometric analysis was carried
out. Clinical and laboratory parameters were obtained from the
electronic patient data management system. Healthy volunteers
were free of disease and had not taken any drugs in the past 14
days and blood was taken by antecubital vein puncture.

Indications, Implantation, and
Management of VA-ECMO
The decision on the placement of VA-ECMO was made by an
experienced ECMO physician. Implantation and management
were carried out as described previously (22). Most commonly,
venous cannulas had a diameter of 21-23 F and arterial cannulas
were 15-17 F. Distal limb perfusion was added if necessary.

Patients on VA-ECMO regularly received transfusions as
indicated to maintain hemoglobin levels above 8 g/dl and a
platelet count above 50,000/µl.

VA-ECMO was carried out using the Stöckert R© centrifugal
pump (LivaNova PLC, London, United Kingdom), the Maquet
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Cardiohelp Systems with an HLS Set Advanced (Maquet
Cardiopulmonary GmbH, Rastatt, Germany), the CARL system
(Resuscitec, Freiburg, Germany) or the Deltastream system
(Xenios AG, Heilbronn, Germany). All systems included
one oxygenator.

Flow Cytometry
Antibodies
All antibodies were ordered from Biolegend, USA. 8.5 µl of
the following antibodies were added to the Master-Mix: PerCP-
Cy5.5 anti-HLA-DR (clone L243), PE anti-CD14 (clone HCD14),
Pacific Blue anti-CD16 (clone 3G8), APC anti-CD45 (clone
HI30), PE/Cy7 anti-CD66b (clone G10F5) and the master-mix
was stored on ice in the dark after dilution with 45 µl PBS. 5
µl of Master-Mix was added per sample. The following FITC-
conjugated antibodies were used to detect monocyte activation:
anti-CX3CR1 (1:10 dilution, clone 2A9-1), anti-CD69 (1:5
dilution, clone FN50), anti-CD86 (1:10 dilution, clone BU63),
anti-CD163 (1:10 dilution, clone GHI/61), and 5 µl were added
to the specified sample. Adequate isotype controls were prepared.
DARPin F7 was produced and purified as described previously
(21). MAN-1 was kindly provided by Prof. Karlheinz Peter,
Melbourne, Australia. DARPin F7 (Fc = 2.5µg/ml) and MAN-
1 (Fc = 10µg/ml) are unconjugated but feature a His-tag which
allows detection by an Alexa Fluor 488 anti-His-tag antibody (1
µl per sample).

Protocol and Staining Procedure
100 µl of citrated blood was added per tube followed by
stimulation with phorbol 12-myristate 13-acetate (PMA, 200 nM,
or PBS for unstimulated samples, 15min, 37◦C). After red blood
cell lysis (BD FACS Lysing Solution, BD, USA; 20min, on ice),
samples were washed with 2ml of PBS + Ca2+/Mg2+ and
resuspended in 100 µl of PBS+ Ca2+/Mg2+. DARPin F7, MAN-
1, anti-CD163, anti-CD69, anti-CD86 and anti-CX3CR1, and the
Mastermix were added (15min, on ice), followed by addition of
the secondary antibody (anti-His-Tag Alexa, 15min on ice). 400
µl of diluted Cell FIXTM solution (BD, USA) were added and
samples were read on a BD FACS Canto II Flow Cytometer at
medium flow rate.

Binding of MAN-1, F7, anti-CD163, anti-C86, anti-CD69,
and anti-CX3CR1 was recorded as percentage after gating for
classical monocytes using adequate isotype controls as previously
described (21). Marker expression on monocytes was assessed in
unstimulated samples (=baseline), and PMA-stimulated samples
(=stimulability). In brief, the positive population was defined
by a gate including the top 1% of the population in the
FITC isotype control sample (anti-CD163, anti-C86, anti-CD69,
and anti-CX3CR1) or the top 1% in the secondary Alexa-
Fluor 488 anti-His-tag antibody only sample (F7 & MAN-
1). The population shifting into this gate in unstimulated
or stimulated samples was recorded as percentage. HLA-DR
expression on classical monocytes was recorded as PerCP-Cy5.5
mean fluorescence intensity.

Monocyte subsets were defined by their expression of
CD14 and CD16. Classical (CD14++CD16−), intermediate
(CD14++CD16+), and non-classical (CD14+CD16++)

monocytes were identified in the following way: after excluding
CD66b+ events cells, monocytes were pre-gated according to
their location in the FSC/APC CD45 plot. Monocytes were
then identified by their expression of HLA-DR and CD14.
HLA-DR+CD14+ cells were then displayed in a PE CD14/Pacific
Blue CD16 gate and subpopulations were identified as described
previously using adequate isotype controls (23).

An extra sample was transferred to a TrucountTM tube
(BD, USA) to allow absolute quantification of cells. 10,000
TrucountTM beads were recorded and monocyte concentration
per ml was calculated as described in the manufacturer’s
instructions. Total monocyte count per ml for each patient was
calculated by summarizing the number of classical, intermediate
and non-classical monocytes. In the other samples 5,000
monocytes were recorded in the HLA-DR/CD14 gate. Data were
analyzed using FlowJo V10.6.0.

Statistics
Variables are presented as mean± SEM or median (interquartile
range). To account for repeated measures per patient, mixed
effects models, which allow missing data, were used to analyze
differences betweenmeans across different time points. Unpaired
t-tests were used to analyze differences of means at single
time points. Simple logistic regression analysis was performed
to determine association of monocyte markers on day 0 with
mortality. Areas under the receiver operating characteristics
(ROC) curve were calculated to determine predictive accuracy of
these parameters. A p-value ≤ 0.05 was considered statistically
significant. Analysis was performed using GraphPad Prism V9.0
(GraphPad Software, San Diego, California, USA).

RESULTS

In a first step, the ability to detect monocyte activation in
response to PMA stimulation was validated for all monocyte
surface markers (F7, MAN-1, CX3CR1, CD163, CD86, CD69) in
a group of healthy volunteers. These healthy volunteers also later
served as a control group since monocyte function was assumed
to be unaltered bymedication or disease allowing them to serve as
a reference. Fifteen healthy controls were recruited with amedian
age of 26 years (23–31). Seven were female, 8 were male. We
found a significant increase in binding for all surface markers in
response to stimulation with PMA. Activation-specific binding
was particularly pronounced for the unique tools F7 and MAN-1
(Supplementary Figure 1).

Twenty-two patients receiving veno-arterial ECMO were
recruited from December 2019 to December 2020. Eleven
patients survived until discharge from the intensive care wards
and were considered as “survivors.” Eight patients were females.
Thirteen patients were recruited from the medical intensive
care wards, nine patients were recruited from the heart surgical
intensive care ward. Seven patients received ECMO during
cardiopulmonary resuscitation (eCPR) and 15 patients due to
severe cardiogenic shock. The median sequential organ failure
assessment (SOFA) score (Q1-Q3) was 11 (9–13). Blood was
obtained from all patients on day 0. We were able to take
blood from 13 patients on day 3 and 13 patients after ECMO
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TABLE 1 | Clinical characteristics, laboratory parameters, and ventilation settings

of VA-ECMO patients on day 0.

Parameter VA-ECMO patients

Patients, n (%) 22 (100)

Age, y (Q1-Q3) 63 (52-73)

Survivors, n (%) 11 (50)

Female, n (%) 8 (37)

Type of VA-ECMO, n (%)

Stöckert Sorin

Maquet

Deltastream

CARL

12 (55)

7 (32)

2 (9)

1 (4)

Days on ECMO (median, Q1-Q3) 6.0 (3.8-7.0)

ECMO Blood Flow (l/min, Q1-Q3) 4.3 (3.8-4.8)

Indication for VA-ECMO, n (%)

Cardiogenic shock (due to) 15 (68)

Postoperative/postinterventional 7 (32)

Myocardial infarction 2 (9)

Ischemic cardiomyopathy 1 (4)

Unknown cardiomyopathy 1 (4)

Endocarditis 1 (4)

Pulmonary embolism 1 (4)

After CPR 1 (4)

Mitral regurgitation 1 (4)

eCPR (due to) 1 (4)

Myocardial ischemia 1 (4)

Unknown 1 (4)

Cardiovascular disease, n (%) 15 (68)

Atrial fibrillation, n (%) 8 (36)

Diabetes mellitus, n (%) 2 (9)

Hypertension, n (%) 7 (32)

Active smoker, n (%) 3 (14)

Hypercholesterolemia, n (%) 4 (18)

Cancer, n (%) 0 (0)

Acute renal failure, n (%) 15 (68)

Continuous hemodialysis, n (%) 9 (41)

Heparin, n (%) 21 (95)

Dual anti-platelet therapy, n (%) 9 (41)

Immunosuppression, n (%) 1 (4)

Received transfusions, n (%) 22 (100)

Cytosorb, n (%) 1 (4)

Mechanical ventilation, n (%) 22 (100)

SOFA score (Q1-Q3) 11.0 (9.0-13.0)

WBC (×103 /µl, Q1-Q3) 9.6 (7.5-14.0)

Platelets (×103 /µl, Q1-Q3) 102.0 (74.0-140.0)

Hb (g/dl, Q1-Q3) 8.7 (8.3-9.4)

Creatinine (mg/dl, Q1-Q3) 1.7 (1.0-2.5)

Urea (mg/dl, Q1-Q3) 58.0 (33.0-77.0)

Bilirubin (mg/dl, Q1-Q3) 2.4 (1.5-3.3)

AST (U/l, Q1-Q3) 161.0 (70.3-437.5)

ALT (U/l, Q1-Q3) 63 (25.3-123.8)

CRP (mg/l, Q1-Q3) 54.1 (25.3-101.0)

(Continued)

TABLE 1 | Continued

Parameter VA-ECMO patients

IL-6 (pg/ml) 378.0 (297.5-1007)

Ferritin (ng/ml, Q1-Q3) 371 (203.0-4163)

Lactate (mmol/l, Q1-Q3) 3.25 (1.4-5.9)

paO2 (mmHg, Q1-Q3) 111 (76.8-167.3)

paCO2 (mmHg, Q1-Q3) 39.4 (35.3-45.5)

FiO (%, Q1-Q3) 50.0 (40.0-50.0)

PEEP (mbar, Q1-Q3) 8.0 (7.0-10.0)

Respiratory rate (/min, Q1-Q3) 14.0 (12.0-18.0)

Data are presented as median (interquartile range, Q1-Q3) or number of patients

(%). Denominator of the percentage is the total number of subjects in the group.

Parameters from the patient data management system that were closest to the

time point of blood sampling for flow cytometric analysis are presented. ALT, alanine

aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein; eCPR,

extracorporeal cardiopulmonary resuscitation; FiO, fraction of inspired oxygen; PEEP,

positive end-expiratory pressure; SOFA, sequential organ failure assessment score; WBC,

white blood cells.

explantation. The reduced number of patients on day 3 was due
to early weaning off ECMO (two patients) or early death (seven
patients). Patient characteristics and laboratory parameters are
presented in Table 1.

We then investigated expression of activation-specific
parameters on monocytes from VA-ECMO patients on day 0,
day 3, and after explantation. We show the expression of these
parameters on unstimulated (=baseline) and PMA-stimulated
monocytes (=stimulability) and compare these parameters to
our healthy control group.

According to most parameters, baseline monocyte activation
and monocyte stimulability did not change significantly while
patients were on ECMO and even after explantation. However,
there were significant differences in baseline monocyte activation
and stimulability compared to healthy controls which we will
describe in detail for the different parameters investigated.

The highly-activation-specific and conformationally sensitive
anti-Mac-1 binding protein F7 showed increased baseline
monocyte activation compared to healthy controls (e.g.,
percentage binding: VA-ECMO day 3 vs. healthy controls: 33.8
± 6.4 vs. 19.1 ± 3.1, p = 0.04, Figure 1A). The conformationally
sensitive anti-Mac-1 binding protein MAN-1 also detected
increased baseline monocyte activation in VA-ECMO patients,
but only on day 3 (MAN-1: 35.5 ± 7.5 vs. 15.0 ± 2.6, p=0.01,
Figure 1C). Monocyte stimulability on ECMO and even after
explantation using these parameters was significantly reduced
compared to healthy controls (e.g., percentage binding VA-
ECMO day 0 vs. healthy controls F7: 43.1 ± 5.2 vs. 67.1 ±

3.3, p = 0.001, MAN-1: 33.1 ± 4.1 vs. 80.0 ± 2.0, p < 0.001,
Figures 1B,D).

Baseline monocyte activation according to the expression
of CD163 in VA-ECMO patients was significantly increased
compared to healthy controls (e.g., percentage binding VA-
ECMO day 0 vs. healthy controls: CD163: 43.8 ± 5.4 vs. 14.4
± 3.6, p < 0.001), whereas stimulability was not significantly
different (e.g., percentage binding VA-ECMO day 0 vs. healthy
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FIGURE 1 | Baseline monocyte activation and stimulability as determined by F7 binding (A,B) and MAN-1 (C,D). The number of remaining patients analyzed at each

time point during VA-ECMO therapy (d0, d3) and after explantation (post explant.) is presented below the individual bars. Baseline monocyte activation was measured

in phosphate buffered saline treated samples. Stimulability was assessed in samples treated with phorbol 12-myristate 13-acetate to induce maximum monocyte

activation. Binding of F7 and MAN-1 to CD14+ monocytes is presented in percentage and was quantified as described in the Materials and Methods section. Mixed

effects models were used to analyze differences between means across different time points (d0, d3, and post explantation vs. each other). Unpaired t-tests were

used to analyze differences of means at single time points. ns, not significant. Data are presented as mean ± SEM.

controls: CD163: 39.4 ± 5.0 vs. 52.7 ± 6.5, p = 0.11, not
significant, Figures 2A,B). Using CX3CR1 we found similar
baseline monocyte activation in monocytes compared to healthy
controls (e.g., percentage binding VA-ECMO day 0 vs. healthy
controls: CX3CR1: 51.4 ± 5.4 vs. 51.8 ± 3.8, p = 0.95, not
significant), but reduced stimulability (e.g., percentage binding
VA-ECMO day 0 vs. healthy controls: CX3CR1: 39.6 ± 5.1 vs.
66.7± 5.2, p < 0.001, Figures 2C,D).

CD69 and CD86 surface expression on unstimulated
monocytes in both healthy controls and VA-ECMO patients
was low (Figures 3A,C). Although monocyte stimulability
was preserved in healthy controls (Supplementary Figure 1),
monocytes in VA-ECMO patients showed virtually no signs
of stimulability (e.g., percentage binding VA-ECMO day 0 vs.
healthy controls CD86: 0.7 ± 0.2 vs. 7.0 ± 2.1, p = 0.001, CD69:
0.7± 0.2 vs. 44.7± 5.8, p < 0.001, Figures 3B,D).
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FIGURE 2 | Baseline monocyte activation and stimulability as determined by CD163 (A,B) and CX3CR1 (C,D) surface expression. The number of remaining patients

analyzed at each time point during VA-ECMO therapy (d0, d3) and after explantation (post explant.) is presented below the individual bars. Baseline monocyte

activation was measured in phosphate buffered saline treated samples. Stimulability was assessed in samples treated with phorbol 12-myristate 13-acetate to induce

maximum monocyte activation. CD14+ monocyte CD163 and CX3CR1 expression is presented in percentage and was quantified as described in the Materials and

Methods section. Mixed effects models were used to analyze differences between means across different time points (d0, d3, and post explantation vs. each other).

Unpaired t-tests were used to analyze differences of means at single time points. ns, not significant. Data are presented as mean ± SEM.

Baseline monocyte HLA-expression was significantly
decreased in VA-ECMO patients, particularly on day 3 (MFI
PerCP—Cy5.5 VA-ECMO day 3 vs. healthy controls: 1,852 ±

352.3 vs. 6,523± 939.7, p < 0.001, Figure 4).
The comparison of baseline activation and stimulability of

monocytes at day 0 between survivors and non-survivors is
presented in Table 2. Clinical characteristics and laboratory
parameters of survivors and non-survivors are presented in
Supplementary Tables 1, 2. Baseline monocyte activation as
determined by DARPin F7 was significantly decreased in non-
survivors (p= 0.03). The area under the ROC curve for mortality
was 0.802 (p = 0.02). Moreover, non-survivors also showed a
clear trend toward reducedmonocyte stimulability as determined
by F7 (p = 0.06). The area under the ROC curve for mortality
was 0.752 (p = 0.05). Other parameters, including MAN-1, did

not show relevant differences in baseline monocyte activation or
stimulability between survivors and non-survivors.

Markers of monocyte function on day 0 were also
compared between patients receiving VA-ECMO due to
cardiogenic shock and those receiving VA-ECMO due to eCPR
(Supplementary Table 3). Clinical characteristics of these
two groups are presented in Supplementary Tables 4, 5. No
significant differences regarding monocyte function were found
between these groups.

Furthermore, monocyte heterogeneity in VA-ECMO
patients according to the surface expression of CD14
and CD16 was investigated. Classical (CD14++CD16−),
intermediate (CD14++CD16+), and non-classical monocytes
(CD14+CD16++) were differentiated (Figure 5). We found
shifts in the percentages of the three monocyte subsets during
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FIGURE 3 | Baseline monocyte activation and stimulability as determined by CD86 (A,B) and CD69 (C,D) surface expression. The number of remaining patients

analyzed at each time point during VA-ECMO therapy (d0, d3) and after explantation (post explant.) is presented below the individual bars. Baseline monocyte

activation was measured in phosphate buffered saline treated samples. Stimulability was assessed in samples treated with phorbol 12-myristate 13-acetate to induce

maximum monocyte activation. CD14+ monocyte CD69 and CD86 surface expression is presented in percentage and was quantified as described in the Materials

and Methods section. ns, not significant. Baseline expression levels of CD86 and CD69 were low in healthy controls and patients. Mixed effects models were used to

analyze differences between means across different time points (d0, d3, and post explantation vs. each other). Unpaired t-tests were used to analyze differences of

means at single time points. Data are presented as mean ± SEM.

different days on ECMO and after weaning off ECMO. While
there was a significant increase of classical monocytes from day
0 until after explantation (percentage of classical monocytes: day
0 vs. after explantation: 60.9 ± 3.5 vs. 70.7 ± 3.3, p = 0.007),
intermediate monocytes decreased during this time (percentage
of intermediate monocytes day 0 vs. after explantation: 17.6 ±

2.4 vs. 10.1 ± 1.3, p = 0.02). The percentage of non-classical
monocytes in VA-ECMO patients did not significantly change at
any time point. Compared to healthy controls, several differences
in the distribution of monocyte populations were observed. For
example, the percentage of classical monocytes was significantly
increased after explantation (percentage of classical monocytes
after explantation vs. healthy controls: 70.7 ± 3.3 vs. 59.0 ±

3.8, p = 0.03) and non-classical monocytes were significantly
decreased on day 0 compared to healthy controls (percentage of

non-classical monocytes day 0 vs. healthy controls: 5.4 ± 0.7 vs.
12.0± 2.9, p= 0.01).

Absolute monocyte counts of VA-ECMO patients did not
significantly change during ECMO and after explantation.
As expected, however, we found large differences compared
to healthy controls (Figure 6). Total monocyte count on all
days was significantly increased compared to healthy controls
(e.g., total monocyte count/ml day 0 vs. healthy controls:
291,850 ± 56,218 vs. 137,180 ± 14,797, p = 0.04). Classical
(except day 3) and intermediate monocytes counts were also
significantly increased (monocyte count/ml day 0 vs. healthy
controls: classical: 204,523 ± 37,798 vs. 94,126 ± 11,148, p
= 0.03, intermediate: 70,386 ± 19,172 vs. 20,851 ± 3,482).
Non-classical monocyte counts did not differ significantly from
healthy monocytes.
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FIGURE 4 | Baseline monocyte HLA expression on CD14+ monocytes. The

number of remaining patients analyzed at each time point during VA-ECMO

therapy (d0, d3) and after explantation (post explant.) is presented below the

individual bars. HLA expression was quantified as the mean fluorescence

intensity (MFI) in the PerCP—Cy5.5 channel and was measured in phosphate

buffered saline treated samples as described in the Materials and Methods

section. ns, not significant. Mixed effects models were used to analyze

differences between means across different time points (d0, d3, and post

explantation vs. each other). Unpaired t-tests were used to analyze differences

of means at single time points. Data are presented as mean ± SEM.

Interestingly, we found significantly increased intermediate
monocyte counts in non-survivors compared to survivors
(Table 2). However, the area under the ROC curve for mortality
was only 0.587 (not significant).

DISCUSSION

Using several markers of monocyte function, our data show
increased baseline monocyte activation and reduced monocyte
stimulability in patients receiving VA-ECMO suggesting
monocytes are dysfunctional. Amongst the different markers
used to identify monocyte dysfunction, the unique tool DARPin
F7 is the most promising as low levels of binding on day 0 were
predictive of mortality.

A unifying characteristic of monocyte dysfunction in VA-
ECMO patients was the reduced stimulability of monocytes
which was observed for all markers except CD163. It is
possible, that with a larger sample size a significant difference
in stimulability could have also been observed for CD163.
In contrast, increased baseline monocyte activation in VA-
ECMO patients was detected using our unique activation-specific
anti-Mac-1 binding proteins F7 and MAN-1 and the surface
marker CD163. These findings need not be contradictory as
these markers report different aspects of monocyte function

TABLE 2 | Parameters of monocyte function and distribution in survivors vs.

non-survivors on day 0.

