
INTRODUCTION 

The use of extracorporeal membrane oxygenation (ECMO) to 
treat patients with cardiac arrest (CA) was first described in 1957 
when several patients with CA refractory to conventional cardio-

pulmonary resuscitation (CCPR) including open cardiac massage 
were placed on cardiopulmonary bypass (CPB), allowing time for 
an attempt at definitive management [1]. A percutaneous system 
for ECMO cannulation initiated at the bedside was successfully 
implanted in five patients in 1983 by Phillips et al. [2]. Percutane-
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The addition of extracorporeal membrane oxygenation (ECMO) to conventional cardiopulmonary resuscitation (CPR), termed extracor-
poreal cardiopulmonary resuscitation (ECPR), has significantly improved survival in selected patient populations. Despite this advance-
ment, significant neurological impairment persists in approximately half of survivors. ECPR represents a potential advancement for 
patients who experience refractory cardiac arrest (CA) due to a reversible etiology and do not regain spontaneous circulation. Import-
ant risk factors for acute brain injury (ABI) in ECPR include lack of perfusion, reperfusion, and altered cerebral autoregulation. The ini-
tial hypoxic-ischemic injury caused by no-flow and low-flow states after CA and during CPR is compounded by reperfusion, hyperoxia 
during ECMO support, and nonpulsatile blood flow. Additionally, ECPR patients are at risk for Harlequin syndrome with peripheral can-
nulation, which can lead to preferential perfusion of cerebral vessels with deoxygenated blood. Lastly, the oxygenator membrane is 
prothrombotic and requires systemic anticoagulation. The two competing phenomena result in thrombus formation, hemolysis, and 
thrombocytopenia, increasing the risk of ischemic and hemorrhagic ABI. In addition to clinical studies, we assessed available ECPR an-
imal models to identify the mechanisms underlying ABI at the cellular level. Standardized multimodal neurological monitoring may 
facilitate early detection of and intervention for ABI. With the increasing use of ECPR, it is critical to understand the pathophysiology 
of ABI, its prevention, and the management strategies for improving the outcomes of ECPR. Translational and clinical research focus-
ing on acute ABI immediately after ECMO cannulation and its short- and long-term neurological outcomes are warranted. 
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ous ECMO was successfully applied to CA patients refractory to 
CCPR, which was termed extracorporeal cardiopulmonary resus-
citation (ECPR), in 1991 when a specialized team achieved the 
6-month survival of 64% of adult patients (n = 11) who had re-
fractory CA close to a cardiac operating room [3]. A similar sur-
vival pattern was reported for children in 1992 when 11 patients 
aged 8–22 months were treated with ECMO for CA refractory to 
CCPR [4].  

With the development of more portable ECMO devices and 
percutaneous implantation, ECPR has become possible in medi-
cal intensive care units and emergency rooms, expanding its po-
tential use in patients with out-of-hospital cardiac arrest (OHCA) 
[5,6]. Multiple animal models have demonstrated improved sur-
vival and end-organ protection with ECPR, compared with 
CCPR, after CA [7-9]  

Since the mid-2000s, the number of ECMO-capable centers 
participating in the Extracorporeal Life Support Organization 
(ELSO) has tripled, increasing the feasibility of ECPR [10-12]. 
Two meta-analyses of observational studies comparing ECPR and 
CCPR for patients with CA occurring in and outside of the hospi-
tal demonstrated an improvement in both survival and neurologic 
outcomes with ECPR. Both analyses showed improved survival 
among patients with in-hospital cardiac arrest (IHCA) on dis-
charge and at 1-year follow-up. Patients with OHCA showed no 
difference in survival or neurologic outcomes on discharge; how-
ever, after 3–6 months, improvements in survival and neurologic 
outcomes were observed [13,14]. ECPR continues to be an active 
area of innovation; several clinical trials of emergency medical re-
sponse teams, including providers capable of ECMO cannulation 
in the field as an effort to improve the ECPR outcomes, have been 
conducted [15]. 

CA INCIDENCE AND SURVIVAL 

In the United States, the estimated annual incidences of IHCA 
and OHCA are 300,000 and 350,000–400,000, respectively. 
Globally, measures of incidence are lacking and vary significantly 
due to regional differences, for example, between developed and 
developing nations and rural and urban areas, with variable re-
cordings of CA and outcomes. Multiple regional efforts are un-
derway to determine the incidence and standardize the reporting 
of CA to more accurately measure survival and other outcomes 
[16-26]. In the United States, up to 25% of cases survive up to 
hospital discharge after IHCA, with the majority having favorable 
neurologic recovery demonstrated by a cerebral performance 
score (CPC) of 1 or 2 [14,16,27]. However, a recent meta-analy-
sis reported only a 13% 1-year survival after IHCA [28]. OHCA 

survival is difficult to estimate because several patients are de-
ceased before transport to the hospital, limiting the accurate re-
cording of OHCA numbers. A review of emergency medical ser-
vices (EMS) records indicates that approximately 6%–10% of pa-
tients who visit the hospital survive up to discharge [16-21]. 