Parameter Survivor Non-survivor P-value

F7 (–) [%] 45.4 ± 5.7 26.9 ± 5.7 0.03

MAN-1 (–) [%] 22.0 ± 7.6 15.8 ± 2.7 0.45

CD163 (–) [%] 45.1 ± 7.7 42.5 ± 8.0 0.82

CX3CR1 (–) [%] 50.7 ± 8.4 52.1 ± 7.2 0.91

CD69 (–) [%] 0.3 ± 0.1 0.6 ± 0.2 0.06

CD86 (–) [%] 0.4 ± 0.1 1.1 ± 0.6 0.19

HLA (–) [MFI] 2058 ± 317 2289 ± 371 0.64

F7 (+) [%] 52.8 ± 7.6 33.4 ± 6.1 0.06

MAN-1 (+) [%] 39.3 ± 7.4 26.9 ± 6.1 0.21

CD163 (+) [%] 43.3 ± 7.8 35.5 ± 6.5 0.45

CX3CR1 (+) [%] 37.9 ± 7.5 41.3 ± 7.1 0.75

CD69 (+) [%] 1.0 ± 0.4 0.4 ± 0.1 0.20

CD86 (+) [%] 0.9 ± 0.3 0.9 ± 0.3 0.98

Total monocytes/ml 231,152 ± 42,618 352,547 ± 103,541 0.29

Classical monocytes/ml 151,932 ± 30,503 281,890 ± 85,492 0.15

Intermediate monocytes/ml 27,345 ± 6,394 119,940 ± 45,829 0.05

Non-classical monocytes/ml 13,761 ± 3,994 18,971 ± 5,620 0.45

Classical monocytes [%] 65.6 ± 3.9 56.2 ± 5.8 0.19

Intermediate monocytes [%] 14.7 ± 2.8 20.6 ± 3.7 0.22

Non-classical Monocytes [%] 5.9 ± 1.2 4.9 ± 0.9 0.47

Baseline monocyte activation is indicated by (–), monocyte stimulability is indicated by

(+). Survivors were defined as patients weaned off VA-ECMO and discharged from the

intensive care ward. Monocyte activation was defined as described in the Materials and

Methods section. p-values were calculated by an unpaired t-test. Significant p-values are

written in bold. Data are presented as mean ± SEM. HLA, human leukocyte antigen; MFI,

mean fluorescence intensity.

that may differ and findings supporting both activation and
immunocompromise have been previously described in a group
of critically-ill septic patients (24).

Monocyte dysfunction as demonstrated in this study may
be associated with a general immunoparalysed state in VA-
ECMO patients. Immunoparalysis was recently reported in a
heterogeneous group of adult and neonatal VV- and VA-ECMO
patients based on findings of cytokine levels from LPS-stimulated
whole blood (4).

Immunoparalysis in VA-ECMO patients is supported by
several of our findings, such as decreased CX3CR1 expression in
response to stimulation and reduced HLA-expression. Decreased
expression of CX3CR1 was previously reported in severely septic
patients and regarded as evidence of immunosuppression (25)
while reduced monocyte HLA expression is often associated
with immunoparalysis in critical illness, for example after
cardiopulmonary bypass (26, 27). Moreover, our results show
there was virtually a loss of CD86 and CD69 expression in
response to stimulation in VA-ECMO patients possibly also
reflecting immunoparalysis. While there is little information
on monocyte CD69 expression in critically ill patients, a
recent study found reduced monocyte CD86 stimulability
to be associated with immunoparalysis in patients after
cardiopulmonary bypass (28).
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FIGURE 5 | Distribution of monocyte subsets in patients receiving veno-arterial extracorporeal membrane oxygenation on different days (d0, d3) and after explantation

(post explant.) compared to healthy controls. The percentage of classical (A), intermediate (B), and non-classical (C) monocytes is presented. The number of

remaining patients at every time point is indicated below. Data are presented as mean ± SEM. Mixed effects models were used to analyze differences between means

across different time points (d0, d3, and post explantation vs. each other). Unpaired t-tests were used to analyze differences of means at single time points.

How the phenomenon of immunoparalysis develops in VA-
ECMO patients is not clear, but most likely it is caused by a
combination of factors, e.g., the large extracorporeal surfaces
triggering immune cell activation and the severe underlying
illness leading to ECMO therapy (29).

Importantly, immunoparalysis has been claimed to be
associated with worse outcomes in critically ill patients,
particularly in sepsis (30, 31) and recently, Combes et al. claimed
that it might also be associated with worse outcomes in ECMO
patients (32).

Our data is in line with these findings as monocyte
dysfunction determined by the unique tool F7 was related
to mortality. Baseline binding of F7 to monocytes from
VA-ECMO patients on day 0 was significantly lower in
non-survivors indicating more severe monocyte dysfunction.
Logistic regression and analysis of area under the ROC curve
demonstrated that low binding of F7 on day 0 was predictive of
increased mortality. To the best of our knowledge, we are the first
group to demonstrate this link between monocyte dysfunction
in VA-ECMO patients and mortality. Therefore, in the future,
monocyte dysfunction detected by F7 may be used as a novel
biomarker guiding early clinical decision making.

Our results are supported by a previous study on septic
patients in which low monocytic Mac-1 expression, as
determined by a conventional anti-Mac-1 IgG antibody,
was associated with poor outcome and an anti-inflammatory
response syndrome which is commonly seen as an early stage of
immunoparalysis (33). Analyzing monocytic Mac-1 expression
and conformation is therefore well-suited to detect monocyte
activation, -dysfunction and immunoparalysis in critically ill
patients as it translates into clinical outcome.

Although F7 and MAN-1 both bind to the activated
conformation of Mac-1, they do not share the same epitope
and could be detecting slightly different conformational states
of Mac-1. This could explain why increased baseline monocyte
activation was detected at all time points by F7, but only on
day 3 by MAN-1. In clinical practice, DARPin F7 may be
advantageous compared to conventional anti-Mac-1 antibodies
and even MAN-1 due to its inherently high sensitivity and
stability, low cost, and ease of production (34).

To the best of our knowledge, this is the first study to
investigate the distribution of monocyte subsets in VA-ECMO
patients. We report significant changes in the proportion of
classical and intermediate monocytes in patients on VA-ECMO
compared to after ECMO explantation. In addition, we show
increased total, classical, and intermediate absolute monocyte
counts in patients receiving VA-ECMO and after explantation
compared to healthy controls. Classical and intermediate
monocytes are now widely recognized as pro-inflammatory
mediators (35) and proportional changes could reflect the
inflammatory reaction to VA-ECMO.

As we focused our study on monocytes, we cannot exclude
that other leukocyte subsets were also increased. This is possible,
given the inflammatory reaction in these patients but the
median total white blood cell count on day 0 determined using
automated cell counting in our central laboratory was within
the upper normal range. This is in line with previous reports of
lymphopenia, reduced or only stable neutrophil counts in ECMO
patients (36) and emphasizes the finding of increased absolute
monocyte counts in our study which could reflect the importance
of monocytes for the inflammatory reaction and outcome in VA-
ECMO patients. In this context, intermediate monocytes were
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FIGURE 6 | Total (A), classical (B), intermediate (C), and non-classical (D) monocyte counts per ml blood in patients receiving veno-arterial extracorporeal membrane

oxygenation on different days (d0, d3) and after explantation (post explant.) compared to healthy controls. The number of remaining patients at every time point is

indicated below. Data are presented as mean ± SEM. Mixed effects models were used to analyze differences between means across different time points (d0, d3, and

post explantation vs. each other). Unpaired t-tests were used to analyze differences of means at single time points.

significantly increased in non-survivors indicating a possible
detrimental role of this monocyte subset. Our data is in line with
a study reporting increased levels of intermediate monocytes in
patients with poor outcome after cardiac surgery (37). Further
studies, however, are required to characterize the functional role
of the different monocyte subsets in VA-ECMO patients in detail.

This study is not without limitations. Since it did not
include a pre-ECMO time point the direct effect of ECMO
initiation on monocyte function cannot be clearly determined.
As this was an exploratory study, we used healthy, unmatched
controls as a control group and therefore some of the results
may have been influenced by the underlying disease. For

example, since previous studies of septic shock and post
cardiopulmonary bypass found monocyte dysfunction to be
associated with immunocompromise, monocyte dysfunction
in this study may be indicative of shock severity rather
than use of VA-ECMO itself. Future studies would benefit
from larger sample sizes and more suitable controls, such
as patients with cardiogenic shock without ECMO support.
Since all patients received transfusions in this study, we
cannot exclude results were affected. Moreover, as this
study only included a relatively small number of ECMO
patients, it cannot be excluded that different ECMO circuits
affected results.
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CONCLUSION

Monocytes from VA-ECMO patients are dysfunctional as
baseline monocyte activation is significantly increased but
monocyte stimulability is decreased. Distribution of monocyte
subsets changes in patients receiving VA-ECMO over time
and absolute classical and intermediate monocyte counts
are significantly elevated compared to controls. Monocyte
dysfunction, as determined by the unique tool DARPin F7 could
be valuable for predicting mortality in patients receiving VA-
ECMO and may be used as a novel biomarker guiding early
clinical decision making in the future. Monocyte dysfunction,
as demonstrated in this study for VA-ECMO patients, has been
previously associated with immunocompromise in patients with
septic and post-cardiotomy shock. Clinicians may therefore
evaluate a lower threshold to initiate antimicrobial therapy in
patients with cardiogenic shock severe enough to require VA-
ECMO.
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Background: Advanced age is associated with poor outcomes in cardiovascular

emergencies. We sought to determine the association of age, use of support devices

and shock severity on mortality in cardiogenic shock (CS).

Methods: Characteristics and outcomes in CS patients included in the Cardiogenic

Shock Work Group (CSWG) registry from 8 US sites between 2016 and 2019 were

retrospectively reviewed. Patients were subdivided by age into quintiles and Society for

Cardiovascular Angiography & Interventions (SCAI) shock severity.

Results: We reviewed 1,412 CS patients with a mean age of 59.9 ± 14.8 years,

including 273 patients > 73 years of age. Older patients had significantly higher

comorbidity burden including diabetes, hypertension and coronary artery disease.

Veno-arterial extracorporeal membrane oxygenation was used in 332 (23%) patients,

Impella in 410 (29%) and intra-aortic balloon pump in 770 (54%) patients. Overall

in-hospital survival was 69%, which incrementally decreased with advancing age

(p < 0.001). Higher age was associated with higher mortality across all SCAI stages

(p = 0.003 for SCAI stage C; p < 0.001 for SCAI stage D; p = 0.005 for SCAI stage E),

regardless of etiology (p < 0.001).

Conclusion: Increasing age is associated with higher in-hospital mortality in CS across

all stages of shock severity. Hence, in addition to other comorbidities, increasing age

should be prioritized during patient selection for device support in CS.

Keywords: cardiogenic shock, age, mortality, mechanical circulatory support, outcome

INTRODUCTION

Cardiogenic shock (CS) is associated with high in-hospital mortality despite increasing use of
temporary mechanical circulatory support devices (t-MCS) (1–3). Outcomes in CS depend on
multiple factors including patient characteristics, hemo-metabolic profile and severity of CS on
presentation. Although there is lack of high-quality randomized evidence to support their use in
CS, t-MCS devices are increasingly available and patients previously considered too high-risk are
now being supported with these devices (4, 5).

55

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://www.frontiersin.org/journals/cardiovascular-medicine#editorial-board
https://doi.org/10.3389/fcvm.2021.688098
http://crossmark.crossref.org/dialog/?doi=10.3389/fcvm.2021.688098&domain=pdf&date_stamp=2021-07-23
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:Nkapur@tuftsmedicalcenter.org
https://doi.org/10.3389/fcvm.2021.688098
https://www.frontiersin.org/articles/10.3389/fcvm.2021.688098/full


Kanwar et al. Age and Cardiogenic Shock

Age is a known, non-modifiable risk factor for mortality
in patients with CS (6). Most of the published CS literature,
including clinical trials has focused on shock resulting from
acute myocardial infarction (AMI) (7–9). While the durable left
ventricular assist device literature has extensively investigated
outcomes in older patients, there remains a paucity of literature
involving the use of t-MCS in this age-group (10, 11). The
decision to place an older patient on t-MCS needs to consider
their baseline functional status, comorbidities, physiological
reserve and goals of care in a heightened fashion (12, 13). Since
these are not well-studied, programs often choose somewhat
arbitrary upper age limits for t-MCS use for CS patients at their
sites (6).

With the introduction of the Society for Cardiovascular
Angiography and Intervention (SCAI) CS stages, patients can
now be classified consistently based on their severity of shock
(14, 15). Recent reports have noted that older patients with CS
have lower short-term survival, despite similar shock severity
(16). We sought to describe the relationships between age, SCAI
stage, use of temporary MCS and mortality risk in patients with
CS included in the Cardiogenic Shock Work Group (CSWG).

METHODS

Data Source
The CSWG is an academic research consortium with a national
registry initiated in 2016 with 20 clinical sites across the
United States contributing CS patient data. These sites include
community and university hospitals with registry inclusion
dependent on a minimum of 100 CS patients per year. For this
analysis, CS patients at the first 8 sites contributing registry data
between 2016 and 2019 were included. The registry includes
a standardized set of data elements (patient, procedural, and
outcomes) which were pre-defined by principal investigators and
collected retrospectively. Patient demographic, laboratory and
hemodynamic data were collected at a single time point as close
to admission as possible, prior to t-MCS (i.e., intra-aortic balloon
pump [IABP], Impella, veno-arterial extra corporeal membrane
oxygenation [VA-ECMO], or extracorporeal centrifugal flow
pumps) initiation. CS diagnosis was physician-adjudicated at
each site and defined as a sustained episode of one out of the
following: systolic blood pressure < 90 mmHg for at least 30
min/use of vasoactive agents/a cardiac index (CI)<2.2 L/min/m2

in the absence of hypovolemia, determined to be secondary to
cardiac dysfunction or use of an t-MCS device for clinically-
suspected CS. Treatments for CS were left to the discretion of
the clinicians at each center and were not guided by a prescribed
algorithm. Quality assurance was achieved through adjudication
at each site by the respective clinical coordinators and principal
investigator. Values were centrally audited and screened by the
CSWG research team for any discrepancies or major outliers and
resolved with submitting site.

Abbreviations: t-MCS, temporary mechanical circulatory support; CS,

cardiogenic shock; SCAI, Society for Cardiovascular Angiography& Interventions;

MI, myocardial infarction; VA-EMCO, Veno-arterial extracorporeal membrane

oxygenation; IABP, intra-aortic balloon pump; HF, heart failure.

Study Population
Between 2016 and 2019, data from 1,565 CS patients were
collected. CS etiology was reported by each site as due to
AMI, acute decompensated heart failure (ADHF), or other.
AMI was defined as any primary diagnosis of either non-ST-
segment elevation or ST-segment elevation AMI. ADHF was
defined as any primary diagnosis of acute on chronic HF,
not otherwise related to AMI. Other causes included post-
cardiotomy, myocarditis, or not otherwise specified CS. We
excluded patients under 18 years old (n = 1, 0.06%) and those
with unknown in-hospital mortality status (n = 150, 9.6%)
leaving a study population of 1,414 CS patients from 8 hospitals
for analysis.

We then employed the recently published SCAI CS staging
system to stratify this cohort by SCAI stage as we have
previously described (15). SCAI Stage A patients are those
at risk for CS and were therefore not captured in our study
population. Stage B patients are those exhibiting early symptoms
not including hypoperfusion and therefore do not require
vasoactive medications or MCS. Stage C patients include those
with hypotension and hypoperfusion requiring intervention
beyond volume resuscitation including those requiring either one
vasopressor/inotrope or one MCS device. Stage D patients are
those whose condition deteriorates despite initial intervention,
defined in our dataset by the need for multiple drugs or MCS
devices. Finally, Stage E patients are those who deteriorate
further and require maximal support, defined in our dataset
as requiring at least two MCS devices and two drugs during
their hospitalization. Patients requiring CPR on admission were
included in Stage E.

Statistical Analysis
Patients were divided into the following age quintile groups:
age <49 years, 49–58, 59–65, 66–72, and >73 years. Quintiles
were generated to ensure similar representation of number of
patients for each decade of patient age. The primary outcome
of interest was survival during index admission, determined
using chart review. Continuous characteristics of each age
cohort are displayed as means with standard deviations and
p-values reported from ANOVAs. Categorical variables were
expressed as frequency and percent and compared using chi-
square tests of independence. Missing values were excluded
where noted. To determine the impact of age on in-patient
mortality, we ran a multivariable logistic regression adjusting
for several potential confounders including gender, weight,
history of hypertension (HTN), etiology of CS, systolic blood
pressure, SCAI stage, renal function and cardiac power output.
Results are reports as adjusted odds ratios with 95% confidence
intervals. An alpha level of 0.05 was used to determine statistical
significance throughout the entire analysis. All statistical analysis
was performed using SAS 9.

RESULTS

Study Population
Data from 1,412 CS patients from 8 clinical sites were analyzed.
Baseline characteristics are summarized in Table 1. Of the study
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TABLE 1 | Baseline characteristics for patients in cardiogenic shock, at the time of presentation, separated into quintiles by age.

All

(N = 1,412)

Age quintiles

< 49

(N = 284)

49–58

(N = 319)

59–65

(N = 268)

66–72

(N = 271)

73+

(N = 270)

p-value

N (%) N (%) N (%) N (%) N (%) N (%)

Cause of shock <0.001

Myocardial infarction 493 34.92 52 18.31 100 31.35 91 33.96 107 39.48 143 52.96

Heart failure 712 50.42 165 58.1 168 52.66 152 56.72 133 49.08 94 34.81

Other 177 12.54 61 21.48 43 13.48 22 8.21 25 9.23 26 9.63

Unknown 30 2.12 6 2.11 8 2.51 3 1.12 6 2.21 7 2.59

Demographics

Male 1,025 72.59 201 70.77 247 77.43 204 76.12 193 71.22 180 66.67 0.03

Race 0.002

White 647 45.82 124 43.66 151 47.34 127 47.39 125 46.13 120 44.44

Hispanic/Latino 31 2.2 8 2.82 11 3.45 3 1.12 4 1.48 5 1.85

African-American 28 1.98 9 3.17 5 1.57 2 0.75 8 2.95 4 1.48

Asian 31 2.2 6 2.11 5 1.57 7 2.61 6 2.21 7 2.59

Unknown 593 42 103 36.27 133 41.69 113 42.16 117 43.17 127 47.04

Medical history*

Hypertension 681 53.54 79 30.27 117 41.2 143 57.66 154 64.17 188 78.66 <0.001

Diabetes 489 34.88 56 19.79 101 31.86 103 38.58 117 43.82 112 41.79 <0.001

A-fibrillation 296 29.16 36 15.65 62 27.31 74 36.27 68 36.36 56 33.53 <0.001

CKD 323 27.17 41 16.73 61 23.74 65 28.14 81 36 75 32.47 <0.001

PVD 60 5.82 1 0.47 5 2.21 14 7.07 15 7.69 25 12.5 <0.001

COPD 101 7.97 8 3.1 17 6.03 23 9.31 32 13.28 21 8.79 <0.001

CVA/TIA 159 12.92 22 8.73 22 8.06 33 13.58 39 16.96 43 18.45 <0.001

Valvular Ds. 214 22.55 39 18.93 45 21.33 41 21.58 44 24.72 45 27.44 0.34

Prior PCI 293 29.9 35 16.75 65 28.51 66 34.92 70 38.04 57 33.53 <0.001

Prior CABG 114 10.12 10 4.59 12 4.76 27 12.86 37 17.13 28 12.12 <0.001

VT 216 21.2 44 19.05 54 23.68 57 27.94 45 23.81 16 9.58 <0.001

ICD 329 32.8 79 34.65 90 40.36 75 37.31 65 34.95 20 12.12 <0.001

Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD

AST 459.41 1492.57 475.5 1504.46 518.83 1498.7 461.42 1793.04 581.01 1729.93 230.18 532.79 0.33

BUN 32.38 20.47 25.71 15.35 33.3 21.44 31.54 18.64 37.28 23.94 34.71 20.5 <0.001

Lactate 4.37 4.21 4.64 4.17 4.48 4.73 4.2 3.93 4.11 3.86 4.41 4.28 0.85

HCO3 22.12 5.45 22.92 5.53 22.06 5.77 22.1 5.63 22.06 5.1 21.45 5.08 0.18

Serum creatinine 1.76 1.14 1.61 1.26 1.69 0.96 1.76 1.11 1.97 1.25 1.8 1.09 <0.001

pH 7.31 0.15 7.3 0.17 7.29 0.14 7.3 0.15 7.32 0.15 7.33 0.13 0.28

Admission EF (%) 24.94 15.53 22.73 16.48 21.5 13.57 21.54 12.93 25.19 14.83 32.6 16.79 <0.001

RAP 14.19 6.93 13.49 6.54 14.63 7.32 14.24 7.32 14.27 7.27 14.35 5.95 0.49

PCWP 24.5 8.9 23.7 9.03 24.31 8.55 25.13 9.36 24.67 9.13 24.87 8.41 0.61

Mean PAP 32.73 9.86 32.66 10.21 32.48 9.7 32.85 10.21 33.21 10.01 32.51 9.12 0.94

CPO 0.63 0.41 0.69 0.57 0.65 0.36 0.62 0.44 0.63 0.36 0.55 0.21 0.02

Heart rate 92.02 22.72 99.11 25.54 93.05 20.64 91.79 21.7 89.74 21.67 85.42 21.7 <0.001

Cardiac index 1.85 0.59 1.89 0.66 1.82 0.53 1.84 0.56 1.86 0.6 1.84 0.61 0.72

MAP 74.56 14.75 74.7 15.33 75.43 14.94 73.71 13.31 73.95 14.99 74.82 15.06 0.66

SBP 98.17 20.02 95.39 18.27 96.22 18.39 97.99 18.92 98.91 21.89 102.99 21.93 <0.001

GFR 48.86 21.38 57.07 21.69 50.26 20.7 47.64 20.18 42.13 21.45 44.95 19.57 <0.001

*Percentages and chi square tests of independence do not include missing values.