ECPR INDICATIONS AND ELIGIBILITY 

Although the optimal application of ECPR has not been estab-
lished, the published literature has similar inclusion and exclusion 
criteria with limited data. The implementation of ECPR requires 
the rapid assembly and coordination of a specialized team, includ-
ing members capable of cannulating ECMO, a perfusionist or 
specialist to monitor the ECMO circuit and flows, and trained 
nursing support. Appropriate patient selection relies on timely as-
sessments and effective communication from the resuscitation 
team, including appropriate identification of ECPR-eligible pa-
tients, as well as determining the timing for transition to ECMO 
cannulation and transport during cardiopulmonary resuscitation 
(CPR). 

For eligibility, there is a paucity of data to support age cutoffs in 
selecting ECMO candidates. Age of < 70 years is recommended 
by the ELSO based on retrospective data and < 75 years by some 
experienced regional centers with OHCA ECPR protocols [29-
33]. Patients should have a minimum no-flow time, defined as the 
time between CA and the initiation of CPR. The goal is to have a 
no-flow time of < 5 minutes, which may depend on the presence 
of a witnessed CA and bystander CPR before the arrival of EMS 
for OHCA. The target time from CA to the initiation of ECMO 
(low-flow time) was < 60 minutes [30]. 

An initial rhythm of ventricular fibrillation (VF) or ventricular 
tachycardia (VT) is suggestive of a primary reversible cardiac eti-
ology for CA, and OHCA patients can be considered for early 
transportation to an ECPR-capable center if VT/VF is refractory 
after three shocks [30,31,33]. This strategy allows early identifica-
tion and transport of patients to an ECPR-capable facility with 
continued CPR and pre-notification to the cardiac catheterization 
laboratory to prepare for immediate ECMO cannulation and car-
diac catheterization. For patients with IHCA, ECMO cannulation 
can be considered after CA refractory to 10–20 minutes of CCPR 
if there is a suspected reversible etiology or after three shocks for 
VT/VF. Markers of perfusion that may aid in patient selection in-
clude those with end-tidal CO2 of > 10 mmHg measured during 
CPR by capnography, PaO2 of > 55 mmHg (O2 saturation 
> 85%), and lactate of < 18 mmol/L. However, they are often not 
available before cannulation, and there are limited data on their 
association with outcomes [15,31,34,35]. The exclusion criteria 
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included significant comorbidities such as terminal disease, ad-
vanced cancer, advanced neurological disease, and low-perfor-
mance status before CA [30,31]. 

The optimal timing for the transition from CCPR to ECPR has 
not yet been established. Careful consideration and further re-
search are necessary to determine the ideal ECPR eligibility and 
timing to improve outcomes and minimize unnecessary ECMO 
cannulation. A retrospective analysis of OHCA demonstrated 
benefits related to survival and neurologic outcomes measured 
by CPC at 3 months beginning after CPR for 21 minutes with 
propensity-matched patients having improved outcomes if they 
were treated with ECPR, compared with CCPR, if the duration 
was > 21 minutes and no survival benefit if initiated earlier [36]. 
As the use of ECPR increases, early detection of acute brain inju-
ry (ABI) and the improvement of neurological outcomes are 
crucial in improving overall outcomes in this population. Fig. 1 
outlines the proposed mechanisms of ABI in patients after 
ECPR. 

SOCIETY GUIDELINES ON ECPR 

In 2020, the American Heart Association stated that there was in-
sufficient evidence in support of the routine use of ECPR, but the 
therapy may be considered in select patients with suspected re-
versible etiology of CA [37]. In 2021, the European Resuscitation 
Council weakly recommended the consideration of ECPR for 
cases of refractory CA because of the low level of evidence [38]. 
None of the organizations provided specific indications for 
ECPR. The ELSO recently published a consensus statement for 
ECPR. Although ELSO did not provide specific guidelines or in-
clusion criteria due to the lack of strong evidence, they highlighted 
the importance of appropriately trained healthcare providers, 
teamwork, and planning. The ELSO recommended regional in-
clusion criteria, including resource availability and capability, to 
maximize favorable neurologic outcomes. They provided sample 
inclusion criteria, which included age of < 70 years, witnessed 
CA, arrest to CPR (no-flow time) of < 5 minutes, initial rhythm 

Brain injury mechanisms

- Hypoxic ischemic

No flow time
No perfusion

Cardiac arrest

Contact ECMO team

Restored perfusion

ECPR cannulation
Target <60 minutes

Identification and treatment
of underlying cause of arrest

Return of spontaneous
circulation

Bystander CPR
(0–5 minutes)

EMS/code team arrives

Consider ECPR
(10–15 minutes or for 
VT/VF after 3 shocks)

Low flow time
Reduced perfusion
~25% blood flow

Normal flow time
Perfusion restored

- Hypoxic ischemic

- Reperfusion injury
- Hyperoxia
- Mechanical complications
- Loss of pulsatile blood flow
- North-south syndrome
- Aberrant cerebral autoregulation

Fig. 1. Extracorporeal cardiopulmonary resuscitation (ECPR) model with associated risk factors for brain injury. This figure represents the 
model for the proposed timing for ECPR. ECPR should be considered if return of spontaneous circulation (ROSC) is not obtained within 
10–15 minutes or after 3 shocks for ventricular tachycardia (VT)/ventricular fibrillation (VF). The cannulation goal is <60 minutes. Perfusion 
is restored after cannulation; however, ROSC may not be achieved until the underlying cause is addressed. The left column shows proposals 
of brain injury mechanisms during different stages of resuscitation. Flow time refers to duration in minutes. Bystander cardiopulmonary 
resuscitation (CPR) refers to life support measures initiated by on-scene persons before the arrival of emergency medical services (EMS) or 
health care agents before the arrival of the code team. ECMO, extracorporeal membrane oxygenation.
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VT/VF, pulseless electrical activity for IHCA, end-tidal CO2 of 
> 10 mmHg during CPR, absence of life-limiting comorbidity, 
and absence of known aortic valve incompetence [12,30]. The 
current guidelines do not provide standard neurological defini-
tions and monitoring and management recommendations. 

SURVIVAL AND OUTCOMES AFTER ECPR 

Survival of up to 30% of appropriately selected patients after CA 
refractory to CCPR treated with ECPR has been reported 
[12,39]. However, there is significant variability in survival based 
on the location of CA, with one study reporting 50% survival if 
CA occurred in or near a cardiac catheterization lab and 15% for 
other locations [11]. A recent randomized controlled trial, the 
Advanced reperfusion strategies for patients with out-of-hospital 
cardiac arrest and refractory ventricular fibrillation (ARREST): a 
phase 2, single centre, open-label, randomized controlled trial, 
compared ECPR and CCPR for OHCA with VF or VT rhythms 
persisting after three defibrillations. The trial was discontinued 
early with a significant survival benefit of ECPR over CCPR (43% 
vs. 7%) [30]. The ARREST trial demonstrated that a streamlined 
systematic approach in a high-volume ECMO center with experi-
enced staff could dramatically improve the ECPR outcomes; 
however, the results of this study lack generalizability and should 
be validated in other centers with larger samples [40]. 

Among survivors of CA, long-term neurological sequelae, such 
as cognitive impairment and difficulties in performing activities of 
daily life, are common. The prevalence of hypoxic-ischemic brain 
injuries (HIBIs) in OHCA is higher with CCPR than with ECPR 
among survivors (50% vs. 23%) [41,42]. Although several of 
these survivors continue to improve toward near or complete 
functional independence in the long term, they still have a poor 
quality of life [43-45]. Despite the survival benefits and possibly 
improved neurological outcomes with ECPR, compared with 
CCPR, there are sparse data on the long-term function and quali-
ty of life of ECPR survivors [13,14,40]. As the data on ABI after 
ECPR accumulate, it is important to study the long-term neuro-
logical outcomes in this population. 