CKD, chronic kidney disease; PVD, peripheral vascular disease; COPD, chronic obstructive pulmonary disease; CVA, cardiovascular accident; TIA, transient ischemic attack; PCI,

percutaneous intervention; CABG, coronary artery bypass graft; VT, ventricular tachycardia; ICD, implantable cardioversion-defibrillator; SD, standard deviation; AST, aspartate

transaminase; BUN, blood urea nitrogen; EF, ejection fraction; RAP, right atrial pressure; PCWP, pulmonary capillary wedge pressure; PAP, pulmonary artery pressure; CPO, cardiac

power output; MAP, mean arterial pressure; SBP, systolic blood pressure; GFR, glomerular infiltration rate; SCAI, Society of Cardiovascular Angiography and Intervention; IABP, intra-aortic

balloon pump; VA-ECMO, veno-arterial extra-corporeal membrane oxygenator.
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TABLE 2 | Distribution of SCAI stages across age quintiles.

SCAI stage All

(N = 1,412)

Age quintiles p-value

Age < 49

(n = 284)

49–58

(n = 319)

59–65

(n = 268)

66–72

(n = 271)

>73

(n = 270)

N % N % N % N % N % N %

B 46 3.26 16 5.63 9 2.82 9 3.36 6 2.21 6 2.22 0.005

C 263 18.63 53 18.66 69 21.63 36 13.43 47 17.34 58 21.48

D 758 53.68 146 51.41 150 47.02 152 56.72 156 57.56 154 57.04

E 212 15.01 45 15.85 62 19.44 48 17.91 34 12.55 23 8.52

Unknown 133 9.42 24 8.45 29 9.09 23 8.58 28 10.33 29 10.74

cohort, 1,025 (72.5%) patients were male and 493 (39.9%)
presented with AMI-CS. The mean age of the combined cohort
was 59.9 ± 14.8 years. The majority (n = 758, 53.6%) of patients
were in SCAI stage D, with 263 (18.6%) in stage C and 212
(15%) in stage E shock (Table 2). CS was treated with vasoactive
and/or pressor agents in 1,043 (73.8%) patients. MCS devices
included IABP in 770 (54.5%), Impella R© in 410 (29%) and VA-
ECMO in 333 (23.6%) patients, with several patients receiving
multiple devices (Table 3). Overall survival was 69.5% at the time
of hospital discharge.

Patient Characteristics Across Age Groups
The distribution of patients across the age quintiles is displayed
in Table 1. Older patients (age > 73) were more likely to be
female and present with AMI as their etiology for CS compared
to their younger counterparts. Patients above 66 years of age had
a higher comorbidity burden, with a higher likelihood of Type
2 Diabetes (DM2) and prior percutaneous coronary intervention
(p < 0.001). The prevalence of HTN and stroke increased with
each quintile (p < 0.001). Prior to device implantation, all
patients had comparable lactate and bicarbonate levels but older
patients (66 and older) had significantly higher serum creatinine
(p < 0.001) compared to younger patients. Filling pressures
prior to device implantation were also comparable across all age
groups; however, older patients were more likely to have right
sided congestion. The distribution of SCAI shock stages differed
across age groups, with a higher prevalence of SCAI shock stage
C/D in older patients (66 and older).

Analysis of Mortality During Index

Admission
Older patients were at a higher risk of mortality, regardless
of etiology (p < 0.001) (Figure 1). Although this trend was
seen in both etiologies, the trend was statistically significant in
patients with ADHF (p < 0.001) compared to the MI group.
After adjusting for gender, weight, history of HTN, etiology,
systolic blood pressure, SCAI stage, renal function and cardiac
power output, each increase in age by quintile was significantly
associated with 1.47 times the odds of in-hospital mortality (OR:
1.47, 95% CI: 1.20–1.79). Worsening SCAI stages were associated
with a higher risk of mortality and within each stage, there was a
higher risk of mortality with increasing age (p = 0.003 for SCAI

stage C; p < 0.001 for SCAI stage D; p = 0.005 for SCAI stage E)
(Figure 2).

Use of t-MCS Across Age Group
Table 3 summarizes the use of t-MCS devices in each quintile
of age groups. Several (n = 99, 7.0%) patients received multiple
MCS devices during their hospitalization, especially in the first,
second and third quintile. In most age groups, getting multiple
devices was associated with worse outcomes. In fact, risk of
mortality was higher with increasing age, regardless of whether
the patient was supported on any t-MCS device(s) or not
(Figure 3).

DISCUSSION

We describe the association between age, severity of CS and use
of t-MCS devices in one of the largest multi-center registries
representing real-world CS patients in the contemporary era.
Older age was associated with higher mortality that was additive
to the effect of shock severity. Higher SCAI shock stages were
associated with increased mortality risk in each age group, while
older patients were more likely to die at each level of shock
severity. The use of t-MCS was consistently associated with a
higher mortality across each age group, regardless of severity
of CS. This study provides real-world survival estimates for CS
patients as a function of both age and shock severity.

Age has been identified as a major risk factor for both
short and long-term mortality in patients with CS. Age cut-offs
ranging from 60 to 75 have been proposed as thresholds for
prediction of higher mortality in CS. Similar age cut-offs have
been suggested for use of ECMO as therapy for CS, although
its use in older patients remains controversial (6, 17). Although
these studies have highlighted the impact of age on outcomes in
CS, they have not accounted for the severity of CS. Moreover, the
majority of published analyses have focused on CS from AMI.
A recent 2 center study reported congruent findings of graded
relationship between older age and lower survival in CS that
was additive to the level of shock severity (16). Although CS
was identified using a diagnosis code and a large percentage of
patients were in early, stage B shock, our findings strengthen their
observation that age and increasing shock severity are associated

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2021 | Volume 8 | Article 68809858

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Kanwar et al. Age and Cardiogenic Shock

TABLE 3 | Device distribution across age quintiles.

Treatment All

(N = 1,412)

Age quintiles p-value

Age < 49

(n = 284)

49–58

(n = 319)

59–65

(n = 268)

66–72

(n = 271)

>73

(n = 270)

N % N % N % N % N % N %

# Devices <0.001

0 223 15.79 69 24.3 52 16.3 39 14.55 30 11.07 33 12.22

1 881 62.39 148 52.11 184 57.68 163 60.82 184 67.9 202 74.81

2 271 19.19 60 21.13 71 22.26 56 20.9 53 19.56 31 11.48

3 36 2.55 7 2.46 12 3.76 9 3.36 4 1.48 4 1.48

4 1 0.07 0 0 0 0 1 0.37 0 0 0 0

Device type

VA-ECMO 332 23.51 101 35.56 91 28.53 63 23.51 52 19.19 25 9.26 <0.001

Impella 410 29.04 62 21.83 93 29.15 94 35.07 83 30.63 78 28.89 0.02

IABP 770 54.53 122 42.96 176 55.17 140 52.24 162 59.78 170 62.96 <0.001

Mechanical ventilation* 571 58.62 123 55.66 134 59.56 118 60.51 101 56.74 95 61.29 0.76

Medical therapy* 1,043 81.55 216 83.08 237 81.72 213 86.94 197 81.07 180 74.69 0.01

*Percentages and chi square tests of independence do not include missing values.

FIGURE 1 | Association between age and mortality by etiology of cardiogenic shock. MI, myocardial infarction; HF, heart failure; n.s., not significant statistically.

with worse outcomes. Our study expands on these prior analyses
by including both AMI-CS and HF-CS patients, further stratified
by the severity of CS using the SCAI shock stages and including a
large number of patients in advanced stages of shock.

Numerous age-related factors can potentially contribute to
worse outcomes in older patients, including frailty and reduced
functional reserve, delayed or atypical clinical presentation as
well as multiple comorbidities. Not surprisingly, older patients
were more likely to have DM2 and hypertension, and more likely
to have undergone prior percutaneous coronary intervention
in our cohort. In our analysis, increasing age continued to be
associated with higher odds of mortality after adjusting for the
known risk factors such as gender, SCAI stage, renal function,

cardiac power output etc. Recent data suggests that survival
of CS patients > 65 years requiring ECMO is poor and less
commonly includes transition to definitive advances therapies
(18). Our data further suggests that age modifies the relationship
between severity of shock and mortality in CS patients, especially
considering that the hemodynamic and metabolic profiles are
so evenly distributed across the age groups. These comorbidities
become especially relevant in establishing goals of care for the
older population.

For some other cardiovascular diseases such as aortic
stenosis, older individuals who undergo trans-catheter aortic
valve replacement (TAVR) are now experiencing comparable
in-hospital recovery, and similar short and mid-term mortality
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FIGURE 2 | Association between age and mortality by severity of cardiogenic shock as defined by the Society of Cardiovascular Angiography and Intervention (SCAI)

classification.

FIGURE 3 | Association between in-hospital mortality and use of temporary mechanical circulatory support devices.

compared to their younger counterparts (19). Similarly,
revascularization has been shown to improve mortality in older
patients with AMI complicated by CS in some reports but not
in others (20–22). Although these reports are encouraging for
management of common cardiovascular comorbidities such as
CAD and aortic stenosis in the elderly, it is not enough reason to
believe that this improvement in outcomes will be extended to
a high risk scenario or aggressive interventions such as ECMO
support in CS. CS is a very complicated illness to manage,
often requiring significant time in intensive care, undergoing
invasive therapies. Advancements in t-MCS technology have
made this therapeutic modality more widely available; yet, they
are associated with various inherent risks, including vascular
complications, risk of infection and bleeding (23). Older adults
with decreased physiologic reserve may be less likely to withstand
such complications in order to derive the benefits provided by

this therapy. This should be especially taken into consideration
while managing older patients with CS since they may or may
not be in favor of aggressive and invasive therapies in the setting
of critical illness.

Selection of therapies, especially t-MCS in CS patients is
never straightforward and has to be individualized based on
baseline characteristics, etiology, clinical presentation and goals
of care. While biological age should be used as one of multiple
clinically relevant factors in the decision-making process, it is
important to remember that older patients may have different
goals of care than younger patients. However, numerical age
by itself should not preclude patients from t-MCS. Especially
in cases of AMI, patients are often critically ill when they
arrive at the hospital, and clinicians have insufficient time and
clinical information about the patient’s risk factors to make well-
informed decisions. Our data reveal the marked rise in risk of
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mortality with use of t-MCS for older patients, regardless of
severity of shock. This information can be reasonably be used to
help providers determine best approach to an individual patient
and inform patients and families about expected outcomes
with a clearer explanation of risks and benefits. In the second
iteration of the CSWG registry, participating sites are now
collecting data on not just survival but adverse events, including
vascular complications that result from a combination of CS and
therapeutic interventions. This is essential, since quality of life
and risk of AEs are often equally important as survival, especially
in the elderly.

Our data are retrospective in nature and come with
inherent limitations. Several confounding variables (e.g., frailty,
nutritional status, baseline functional assessment, goals of care)
remain unmeasured. Decisions to proceed with t-MCS (or not)
were made by individual treating physicians, introducing a
selection bias which may favor higher use of devices in younger
patients. We are not aware of the “code-status” of included
patients which would also direct treatment strategies. We did
not collect the timing of device therapies relative to each other
in those who received multiple devices. However, our real-world,
multi-center registry report of more than 1,400 CS patients helps
highlight the additive impact of age on shock severity when risk-
stratifying these patients. Our ongoing data collection will allow
us much more in-depth analysis of patient’s hospital course, and
will allow us to suggest an age “cut-off” for different scenarios in
CS to try and answer the question “how old is too old” for t-MCS.
More importantly, our future analyses may allow us to identify
characteristics in the older patients that promote survival benefit
with t-MCS in-spite of advanced age (e.g., reversible etiology of
CS, post-cardiotomy, time to ECMO etc.). Lastly, acknowledging
that survival at discharge is not the only goal with t-MCS, we are
now collecting 30 day and 1-year outcomes in all patients which
will add significant value to this discussion.

CONCLUSIONS

Increasing age is associated with a higher mortality in
CS, regardless of shock severity. Use of t-MCS devices
is associated with increased mortality in all age groups
and SCAI stages. Given the poor outcomes observed in
the older patients, identifying selected patients who may
benefit from more aggressive treatment strategies despite
advanced age is a major unmet need. This would allow for a
more informed risk stratification strategy in this critically ill
patient population.
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Objectives: Veno-arterial extracorporeal membrane oxygenation (VA-ECMO) may be

cannulated using either central (cannulation of aorta) or peripheral (cannulation of femoral

or axillary artery) access. The ideal cannulation approach for postcardiotomy cardiogenic

shock (PCS) is still unknown. The aim of this study is to compare the outcome of patients

with PCS who were supported with central vs. peripheral cannulation.

Methods: This is a single-center retrospective data analysis including all VA-ECMO

implantations for PCS from January 2011 to December 2017. The central and peripheral

approaches were compared in terms of patient characteristics, intensive care unit (ICU)

stay, hospitalization length, adverse event rates, and overall survival.

Results: Eighty-six patients met the inclusion criteria. Twenty-eight patients (33%) were

cannulated using the central approach, and 58 patients (67%) were cannulated using

the peripheral approach. Forty-three patients (50%) received VA-ECMO in the operating

room and 43 patients (50%) received VA-ECMO in the ICU. Central VA-ECMO group

had higher EuroSCORE II (p = 0.007), longer cross-clamp time (p = 0.054), higher rate

of open chest after the procedure (p < 0.001), and higher mortality rate (p = 0.02).

After propensity score matching, 20 patients in each group were reanalyzed. In the

matched groups, no statistically significant differences were observed in the baseline

characteristics between the two groups except for a higher rate of open chests in the

central ECMO group (p = 0.02). However, no significant differences were observed in

the outcome and complications between the groups.

Conclusions: This study showed that in postcardiotomy patients requiring VA-ECMO

support, similar complication rates and outcome were observed regardless of the

cannulation strategy.

Keywords: ECMO, cardiogenic shock, postcardiotomy, cannulation, low cardiac output
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INTRODUCTION

The application of veno-arterial extracorporeal membrane
oxygenation (VA-ECMO) in patients with refractory isolated
cardiac or cardiopulmonary failure is increasing (1). Among
high-risk patient populations requiring VA-ECMO support
include patients with postcardiotomy cardiogenic shock (PCS).
As all of these patients have open heart surgery, there are
two main modalities to implant the VA-ECMO in these
patient populations. These modalities include either central
cannulation of the right atrium and ascending aorta or peripheral
cannulation, most commonly via the femoral vein and artery.
Alternative approaches may include the placement of a vascular
prosthesis in the ascending aorta for central access (2) or, for
peripheral access cannulation of the axillary artery, either directly
or through a vascular prosthesis.

The optimal cannulation strategy for VA-ECMO, in terms
of survival as well as myocardial recovery, management, and
complication rates, remains controversial (3). Despite the
considerable numbers of studies on VA-ECMO application, only
a few have addressed access-related issues as primary focus in
their studies (2, 4, 5). In the largest single-center series to date,
Rastan et al. (6) reported no advantage of different cannulation
sites by means of survival in 517 patients who required VA-
ECMO after cardiac surgery, although there has been a general
consensus favoring the peripheral approach (2, 6–8). Meanwhile,
a recent study demonstrated that a central approach should be
considered as a viable alternative in terms of complication rates
(9). Based on the controversies above, we aimed to compare
the outcomes of the patients with PCS who were mechanically
supported with central vs. peripheral VA-ECMO.

MATERIALS AND METHODS

Definitions and Data Assessment
Inclusion and Exclusion Criteria

The inclusion criteria were adult patients (aged > 18 years)
who underwent VA-ECMO implantation after elective, urgent,
or emergency cardiac surgery either immediately or a few
hours after arrival in the intensive care unit (ICU). Exclusion
criteria were patients on VA-ECMO prior to index cardiac
procedure, patients requiring venovenous (VV)-ECMO, and
patients after heart transplantation and/or ventricular assist
device implantation. The study protocol was approved from
the corresponding institutional ethics committee (Study
number: 2018-33-RetroDEuA).

PCS was defined as cardiac failure that results in the inability
to wean from cardiopulmonary bypass (CPB) or cardiac failure
that appears in early postoperative period under optimized
inotropic and vasopressor support. Hypotension, persistent
lactatemia as a sign of an end-organ malperfusion, and oliguria
were the clinical parameters for the diagnosis, which was
supported by an echocardiographic assessment in each patient

Abbreviations: VA-ECMO, veno-arterial extracorporeal membrane oxygenation;

PCS, postcardiotomy cardiogenic shock; PV, peripheral vascular; GI,

gastrointestinal; PS, propensity score.

and hemodynamic monitoring with Swan-Ganz catheterization
in most cases.

Central cannulation was defined as the cannulation
involving the aorta and right atrium either directly or through
percutaneously placed cannula through the femoral veins.
Peripheral cannulation was defined as the cannulation of the
femoral or subclavian artery and femoral vein.

Bleeding was defined as any bleeding requiring reoperation.
Peripheral vascular (PV) complication was defined as any
extremity complication involving the vascular access (excluding
groin infection). Notably, all patients with peripheral VA-ECMO
cannulation technique were supported with distal leg perfusion
catheter to avoid limb ischemia. Postoperative gastrointestinal
(GI) complication was defined as postoperative new-onset
GI bleeding or ischemia requiring surgery. Postoperative
neurological injury was defined as any neurological complication
including transient ischemic attack, non-disabling or disabling
stroke, and global brain ischemia. Postoperative liver failure was
defined as an acute increase in serum aspartate aminotransferase
(AST), alanine aminotransferase (ALT), and bilirubin.

The following data were assessed: patient characteristics, type
of the cardiac procedure, urgent or emergency procedure, cross-
clamp time, CPB time, EuroSCORE II, VA-ECMO support
duration, place of VA-ECMO implantation (intraoperative or
in the ICU), and rate of chest being left open at the
primary surgery. Furthermore, the following postimplantation
data were documented: chest tube output in the first 24 h
after implantation, bleeding requiring a reoperation, number
of red blood cell (RBC) units given, new onset of renal
dialysis, postoperative neurological injury, liver failure, and
GI and PV complications. Weaning and explantation rate
from ECMO, duration of ICU stay, and mortality rate after
ECMO implantation were documented and compared between
both groups.

Statistical Analysis
Using the SPSS statistical package and in order to test the effect
of the ICU stay, hospitalization length, adverse event rates,
and overall survival on the two groups (central and peripheral
approach) of patients, a two-way MANOVA was performed. If
the p-value is <0.05, we reject the null hypothesis that there is
no difference between the means and conclude that a significant
difference does.

Propensity score (PS) matching was performed as previously
reported (10). Briefly, the PSs were computed by binary
logistic regression. A 1:1 nearest neighbor matching algorithm
with a caliper of 0.1 of the standard deviation of the
logit of the PS was chosen to achieve the highest possible
representativeness and precision. Risk factors, which were
statistically insignificant at baseline, were not considered as
confounders and therefore not adjusted by PS matching. As
46 patients did not meet the matching criteria, they were
discarded from the final analysis. Finally, the residual imbalances
of covariates after matching were assessed by univariate
tests, the Hansen–Bowers test and the relative multivariate
imbalance measure.
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TABLE 1 | Patient characteristics and demographics.

Central

(N = 28)

(n, %)

Mean ± SD

Peripheral

(N = 58)

(n, %)

Mean ± SD

P-value

Age (years) 67 ± 11 69 ± 10 0.540

Body mass index 27 ± 7 27 ± 5 0.606

Male (n, %) 17 (61) 46 (79) 0.076

EuroSCORE II 19 ± 14 11 ± 10 0.007

X-Clamp time (min) 115 ± 48 88 ± 48 0.054

CPB time (min) 229 ± 57 180 ± 94 0.010

VA-ECMO duration (days) 7 ± 7 7 ± 5 0.926

LVEF < 30% 13 (46) 17 (29) 0.150

DM 10 (36) 25 (43) 0.641

AF 9 (32) 18 (31) 1.000

Elective procedure 10 (36) 21 (36) 1.000

Immediate intraoperative VA-ECMO 16 (57) 27 (47) 0.490

Chest left open after surgery 11 (39) 3 (5) <0.001

IABP 11 (39) 28 (48) 0.493

LV venting 3 (11) 4 (7) 0.678

Primary surgery

CABG 12 (43) 33 (57) 0.255

CABG + AVR 4 (14) 5 (9) 0.465

CABG + MVR ± TVR 5 (18) 11 (19) 1.000

AVR 0 (0) 6 (10) 0.171

Other procedures 7 (25) 3 (5) 0.012

Previous cardiac surgery 5 (18) 7 (12) 0.468

CPB, cardiopulmonary bypass; LVEF, left ventricular ejection fraction; IABP, intra-aortic

balloon pump; DM, diabetes mellitus; AF, atrial fibrillation; VA-ECMO, veno-arterial

extracorporeal membrane oxygenation; CABG, coronary artery bypass grafting; AVR,

aortic valve replacement; MVR, mitral valve replacement; TVR, tricuspid valve repair.

RESULTS

Eighty-six patients met the inclusion criteria and were included
in the analysis. A total of 58 patients (67%) required peripheral
cannulation and 28 patients (33%) required central cannulation
for VA-ECMO. The majority of patients underwent coronary
artery bypass grafting (CABG) (52%). Other primary procedures
weremostly combined CABG and valve surgery (29%). Themean
age was 68 ± 10 years, and 64 of the patients (73%) were male.
The VA-ECMO implantation for PCS took place in 43 patients
(50%) in the operating room and 43 patients (50%) in the ICU.
In central VA-ECMO group, the aortic cannula was inserted
through a Dacron graft, and the chest was closed in 54% of
the cases.