RANDOMIZED CLINICAL TRIALS 

The ARREST trial was a phase 2 open-label randomized clinical 
trial (RCT) of ECPR compared with CCPR in OHCA patients 
who presented initially with VF or VT. Participants were eligible if 
their dysrhythmia was refractory to three defibrillation shocks 
and were randomized to continue CCPR or ECPR. The trial was 
discontinued early after the pre-specified analysis showed clear 

superiority in the ECPR arm. The survival rate was 43% at dis-
charge, and all patients were alive at 6 months with favorable CPC 
scores, with medians of 2.5 at discharge and 1.2 at 6 months, re-
spectively, in the patients receiving ECPR. In contrast, patients in 
the CCPR group had a 0% survival within 6 months [40]. Anoth-
er RCT, the Prague OHCA study (NCT 01511666), compared 
the standard care of CPR in the field with immediate transport 
using CPR assisted with a mechanical device for chest compres-
sions followed by ECPR upon arrival at the hospital if return of 
spontaneous circulation (ROSC) was not obtained. Survival at 
180 days was not significantly different (CCPR, 22% vs. ECPR, 
31.5%); however, neurologic recovery at 30 days was significantly 
improved in the ECPR group (22.7% vs. 34.7%) as was survival in 
the group with prolonged CA ( > 45 minutes) receiving CPR 
[46]. Despite these encouraging outcomes, these findings need to 
be replicated with multicenter RCTs to validate the findings and 
possibly generalize to different populations. Other ongoing RCTs 
evaluating ECPR at the time of this article include the APACAR2 
trial (NCT02527031), the Extracorporeal Cardiopulmonary Re-
suscitation for Refractory Out-of-Hospital Cardiac Arrest (ERO-
CA): Results of a Randomized Feasibility Trial of Expedited 
Out-of-Hospital Transport (NCT03065647), and the Early Initi-
ation of Extracorporeal Life Support in Refractory OHCA (IN-
CEPTION) trial (NCT03101787) [47]. 

ABI IN ECPR: MECHANISTIC 
CONSIDERATION 

Hypoxic-ischemic injury and reperfusion injury 
HIBIs from the cessation of blood flow after CA is a leading cause 
of morbidity and mortality in CA survivors and has been reported 
in 23% of patients treated with ECPR [42,48,49]. This primary 
injury is followed by secondary ABI after ROSC because ade-
quate blood supply is restored, leading to the formation of reactive 
oxygen species (ROS), alteration in microvasculature blood flow, 
and reperfusion injury [48,50-52]. These insults may be com-
pounded by prolonged resuscitation and immediate restoration of 
oxygenated cerebral blood flow during ECPR. 

The abatement of these injuries with targeted temperature 
management (TTM) by induction of mild hypothermia (32°C– 
34°C) in survivors of CA has been shown in multiple RCTs to im-
prove survival and neurologic outcomes [53,54]. The ECMO cir-
cuit allows for rapid cooling for TTM, and the feasibility of cool-
ing within minutes has been demonstrated in an adult swine 
model [55,56]. Survival benefits were demonstrated for TTM af-
ter ECPR; however, this was a single-center observational study, 
and other studies have found no benefit. Overall, there are no 
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high-quality data on the impact of TTM on ECPR outcomes 
[53,54,57]. An additional consideration for TTM in this popula-
tion is that ECMO-associated coagulopathy may be exacerbated 
by lower temperature targets and the need for systemic anticoagu-
lation. 

Retrospective studies of increased mean arterial pressure 
(MAP; > 80 mmHg) after CA have demonstrated improved sur-
vival and neurologic outcomes after CA. However, clear benefits 
have not been found in RCTs, and the most recent American 
Heart Association guidelines state that targeting MAP of > 80 
mmHg may be beneficial, but data are lacking [37,58,59]. In the 
setting of ECPR, the addition of anticoagulation to prevent circuit 
clotting increases the risk of hemorrhage, especially in patients 
with a significant burden of HIBIs with fresh cerebral infarcts. 
Therefore, optimal blood pressure management is unknown and 
MAP of > 65 mmHg may be recommended to ensure adequate 
cerebral perfusion without a significantly increased risk of intrace-
rebral hemorrhage and minimize the increased afterload created 
by ECMO flow against native heart blood flow.  

Hyperoxia and ROS 
Oxygen therapy plays a paramount role in the success of CPR af-
ter CA. However, excessive oxygenation or hyperoxia (commonly 
defined as mild PaO2 > 100 or 120 mmHg and severe PaO2 > 300 
mmHg) after ROSC can lead to ABI. The detrimental effect of 
hyperoxia on ABI has been demonstrated in several different dis-
eases, including traumatic brain injury, ischemic and hemorrhagic 
stroke, aneurysmal subarachnoid hemorrhage, and HIBIs. The 
underlying mechanism of ABI is an insult by ROS to the lipid 
membrane, deoxyribonucleic acid, and proteins. 

Additionally, in CA, prolonged periods of ischemia deplete cells 
of adenosine triphosphate (ATP), preventing the recycling of re-
ducing agents that neutralize ROS [60]. A decrease in the produc-
tion of ATP also disrupts Na+/K+ ATPase, which is responsible 
for maintaining membrane potential in neurons and leads to a 
Ca2+ influx that causes the release of cytochrome c, leading to 
neuronal cell death via apoptosis. During ECPR, ECMO provides 
immediate cerebral blood flow restoration, which may exacerbate 
reperfusion injury in patients who are vulnerable to HIBIs with a 
global cerebral ischemic insult. Furthermore, ECMO decannula-
tion is known to induce a systemic inflammatory response syn-
drome response, leading to further production of ROS and com-
pounding the potential for secondary ABI [61]. 

Animal CA and ECMO models on “hyperoxia” 
Established canine models of VF-induced CA lasting for 10 min-
utes followed by ROSC, were divided into normoxia (PaO2, 80– 

120 mmHg) and hyperoxia (PaO2 > 120 mmHg) groups. ROS 
formation increased in a dose-dependent manner with an increase 
in the PaO2 level. This correlated with increased disruption of the 
mitochondrial pyruvate dehydrogenase complex, an enzyme that 
produces reducing agents to nullify ROS in hyperoxia compared 
with normoxia groups. Postmortem examination demonstrated 
that the cerebral cortex and hippocampal neurons had increased 
disruption of pyruvate dehydrogenase complex and cell death 
specifically in neuronal Purkinje cells. Although both normoxia 
and hyperoxia increased inflammatory activation of microglial 
cells and macrophages, Purkinje cell loss was greater in the hyper-
oxia group [62]. Similar results were observed in a rat model of 
global cerebral ischemia, where normoxia was compared with hy-
peroxia after 10 minutes of bilateral carotid occlusion. At 7 and 30 
days postintervention, more hippocampal neurons remained nor-
mal on histological examination in normoxic rats and hyperoxic 
rats [63]. 

In an ECMO model of global hypoxia, adult New Zealand 
White rabbits were cannulated with veno-venous (VV)- and ve-
no-arterial (VA)-ECMO and subsequently hypoventilated to a 
PaO2 of 27 mmHg and a pH of < 7.0 and injected with bacterial 
endotoxin. The ECMO circuit was utilized to reoxygenate after 
the hypoxic event with 100% sweep oxygen compared with the 
control, which was reoxygenated through ventilation. Both VV 
and VA-ECMO groups demonstrated significantly increased con-
centrations of malondialdehyde, a byproduct of lipid damage by 
ROS and a marker of oxidative injury, both in the lung tissue and 
plasma compared with the control. This suggests that reperfusion 
via the ECMO circuit after a global hypoxic event increases ROS 
and lipid membrane peroxidation, which can lead to alveolar 
damage [64,65]. Table 1 summarizes the established animal mod-
els of ECPR. 

Clinical research on “hyperoxia” in ECPR 
Recently, the Conservative Oxygen Therapy during Mechanical 
Ventilation in the intensive care unit (ICU-ROX) study aimed to 
determine the benefits of conservative oxygen treatment and 
compare them with usual oxygen treatment for any mechanically 
ventilated patient in need of > 24 hours of mechanical ventilation 
in the ICU [66]. The study compared the goal-directed oxygen 
treatment (FiO2 decreased to 0.21 as soon as possible with an up-
per limit alarm set for SpO2 ≥ 97%) to the usual oxygen treatment 
(standard care with no specific measures limiting FiO2 or SpO2) 
and found no difference in the number of ventilator-free days. 
However, in the subgroup analysis of patients with suspected HI-
BIs, mortality differed significantly between the goal-directed 
(conservative) oxygen group and the usual (standard) oxygen 
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group (43% vs. 59%; reparatory rate, 0.73; 95% confidence inter-
val, 0.54–0.99), highlighting the potential benefits of avoiding hy-
peroxia in patients at risk of brain ischemia. However, the effect of 
hyperoxia on ECPR patients remains unclear. In pediatric studies 
that have examined this specific question, moderate hyperoxia 
during the first 48 hours was an independent risk factor for in-
creased mortality [73]. In a prior analysis of the ELSO registry 
from 2010 through 2015, hyperoxia, defined as a PaO2 > 100 
mmHg at 24 hours, was associated with increased mortality in pa-
tients treated with VA-ECMO [74]. A second prospective sin-
gle-center analysis identified that hyperoxia (PO2 > 300 mmHg) 
during the first hour after resuscitation was associated with a 
worse neurologic outcome at discharge [75]. A recent analysis of 
10,342 VA-ECMO patients from the ELSO showed that all sub-
types of ABI were more common in patients with hyperoxia, as 
measured by 24-hour ABG [76]. However, data on this for ECPR 
patients are limited. 