Seven (8.1%) patients received left ventricular (LV) venting,
which was placed in the right superior pulmonary vein in 71.4%,
in the LV apex in 14.3%, and in the pulmonary artery in 14.3%
of cases.

Table 1 demonstrates the patient characteristics and
demographics. There were no significant differences between
groups except for higher EuroSCORE II (19 ± 14 vs. 11 ± 10,
p = 0.007) and longer CBP time (229 ± 57 vs.180 ± 94, p =

0.01) in the central VA-ECMO group. Moreover, in a greater

TABLE 2 | Outcome after VA-ECMO implantation.

Central

(N = 28)

(n, %)

Mean ± SD

Peripheral

(N = 58)

(n, %)

Mean ± SD

P-value

Chest tube outcome in first 24 h 1,251 ± 730 1,075 ± 947 0.384

RBC units transfused during the stay 48 ± 27 40 ± 29 0.226

Resternotomy for bleeding 13 (46) 25 (43) 0.819

Postoperative new-onset renal dialysis 19 (68) 39 (67) 1.000

Postoperative liver failure 9 (32) 16 (28) 0.800

Postoperative neurological injury 4 (14) 7 (12) 0.743

Postoperative GI complications 2 (7) 7 (12) 0.712

Weaning from VA-ECMO 8 (29) 30 (52) 0.063

ICU stay (days) 16 ± 15 19 ± 16 0.471

In-hospital mortality 22 (79) 30 (52) 0.020

Peripheral vascular complications 3 (11) 16 (28) 0.100

RBC, red blood cell; GI, gastrointestinal.

number of patients was chest left open after surgery in the
central cannulation group (11, 39%) than that in the peripheral
cannulation group (3, 5%) (p < 0.001).

Table 2 summarizes the outcome after VA-ECMO
implantation. There was no significant difference in any of
the postoperative parameters except for a significant higher
in-hospital mortality rate in the central VA-ECMO group (79
vs. 52%, p = 0.02). Moreover, there was a non-significant trend
toward a higher rate of weaning in the peripheral VA-ECMO
group (29 vs. 52%, p = 0.063). There was no statistically
significant difference in the resternotomy rates for bleeding
between the central and the peripheral group (46 vs. 43%,
respectively, p= 0.819).

Due to the fact that the groups were not identical, we decided
to do a 1:1 PS matching to identify two matched groups. The
following factors were included in the matching: EuroSCORE
II, cross-clamp time, and type of the cardiac procedure. The
PS analysis resulted in 20 patients remaining in each group
(Table 3). Table 4 shows the difference in the postimplantation
parameters between both groups after PSmatching. Interestingly,
no significant differences in postoperative bleeding (1,219 ±

651 vs. 1,143 ± 1,317ml, p = 0.824), transfusion (48 ± 29 vs.
45 ± 31, p = 0.755), duration of ICU stay (16 ± 14 days vs.
18 ± 19 days, p = 0.638), and in-hospital mortality (75 vs.
55%, p = 0.320) were observed between the matched groups.
Furthermore, the rate of PV complications prior to and after
matching remains similar between the groups (11 vs. 28% and
16 vs. 25%, p = 0.100 and p = 0.695, respectively). Figures 1A,B
show the Kaplan–Meier survival curve in the unmatched and
matched analyses.

DISCUSSION

The main findings of this single-center study including
86 consecutive patients supported with VA-ECMO in a
postcardiotomy setting can be summarized as follows:
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TABLE 3 | Patient characteristics and demographics after propensity score

matching.

Propensity score Central

(N = 20)

(n, %)

Mean ± SD

Peripheral

(N = 20)

(n, %)

Mean ± SD

P-value

Age (years) 67 ± 10 60 ± 10 0.738

Body mass index 26 ± 7 27 ± 5 0.799

Male (n, %) 14 (70) 14 (70) 1.000

EuroSCORE 15 ± 10 16 ± 13 0.694

X-Clamp time (min) 126 ± 44 89 ± 53 0.062

CPB time (min) 228 ± 61 204 ± 108 0.448

VA-ECMO duration (days) 8 ± 8 7 ± 6 0.561

LVEF < 30% 10 (50) 6 (30) 0.333

DM 7 (35) 7 (35) 1.000

AF 7 (35) 5 (25) 0.731

Elective procedure 9 (45) 8 (40) 1.000

Immediate intraoperative VA-ECMO 10 (50) 9 (45) 1.000

Chest left open after surgery 8 (40) 1 (5) 0.020

IABP 8 (40) 6 (30) 0.741

LV venting 2 (10) 2 (10) 1.000

Primary surgery

CABG 7 (35) 11 (55) 0.341

CABG + AKR 4 (20) 1 (5) 0.342

CABG + MKR ± TKR 5 (25) 3 (15) 0.695

AKR 0 (0) 3 (15) 0.231

Other procedures 4 (20) 2 (10) 0.661

CPB, cardiopulmonary bypass; LVEF, left ventricular ejection fraction; IABP, intra-aortic

balloon pump; DM, diabetes mellitus; AF, atrial fibrillation; VA-ECMO, veno-arterial

extracorporeal membrane oxygenation; CABG, coronary artery bypass grafting; AVR,

aortic valve replacement; MVR, mitral valve replacement; TVR, tricuspid valve repair.

1- In the unmatched group of patients, the central VA-ECMO
group tends to have higher mortality rate after the index
cardiac procedure.

2- The postimplantationmorbidity andmortality remain similar
between the groups after PS matching, highlighting the fact
that none of the implantation technique is advantageous over
the other.

3- The similar bleeding rates in the matched group may be
related to chest closure in the majority of the central
ECMO group.

4- The rates of PV complications are similar if distal leg
perfusion is used in all patients.

The PCS is presumably an annihilating complication after cardiac
surgical procedures and correlated with a soaring mortality rate.
What seems to be the topmost choice for patients with refractory
PCS is the VA-ECMO implantation. The ideal cannulation
approach (central vs. peripheral) for PCS is yet to be defined.
It was therefore the aim of this study to shed light on the
unanswered question in the postcardiotomy setting.

The utilization of VA-ECMO has been increasing during the
last decades, and PCS constitutes one of the most common
indications (1, 11–14). Although it is considered an ultimate
option, the use of VA-ECMO has gradually reduced in-hospital

TABLE 4 | Outcome after VA-ECMO implantation after propensity score matching.

Central

(N = 20)

(n, %)

Mean ± SD

Peripheral

(N = 20)

(n, %)

Mean ± SD

P-value

Chest tube outcome in first 24 h 1,219 ± 651 1,143 ± 1,317 0.824

RBC Units transfused during the stay 48 ± 29 45 ± 31 0.755

Resternotomy for bleeding 9 (45) 9 (45) 1.000

Postoperative new onset dialysis 14 (70) 15 (75) 1.000

Postoperative liver failure 6 (30) 8 (40) 0.741

Postoperative neurological injury 3 (15) 2 (10) 0.605

Postoperative GI complications 2 (11) 1 (5) 0.712

Weaning from VA-ECMO 5 (25) 9 (45) 0.320

ICU stay (days) 16 ± 14 18 ± 19 0.638

In-hospital mortality 15 (75) 11 (55) 0.320

Peripheral vascular complications 3 (16) 5 (25) 0.695

RBC, red blood cell; GI, gastrointestinal.

mortality over time as well as remained a resource-consuming
treatment (12–14). Despite growing worldwide experience, the
overall survival to hospital discharge was 41.4% in adults in
a current Extracorporeal Life Support Organization (ELSO)
Registry Report (5). Therefore, there are some concerns arising
about costs, benefits, and ethics.

Central and peripheral cannulation strategies are both to
be utilized habitually on a PCS clinical scenario. The VA-
ECMO implantation for PCS according our results took place
in 43 patients (50%) in the operating room and 43 patients
(50%) in the ICU, as reported in the results of this study. In
case of a PCS scenario, failure from CPB weaning regularly
requires the implementation of VA-ECMO and usually a central
configuration can easily be inaugurated utilizing the already
placed cannulas for the previous CPB. A peripheral access can
be achieved percutaneously using the femoral or, less frequently,
axillary or subclavian (9, 15) artery and femoral or jugular vein
(6, 8). Sorokin et al. (3) reported previously the details on
appropriate configuration and cannulation strategy for ECMO.

There are both benefits and pitfalls of each cannulation
strategy (16): the central cannulation ensures an antegrade flow,
which may provide a better LV unloading. The peripheral one
directs a retrograde flow toward the aortic valve and causes an
increase in LV afterload. Moreover, it is a fundamental issue
that the peripheral cannulation leads to Harlequin syndrome.
On the other hand, it is a less time-consuming and less
invasive technique, which allows sternal closure. Central VA-
ECMO might also be initiated with the closed chest in PCS.
A Dacron graft can be anastomosed to the ascending aorta,
which may be tunneled to exit at the subxiphoid region, allowing
patients extubation and mobilization after surgery in case of
prolonged support or bridge to destination therapy. However, a
potential compression of the graft along its course through the
mediastinum toward the subxiphoid exit points may cause an
insufficient hemodynamic support. Another possible outlet for
the cannulae in closed-chest conditions may be directly through
the cranial end of the sternotomy wound. This may avoid a
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FIGURE 1 | Kaplan–Meier survival curves depicting impaired survival in central compared to peripheral cannulation for postcardiotomy extracorporeal life support

(ECLS) (A), which attenuates after risk adjustment by propensity score matching (B). The survival difference occurs early after surgery and is maintained in the later

postoperative course.

possible cardiac compression by cannulae along their course
through the mediastinum.

Mariscalco et al. (17) compared peripheral and central
VA-ECMO in a retrospective study of 781 patients with
PCS at 19 cardiac surgery centers. This multicenter study
showed that central cannulation was associated with greater in-
hospital mortality than peripheral cannulation (17). Although
our unmatched data support this finding, after PS matching,
complication rates and outcome were similar regardless of the
cannulation strategy.

The subclavian artery cannulation should provide several
advantages by allowing to mimic the blood flow of the central
cannulation approach in contrast to femoral artery (9, 18).
The advantages include the lack of atherosclerosis, minimizing
atherosclerotic embolization, and preferential delivery of
oxygenated blood to the heart and brain (19). Therefore, the
subclavian approach appears advisable in patients with peripheral
arterial occlusive disease because of its lack of atherosclerosis in
comparison to the femoral artery. Ranney et al. (9) reported a
higher rate of vascular complications (particularly fasciotomy
and amputation) and bleeding at the cannulation site (37.5, 30.6,
and 13.9%, respectively). In that study, a trend toward a higher
incidence of cerebrovascular events was also observed (9). We
believe that subclavian cannulation is advantageous when longer
support duration is anticipated to allow patients’ extubation
and mobilization.

The hemodynamic effects and end-organ function regarding
cannulation approach is not well-described in the literature. Our
group (2) compared the immediate trends in hemodynamics,
oxygenation, ventilation, and end-organ function of patients on
either peripheral or central VA-ECMO support. No particular
advantage of one technique over the other was observed. The
course of serum lactate levels under ECMO plays a predictive
role in 30-day mortality (20, 21). However, there were no
differences between peripheral and central cannulation regarding
the mean peak lactate level as a marker of tissue perfusion and

end-organ damage (7). In a series of 517 patients reported by
Rastan et al. (6), lactate level > 10 mmol/L immediately after
ECMO implantation was a significant predictor of mortality.
Persistent lactate values > 10 mmol/L were also associated
with increased mortality (6). They also found that arterial
cannulation site did not significantly influence hospital outcome,
but percutaneous venous femoral cannulation was associated
with adverse outcomes (6).

Supporting an impaired ventricle with ECMO may lead
to LV overload, especially in peripheral configuration due to
retrograde flow toward the LV, causing an increased afterload
(22). The potential consequences of LV overload are LV
dilatation, increased left atrial pressure, blood stasis, and
thrombus formation in cardiac chambers and pulmonary edema
(22). Despite being adopted in the minority of patients, LV
venting is of paramount importance during PCS. However,
the optimal method for LV venting is still unclear. Central
configuration allows to place an additional cannula in the LV
through the right superior pulmonary vein or LV apex. On the
other hand, peripheral VA-ECMO in closed-chest conditions
may need another method. Intra-aortic balloon pump (IABP),
although controversial (22, 23), is still being widely used in
clinical practice. In some PCS series, the non-use of IABP
was associated with a trend to worse survival (6, 24), whereas
the others did not find any differences in survival outcomes
(25, 26). Alternative techniques for percutaneous LV venting
include Impella R© (ABIOMED Inc., Danvers, Massachusetts) or
pulmonary artery venting (22, 25, 26). The optimal combination
of either peripheral or central cannulation and venting methods
needs further research.

Beside its life-saving effect, complications of VA-ECMO are
numerous and impair the overall outcomes inevitably (6, 11).
Our single-center experience does not favor central or peripheral
cannulation in terms of reoperation for bleeding and number
of transfused RBC units. Regardless of cannulation strategy,
bleeding, transfusion, and revision for bleeding constitute major
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problems on VA-ECMO (6). Recently, Djordjevic et al. (27)
reported a reexploration rate of 93% of all patients on central
VA-ECMO. Central cannulation is opted for by virtue of
the following: to leave the chest open to avoid tamponade
as well as to allow cardiac edema to resolve, to inherit the
previously inserted cannulae for ECMO circuit, and to avoid
limb ischemia due to femoral artery cannulation. We expected
to see more bleeding complications in the central VA-ECMO
group. However, our data support the fact that the bleeding
issue in the postcardiotomy setting may be rather derived by
the ECMO-related bleeding tendency than the surgical technique
implantation. Furthermore, another explanation may be the fact
that we tend to use a prosthesis in the majority of central VA-
ECMO patients to facilitate chest closure (2). Therefore, the
bleeding rate was not significantly higher in the central VA-
ECMO group because bleeding from sternal edges was precluded.

The present study showed that PV complications in the
peripheral VA-ECMO group exceeded that of the central VA-
ECMO group prior to and after matching; however, interestingly,
this finding did not reach statistical significance. The main
explanation of this finding is the fact that the femoral vein
was frequently used as inflow cannula also for central VA-
ECMO group and a distal leg perfusion catheter was used in the
peripheral VA-ECMOgroup to avoid limb ischemia. In our study,
the majority of the implantation (58.6%) was percutaneous.
Loforte et al. (28) showed that central cannulation in PCS resulted
in increased bleeding and continuous VV hemofiltration rates
compared to peripheral access (62.7 vs. 48.4% and 56.8 vs.
43.6%, respectively). Ko et al. (8) investigated a higher rate of
neurologic complication with open femoral ECMO. However,
after matching the groups, no significant differences in these
morbidities were observed in the present study.

Limitations
The main limitation of this study is its retrospective single-
center nature. However, the majority of the data were already
prospectively collected in the hospital databank. Moreover, the
implantation approach was not randomized, and the decision
regarding central vs. peripheral cannulation was at the discretion
of the implanting surgeon in the operating room. However,
ECMO implantations in the ICU were performed exclusively
peripherally at the bed site. Furthermore, no hemodynamic data
or data on vasopressor requirement were available to compare
between the groups. After PS matching, a large number of

patients were discarded from the analysis, which may potentially
influence the results.

CONCLUSION

This study of a matched group of patients using central vs.
peripheral VA-ECMO for postcardiotomy patients showed no
advantage of one approach over the other. The high rate of
chest closure in the central VA-ECMO group and the exclusive
implication of the distal leg perfusion catheter may explain
this finding. Decision-making for the cannulation strategy
should be individualized and adjusted to the clinical scenario.
Further randomized studies are necessary to identify the ideal
cannulation strategy in the PCS population.
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Aims: Unclear neurological outcome often precludes severely compromised patients

after out-of-hospital cardiac arrest (OHCA) from mechanical circulatory support (MCS),

while it may be considered as rescue therapy for patients with refractory cardiogenic

shock (rCS) in the absence of OHCA. This analysis sought to investigate the role of left

ventricular (LV) unloading in patients with rCS related to acute myocardial infarction (AMI)

after OHCA.

Methods: Of 273 consecutive patients receiving microaxial pumps in the Hannover

Cardiac Unloading Registry between January 2013 and August 2018, 47 presented with

AMI–rCS following successful resuscitation. Subsequently, the patients were compared

by propensity score matching to patients with OHCA AMI–rCS without MCS. The patient

data for OHCA without LV unloading was available from 280 patients of the Hannover

Cooling Registry for the same time period. Furthermore, the patients with OHCA without

rCS were compared to the patients with OHCA AMI–rCS and LV unloading.

Results: In total, 15 OHCA AMI–rCS patients without MCS were matched to patients

with AMI–rCS and Impella. Patients without LV support had a higher proportion of a

cardiac cause of death (n= 7 vs. n= 3; p= 0.024). LV unloading with Impella counteract

rCS status and was associated with a preferable 30-day survival (66.7 vs. 20%, p= 0.01)

and a favorable neurological outcome after 30 days (Cerebral Performance Category≤2,

47 vs. 27%). Impella support is associated with a higher 30-day survival (odds ratio, 2.67;

95% confidence interval, 1.02–13.66).

Conclusion: In patients after OHCA with AMI–rCS, Impella support incorporated in

a strict standardized treatment algorithm results in a preferable 30-day survival and

counteracts severe rCS status.

Keywords: cardiogenic shock, left ventricular unloading, myocardial infarction, out of hospital cardiac arrest,

culprit lesion
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INTRODUCTION

Acute myocardial infarction (AMI) is a main contributor to out-
of-hospital cardiac arrest (OHCA) (1). Despite improvements
in diagnosis and treatment, the mortality rates remain high
(2). Most patients suffer from post-cardiac arrest syndrome
characterized by reduced systemic perfusion due to vasoplegia
and adverse metabolism. Therefore, the early recovery of
systemic perfusion to prevent end-organ dysfunction is relevant
(3), and cardiac revascularization is recommended (1).

In patients with AMI complicated by cardiogenic shock (CS),
percutaneous coronary intervention (PCI) of the culprit artery
reduced mortality (4, 5). However, despite PCI, decreased cardiac
output and metabolic deterioration contribute to end-organ
failure, itself leading to a vicious cycle resulting in mortality (6).

Therefore, several percutaneous mechanical circulatory
support (MCS) devices attracted attention to rescue patients
in refractory cardiogenic shock (rCS) and are recommended
by current guidelines (7, 8). In hemodynamically severely
compromised patients, the Impella microaxial flow-pump,
percutaneously inserted via a femoral approach, actively unloads
the left ventricle independent of intrinsic left ventricular (LV)
function, with the consequence of reduced wall tension and
ventricular dimension. The Impella increases myocardial
perfusion while maintaining cardiac output and improving
end-organ perfusion (9, 10).

However, due to the lack of prospective randomized trials
and conflicting results, the efficacy of active LV unloading in
patients with OHCA complicated by AMI–rCS has not been
determined yet.

We previously demonstrated that an early treatment
algorithm (Hannover Cardiac Resuscitation Algorithm, HaCRA)
with a multidisciplinary approach, including therapeutic
hypothermia, coronary revasularization, and hemodynamic
support, in rCS patients after OHCA is associated with lower
mortality as described before (11).

Therefore, this analysis sought to investigate whether active
LV unloading with Impella in patients after OHCA with
AMI–rCS imbedded in a dedicated early in-hospital algorithm
(HaCRA) is associated with a preferable outcome.

METHODS

Study Design and Participants
The HAnnover Cardiac Unloading REgistry (HACURE) has a
prospective and observational design. The HACURE includes
all consecutive patients who received an Impella microaxial
pump for LV unloading in our department. The HACORE
includes all patients admitted after out-of-hospital cardiac arrest
and receiving therapeutic hypothermia as part of a standard
treatment at the cardiac arrest center at Hannover Medical
School. All patients in both registries were treated according

Abbreviations: AMI–rCS, refractory cardiogenic shock owing to myocardial

infarction; HaCRA, Hannover Cardiac Resuscitation Algorithm; HACORE,

HAnnover COoling Registry; HACURE, HAnnover Cardiac Unloading Registry;

LV, left ventricular; MCS, percutaneous mechanical circulatory support; OHCA,

out-of-hospital cardiac arrest; ROSC, return of spontaneous circulation.

to HaCRA. The current analysis is in accordance with the
Declaration of Helsinki and approved by the ethics committee
at Hannover Medical School (#3566-2017).

We analyzed consecutive patients after OHCA with AMI
(either ST segment elevation myocardial infarction or non-ST
segment elevation myocardial infarction) and successful PCI
of the culprit lesion, complicated AMI–rCS treated with MCS
using Impella, and mandatory therapeutic hypothermia who
were admitted to the Department of Cardiology at Hannover
Medical School between January 2013 and August 2018. In the
current analysis, the exclusion criteria were defined as follows:
patients without myocardial infarction, mechanical cause of rCS,
withdrawal of further life support, isolated right ventricular or
biventricular failure at baseline, use of additional MCS (i.e.,
extracorporeal membrane oxygenation) or unidentifiable culprit
lesion or unsuccessful PCI of the culprit lesion. Consecutive
patients from the HAnnover COoling REgistry (HACORE,
n= 280) and HACURE (n = 273) were defined as controls and
allocated into groups as follows: (1) patients with AMI following
OHCA in the absence of CS (n = 90) and (2) patients with
AMI following OHCA and complicated by rCS without MCS
(n = 23). Subsequently, to analyze the impact of circulatory
support in patients with AMI–rCS after OHCA, a propensity
score (PS) matching was considered (OHCA+AMI–rCS without
Impella vs. OHCA + AMI–rCS + Impella). Furthermore, to
verify the applicability of HaCRA to patients after extrahospital
resuscitation with refractory cardiogenic shock and support with
an Impella, we compared the patients after OHCA without CS
and the patients with OHCA AMI–rCS and active LV support by
Impella. To avoid unmeasured confounding, these cohorts were
not considered for PS matching as described in Figure 1. The
endpoints were defined as follows: The primary endpoint of this
analysis was 30-day mortality in the PS-matched cohorts. The
secondary endpoint was defined as 30-day mortality in the group
of patients with AMI–rCS and Impella support and patients
without CS. Furthermore, the endpoints for the safety outcome
in all cohorts are as follows: peripheral ischemic complications
forcing vascular surgery or intervention, mild/moderate/severe
bleeding assessed by GUSTO, and neurological outcome after 30
days of admission as assessed by cerebral performance category
(CPC). We defined a good neurological outcome as CPC ≤2, as
previously described (12). The detailed study design is provided
in the Supplementary Material.