Animal models of nonpulsatile blood flow and cerebral 
autoregulation in ECMO 
The loss of pulsatile blood flow occurs as a consequence of con-
tinuous flow ECMO systems and has been linked to endothelial 
dysfunction, increased sympathetic tone, decreased local oxygen 
consumption, and increased systemic vascular resistance [77-79]. 
An adolescent swine cardiogenic shock model was placed on 
VA-ECMO with a pulsatile (utilizing an electrocardiogram syn-
chronized system) or nonpulsatile circuit, and cardiogenic shock 
was induced via balloon occlusion of the left main coronary artery 
[70,80]. ECMO flow was increased in a stepwise manner with in-
travascular measurement catheters showing significantly higher 
cardiac output, coronary artery blood flow, and MAP in patients 
with pulsatile blood flow than in those with nonpulsatile flow 
[68]. 

In a cerebral autoregulation model, newborn lambs were sepa-
rated into the VA-ECMO group (n = 7) or controls with right ca-
rotid artery and jugular vein ligation (n = 7) and had an intracrani-
al catheter inserted to manipulate cerebral perfusion pressure 
(CPP). Cerebral blood flow was maintained at lower CPPs in the 
control group, suggesting a loss of protective antiregulatory mech-
anisms in animals treated with VA-ECMO [69]. 

Loss of pulsatile flow and autoregulation in cardiac surgery 
Pulsatile and nonpulsatile CPB flows were compared in 32 adult 
patients undergoing open-heart surgery with CPB. Cerebral 
blood flow velocity was measured using stereotactic transcranial 
Doppler (TCD) monitoring of the middle cerebral artery. Nor-
mal vasodilatory and constrictive responses to CO2 in the non-

pulsatile group were blunted compared to the pulsatile flow, 
suggesting a loss of cerebral autoregulation in response to 
changes in CO2 with the loss of pulsatile blood flow [81]. In pa-
tients placed on CPB for surgery, the microcirculation of sublin-
gual tissue was compared with pulsatile and nonpulsatile flow 
using a previously established noninvasive spectral imaging 
technique [82]. 

At the microcirculation level, disrupted perfusion and leuko-
cyte activation in sublingual tissue were observed in the nonpul-
satile group, compared with the pulsatile group. This effect was 
statistically significant, and it increased in magnitude with CPB 
time and was associated with lower lactate in the pulsatile flow 
group, suggesting an aberrant antiregulatory response with the 
loss of pulsatile flow [78]. In patients with implanted left ventricu-
lar assist devices, pulsatile flow devices (vs. nonpulsatile devices) 
showed significant reductions for stroke (9.9% vs. 19.4%) and 
disabling ischemic stroke (3.9% vs. 5.9%) two years post-implan-
tation [83]. Non-pulsatile blood flow may impair cerebral auto-
regulation, reducing the normal protective response of cerebral 
vessels to changes in CPP and CO2 and further increasing the risk 
of ABI after CA; the feasibility and benefit of pulsatile flow during 
VA-ECMO and ECPR have yet to be established, but it warrants 
consideration as a mechanism for reducing ABI. 

Animal model of impaired coagulation in ECMO 
One animal model examined coagulopathy in adult sheep ex-
posed to smoke-induced lung injury by comparing animals placed 
on VV-ECMO to controls (mechanical ventilation only). During 
24 hours of ECMO flow, there was an increase in collagen-in-
duced platelet aggregation, increased platelet aggregation time, 
and decreased clot firmness as measured by thromboelastography. 
Additionally, fibrinogen, factor VIII, and von Willebrand factor 
were all reduced in animals treated with VV-ECMO and were 
synergistically worse when combined with smoke-induced lung 
injury than in controls. This model suggests that abnormal plate-
let aggregation and decreased clot effectiveness in ECMO may 
predispose patients to coagulopathy, increasing the risk of throm-
bosis and bleeding [71]. 

Ischemic stroke and intracranial hemorrhage in VA-ECMO 
In addition to HIBIs, acute ischemic stroke (AIS) and intracranial 
hemorrhage (ICH) are major complications that increase mortal-
ity in patients supported with ECMO [76,84,85]. In patients 
treated with VA-ECMO, the prevalence of AIS is 3.3% and may be 
as high as 16% on autopsy [86,87]. The risk factors for AIS in-
clude circuit clots (oxygenator clot), left ventricle (LV) thrombus, 
and insertion of ECMO catheters [86,88-90]. The prevalence of 
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ICH with VA-ECMO is reported to be between 2% and 18% and 
as high as 24% on autopsy [86,87]. Thrombocytopenia and hepa-
rin use pre-dispose to ICH and rapid hematoma expansion, which 
may be exacerbated by impaired coagulation function in ECMO 
patients [71,91,92]. 

Cerebral microbleeds (CMBs) were detected in 60% of pa-
tients treated with ECMO at autopsy and in 50% of survivors 
from a retrospective analysis, both of which are much higher 
than the rates in the general population [93,94]. Several other 
case series and retrospective observational studies also reported 
CMBs in patients treated with ECMO with unknown clinical 
significance or long-term outcomes [95-97]. CMBs may indi-
cate ongoing cerebral small vessel disease in patients treated 
with ECMO, but their significance and etiology remain to be 
elucidated. 

Harlequin syndrome 
Harlequin syndrome, also described as the North-south syn-
drome, dual circulation, and differential hypoxia, is a phenome-
non that occurs in peripherally cannulated VA-ECMO patients 
with respiratory failure and cardiac failure, such that they are un-
able to adequately oxygenate blood. The ECMO venous catheter 
drains oxygen from the inferior vena cava and returns oxygenated 
blood from the ECMO circuit to the aorta, which meets with the 
blood ejected from the LV that is recovering. This blood preferen-
tially circulates towards the lower extremities and returns via the 
inferior vena cava, where it is recirculated through the ECMO cir-
cuit. Deoxygenated blood, due to pulmonary dysfunction, ejected 
from the LV may preferentially perfuse the aortic arch in an ante-
grade fashion, thereby perfusing the head vessels with deoxygen-
ated blood as it competes with the oxygenated retrograde arterial 
blood flow from the femoral artery cannula. This mismatch of up-
per body hypoxia coupled with lower body normoxia, hence dif-
ferential hypoxia, is called Harlequin syndrome [98-100]. Hy-
poperfusion and ischemia of the brain and heart are associated 
with HIBIs. The prevalence is reported to be approximately 9%; 
therefore, it is critical to monitor arterial blood gas values from the 
patient’s right radial artery, the most distal arterial access from the 
femoral artery cannula, to gain insights into the oxygenation status 
of the upper torso [101]. 

NEUROLOGIC MONITORING FOR ABI IN 
ECPR 

Accurate estimation of the prevalence of ABI associated with 
ECPR is difficult due to limitations in neurological examination 
with the use of sedatives as well as safety concerns in performing 

neuroimaging studies during ECMO support. Magnetic reso-
nance imaging is currently precluded because of the ECMO cir-
cuit [102]. Even if head computed tomography (HCT) is per-
formed, the utility of HCT in detecting early ischemia and lesions 
in the posterior circulation territory is limited. Other noninvasive 
neurological monitoring methods include TCD, somatosensory 
evoked potentials, cerebral near-infrared spectroscopy (cNIRS), 
and electroencephalography (EEG), which may systematically as-
sess the occurrence of ABI [103-105]. Another useful tool for 
noninvasive monitoring is optic nerve sheath diameter measure-
ment with ultrasound, which may provide information on intra-
cranial pressure [102]. A standard neurological monitoring proto-
col can increase sensitivity in the detection of ABI [103]. TCD 
may have a role in detecting ECMO circuit clots, such as arteri-
al-sided oxygenator clots, which may be associated with ischemic 
stroke [89]. In addition, TCD can be used to detect ongoing cere-
bral microembolic signals while on ECMO, but further study is 
necessary to establish a firm relationship between AIS and TCD 
microembolic signals [106]. cNIRS may be a useful real-time 
bedside neuromonitoring tool to detect ABI in ECMO patients 
when an acute drop in regional oxygenation saturation occurs 
[107]. It is recommended to monitor patients after CA with con-
tinuous EEG (cEEG) [108]. Similarly, ECPR patients should be 
monitored with cEEG, as patients are at a high risk of seizures. 
Furthermore, EEG features such as absent EEG reactivity and dis-
continuous background may be associated with poor outcomes in 
comatose ECMO patients [109,110]. Therefore, cEEG monitor-
ing is recommended for ECMO patients with disorders of con-
sciousness off sedation and somatosensory evoked potentials for 
patients with motor Glasgow Coma Scale scores of <  4 [103,104]. 
Optic nerve sheath diameter can be abnormal due to ABI but is 
less useful in the prevention of injury [111]. Each of these neuro-
logical monitoring tools has limitations. Therefore, a standardized 
multimodal neuromonitoring approach, as well as clinical neuro-
logical assessment with neurological consultation, may facilitate 
early detection of ABI associated with ECPR. However, the effec-
tiveness of this approach in improving outcomes by primary and 
secondary prevention or providing reliable neurological prognos-
tic information is yet to be established [103]. Fig. 2 summarizes 
the neurological complications, monitoring, and prognostication 
of ECPR. 