Patient Treatment and Definitions
The patients were treated according to current guidelines (8,
13, 14) and a standardized multidisciplinary local treatment
algorithm, HaCRA, for CS and cardiac arrest as previously
described (11). Details on patient treatment and clinical follow-
up are provided in the Supplementary Material.

Statistical Analysis
The data were analyzed using GraphPad Prism 7.04 (GraphPad
Software, San Diego, CA, USA), R program 3.3.3, and SPSS
25 (IBM SPSS Statistics 25). The categorical parameters are
presented as counts and percentages. The metric normally
distributed variables are presented as mean values ± standard
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FIGURE 1 | Study enrolment. AMI, acute myocardial infarction; CPR, cardio-pulmonary resuscitation; CS, cardiogenic shock; ECMELLA, circulatory support by a

combination of Impella and ECMO; ECMO, extracorporeal membrane oxygenation; HACORE, Hannover Cooling Registry; HaCRA, Hannover Cardiac Resuscitation

Algorithm; HACURE, Hannover Cardiac Unloading Registry; MCS, mechanical circulatory support; NSTEMI, non-ST elevation myocardial infarction; PCI,

percutaneous intervention; OHCA, out-of-hospital cardiac arrest; rCS, refractory cardiogenic shock; ROSC, return of spontaneous circulation; SD, standard deviation;

STEMI, ST elevation myocardial infarction; w/o, without.

deviation and the non-normally as median and interquartile
ranges. Normality and variance homogeneity were checked by
Shapiro–Wilk and Kolmogorov–Smirnov tests, respectively. The
statistical analysis for comparison between PS-matched groups
of metric parameters was performed using unpaired t-tests as
parametric tests and Mann–Whitney tests as non-parametric
tests. Chi-square test was applied to compare nominally scaled
parameters. In the PS-matched groups, there was no missing
data for the documented parameters. The 30-day survival was
calculated using Kaplan–Meier curves, and log-rank comparison
was performed between the groups. Cox regression analysis was
performed to calculate hazard ratios (HR) with 95% confidence
intervals (CI). The reported P-values are two-sided, with p< 0.05
considered statistically significant.

Propensity Score Matching
To minimize confounder bias and realize a balanced distribution
of baseline characteristics to estimate the effects of MCS with
Impella in patients after OHCA and AMI complicated by
rCS, a PS matching was performed to patients in the control
cohort as described above. The propensity scores were estimated
using multivariable logistic regression modeling accounting
for variables related to the outcome or which are clinically
meaningful: age, bystander CPR, witnessed cardiac arrest, ROSC,
primary rhythm, STEMI/NSTEMI (11), and LVEDP at the time

of PCI. The cases and control groups were matched stepwise on
the logit of the estimated propensity score (1:1 propensity score
matching) using a nearest-neighbormodel using calipers with the
width equal to 0.15. A lower caliper width was used to maximize
correct matching and to reduce bias.

The baseline balance of parameters used for the matching
between patients after OHCA with AMI and successful PCI of
the culprit lesion, complicated by rCS treated with MCS using
Impella and comparators before and after PS matching, was
compared via a standardized difference (15). A standardized
difference ≤0.15 suggested an appropriate balance between the
covariates (Supplementary Table 1). To validate the method and
perform a sensitivity analysis of the propensity score matching,
the primary outcome (30-day survival) was reanalyzed using the
entire (unmatched) cohort (Supplementary Figure 1).

RESULTS

Patient Characteristics
From both registries, HACURE and HACORE, we identified
47 patients between January 1, 2013 and August 31, 2018
treated with an Impella for AMI–rCS following resuscitation
(Figure 1). After 1:1 PS matching, the patients after OHCA
with AMI–rCS without Impella (n = 15) were included.
The patients with AMI without CS complicated by OHCA
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FIGURE 2 | Baseline blood gas analysis of propensity score-matched cohorts. AMI, acute myocardial infarction; CS, cardiogenic shock; OHCA, out-of-hospital

cardiac arrest; w/o, without; rCS, refractory cardiogenic shock. (A) pH at admission. (B) Glucose at admission. (C) Lactate at admission.

(n = 90) were compared to patients with AMI–rCS and
Impella (n = 47). The patients with AMI–rCS and active
LV unloading with Impella displayed no statistical significance
between pH, glucose, and lactate levels at baseline in comparison
to patients with AMI–rCS without Impella support (Figure 2).
The patients with AMI–rCS after OHCA on Impella support
had significantly more vessels treated, longer cumulative
stent length, which is explained by standardized complete
revascularization in shock at the time of treatment, and higher
TIMI risk score. Further patient characteristics are shown in
Table 1.

Intensive Care and Safety Outcome
The characteristics of intensive care, MCS, and complications
are presented in Table 2. Implementing MCS with Impella
in resuscitated, ventilated shock patients in clinical routine
practice was associated with <10-min delay of wire crossing
over the culprit lesion despite the fact that 68% of cases
were performed during on-call time. During ICU stay, all
patients were mechanically ventilated. The resuscitation and
device characteristics did not significantly differ between groups.
The patients after OHCA with AMI–rCS more often required
renal replacement therapy compared to patients without rCS.
Furthermore, hemolysis was significantly increased in patients
after OHCA and AMI–rCS when they were treated with Impella.
Bleeding complications occurred significantly more frequently in
patients with active left ventricular support with Impella. In the
PS-matched cohorts, LV unloading with Impella showed a higher
number of patients with a good neurological outcome (CPC

≤2) after 30 days. Vascular ischemic events occurred in both
PS-matched cohorts. Due to critical peripheral arterial occlusive
disease, vascular intervention was performed in one patient in
the OHCA AMI–rCS without Impella group. The other patient
received vascular surgery due to critical ischemia after prolonged
Impella therapy.

30-Day Survival in Propensity
Score-Matched Groups
Compared to resuscitated shock patients without active LV
unloading, the patients after OHCA with AMI–rCS on
Impella had a significantly higher survival (Figure 3A). During
LV support, three patients were deceased due to cardiac
deterioration. In the PS-matched groups, patients without LV
support had a higher proportion of a cardiac cause of death (n=

7 vs. n = 3; p = 0.024). Furthermore, three additional patients in
this group died due to brain damage resulting from extrahospital
resuscitation It should be noted that, when the resuscitated
patients with AMI–rCS were supported with Impella, they
showed no statistical significance for 30-day survival compared
to the resuscitated patients without rCS [odds ratio (OR),
0.40; 95% confidence interval (CI), 0.13–1.23; Figure 3B]. In
summary, LV unloading with Impella was associated with a
markedly lower mortality in AMI–rCS patients after OHCA (OR,
2.67; 95%CI, 1.02–13.66) and HR for 30-day mortality of 0.2
(95%CI, 0.05–0.7).
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TABLE 1 | Baseline characteristics of propensity score-matched cohorts.

OHCA OHCA + AMI–rCS

Variable Without CS,

n = 90

+ AMI–rCS

+ Impella,

n = 47

P + Impella,

n = 15

Without Impella,

n = 15

P

Age (years) 67 (57–74) 58 (52–73) 0.041 67 (58–78) 66 (55–74) ns

Length (cm) 176 ± 7 177 ± 7 ns 177 ± 8 177 ± 6 ns

Weight (kg) 82.3 ± 19.3 83.9 ± 13.8 ns 85.1 ± 14.5 67.8 ± 26.9 ns

Gender: male 76 (84%) 38 (81%) ns 12 (80%) 14 (93.3%%) ns

Pre-existing disorders

Smoking 45 (50%) 23 (49%) ns 5 (33.3%) 7 (46.7%) ns

Hypertension 58 (64.4%) 28 (59.6%) ns 13 (86.7%) 7 (46.7%) ns

Diabetes 23 (25.5%) 8 (17%) ns 1 (6.7%) 2 (13.3%) ns

Cardiogenic shock 0 47 (100%) <0.001 15 (100%) 15 (100%) ns

STEMI 47 (52.2%) 22 (46.8%) ns 9 (60%) 10 (67%) ns

NSTEMI 43 (47.8%) 25 (53.2%) 6 (40%) 4 (26.7%)

Vessels treated (n) 2 (1–3) 2 (2–3) ns 2 (1–2) 1 (1–2) 0.013

Cumulative stent length (mm) 27 (18–45) 48 (23–74) <0.001 50 (43–74) 25 (18–50) 0.024

Admission lactate (mmol/L) 6.3 ± 3.9 7.3 ± 4.1 ns 7.6 ± 4.8 6.3 ± 3.8 ns

SAPS II score 50 ± 12.4 50.3 ± 9.4 ns 53 ± 14.4 51.8 ± 10.5 ns

CardShock score 4 (3–5) 5 (5–6) 0.009 5 (5–6) 5 (5−6) ns

IABP-Shock II score 3 (1–3) 3 (3–3) <0.001 4 (3–5) 4 (3–5) ns

TIMI risk score 7 (6–9) 8 (7–9) 0.03 9 (7–10) 7 (6–9) 0.047

In-hospital stay (days) 14.7 ± 7.1 15.6 ± 10.1 ns 17 (4–22) 9 (1–13) 0.041

AMI, acute myocardial infarction; BL, baseline; CS, cardiogenic shock; NSTEMI, non-ST elevation myocardial infarction; rCS, refractory cardiogenic shock; STEMI, ST elevation

myocardial infarction.

DISCUSSION

In our PS-matched analysis comparison to medical treatment
only, active LV unloading with an Impella in patients after
OHCA with AMI–rCS was associated with a significantly higher
survival rate: circulatory support with Impella was a factor for
survival until 30 days after hospital admission (OR, 2.67; 95%CI,
1.02–13.66) and HR for 30-day mortality was 0.2 (95%CI, 0.05–
0.7). The main conclusion is that our approach of active LV
unloading with an Impella micro-axial flow-pump as part of an
intra-hospital algorithm (HaCRA) for diagnostic and treatment
workflow of patients after OHCA antagonized the severe rCS
state, resulting in unexpectedly good 30-day survival rates of
around 70%, and the survival rate was comparable to patients
after OHCA without rCS.

Cardiac arrest and CS are the main causes of mortality
in patients with AMI (1, 16). In previous studies of patients
with CS after cardiac arrest, mortality was driven by systolic
myocardial dysfunction, hemodynamic instability characterized
by reduced cardiac output as well as secondary multiorgan
failure and was potentially reversible (17). Despite improved PCI
strategies (4, 6) and pre-hospital care (18), the persistently high
mortality associated with CS led to the development of several
percutaneous MCS devices that are increasingly used in CS. The
Impella platform reliably provides hemodynamic stabilization,
enhances cardiac output, and reduces end-diastolic wall stress in
patients with acute coronary syndrome and STEMI (10, 19).

However, investigations leading to evidence-based assessment
of the therapeutic efficacy supporting MCS, especially LV
unloading with Impella micro-axial flow pumps, in patients after
OHCA complicated by rCS are scarce (20–22). It should be noted
that randomized prospective studies using MCS, i.e., Impella or
intra-aortic balloon pumps, in patients with rCS, incorporating
post-cardiac arrest patients, exhibited a dismal mortality rate
of these patients (23, 24). This finding was confirmed by a
matched pair analysis applying inclusion criteria IABP-SHOCK
II trial (Intra-aortic Balloon Pump in Cardiogenic Shock) (24) in
patients with AMI-CS (25).

Besides multiorgan failure and post-cardiac arrest metabolism
(3), a contributor to mortality is neurological damage due to
anoxic cerebral injury provoked prior to hospital admission (26).
Hence, puzzling evidence and ambiguous neurological prognosis
of patients after OHCA and rCS at admission result in a reserved
approach of MCS implantation.

In our analysis, Impella support was associated in patients
after OHCA with AMI–rCS, with a significantly higher survival
rate in comparison to conservative treatment. Our approach
was associated with comparable mortality rates between patients
with OHCA without AMI–rCS and patients with OHCA with
additional AMI–rCS supported by Impella. In everyday clinical
practice, Impella implantation, as a part of HaCRA, by a
multiprofession team was associated with a delay of wire
crossing of the culprit lesion below 10min in comparison to
patients without active LV unloading. It should be noted that
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TABLE 2 | ICU course and complications of propensity score-matched cohorts.

OHCA OHCA + AMI–rCS

Variable Without CS, + AMI–rCS P + Impella, Without Impella, P

n = 90 + Impella, n = 47 n = 15 n = 15

Bystander CPR performed 68 (75.6%) 37 (78.7%) ns 11 (73.3%) 10 (66.7%) ns

Witnessed arrest 79 (87.7%) 39 (83%) ns 14 (93.3%) 14 (93.3%) ns

ongoing CPR at admission 5 (5.6%) 6 (65.4%) ns 0 0

Out of hospital defibrillation (n) 2.9 ± 2.5 3.5 ± 2.9 ns 3.8 ± 3.8 3.7 ± 2.1 ns

Primary rhythm ns ns

Asystole 18 (20%) 6 (12.8%) 1 (6.7%) 2 (13.3%)

Ventricular Fibrillation 72 (80%) 41 (87.2%) 14 (93.3%) 13 (86.7%)

Time intervals

ROSC (min) 18 (10–30) 23 (10–31) ns 20 (10–30) 25 (10–35) ns

Duration puncture to wire crossing (min) 14.3 ± 7.1 24.3 ± 9.9 <0.001 21.5 ± 9.9 17.7 ± 5.2 ns

Shock onset to Impella (h) 3 (1.5–4) 3 (2–4)

Duration of Impella support (h) 89 (46–156) 90 (46–216)

Impella implantation

Pre-PCI 28 (59.6%) 8 (53.3%)

Post-PCI 19 (40.4%) 7 (46.7%)

LVEDP at the time of PCI 19 ± 6.3 (n = 78) 26.7 ± 6.7 <0.001 25.5 ± 4.6 25.3 ± 4.5 ns

Bridge to

Deceased during LV support 12 (25.5%) 3 (20%)

Recovery 34 (72.3%) 12 (80%)

Durable VAD 1 (2.1%) 0

RRT during ICU stay 17 (18.9%) 17 (36.2%) 0.026 6 (40%) 1 (6.7%) 0.031

Hemolysis 0 16 (34%) <0.001 4 (26.7%) 0 0.032

Peripheral ischemic complications forcing vascular surgery or intervention 2 (2.2%) 4 (8.5%) ns 1 (6.7%) 1 (6.7%) ns

Good neurological outcome after 30 days (CPC ≤2) 40 (44%) 24 (51%) ns 7 (47%) 4 (27%) ns

GUSTO bleeding 0.014 0.039

Mild 12 (13.3%) 14 (29.8%) 4 (27%) 2 (13%)

Moderate 4 (4.4%) 5 (10.6%) 4 (27%) 0

Severe 0 1 (2.1%) 0 0

AMI, acute myocardial infarction; CPC, cerebral performance category; CPR, cardio-pulmonary resuscitation; ICU, intensive care unit; LV, left ventricular; LVEDP, left ventricular end

diastolic pressure; PCI, percutaneous coronary intervention; rCS, refractory cardiogenic shock; ROSC, return of spontaneous circulation; RRT, renal replacement therapy; VAD, ventricular

assist device.

FIGURE 3 | 30-day survival after propensity score matching. AMI, acute myocardial infarction; CI, confidence interval; CS, cardiogenic shock; HR, hazard ratio;

OHCA, out-of-hospital cardiac arrest; rCS, refractory cardiogenic shock. (A) Kaplan–Meier curves of AMI–rCS after OHCA with or without active left ventricular

unloading by Impella, *p < 0.05. (B) Kaplan–Meier curves of AMI–rCS patients after OHCA without CS or with AMI–rCS supported by Impella.
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all groups with applied HaCRA algorithm in this analysis have
higher survival rates than previously reported or predicted.
In detail, patients with OHCA and AMI–rCS supported with
Impella had a better in-hospital survival than predicted by
Card Shock score [Card Shock Score: 5 (5, 6), ∼70% in-
hospital mortality; OHCA AMI–rCS with Impella: 38.5% in-
hospital mortality]. In the IMPRESS-in-SEVERE-Shock trial
(23), all patients randomized to Impella support had cardiac
arrest before implantation (n = 24). These patients had a
30-day mortality rate of 46%. In contrast, our analysis of
OHCA AMI–rCS patients supported by Impella displayed a
30-day mortality rate of 32%. As opposed to our analysis,
in the IMPRESS-in-SEVERE-Shock trial, no standardized
algorithm for early diagnosis and treatment of rCS was
applied, and Impella implantation was frequently performed
after coronary intervention (IMPRESS-in-SEVERE-Shock trial,
80 vs. 39%).

Veno-arterial extracorporeal membrane oxygenation
(VA-ECMO) maintains end-organ perfusion and has been
conventionally considered after OHCA and rCS. In particular,
the use of VA-ECMO during resuscitation as extracorporeal
cardio-pulmonary resuscitation (eCPR) recently showed
exceptionally good results. In the recently published ARREST
trial, early eCPR with VA-ECMO in patients with OHCA
and refractory ventricular fibrillation resulted in significant
survival to hospital discharge compared with standard therapy
(27). Nevertheless, in broader every-day patient cohorts, other
groups have reported much lower survival rates sometimes
indistinguishable from conventional CPR (28, 29). In rCS
without refractory cardiac arrest, however, VA-ECMO increases
LV afterload with the consequence of increased filling pressures,
pulmonary congestion, and restricted LV recovery (30).
Therefore, when treating rCS in stable ROSC after OHCA, we
favor the use of the MCS, taking into account its individual
characteristics and disadvantages. The DTU-STEMI pilot trial
showed that the initiation of active LV unloading by Impella
CP in patients with anterior STEMI is feasible and safe (31).
Active cardiac support by Impella was associated with a reduced
infarct size, increased collateral blood flow to the ischemic
myocardium, and reduction of reperfusion injury in a preclinical
study (32).

In a recently published analysis of a multicenter registry,
49 patients with acute coronary syndrome-related cardiogenic
shock following OHCA were actively supported by Impella
(33). The applied treatment protocol, like HaCRA, included
an early evaluation of the mechanical circulatory support
and prompt coronary angiography. However, the patient
characteristics and the post-resuscitation management of
the National Cardiogenic Shock Initiative were different
to our current analysis. rCS was present in 19 patients
(39 vs. 100%), and 19 patients received therapeutic
hypothermia after extrahospital resuscitation (39 vs. 100%).
The authors displayed a survival rate to hospital discharge
of 85.7%.

Further evidence for LV support by Impella in patients
with AMI-CS without OHCA will be provided by the ongoing
DanGer-SHOCK (Danish–German cardiogenic shock; https://

clinicaltrials.gov/ct2/show/NCT01633502?cond=01633502&
draw=2&rank=1~NCT01633502) trial (34).

Overall, we strongly believe that HaCRA, as a
multidisciplinary early treatment algorithm, supports the
early recognition of shock states, initiation of MCS, PCI of the
culprit lesion, and mandatory therapeutic hypothermia, resulting
in a higher survival rate than that reported and predicted by
scores in patients after OHCA complicated by AMI–rCS.

Limitations
HACURE and HACORE are prospective and observational
monocentric registries. Therefore, no randomized control group
of the treatment is allocable. HaCRA was performed in a tertiary
university hospital setting and was optimized to local conditions.
However, applying a standardized protocol, bias cannot be
excluded as the decision of indication and the timing of the
Impella insertion were done by the physician in charge. This PS
analysis included a small series of patients. As a consequence of
PS matching with the aim of reducing influencing variables, only
a few patients were included in each group. Therefore, the results
should be carefully extrapolated owing to potentially unknown
covariates and subsequent biases. Furthermore, despite the efforts
to form comparable cohorts using a strict post-resuscitation
management protocol and PS matching, a possible influence
of bias cannot be excluded in this retrospective analysis with
a small patient cohort. Overall, the presented results from this
non-randomized single-center registry with PS matching have to
be considered as hypothesis-generating. However, MCS in rCS
and after OHCA is expertise dependent, and patient selection is
critical; thus, multi-center studies may be difficult to conduct.

CONCLUSION

The results of our analysis suggest that Impella support
included in an early intrahospital algorithm (HaCRA) with
a multidisciplinary approach and structured diagnostic and
therapeutic assessment in patients after OHCA complicated by
AMI–rCS and PCI of the culprit lesion is associated with a higher
survival rate.
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Outcomes for cardiogenic shock (CS) patients remain relatively poor despite significant

advancements in primary percutaneous coronary interventions (PCI) and temporary

circulatory support (TCS) technologies. Mortality from CS shows great disparities that

seem to reflect large variations in access to care and physician practice patterns. Recent

reports of different models to standardize care in CS have shown considerable potential

at improving outcomes. The creation of regional, integrated, 3-tiered systems, would

facilitate standardized interventions and equitable access to care. Multidisciplinary CS

teams at Level I centers would direct care in a hub-and-spoke model through jointly

developed protocols and real-time shared decision making. Levels II and III centers would

provide early access to life-saving therapies and safe transfer to designated hub centers.

In regions with large geographical distances, the implementation of telemedicine-cardiac

intensive care unit (CICU) care can be an important resource for the creation of effective

systems of care.
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INTRODUCTION

Cardiogenic shock (CS) is a life-threatening condition that begins with an initial insult leading to
hypoperfusion and can progress to multiorgan failure and death. Effective treatment requires early
recognition and time-sensitive interventions to restore perfusion. Despite the widespread adoption
of primary percutaneous coronary interventions (PCI) and the technological advancements made
in temporary circulatory support (TCS), mortality for CS patients has remained largely unabated
over the last decade (1). Today, 30-day mortality for CS due to any etiology is close to 40–47% in
clinical trials and 30–51% in registry studies (2).

Large disparities in outcomes exist, however, across different care environments. In the
United States (US), CS patients treated in large, urban and left ventricular assist device (LVAD)-
capable centers, have the lowest mortality rates (3, 4) while those in smaller, rural hospitals have
the highest mortality rates, along with the lowest rates of early angiography, PCI and access to TCS
(5). Notably, current data shows that nearly half of patients with acute myocardial infarction and
cardiogenic shock (AMI-CS) are being treated in low volume centers (6).

Recently published studies have demonstrated that initiatives to standardize care for CS patients
within integrated care systems can lead to large improvements in clinical outcomes (7, 8). These
models, akin to those adopted in other time-sensitive conditions, can facilitate efficient access to
different tiers of care for patients with different severities of CS, which could improve the existing
disparities. Herein, we describe the current state of systems of care in CS and propose what an ideal
system might look like.
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CURRENT LANDSCAPE

CS remains the main cause of death among patients with
acute myocardial infarction (AMI), and now complicates close
to 10% of cases (9). Currently, inpatient mortality for AMI-
CS is estimated between 31 and 41%. Patients are increasingly
presenting with higher clinical complexity, older age, greater
comorbid burden and more complex culprit lesions (6). Higher
overall use of primary PCI has not sustainably decreased
mortality (10), but shorter times between first medical contact
and PCI do seem to improve survival in AMI-CS patients (11). In
the US, the number of PCI-capable centers has grown at a faster
rate than the population growth, but these centers are unequally
distributed, ranging between per capita 3–4/1 to 12/1 million.
Distance between centers also varies greatly, reaching as far as
150 miles in some regions (12).

Between 2011 and 2013, PCI centers classified as suburban
and rural performed 49% of all PCIs for AMI-CS in the US.
Private and community hospitals performed 90% of these PCIs,
while tertiary care centers performed only 10%. Data from
the National Cardiovascular Data Registry indicates that in-
hospital mortality as a whole is rising for this patient population,
regardless of the treating center’s characteristics (6). However,
other large registry-based analyses suggest there may be higher
survival for AMI-CS patients treated in large, urban or LVAD-
capable centers (3, 6, 13).

Acute heart failure CS (AHF-CS), is increasingly recognized as
a common etiology for CS, now accounting for 30–50% of cases
depending on the hospital setting (14, 15). Reported mortality for
these patients varies widely depending on the data source, likely
reflecting important disparities in care. In a recent report from
the Cardiogenic Shock Working Group, a research consortium
of large academic centers, in-hospital mortality for AHF-CS was
26% (13), while in a contemporary analysis of the National
Inpatient Sample (NIS) including all hospital types, mortality
was 48% (15).

Access to TCS and physician patterns of device use also show
wide variations. In a recent survey study of cardiac surgery
centers, the IABP was offered in 92% of centers, followed by the
Impella (Abiomed, Danvers, MA) in 78% and VA-ECMO in 66%.
This survey also indicates that nearly one-third of physicians
consider TCS before PCI in AMI-CS patients, and two-thirds do
so after PCI (5). Patients admitted to larger hospitals (≥600 beds)
are more likely to receive TCS than those admitted to smaller
ones (≤200 beds) (16). Accordingly, in the United States, over
80% of VA-ECMO cases are performed in large, urban, teaching
institutions (17). Use of MCS is also lower in patients older

Abbreviations: ACLS, advanced cardiovascular life support; AHF, acute heart

failure; AHF-CS, acute heart failure cardiogenic shock; AMI, acute myocardial

infarction; AMI-CS, acute myocardial infarction—cardiogenic shock; CICU,

cardiac intensive care unit; CS, cardiogenic shock; DSI, Detroit shock initiative;

HD, hemodynamics; IABP, intra-aortic balloon pump; LVAD, left ventricular assist

device; MCS, mechanical circulatory support; NCSI, National cardiogenic shock

initiative; OHCA, out of hospital cardiac arrest; PCI, percutaneous coronary

intervention; STEMI, ST elevation myocardial infarction; TCS, temporary

circulatory support; TTE, transthoracic echocardiogram; US, United States; VA-

ECMO, venoarterial—extracorporeal membrane oxygenation.

than 65 (15), women, African Americans, non-privately insured
patients, and patients with low-income status (18).

Disparities in outcomes for CS patients seem to reflect these
differences in management. In the US, patients in the Midwest
and West have significantly lower in-hospital mortality than
those in the Northeast, where lower rates of primary PCI and
TCS are also noted. Meanwhile, patients in the South have the
highest mortality of any region (4, 19). Patients admitted to
urban and larger hospitals, with higher resource availability,
have better outcomes than those in rural and smaller hospitals
(4). Although in-hospital mortality is higher amongst Hispanics
(74%) and African Americans (65%), these differences disappear
when controlled for access to primary PCI (20). Similarly,
the higher mortality observed amongst women with AMI-CS
(21), is reduced with the use of standardized management
algorithms (22).

DEVELOPING SYSTEMS OF CARE IN CS

The above data support the notion that creating multi-tier
systems that allow for timely and equal access to standardized
care for patients with CS, would improve outcomes. As an initial
step, an effort has been made in recent years to identify CS
“centers of excellence” that could serve as hubs to receive patients
within a larger conglomerate of hospitals.

According to an American Heart Association scientific
statement on CS management, designated CS hospitals should
have access to a critical care unit, 24/7 PCI capability, support
from cardiac surgery and access to TCS including VA-ECMO
as well as durable LVADs (2). Notably, in a survey from 2019,
only 40% of the 6,000 responding centers have access to all TCS
support modalities, 20% report access to PCI only, 16% do not
have Cardiac Surgery programs, and 6% do not have 24/7 access
to PCI (5). This highlights the current existence of different tiers
of care for CS patients. A regional system should be designed
to stabilize patients in lower-level centers and provide timely
transfer to larger center with access to higher care for those who
are most severely ill (5, 23).

Barriers
Several key issues should be considered in the creation of
effective systems of care for CS (Table 1). First, timely diagnosis
and identification of patients is problematic. Currently, there
is no universally accepted definition of CS, as none seem
to effectively identify all cases (2). Using hard cut-points in
objective clinical and laboratory parameters is limited by the
variety of presentations seen with the different etiologies. A
highly sensitive definition can identify more patients earlier,
but depending on the adopted model of care, it could also
result in the unnecessarily frequent mobilization of large
amounts of resources. The definition of the CS stages by
the Society of Cardiovascular Angiography and Interventions
(SCAI) has provided a classification of shock that contemplates
pre-shock stages that can help in early diagnosis (24). A
recent study using machine learning technology was able to
further stratify patient risk by identifying three distinct CS
phenotypes upon presentation: “Non-congested,” “Cardiorenal,”
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TABLE 1 | Current Barriers to the creation of effective regional systems of care for

CS.

Current barriers Potential solutions

No standard definition of CS Convened definition developed within the

region and accepted by all three hospital levels

Gaps in standard of care for CS Jointly developed regional management

protocol with distinct pathways for AMI-CS and

AHF-CS

Long geographical distances

between spokes and hub

Three-tier system with CCL serving as base for

initiation of monitoring and care in Level II

centers

Development of tele-CCU system to guide care

from Level I centers

No definition for CS centers of

excellence

Development of a three-tiered system

supported by national or international

professional societies

AHF-CS, acute heart failure—cardiogenic shock; AMI-CS, acute myocardial infarction—

cardiogenic shock; CCL, cardiac catheterization lab; CCU, coronary care unit; CS,

cardiogenic shock.

and “Cardiometabolic” among patients with both, AMI-CS and
AHF-CS (25). These classifications represent important steps
toward guiding early therapeutic interventions.

Second, important inconsistencies exist in current guidelines
addressing the management of CS patients. For instance, early
revascularization in AMI-CS is the only therapeutic intervention
that receives a class I indication in both ACC/AHA and ESC
guidelines. Meanwhile the use of a pulmonary artery catheter
receives no grade in the ACC/AHA STEMI guidelines, but a class
I recommendation in American heart failure guidelines and a
class IIb grading in European guidelines. Larger discrepancies
are seen in the recommendations for IABP use. The American
guidelines give IABP a class IIa recommendation in STEMI, and
European guidelines consider it a Class III indication in STEMI
and HF guidelines. The use of other TCS devices is graded as
class IIb by ESC guidelines and ACC/AHA STEMI guidelines, but
a class IIa in the American HF guidelines. These discrepancies
reflect the low level of evidence underpinning most of these
recommendations, as well as differences in publication timing
(2013 for ACC/AHA STEMI andHF guidelines vs. 2016 and 2017
for ESC HF and STEMI guidelines) (26).

Moreover, the majority of existing clinical trials in CS were
done in AMI-CS patients. However, depending on the hospital
setting, AHF-CS is potentially as frequent as AMI (27–29).
Patients with AHF-CS have a distinct clinical phenotype and also
respond differently to TCS than AMI-CS patients do, and often
present to all hospital types (30, 31). Hence, a multi-tiered system
needs to develop shared management algorithms with distinct
pathways for these different patient phenotypes.

Third, geographical distance can have a negative impact
in certain regions. A careful balance is needed between the
institution of early therapeutic interventions and the transfer
of patients to higher level of care centers where therapy can
be escalated. For example, short first-medical-contact to balloon
times in AMI-CS (11) should be prioritized, but protocolized
institution of hemodynamic support should also occur as early

as possible in selected patients. Lower-level hospitals should have
streamlined access to designated teams in larger centers who can
aid with early management decisions, coordinate transfer and
deploy to these smaller centers as needed. Emergency medical
services available in the region will obviously play an important
role in this effort.

Finally, an established definition for “CS centers of excellence”
is needed to help with the appropriate identification of hub
centers within a region. Clear identification of these centers
would not only help standardize access to care, but could
also garner strong support from governing bodies to facilitate
issues like sharing of physician credentialing across hospitals
and state lines, and sharing of costs between transferring and
receiving centers.

CURRENT INITIATIVES

Hub and Spoke Model
The Hub-and-Spoke model is based on the current model for
STEMI, trauma and stroke referral systems (23). The original
hub-and-spoke model for CS was implemented in New York for
patients for treatment of post-cardiotomy CS. Each spoke site
was within 250 miles of the hub. The hub center was contacted
when a patient was in refractory shock for over 12 h following
surgery. This model was successful in increasing the survival rate
by 66% (2).

Hospitals within such networks are organized into 3 levels:
Level I centers act as dedicated shock hubs with access
to advanced TCS, cardiothoracic surgery, durable LVAD,
hypothermia protocols and a robust multidisciplinary team
culture in place. They accept transfers from both level II and
level III hospitals, which differ in their ability to perform PCI
and institute IABP or Impella support. Level II and III hospitals
need to have protocols in place for out of hospital cardiac arrest
(OHCA) and advanced cardiac life support (ACLS), as well as
the ability to rapidly identify and transfer CS patients safely.
Emergency Department staff in levels II and III centers should
have access to bedside transthoracic echo (TTE) (7). Published
data from formally established models in Spain and in the Mayo
Clinic in Arizona showed increased survival rates using this
approach (14, 31). Distances between spokes and hub centers can
be a limitation in certain areas like the rural United States, where
immediate transfer may require a large amount of resources
(14, 32).

The hub and spoke model effectively centralizes the
management of the most complex patients in level I centers
with higher use of TCS and higher volumes of CS (2). Studies
performed in patients receiving ECMO (33), PCI, CABG (2),
and LVADs (3) have all demonstrated better outcomes in the
facilities with the highest volume. This model can hence serve to
concentrate scarce resources in a given region.

The Cardiac-RESCUE trial identified that only one sixth of
the 1,000 ICU beds in the Paris region were able to provide
ECMO support. Their mobile hub shock team quadrupled the
number of ICU beds able to provide this therapy (34) and served
as a solution to the geographic disparities. A similar mobile
team was used in a network of hospitals in Spain (14) where a
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shock team could travel to level II and III hospitals to evaluate
patients and provide MCS as needed. They eventually transferred
42% of patients to their level I center, improving survival to
discharge from 51 to 64%. Arizona had similar outcomes, with
25 of 27 patients transferred, 55% of which had MCS placed
prior to transfer (35). Key to the hub and spoke model’s success
is the close collaboration between the hub and the spoke sites
to develop joint protocols and provide training for the effective
implementation of these protocols at each site (36).

Based on experiences from the development of STEMI
systems, the ability for facilities to carry this out depends on
geography (rural vs. urban), regional resources, and state lines.
The transition to a hub and spoke model can be complicated
by misaligned existing referral patterns and lack of funding and
supplies for mobile teams (2). The development of a national
CS database will be important to developing regionalized care
guidelines and improving outcomes (2).

Cardiogenic Shock Protocols
The Detroit Cardiogenic Shock Initiative (DCSI) evaluated the
use of early MCS in patients with AMI-CS that were undergoing
PCI. Four Detroit hospitals participated with adherence to the
protocol which included: early PCI with invasive assessment of
HD and use of Impella based on established criteria, aim for TIMI
III flow with use of vasodilators as needed, and post intervention
assessment of invasive hemodynamics with escalation or de-
escalation in support as needed. Forty-one patients were included
in the initial study, with 85% surviving until device removal, and
76% surviving until discharge (37). The DCSI has been expanded
to become the National Cardiogenic Shock Initiative (NCSI)
with over 80 institutions adopting the initial DCSI protocol by
December 2020. Preliminary data has been made available on
their latest report, which included 406 patients enrolled at 80 sites
with a 71% survival to discharge between 2016 and 2020 (38).

Consistent with prior data emphasizing the importance of
early interventions in AMI-CS patients, the DCSI found that with
every 60min delay toMCS, there was a 9.9% increase inmortality
(7, 37). Their protocol enabled early identification of patients
with a documented plan of action, which drastically improved
time to MCS (85 ± 63min) without significantly delaying
revascularization. This is an example of how the incorporation of
shock protocols into regionalized care systems has the potential
to uniformly improve outcomes.

Shock Teams
Based off of the success seen with team-based care for STEMIs,
in-hospital cardiac arrest and rapid response teams, some
hospitals have developed CS teams (7). These generally consist
of physicians with backgrounds in Critical Care, Interventional
Cardiology, Heart Failure, and Cardiothoracic Surgery. The team
is activated with a single phone call when a patient with CS
is identified (31, 39, 40) This multidisciplinary team can assess
the patient at the bedside or through chart review, and make
decisions on different therapeutic interventions. Some shock
teams are mobile and can move to the referring hospital for
support, while other models stay in the hospital and coordinate
urgent transfers to their center. After initial stabilization or

clarification of the goals of care, involvement of the shock team
can be de-escalated (41).

The University of Utah Shock Team approach, the INOVA
team-based care model, the Canadian shock team and the French
Cardiac-RESCUE study, all used versions of shock teams for the
identification and treatment of patients with CS. These studies
often blend the use of a shock team with a hub-and-spoke model
as described above. In the Utah experience, 67.5% of patients
were transferred to the hub hospital (31% of them after TCS
institution at the referring hospital) (39). Fifty-two percent were
transferred to the tertiary center in the INOVA experience, 74%
in the Canadian shock team publication (29) and 84% were
successfully transferred to the main VA-ECMO centers in the
Cardiac-RESCUE study (34).

At the University of Utah, the shock team decreased in-
hospital and 30-day mortality from 61 to 48% between 2015
and 2018 (39). Patients with post-cardiotomy shock were not
included in this initiative. The Utah CS team was activated using
criteria defined as “CS suspected by the treating physician.”
Activation occurred via a 24/7 on-call heart failure specialist who
would initially assess the case and then coordinate and organize
the team’s response. A protocolized early escalation to TCS was
favored for patients who remained hypoperfused and refractory
to medical therapy. Notably, TCS device type did not predict
survival and involvement of the CS team did not delay the time
to institution of TCS. This initiative has been sustainable, and the
shock team remained active 4 years after its creation (39).

The INOVA model consists of a multidisciplinary shock team
in which all members are contacted simultaneously via a single
phone call after CS is identified using simple clinical parameters
(hypotension, hypoperfusion, elevated lactate). Specific pathways
are defined for patients with AMI-CS and patients with AHF-
CS. Their management strategy has five key areas of focus: early
identification of CS, early universal right heart catheterization
(RHC) to guide tailored treatment, early TCS institution, limiting
inotropic and vasopressor use, and patient recovery and survival.
A continued improvement in survival was seen with this
approach as survival rates increased from 47% in 2016, to 58%
in 2017, and 77% in 2018 (42). This system combines the use of
a basic protocol with a shock team and a hub-and-spoke model
with over half of patients transferred to their tertiary care center
from smaller hospitals (40).

CS teams highlight the value of the simultaneous bedside
assessment by specialists from different disciplines in improving
management decisions. But, given the wide variations in access
and practice patterns mentioned above, these models are not
feasible for study in a RCT setting. CS teams are also highly
resource intensive. They require the creation and maintenance
of an on-call team as well as a parallel track for 24/7
activation of the cardiac catheterization laboratory (41).With less
stringent activation criteria, a high incidence of false calls and
inappropriate use of resources can lead to increased costs and
compromise the program’s sustainability. This effect has been
studied previously in STEMI systems (43). A tiered activation
model, where cases are first filtered through an on-call intensivist
or HF specialist as seen in the Utah experience after hours and
with the Canadian shock team during all activations, could limit
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resource exhaustion (29, 39). This did not increase time to TCS
in the Utah experience, but it was not directly measured in the
Canadian report (29).

DISCUSSION

Integration of Hub-and-Spoke Models,

Protocols, and CS Teams: What Should the

System of Care Look Like?
The ideal system of care for CS would integrate elements from
all three models described above (Table 2). Within a region,
hospitals would be aligned within a hub-and-spoke model. Care

TABLE 2 | Basic characteristics of a cardiogenic shock protocol.

Jointly developed by collaboration between hubs-and-spokes within a region

Adapted for each region’s resources and characteristics

Distinct pathways for AMI-CS and AHF-CS

Provides guidance on appropriate initial testing and hemodynamic monitoring

Provides guidance for care at each tier of the system

Provides guidelines for triage and safe transfer of patients

AHF-CS, acute heart failure—cardiogenic shock; AMI-CS, acute myocardial infarction—

cardiogenic shock.

at the spoke sites would be guided by established protocols and
supported by a CS team at the hub center.

A uniform definition of CS would be shared across all three
levels of care in the system. In our opinion this definition should
be sensitive enough to identify early cases but should also be able
to discriminate between patients in different risk groups. The
early recognition of CS in our institution is based on the early
identification of the following data:

1. Patient’s risk of CS: Does the patient have an acute or recent
MI? Does the patient have known cardiomyopathy?

2. Is the patient exhibiting signs of hypoperfusion, congestion
and/or hypotension? Cool skin, pulmonary edema, peripheral
edema or altered mental status regardless of systemic BP?

3. Does the patient have laboratory evidence of end-organ
dysfunction such as new or worsening renal failure, elevated
transaminases or elevated lactic acid?

Using these three points, patients can be identified either in
the emergency department or in the CCL. After diagnosis, the
algorithm in Figure 1 should be followed. At our institution the
HF attending on service in the CCU serves as the first point of
contact for calls regarding CS patients. The HF attending collects
relevant initial data and recommends initial steps in treatment.
The surgical and critical care teams are then activated as needed.

Our preferred initial vasopressor is norepinephrine and care
is taken to avoid doses above 15 mcg/min. Vasopressin is

FIGURE 1 | Simplified algorithm for initial management for CS. AHF-CS, acute heart failure 96 cardiogenic shock; AMI-CS, acute myocardial infarction 96 cardiogenic

shock; CCU, coronary care unit; CS, cardiogenic shock; DBA, dobutamine, HD hemodynamic; HF, heart failure; IABP, intra-aortic balloon pump; MAP, mean arterial

pressure; NE, norepinephrine; PAC, pulmonary artery catheter; RHC, right heart catheterization; RV, right ventricle; STEMI, ST elevation myocardial infarction; TCS,

temporary circulatory support; VA-ECMO, veno-arterial extracorporeal membrane oxygenation.
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our next vasopressor of choice, usually at a dose of 0.04
mcg/kg/min. Dobutamine and Milrinone are used as inotropes
and an early RHC is encouraged either in the CCU or
the CCL.

For patients with AHF-CS our initial TCS of choice is the
IABP and for patients with AMI-CS, our initial device of choice is
the Impella CP.When hemodynamic instability persists or severe
RV failure is present, our choice is commonly to proceed with
VA-ECMO in order to restore end-organ perfusion and prevent
further deterioration. VA-ECMO in our institution is implanted
by the cardiac surgery team who is deployed to smaller hospitals
within our system for implant and transfer of unstable patients to
our main hospital in the “Moses Campus.” This hospital houses
our cardiac transplantation and LVAD program and serves as the
hub within our referral network.

TABLE 3 | Basic characteristics of a hub cardiogenic shock team.