BIOMARKERS IN ECPR 

Several biomarkers have been identified and associated with ABI 
in patients treated with ECMO. These include markers of neuro-
nal injury (neuron-specific enolase [NSE] and intercellular adhe-
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sion molecule 5), glial cell injury (glial fibrillary acidic protein 
[GFAP], calcium-binding protein B [S100B], and brain-derived 
neurotrophic factor), and neuronal inflammation (monocyte che-
moattractant protein 1/chemokine [C-C motif] ligand 2 [MCP-
1/CCL2]) [102]. In patients treated with ECPR, higher NSE has 
been shown to correlate with increased mortality and ABI; how-
ever, hemolysis is common in ECMO and may result in false posi-
tives in NSE measurement [112,113]. In patients with ABI asso-
ciated with ECMO treatment, S100B was found to be significant-
ly elevated, and in a separate case series of infants, it was signifi-
cantly elevated 72 hours before ICH [114,115]. There is evi-
dence that GFAP is associated with ICH, brain death, cerebral 
edema, and mortality and is elevated in children 1–2 days before 
the detection of ABI on imaging [116]. S100B and GFAP in 
combination may be representative predictive biomarkers for 
children as the levels were elevated 1–3 days before the detec-
tion of ABI [115,116]. A marker of axonal injury in neurons, 
tau, measurable via serum assay may be significantly better than 
NSE for neuro prognostication after CA; however, there is a lack 
of data on the use of ECMO and EPCR [117]. Similarly, after 
CA, another marker of axonal injury, the neurofilament light 
chain, is associated with HIBIs in children and poor long-term 
neurologic outcomes in adults [118,119]. Post-CA biomarkers 
have been shown to peak at different periods but they are not 

sensitive or specific enough to be independent prognostic mark-
ers [120]. For ECPR, biomarkers may aid in prognostication as 
part of the multimodal evaluation, including imaging and clini-
cal assessments, to increase sensitivity. 

CONCLUSIONS 

ECPR represents advancement in CPR, allowing a bridge to ther-
apy in appropriately selected patients after refractory CA. Cur-
rently, ECPR is most successful at centers with experienced staff 
or communities with an appropriately trained and experienced 
ECMO team. Although ECPR may improve survival, ABI re-
mains the leading cause of morbidity and mortality among pa-
tients treated with ECPR. A standardized neuromonitoring pro-
tocol may improve ABI detection. A better understanding of the 
role of early hyperoxia, TTM, cerebral blood flow, and reperfusion 
injury is important for improving neurological outcomes of ECPR 
survivors. Furthermore, cerebral microcirculation and autoregula-
tion with non-physiological blood flow in ECMO may play a criti-
cal role in cerebral small vessel disease. “Bench-to-Bedside” trans-
lational and clinical research on “ABI in ECMO” is necessary as 
the use of ECPR is increasing, as well as its associated increase in 
survival. 

Complications

Cardiac arrest

Hypoxic-ischemic injury
- �Worsened by increased 

no low and low flow 
times

Mechanical
- �Can be caused by 

cannulation or 
maintenance and 
operation of ECMO 
circuit

NIRS
TCD
Optic nerve sheath diameter 
CT scan

Biomarkers including
NSE, GFAP, S100B,
ICAM-5, MCP-1/CCL2,
and BDNF
SSEP – N20

Clinical exam
EEG
Potential for both
- Biomarkers
- SSEP
- TCD

Flow related
- �Potential risk factors 

include non-pulsatile 
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syndrome, and 
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Reperfusion Injury
- �Return of blood flow 
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Fig. 2. Components of neurologic complications, monitoring, and prognostication in extracorporeal cardiopulmonary resuscitation (ECPR). 
NIRS, near-infrared spectroscopy; TCD, transcranial Doppler; CT, computed tomography; NSE, neuron-specific enolase; GFAP, glial fibrillary 
acidic protein; S100B, calcium-binding protein B; ICAM-5, intercellular adhesion molecule 5; MCP-1/CCL2, monocyte chemoattractant 
protein 1/chemokine (C-C motif) ligand-2; BDNF, brain-derived neurotrophic factor; SSEP, somatosensory evoked potential; ECMO, 
extracorporeal membrane oxygenation; EEG, electroencephalography.
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