Multidisciplinary: Interventional cardiology, cardiac intensive care, cardiac

surgery, heart failure

Guides care at a system level by proposing protocols and aiding in organization

of resources

Provides ongoing education to staff at the spoke level

Available for consultation 24/7 via single phone call

Has a mobile unit capable of deploying from Level I to Levels II and III centers

To become a hub within a CS system, a hospital would
ideally obtain accreditation as a “Level I” center through a
certification process sponsored by a professional society or a
pertinent governing body. This process would ensure that these
centers have the necessary resources for this role, including 24/7
PCI capability and dedicated CCU care, access to all modalities
of TCS including VA-ECMO, cardiac surgery support, a multi-
disciplinary cardiogenic shock team and access to advanced
cardiac therapies like LVAD and transplant (Table 3).

Through the same process, spoke hospitals would obtain
accreditation as Level II and Level III centers. This 3-tiered
system, similar to what is seen in trauma care, has been previously
proposed by some authors (2, 7, 32). In this model, a Level III
center would identify patients in or at risk of CS and triage
them to a Level II or I center within the region depending on
the patient’s needs. Level II centers, more widely available than
Level I centers, would have 24/7 PCI capability. At this level, the
cardiac catheterization laboratory (CCL) would serve as the base
for initial interventions, including early angiography and PCI for
AMI-CS patients, but also RHC and TCS institution for patients
with all etiologies of CS (Figure 2).

The availability of MCS at spoke centers is rapidly changing.
Although the IABP is currently the most widely available
TCS modality across would-be Level II centers, the Impella is
gaining wide availability in certain regions. The advent of newer
technologies like the LifeSparc system (TandemLife, Pittsburgh)
could also facilitate the more widespread access to VA-ECMO

FIGURE 2 | Cardiogenic Shock System of Care. CCU, coronary care unit; CCL, cardiac catheterization lab; CS, cardiogenic shock; IABP, intra-aortic balloon pump;

LVAD, left ventricular assist device; OHCA, out of hospital cardiac arrest; OHT, orthotropic heart transplant; PCI, percutaneous coronary intervention; RHC, right heart

catheterization; TCS, temporary circulatory support; TTE, transthoracic echocardiogram.
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in a CCL setting without the need for an on-site perfusionist or
cardiac surgery support. Patients supported with higher level TCS
would be immediately transferred to the Level I center.

Level II and III centers would operate based on a clear
algorithm focused on best practices developed with their
designated hub center. Clear pathways would be provided for
patients with AMI-CS and AHF-CS. This CS protocol would
also include guidance on early institution of hemodynamic
monitoring, preferred initial pharmacologic support, and the
early identification of patients needing escalation to TCS. This
protocol would be coupled with an intensive training and
awareness campaign for the early identification of CS patients in
all hospital departments. In addition, the emergency department
would be able to perform rapid and reliable bedside TTE
assessment. Our institutional protocol for the early management
of CS is outlined as an example in Figure 1.

At the designated Level I center, a CS team would be
available via a single phone call on a 24/7 basis to provide
early consultation and assist in shared decision making. Access
to the spoke hospital’s electronic health records could help the
CS team have direct access to the patient’s primary data. In
areas where centers are spread over large geographical distances
and immediate transfers may not be feasible, an intensive care
telemedicine model could be adopted. This model has shown
promise in adult critical care, reducing mortality and improving
adherence to best practices (40). A robust telemedicine model
could eventually offload the need for beds at the hub center,
allowing for ongoing care of appropriately selected patients at
Level II centers. Such telemedicine systems can be financially
sustainable if compensation models are properly aligned (44). As
greater capacity develops in Level II and III hospitals, patients
could be transferred back to these centers to alleviate the demand
for beds in the hub centers.

Ideally, a component of the hub’s CS team should be mobile,
able to deploy to the spoke sites to aid in management and
institute higher levels of TCS not primarily available at the local
level. As mentioned above, mobile teams have been successful in
improving access to care and reducing mortality in France and
Spain (14, 34).

CONCLUSIONS

The current landscape in CS is characterized by a persistently
high mortality along with important variations in access to
care and physician practice patterns. While most of the data
guiding CS care comes from studies performed in AMI-CS, the
relative incidence of AHF-CS is growing. A universal definition
for CS remains elusive and important gaps in knowledge limit
the adoption of standards of care. The implementation of hub-
and spokes models, CS protocols, and CS teams have all shown
promising results at improving access to high-level care and
improved short-term survival. The creation of accredited 3-tiered
hospital systems within defined geographical regions can serve
to direct care through ongoing education, the development of
protocols, and shared patient management through a centralized
multi-disciplinary CS team.
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Cardiogenic shock has remained a vexing clinical problem over the last 20 years despite

progressive development of increasingly capable percutaneous mechanical circulatory

support devices. It is increasingly clear that the published trials of various percutaneous

mechanical circulatory support devices have compared heterogenous populations of

cardiogenic shock patients, and therefore have not yielded a single result where one

approach improved survival. To classify patients, various risk scores such as the

CARDSHOCK and IABP-Shock-II scores have been developed and validated but they

have not been broadly applied. The Society for Cardiac Angiography and Intervention

Expert Consensus on Classification of Cardiogenic Shock has been widely studied since

its publication in 2019, and is reviewed at length. In particular, there have been numerous

validation studies done and these are reviewed. Finally, the directions for future research

are reviewed.

Keywords: risk score, cardiogenic shock, mechanical circulatory (MCS) support, intraaortic balloon counter

pulsation, Impella®, classification

INTRODUCTION

Shock is a life threatening condition with circulatory failure leading to inadequate delivery of
oxygen to tissues, leading to ischemic dysfunction and injury. This can occur from a variety of
causes, including hypovolemia, hemorrhage, or severe infection associated with sepsis. As well, it
may occur with pump failure as a primary event. This may occur suddenly such as patients with
acute myocardial infarction, or sub acutely such as is seen with acutely decompensated states of
chronic heart failure, Cardiogenic shock (CS) is defined as a complex physiological state involving
tissue hypoxia and end-organ damage secondary to a failure of the heart to provide adequate
systemic perfusion. It remains a significant cause of mortality and morbidity, despite advancing
techniques in management (1). The management of cardiogenic shock is complex and beyond the
scope of the current work but several recent reviews are available to guide the reader (2–5).

The last significant improvement in survival occurred following the SHOCK trial (more than
20 years ago) and use of immediate revascularization for acute myocardial infarction with CS
(6). Compounding this is the lack of consensus regarding degrees of CS severity with related
management recommendations. Prior CS trials have enrolled amixture of patients of various grades
of severity. Some, such as patients who are survivors of out of hospital cardiac arrest, may have
significant neurologic impairment which determines their outcome, regardless of treatment. Some
patients have modest signs of CS vs. others who are on numerous pressors, yet most trials do not
distinguish between groups.
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MORTALITY RISK PREDICTION SCORES

Early assessment of shock severity is critical to identifying
patients at the highest risk of mortality and those most likely
to benefit from intervention. Previously established cardiogenic
shock risk score paradigms include CARD-SHOCK (7), and
IABP-SHOCK 2 scores (8). These were derived from prior
studies and then subsequently validated. Both demonstrate
nearly equivalent predictive ability for intra-hospital, short term
mortality, even when accounting for operator experience (9).
For both scores however, comparative assessments have shown
that predictive accuracy is acceptable with CS secondary to
Acute Coronary Syndrome (ACS), but not other causes (9, 10).
Additionally, neither score was designed to accommodate serial
assessments, or deteriorating clinical status.

USE OF SUPPORT DEVICES

Currently there is little data to guide the evidence-based use
of mechanical support devices in cardiogenic shock, though
multiple trials have been performed in the last two decades.
One of the largest trials was the multicenter, randomized trial,
the IABP-SHOCK 2 study (11, 12). This trial studied utility
of mechanical hemodynamic support with Intra-aortic balloon
pump counter pulsation (IABP), a circulatory support device
which increases myocardial perfusion directly, and indirectly
increases cardiac output through afterload reduction. Here,
IABP use for hemodynamic support vs. control was assessed in
patients with ACS and CS undergoing revascularization. IABP
was typically placed following revascularization. With a sample
of size of 600 patients followed to 6 years post study enrollment,
there was no difference in mortality rate noted between those
receiving IABP and those in the control arm of the study at any
time point assessed (12).

The IMPRESS CP trial was a randomized comparison of IABP
vs. Impella CP in patients with AMI-CS and receivingmechanical
ventilation (13). The timing of device placement was left to
the discretion of the operator, with more than 80% of patients
having a support device placed after PCI. Interestingly, there
was no difference in mortality noted in either arm at 30 days
or 6 months. In both trial arms reduced mortality was noted
when mechanical support devices were placed early, typically
prior to PCI. This was a surprising result since the patients were
critically ill, all receiving mechanical ventilation and unable to
consent. Furthermore, the Impella CP device clearly provides
much more cardiac flow than an IABP. However, the trial didn’t
measure shock severity or resolution of shock but mortality
which can be greatly influenced by neurological status. Whether
any device would successfully salvage such patients remains an
open question.

Noting the lack of a “lingua franca” for CS, the Society
for Cardiac Angiography and Intervention convened an expert
group and released a proposed classification in 2019 (14).
This was the result of a multi-disciplinary writing group and
sought to provide a common framework for use by clinicians
and researchers alike. This classification scheme emphasizes
ease of use across the spectrum of care, from pre-hospital to

intensive care and catheterization laboratory and the facilitation
of communication between all members of the treatment team.
It was hoped that this framework would create a standardized
platform to be used for clinical trials and research going forward.

This expert consensus document was endorsed by the
American College of Cardiology, the American Heart
Association, the Society of Critical Care Medicine, and the
Society of Thoracic Surgeons (14). As shown in Figure 1, there
are five stages “A–E,” with each increasing stage indicative of
deterioration in the patient’s clinical and hemodynamic status.
Stage A is “at risk” for CS, stage B is “beginning” shock, stage C
is “classic” CS, stage D is “deteriorating”, and E is “extremis”.
The criteria are also meant to alert providers regarding changes
in the patient’s clinical status. The staging system was developed
without any preceding evidence that it would accurately predict
outcomes or prove to be valid. Given the broad multidisciplinary
representation, the goal of implementing a widespread validation
and use of the staging system seemed reasonable, and the hope
was that it might lead to improvements in design of future trials.

VALIDATION OF SCAI SHOCK
CLASSIFICATION

There have been several large retrospective analyses (15–23) and
one prospective study (24) since the SCAI shock stages were
published in 2019. This framework has been shown to predict
mortality when applied acrossmultiple categories and in different
scenarios. These included SCAI classifications made at time of
initial triage or during inpatient ICU admissions (16, 18, 19), and
those with out of hospital cardiac arrest (17, 21). The SCAI shock
stage was also associated with prognosis in patients with acute
coronary syndrome or decompensated heart failure (15, 22, 23).

Additionally, the first prospective validation of the SCAI shock
criteria was recently published, which demonstrated that initial
SCAI Stage was a strong predictor of survival, with thirty-day
survival strongly correlated with initial SCAI shock stage 100,
65.4, 44.2, and 60% for patients with initial SCAI shock stage B,
C, D, and E respectively (p = 0.0004) (24). Age and initial SCAI
Shock Stage were shown to be the strongest predictors of survival
by Cox proportional hazards. In addition, the group showed that
24-h re-assessment was critically important. If a patient improved
in SCAI stage (lower degree of CS), then the mortality was
significantly lower. Conversely, if SCAI stage is not changed or
worsens at 24 h, the survival is much worse. These findings have
great practical importance. If a patient is in a hospital without
access to the full breadth of support strategies but is improving
with management of cardiogenic shock, the outlook is positive.
However, if the patient is not improving at 24 h, it serves as a
strong indicator to alter the course of care, if appropriate as the
predicted outcome is not good.

IMPLEMENTATION OF STAGING SYSTEM
BY ALL CARE TEAM MEMBERS

The simplicity of the SCAI criteria facilitates its use by any
member of the patient’s care team, from initial assessment and
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FIGURE 1 | The SCAI Shock classification system. Reprinted by permission from Society for Cardiovascular Angiography and Interventions. © 2021 Society for

Cardiovascular Angiography and Interventions (SCAI). All rights reserved.

triage by Shock team responders and emergency department staff,
to extracting objective data from the patient’s electronic medical
record (EMR) after admission. In fact, the SCAI classification
system could potentially be integrated into an EMR to facilitate
awareness of a patient’s clinical status for the entire care team,
and to alert providers of deteriorating clinical status, which
may require associated escalating interventions. This wouldn’t be
perfect, but could be based on vital signs, changes in laboratories
and urine output, since most of these factors are integrated into
the system already.

FUTURE DIRECTIONS

The SCAI Shock classification has been validated in retrospective
as well as prospective cohorts and has gained traction since
it filled a void which had existed. Future directions include
refinements to the classification to guide clinicians and increase
uniformity of assignment of SCAI stage. The writing committee
which created the SCAI Shock Staging is currently working on
an updated guidance document which will offer more concrete
definitions of the various SCAI stages, while maintaining the
simplicity and utility which the system enjoys currently. It is
notable that the SCAI staging has been found to be predictive
with a variety of populations and ways of retrospectively
and prospectively defining it. The key elements appear to be
hypoperfusion at the gateway to SCAI Stage C, and the element
of time indicating that a patient is deteriorating (stage D). The

specific laboratory or hemodynamic values seem less important
than the clinical gestalt, as shown by the prospective experience.

Studying CS patients in the setting of prospective randomized
trials is challenging for a number of reasons. First, these patients
have poor perfusion by definition so obtaining informed consent
is problematic. Given the patient acuity, it is often not practical
to wait for prolonged periods of time to find designated family
representatives and surrogate consent is not always acceptable. In
addition, depending on the study entry criteria, patients may be
excluded due to lack of a catheter or other datapoint despite the
presence of CS. Furthermore, despite few proven therapies, there
is a frequent lack of equipoise. Investigators often believe that
mechanical pumps must be better given the increase in cardiac
output, andmay be unwilling to randomize some patients. Lastly,
prior to the SCAI Shock classification, all patients with CS were
“lumped together” leading to a mix of outcomes.

Another way to study CS is through registry studies. The
American Heart Association is exploring the possibility of a large
nationwide registry of CS patients which would gather broad
data across a variety of centers of varying size and experience
across the United States and give unique insights. The focused
Cardiogenic Shock Working Group has utilized their registry to
generate insights into CS outcomes (15, 23).

Perhaps the most impactful change would be the use of the
SCAI stages as part of prospective, randomized clinical trials of
treatments for CS. As stated earlier, trials which include extremely
heterogeneous populations have not shown superiority of any
device to modify survival in patients with cardiogenic shock.
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Either that means that cardiogenic shock is not a modifiable
condition (which is unlikely), or that the different subgroups of
patients behave differently. Designing future clinical trials and
large prospective studies where the SCAI classification system
is used to define patient responder subgroups is a tangible goal
for the imminent future. Conceivably this would lead to further
refinements of the SCAI criteria, with specific algorithms for
management by patient responder group, and new systems for
cardiogenic shock management.

CONCLUSION

A small fire is easier to quell than a massive blaze, and
treating all shock in a similar fashion is like using a fire
extinguisher to put out all fires: Doomed to failure! Hopefully,
the lingua franca of shock (the SCAI Shock classification)
will lead to a new chapter being written where we find

effective treatments to reduce the mortality of this devastating
illness. After more than 20 years of trying, we owe our
patients nothing less than persistence and to find treatments
that work.
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Introduction: Ischemia and reperfusion are crucial in determining the outcome after

cardiac arrest and can be influenced by extracorporeal cardiopulmonary resuscitation

(ECPR). The effect of ECPR on the availability and level of oxygen in mitochondria

remains unknown. The aim of this study was to find out if skin mitochondrial partial

oxygen pressure (mitoPO2) measurements in cardiac arrest and ECPR are feasible and

to investigate its course.

Materials and Methods: We performed a feasibility test to determine if skin mitoPO2

measurements in a pig are possible. Next, we aimed to measure skin mitoPO2 in 10

experimental pigs. Measurements were performed using a cellular oxygen metabolism

measurement monitor (COMET), at baseline, during cardiac arrest, and during ECPR

using the controlled integrated resuscitation device (CIRD).

Results: The feasibility test showed continuous mitoPO2 values. Nine experimental

pigs could be measured. Measurements in six experimental pigs succeeded. Our results

showed a delay until the initial spike of mitoPO2 after ECPR initiation in all six experimental

tests. In two experiments (33%) mitoPO2 remained present after the initial spike. A

correlation of mitoPO2 with mean arterial pressure (MAP) and arterial partial oxygen

pressure measured by CIRD (CIRD-PaO2) seemed not present. One of the experimental

pigs survived.

Conclusions: This experimental pilot study shows that continuous measurements of

skin mitoPO2 in pigs treated with ECPR are feasible. The delay in initial mitoPO2 and

discrepancy of mitoPO2 and MAP in our small sample study could point to the possible

value of additional measurements besides MAP to monitor the quality of tissue perfusion

during cardiac arrest and ECPR.

Keywords: heart arrest, cardiac arrest, extracorporeal cardiopulmonary resuscitation, mitochondrial oxygen

pressure, circulation monitoring
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INTRODUCTION

In cardiac arrest, the duration of ischemia is an important
determinant for survival and neurological outcome (1, 2). In
order to shorten this ischemic period during cardiac arrest,
extracorporeal cardiopulmonary resuscitation (ECPR) can be
used to recover circulation and effective oxygen transport. The
possible beneficial effect of ECPR on neurologically favorable
survival has already been studied previously (3). However, the
best treatment protocol of ECPR regarding ECPR settings is
still unknown.

To determine if the recovery of circulation and oxygen
delivery using ECPR are sufficient, we measured oxygen in
the mitochondria, as final destination of oxygen. After all,
mitochondria are important for generating energy, using oxygen,
for cellular processes andmaintaining life (4, 5). Protoporphyrine
IX (PpIX) is an endogenously present porphyrin in the
mitochondria, which can be enhanced by administrating 5-
aminolevulinic acid hydrochloride (ALA) crème (6). The
subcellular distribution of PpIX in ALA stimulated cells has
been studied using wide-field fluorescence microscopy (7).
Previous research has shown the possibilities of measuring
partial oxygen pressure (PO2) in the mitochondria by PpIX
using its oxygen-dependent delayed fluorescence (7–10). To
confirm that this delayed fluorescence truly measures inside
the mitochondria, a previous study compared photobleaching
(a contrast enhancement technique for PpIX) to MitoTracker
Green (a method to identify mitochondria). This comparison
showed a high degree of co-localization (7). This confirmed that,
for a time window of several hours after ALA administration,
PpIX measurements with delayed fluorescence corresponds to
a mitochondrial localization (7). This method of measuring
mitochondrial PO2 (mitoPO2) has also been validated to
perform well in the skin (11). In addition, the possibility
to perform continuous mitoPO2 measurements is shown
in adults by Ubbink et al. (10) and in newborns by
Costerus et al. (12).

The primary aim of this study is to find out if continuous
measurements of skin mitoPO2 in a pig are feasible
and what the course of this mitoPO2 is during cardiac
arrest and ECPR. The secondary aims are to investigate
if there is a correlation between the course of mitoPO2

and mean arterial pressure (MAP) and to identify the
correlation between the course of mitoPO2 and favorable
neurological survival.

Abbreviations: ALA, 5-Aminolevulinic Acid Hydrochloride; ALS, Advanced Life

Support; BLS, Basic Life Support; CARL, Controlled Automated Reperfusion of

the Whole Body; CIRD, Controlled Integrated Resuscitation Device; CIRD-PaO2,

Partial oxygen pressure measured by Controlled Integrated Resuscitation Device;

CPR, Cardiopulmonary Resuscitation; COMET, Cellular Oxygen Metabolism

Monitor; ECPR, Extracorporeal Cardiopulmonary Resuscitation; MAP, Mean

Arterial Pressure; MitoPO2, Mitochondrial partial oxygen pressure; NaCl,

Sodium Chloride; NDS, Neurologic Deficit Score; PO2, Partial Oxygen Pressure;

PpIX, Protoporphyrine IX; ROSC, Return Of Spontaneous Circulation; VA-

ECMO, Venoarterial-Extracorporeal Membrane Oxygenation; VF, Ventricular

Fibrillation.

METHODS

Between November 2017 and September 2020, 11 male and
female German landraces pigs (weight: 50.0–82.0 kg) were
eligible for skin mitoPO2 measurements. Continuous skin
mitoPO2 measurements in pigs with experimental settings of
cardiac arrest treated with ECPR have not been performed before.
In order to determine if these measurements are possible to
perform and feasible in our test set up we first performed a
feasibility test in one pig. This test showed that continuous
measurements in this set up was possible. Therefore, we selected
10 pigs to perform continuous skin mitoPO2 measurements as
experimental test group. Of these 10 experimental tests, one
could not be performed due to technical failure before the start
of the test.

All animals received humane care and were treated in
compliance with the Guide for the Care and Use of Laboratory
Animals published by the US National Institutes of Health
(13). The experiments were performed in accordance with the
rules and regulations of the German animal protection law and
the animal care guidelines of the European Community.
The experiments were performed in the University of
Freiburg, a highly experienced animal lab performing many
ECPR procedures in pigs, and approved by the committee
for ethics of the University Hospital Freiburg, Freiburg,
Germany (no.G-15/148).

Preparation of Tests
After premedication (20 mg/kg ketamine and 0.5 mg/kg
midazolam) an intravenous (IV) access was placed, the
pigs were sedated and paralyzed (3–4 mg/kg propofol
and 0.2 mg/kg vecuronium), intubated, and mechanically
ventilated. Continuous intravenous anesthesia consisted of the
administration of 10–15 mg/kg/h propofol, 1–5 µg/kg/h fentanyl
and 0.2–0.4 mg/kg/h vecuronium. In the pre-arrest period the
core temperature we aimed for was 36–38◦C. This temperature
was measured by a nasal temperature sensor and in case of a low
body temperature the pig was heated using a warming blanket.

In order to perform mitoPO2 measurements, a part of the
skin (∼1 cm2) was prepared. First, hair was removed by shaving,
the skin was roughened, and then the skin was cleaned using
sodium chloride (NaCl 0.9%) and ethanol (70%). The 20% ALA
crème was prepared by mixing 400mg ALA (Fagron, Barsbüttel,
Gemany) with 2 g Lanettecrème I FNA (Teva Nederland BV,
Haarlem NL) (6). To avoid photobleaching of PpIX by light,
the applied ALA crème was directly covered by a plaster and
by aluminum foil. The crème was placed 3 h before the first
measurement and during this waiting time it was continuously
protected to light (7, 11). Because of the use of a mechanical
cardiopulmonary resuscitation (CPR) device and cannulation in
the right groin and neck, we measured the mitoPO2 in the left
axilla/neck region. Five minutes before induction of arrest, the
effect of the ALA crème was tested by compression of the sensor
on the skin (8, 10). When the measurements were finished, the
skin was again covered to protect from light in order to protect it
from burn lesions.
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FIGURE 1 | Course of mitoPO2 and CIRD-PaO2 for the feasibility test. Course

of mitoPO2 and CIRD-PaO2 in mmHg levels over time in seconds. VF,

ventricular fibrillation; ECPR, extracorporeal cardiopulmonary resuscitation;

CIRD-PaO2, arterial partial oxygen pressure measured by controlled integrated

resuscitation device; mitoPO2, mitochondrial partial oxygen pressure.

Test Procedure
The protocols and set up of the feasibility test and the
experimental tests were slightly different, we will describe the test
procedures separately.

Feasibility Test
Ventricular fibrillation (VF) was induced by electrical
stimulation via a Swan-Ganz catheter (Edwards Lifesciences
Corp., Irvine, CA, USA). During 20min of cardiac arrest,
venous and arterial access was surgically generated via the right
external jugular vein (23 Fr cannula) and the right common
femoral artery (17 Fr cannula), respectively. In the period of
cardiac arrest, mechanical ventilation was stopped and no life
support was applied. After 20min of cardiac arrest, ECPR was
initiated with blood flow varying from 5.9 to 7.6 L/min. External
defibrillation was performed in case of persisting VF. ECPR was
weaned and stopped 60min after initiation. If the animal could
be weaned from ECPR, it was subsequently weaned from the
ventilator and transferred to the animal facility after extubation.
The pig was examined daily and neurological outcome was
tested using a modified species-specific neurological deficit score
(NDS) (14). This NDS ranges from 0 (normal) to 500 (brain
death) and a favorable outcome was defined as NDS below 50
(14, 15). Euthanasia was performed in tabula in case the pig
could not be weaned off extracorporeal circulation or invasive
ventilation, in case the pig was expected to have inhumane
suffering or prolonged death (an NDS of >200 at 24 h or an NDS
of >120 at 48 h), and otherwise after 7 days (15).

Experimental Tests
In the nine experimental tests, the ECPR implantation and
induction of VF was the same as described at the feasibility

test, except the timing of ECPR cannulation. In the experimental
tests, this was already performed in the pre-arrest period.
Next, after 5min of VF, basic life support (BLS) was started
with cardiopulmonary resuscitation (CPR) using a mechanical
compression device (Corpuls CPR, GS Elektromedizinische
Geräte G. Stemple GmbH, Kaufering, Germany) for 8min.
The next 22min consisted of advanced life support (ALS),
with additional administration of epinephrine every 4min.
After 35min of cardiac arrest and CPR, ECPR was initiated
with blood flow varying from 5.5 to 7.9 L/min and a
20ml bolus of 7.45% potassium was applied for rhythm
conversion. During ECPR in case of persisting VF, the heart
was electrically defibrillated. If the VF sustained after three
defibrillations, amiodarone and lidocaine were administered. If
needed, continuous norepinephrine was administered with an
aimed MAP of 60–80 mmHg. For these 10 experiments the
controlled automated reperfusion of the whole body (CARL)
protocol with the controlled integrated resuscitation device
(CIRD, 1.0 Resuscitec GmbH, Freiburg/Germany) was used (15).
ECPR was weaned around 120min after initiation. This weaning
consisted of slowly reducing the flow within 15–20min until
1.5 L/min. If the pig displayed signs of sufficient circulation
(i.e., arterial amplitude above 20 mmHg, MAP above 60 mmHg,
and stable lactate measurements) ECPR was discontinued and
surgically removed. All post ECPR care and neurologic outcome
scoring was comparable to the feasibility test as described above.

MitoPO2 Measurements
The background of PpIX delayed fluorescence measurements
is described in detail elsewhere (7). In short, PpIX is the final
precursor of heme and is synthesized inside the mitochondria
(7). When ALA crème is applied to the skin it enhances
the endogenously present PpIX. The PpIX accumulates inside
the mitochondria and possesses a triplet state, which reacts
strongly with oxygen and therefore it can be used as an
intramitochondrial oxygen sensor (7). For this experiment
we used the previously described cellular oxygen metabolism
monitor (COMET, Photonics Healthcare B.V., Utrecht, The
Netherlands) to measure mitoPO2 (10). The effect of the ALA
crème was tested with an oxygen-consumption measurement
performed by applying pressure on the skin sensor. This pressure
causes an occlusion of microcirculatory blood flow and therefore
oxygen delivery to the mitochondria is stopped, resulting in a
decrease of mitoPO2 (8, 10). A decrease of mitoPO2 to≤5mmHg
and a return to baseline values after release of the pressure on
the skin sensor was defined as successful oxygen-consumption
measurement. This measurement was performed at least two
times before induction of cardiac arrest. During cardiac arrest
and during ECPR mitoPO2 was measured every minute and,
on indication, more often with a maximum frequency of every
second for 60 s.

Other Measurements
Arterial PO2 was measured via online blood gas sampling by
the CIRD (CIRD-PaO2). Systolic, diastolic, and mean arterial
pressure were measured invasively via a carotid arterial cannula.
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TABLE 1 | Individual characteristics of measurements in six experimental pigs.

Case 1 2 3 4 5 6

Sex Male Male Male Male Male Male

Weight (kg) 50 54 59 62 70.5 70.5

Time: initiation of VF until first low mitoPO2 (≤5 mmHg) in seconds 26 23 13 31 60 64

Time: initiation ECPR until mitoPO2 > 5 mmHg in seconds 1,122 1,829 1,139 481 900 1,008

Correlation of mitoPO2 and CIRD-PaO2 No No Yes Yes No No

ECPR Survival No No No Yes, 2 days No No

Time initiation of VF until first low mitoPO2 is set as the time of initiation of VF until the first mitoPO2 measurement of ≤5mmHg. VF, ventricular fibrillation; mitoPO2, mitochondrial partial

oxygen pressure; BLS, basic life support; ALS, advanced life support; ECPR, extracorporeal cardiopulmonary resuscitation; CIRD-PaO2, partial oxygen pressure measured by controlled

integrated resuscitation device.

For the feasibility test we will plot the mitoPO2 and CIRD-
PaO2 in a graph. All outliers of >200 mmHg will be set at 200
mmHg. The mitoPO2 (in mmHg), CIRD-PaO2 (in mmHg), and
MAP (in mmHg) of the experimental tests will be plotted in
graphs from baseline until discontinuation of ECPR flow, which
will approximately be at 2.5–3.0 h after initiation of ECPR. Due
to the small number of cases, the courses of these measured
values cannot be compared using statistical testing. Therefore, the
comparing of the graphs will be done by careful visual inspection.

RESULTS

Feasibility Test
The feasibility test we performed, was to find out if skin mitoPO2

measurements in a pig during cardiac arrest and ECPR were
possible. As shown in Figure 1, mitoPO2 of this case dropped
after initiation of VF. When ECPR was initiated (after 20min of
VF), an initial spike in mitoPO2 followed by a slow upslope was
seen. After the initial spike, the level of mitoPO2 remained high.
This pig survived after ECPR weaning with a NDS at day 1 of
100, at day 2 a NDS of 60, and the following days a NDS of 0.
Seven days after the experiment, it was euthanized according to
the protocol.

Experimental Tests
Of the nine experimental tests we performed, four had to be
excluded. A detailed description of reasons for exclusion is found
in Supplementary Appendix A (10.6084/m9.figshare.13591211).
In short, in one experimental test the skin with ALA was
exposed to too much light. In two other experimental cases we
failed to perform the measurements continuously during the
tests. The last experimental case could not be performed due to
complication during preparation. Two of these experimental pigs
were male and two female.

We included six (50.0–70.5 kg) pigs in this experimental test
group. The characteristics of the measurements of these pigs are
reported in Table 1. Figures 2–4 show the course of mitoPO2,
CIRD-PaO2, and MAP of the six experimental tests in separate
graphs, from baseline (just before start of the cardiac arrest) until
discontinuation of ECPR flow. In all pigs, directly after initiation
of VF, the mitoPO2 decreased rapidly. As shown in Table 2, the
median time from initiation of VF until a mitoPO2 of≤5 mmHg
was 29 s (interquartile range, IQR 23–60). The median time from

initiation of ECPR until first rise in mitoPO2 above 5 mmHg was
1,066 s (i.e., 17min and 46 s, IQR 900–1,139 s).

In four of the six experimental tests (case 1, 2, 5, and 6), after
initiation of ECPR the initial spike of mitoPO2 did not result in
persisting high mitoPO2 values. In the other two experimental
tests (case 3 and 4), after initiation of ECPR the initial spike of
mitoPO2 was followed by a continuous level of mitoPO2 which
approached baseline levels. There was no correlation between
mitoPO2, CIRD-PaO2, and MAP in the tests without persisting
mitoPO2 values. In the two patients with continuous higher
levels of mitoPO2, comparing the correlation of mitoPO2, CIRD-
PaO2, and MAP is complex. With careful visual inspection,
the difference between the three values is smaller and seems
somewhat related, especially in case 4. Case 3 could not be
successfully weaned from ECPR due to technical problems. Case
4 survived after ECPR weaning. The NDS of this pig was 130 at
day 1 and 2 and it was euthanized at day 2 due to humane reasons.
All other cases could not be successfully weaned from the ECPR
and died at termination of the experiment.

DISCUSSION

In this study we showed that skin mitoPO2 measurements in
a pig during cardiac arrest and ECPR are feasible. In all six
experimental tests we found a rapid decrease of mitoPO2 after
initiation of VF and a remarkably delayed increase in the initial
measured mitoPO2 after reperfusion via ECPR. In four of the
six cases no continuously high mitoPO2 values were present.
However, in two of the cases mitoPO2 remained near baseline
levels after the initial spike. The course of mitoPO2 in these two
cases seemed correlated with CIRD-PaO2 andMAP. One of these
pigs survived, but with an unfavorable neurological outcome
until 2 days after the experiment.

The rapid decrease of mitoPO2 after initiation of VF was
expected to be found, because of the immediate stop of oxygen
delivery and uptake due to whole body ischemia. Harms et al. (8)
showed a rapid decrease of mitoPO2 as soon as oxygen delivery
to the skin is stopped by performing local pressure to the skin
sensor, which occludes the microvessels, in a rat experiment.
Ubbink et al. (10) repeated this test in humans and they also
found a rapid decrease in mitoPO2 when applying local pressure.
After initiation of VF in our tests, systemic blood flow stops and
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FIGURE 2 | Course of mitoPO2, CIRD-PaO2, and MAP for experimental tests

case 1 and 2. Course of mitoPO2 and CIRD-PaO2 in mmHg levels at the left

Y-axis and course of MAP in mmHg levels at the right Y-axis all over time in

seconds. Case 1 at the above panel and case 2 at the below panel. VF,

ventricular fibrillation; ECPR, extracorporeal cardiopulmonary resuscitation;

CIRD-PaO2, arterial partial oxygen pressure measured by controlled integrated

resuscitation device; mitoPO2, mitochondrial partial oxygen pressure.

therefore there will be a rapid decrease in oxygen delivery. This
disappearance of blood flow and oxygen delivery acts the same as
the oxygen consumption tests performing pressure to occlude the
microvessels. This demonstrates the close relationship of tissue
perfusion and tissue oxygenation.

The delay of increase in mitoPO2 after initiation of ECPR we
found is most probably due to adrenaline administered during
ALS according to the resuscitation guidelines. The possible effects
of medication on mitoPO2 has been shown before. Ubbink
et al. (10) showed, as an incidental finding, that the initial
vasoconstriction caused by clonidine decreased the skinmitoPO2

values. There was no effect on capillary venous oxygen saturation,
however the effect on mitoPO2 and flow remained present for
around 15min (10). Adrenaline stimulates the α1-receptors,
among others, which causes vasoconstriction and centralization

FIGURE 3 | Course of mitoPO2, CIRD-PaO2, and MAP for experimental tests

case 3 and 4. Course of mitoPO2 and CIRD-PaO2 in mmHg levels at the left

Y-axis and course of MAP in mmHg levels at the right Y-axis all over time in

seconds. Case 3 at the above panel and case 4 at the below panel. VF,

ventricular fibrillation; ECPR, extracorporeal cardiopulmonary resuscitation;

CIRD-PaO2, arterial partial oxygen pressure measured by controlled integrated

resuscitation device; mitoPO2, mitochondrial partial oxygen pressure.

of blood flow (16). The effect of adrenaline on mitoPO2 values
has not been shown before. However, Fries et al. (17) showed
that administration of adrenaline caused a decrease in capillary
blood flow which persisted after the achievement of return
of spontaneous circulation (ROSC). Therefore, administration
of adrenaline might explain the delay of increase in skin
mitoPO2 values.

Another explanation for the delay of increase in mitoPO2

after initiation of ECPR could be centralization, where the skin
as an end organ will be the last organ to regain flow. After
initiation of ECPR, the macrocirculation (MAP and blood flow)
is restored immediately. However, the exact timing of restoration
of the microcirculation in different tissues is unknown. In
cardiac arrest, arterial blood flow decreases to zero and during
CPR it will remain lower than normal (18). Therefore the

Frontiers in Cardiovascular Medicine | www.frontiersin.org 5 October 2021 | Volume 8 | Article 75485296

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


Mandigers et al. Mitochondrial Oxygen Pressure in ECPR

FIGURE 4 | Course of mitoPO2, CIRD-PaO2, and MAP for experimental tests

case 5 and 6. Course of mitoPO2 and CIRD-PaO2 in mmHg levels at the left

Y-axis and course of MAP in mmHg levels at the right Y-axis all over time in

seconds. Case 5 at the above panel and case 6 at the below panel. VF,

ventricular fibrillation; ECPR, extracorporeal cardiopulmonary resuscitation;

CIRD-PaO2, arterial partial oxygen pressure measured by controlled integrated

resuscitation device; mitoPO2, mitochondrial partial oxygen pressure.

reduced stimulation of the arterial baroreceptors will activate the
sympathetic system (19). This sympathetic system will centralize
the blood flow and causes vasoconstriction to preserve heart
and brain function (19). A hypothesis could be that when
ECPR is initiated this vasoconstriction is present and only when
the other vital organs are perfused, the perfusion of the skin
will recover.

In four of the six experimental tests, the delay of increase
in mitoPO2 despite systemic reperfusion suggests irreversible
damage to tissue perfusion, tissue oxygenation, or oxygen
transport to the mitochondria. In these four tests, after the
initial spike of high mitoPO2 following ECPR initiation, no
continuously high mitoPO2 values were measured until the
end of the experiment. In the two tests with recovery of the
skin mitoPO2 values, recovery of the tissue perfusion, tissue
oxygenation, and oxygen transport to the mitochondria takes
place. When high mitoPO2 values were measured after the

TABLE 2 | Summary of characteristics.

Time: initiation of VF until first low mitoPO2 (≤5 mmHg)

in seconds

29 (23–60)

Time: initiation ECPR until mitoPO2 > 5 mmHg

in seconds

1,066 (900–1,139)

Correlation of mitoPO2 and CIRD-PaO2 2/6 cases (66.7%)

ECPR survival 1/6 cases (16.7%)

The continues variables are presented asmedians and interquartile ranges, the categorical

variables are presented as number and percentage.

VF, ventricular fibrillation; mitoPO2, mitochondrial partial oxygen pressure; BLS, basic

life support; ALS, advanced life support; ECPR, extracorporeal cardiopulmonary

resuscitation; CIRD-PaO2, partial oxygen pressure measured by controlled integrated

resuscitation device.

initial spike, the values remained high. The inadequacy of tissue
oxygenation and long ischemic period could eventually lead to
a microcirculatory shut down. A global shut down in cases of
ischemia was already reported before (20). After an ischemic
episode, the microcirculation respiration can recover to a certain
extent, depending on the duration of ischemia and level of
reperfusion (20). Ruggieri et al. (21) stated that, after severe
ischemia some muscle cells in the heart can be irreversibly
damaged and demarcation will occur, while the incompletely
effected tissue can recover partly. The difference in mitoPO2

course in the six experimental tests we performed could be
explained by irreversible vs. incomplete effected tissue. We
hypothesize that the quicker mitoPO2 rises could be explained
by less ischaemic cellular damage which could cause sooner re-
activation of themitochondrial function and therefore less overall
ischaemic/reperfusion damage.

MitoPO2 can be interpreted as determinant of the
microcirculatory function. In order to regain oxygen levels
into the mitochondria after cardiac arrest, tissue perfusion
and tissue oxygenation have to be present. This tissue
perfusion and oxygenation are largely influenced by an intact
microcirculation. In case mitoPO2 is detected, it can be expected
that microcirculation has at least partly been recovered. Bodmer
et al. (22) performed a study measuring the microcirculation
and mitoPO2 in the liver simultaneously. They found only a
small difference of PO2 in the microcirculation and mitoPO2.
Mik et al. (9) recently stated that average mitoPO2 appears to
be close to microvascular PO2. MitoPO2 measured by PpIX
delayed fluorescence provides an estimation of microvascular
PO2 and therefore an it can be interpreted as determinant of the
microcirculatory function.

The added value of monitoring microcirculatory function
could be relevant in ECPR procedures, as the correlation between
the mitoPO2 and MAP is not consistently present in this
study. In contrast to the abovementioned delay in recovery
of tissue oxygenation due to an impaired microcirculatory
function, the macrocirculation (MAP and blood flow) was
restored immediately upon initiation of ECPR. This discrepancy
betweenmitoPO2, as a determinant of microcirculatory function,
and MAP, as a determinant of macrocirculation, shows the
importance of monitoring this microcirculatory function. Yu
et al. (23) compared the microcirculation and macrocirculation
and showed an inconsistent relation of microcirculation
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(i.e., brain and brachioradial muscle) and macrocirculation (i.e.,
MAP) in pigs with cardiac arrest (23). Fritz et al. (24) performed
ECPR in pigs, they found no differences in microcirculatory
flow index at initiation and after 6 h of ECPR comparing
the group treated with standard MAP to the group treated
with high MAP. However, they did not directly investigate
the relation between continuous microcirculatory function and
MAP. In addition, two other studies compared microcirculation
and macrocirculation in patients with cardiogenic shock treated
with veno-arterial ECMO (VA-ECMO) (25, 26). Yeh et al. (26)
showed no differences in early MAP for survivors and non-
survivors, while early microcirculation was higher in survivors
than in non-survivors. Chommeloux et al. (25) showed in
successfully weaned patients despite normal MAP, normalization
of microcirculatory values took 48 h after initiation of VA-
ECMO. In order to apply personalized medicine and therefore
a possible increase in the accuracy of treatment, monitoring of
microcirculatory function should be the added to monitoring
of macrocirculation.

In addition, the survival chance in pigs with continuously high
mitoPO2 is probably higher than in pigs without continuously
high mitoPO2. One of the two cases with continuously high
mitoPO2 survived this experiment. The other one died because
of technical failure. In the experiments with pigs without
continuously high mitoPO2, none of them survived. No previous
studies aimed on the course of mitoPO2 measurements in
ECPR in relation to survival outcome. However, Fries et al.
(17) found less increase in microcirculation (i.e., capillary
flow) in animals that failed resuscitation in a model with
chest compressions. Furthermore, within 5min of ROSC,
microcirculation returned only within 20% of baseline values
(17). This could point to the possible additional value of
monitoring microcirculatory function during CPR, during
ECPR, and after ROSC.

This study has several limitations. First, our sample size
is small and of the experimental measurements only one pig
survived. Therefore, we could not perform statistical tests to
identify the correlation of the course of mitoPO2 and survival or
favorable neurological survival. Possible hypotheses for the low
successful weaning numbers in this studies are described in the
Supplementary Appendix B. Second, because of the preparation
time of the ALA crème, mitoPO2 measurements cannot be
used during cardiac arrest and within the first hours after
ECPR initiation in humans. In order to test our hypotheses
and get more understanding of the pathophysiology, future
experimental research should aim at the correlation of the course
of mitoPO2 and survival. Also, the course of mitoPO2 comparing
conventional CPR with ROSC and ECPR cases could extend the
existing knowledge. Another topic which needs to be investigated
in future research is if, in humans treated with ECPR, monitoring
the microcirculatory function is a more accurate target than
monitoring the macrocirculation in order to apply a more
individually based treatment. If a method is found to shorten
the time needed for ALA-induced PpIX enhancement within cells

(e.g., with intravenous administration), mitoPO2 measurements
during ECPR could be also performed in humans.

CONCLUSION

This experimental pilot study shows that continuous
measurements of skin mitoPO2 in pigs treated with ECPR
are feasible. The delay in initial mitoPO2 and discrepancy of
mitoPO2 and MAP in our small sample study could point to
the possible value of additional measurements besides MAP to
monitor the quality of tissue perfusion during cardiac arrest
and ECPR.
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