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Abstract
Aim: Animal models of Extracorporeal Cardiopulmonary Resuscitation (ECPR) focusing on neurological outcomes are required to further the devel-

opment of this potentially life-saving technology. The aim of this review is to summarize current animal models of ECPR.

Methods: A comprehensive database search of PubMed, EMBASE, and Web of Science was undertaken. Full-text publications describing animal

models of ECPR between January 1, 2000, and June 30, 2022, were identified and included in the review. Data describing the conduct of the animal

models of ECPR, measured variables, and outcomes were extracted according to pre-defined definitions.

Results: The search strategy yielded 805 unique reports of which 37 studies were included in the final analysis. Most studies (95%) described using

a pig model of ECPR with the remainder (5%) describing a rat model. The most common method for induction of cardiac arrest was a fatal ventricular

arrhythmia through electrical stimulation (70%). 10 studies reported neurological assessment of animals using physical examination, serum biomark-

ers, or electrophysiological findings, however, only two studies described a multimodal assessment. No studies reported the use of brain imaging as

part of the neurological assessment. Return of spontaneous circulation was the most reported primary outcome, and no studies described the neu-

rological status of the animal as the primary outcome.

Conclusion: Current animal models of ECPR do not describe clinically relevant neurological outcomes after cardiac arrest. Further work is needed

to develop models that more accurately mimic clinical scenarios and can test innovations that can be translated to the application of ECPR in clinical

medicine.
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Introduction

Extracorporeal cardiopulmonary resuscitation (ECPR) is the rapid

deployment of veno-arterial extracorporeal membrane oxygenation

(VA-ECMO) during refractory cardiac arrest.1–6 Current survival rates

for out-of-hospital cardiac arrest (OHCA) are low, with approximately

10% of patients surviving to hospital discharge.7–10 Studies of ECPR

for OHCA, using highly organised systems, have produced survival

rates of around 30% in selected patients.1,2 Resuscitation guidelines

now recommend considering ECPR as a salvage therapy and are

likely to lead to increasedutilization of this technology in the future.11,12
Neurological impairment after cardiac arrest directly correlates

with disability after hospital discharge and places significant burdens

on patients, families, and the health care system.7–9,13,14 The impor-

tance of investigating the neurological outcomes of cardiopulmonary

resuscitation (CPR) and ECPR has been extensively dis-

cussed,3,15,16 however, interventions to improve survival after car-

diac arrest have yet to translate into improved neurological

outcomes.3–6

The optimal application of ECPR to improve neurological out-

comes after cardiac arrest requires further investigation. Conducting

clinical studies of ECPR is difficult due to significant practical and

ethical barriers, and only a few clinical trials of ECPR have been suc-
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cessfully completed.17 In this context, an appropriate animal model

of ECPR is essential to advancing its clinical application. These mod-

els can provide insights into the pathophysiology of neurological and

other organ injuries sustained during cardiac arrest, help investigate

the effects of new therapies, and inform the design of future clinical

trials facilitating the development of effective treatments to improve

neurological outcomes in ECPR patients.18 The clinical relevance

of current animal models of ECPR, and their ability to assess neuro-

logical injury and detect the effects of interventions to improve neu-

rological outcomes remains unclear.19,20 The aim of this scoping

review is to summarize and compare current animal models of ECPR

and to report their methodology and assessment of neurological

outcomes.

Materials and Methods

Design

This scoping review was performed following the requirements of the

Preferred Reporting Items for Systematic reviews and Meta-

Analyses extension for Scoping Reviews (PRISMA-ScR) (Supple-

mental Fig. 1).21

Eligibility criteria

An ECPR animal model was defined as: An animal model of cardiac

arrest in which there was intentional induction of cardiac arrest with

subsequent extracorporeal membrane oxygenation with or without

CPR including manual or mechanical chest compressions. Cardiac

arrest was defined as the appearance of ventricular fibrillation, pulse-

less electrical activity, or asystole on the electrocardiogram, and the

simultaneous absence of fluctuation in arterial pressure.

This scoping review comprised studies of all types which

matched the following PICO approach: (P) population: defined as

all animal models with cardiac arrest; (I) intervention: defined as ani-

mals cannulated to ECMO during cardiac arrest; (C) controls:

defined as animals compared to the intervention group during car-

diac arrest regardless of ECMO use; (O) outcomes: defined as any

outcome.

The International Liaison Committee on Resuscitation guidelines

first proposing the concept of time-flow in the management of resus-

citation were published in the year 2000, and in vivo studies of all

types, prognostic, interventional, or pathophysiological were included

from that year.22 The search was not restricted by the publication

language. Case reports, reviews, letters, commentaries, editorials,

comments, and solitary abstracts were excluded. Additionally, ani-

mal models utilising ECMO configurations or therapeutic interven-

tions that are not used clinically for ECPR such as: central ECMO

by median sternotomy; arterial return via cannulation of the carotid

artery with the associated increased the risk of stroke23; the use of

two return cannulae at the initiation of ECMO; the use of cardiopul-

monary bypass as used for cardiovascular surgery but not for cardiac

arrest; or the use of temperature management with extracorporeal

cooling prior to the start of oxygenation via the membrane oxygena-

tor, were also excluded.

Search strategy and selection process

Considering that ECPR is a relatively new technique, with a rapid

increase in the number of ECPR patients since the early
2000s,24,25 the search period was limited to the last 20 years.

PubMed, Excerpta Medica dataBASE (EMBASE), and Web of

Science databases were searched for articles reporting animal mod-

els of ECPR from January 1st, 2000, to June 30th, 2022. The search

strategy was designed in conjunction with trained medical librarians

and contained keywords relevant to cardiac arrest and ECPR. The

full search strategy is provided in Supplemental Figs. 2–4.

Two independent reviewers (SI and SR) initially screened articles

based on their titles and abstracts. Following the initial screening, rel-

evant full-text articles identified were reviewed by the two indepen-

dent reviewers (SI and SR). Any disagreement regarding the

inclusion or exclusion of an article was resolved by discussion with

a 3rd independent reviewer (KL).

Data collection

Data extracted from the selected papers were classified into three

categories: 1) Characteristics of an ECPR animal model; 2) Primary

and secondary outcomes measured in the study; 3) Details of neuro-

logical assessment.

Characteristics of an ECPR animal model included the following:

the year of publication; number of animals used in the study; sex;

weight; the method of induction of cardiac arrest; the time course

of cardiac arrest including: the duration of cardiac arrest without

CPR or ECMO support (no flow time), and the duration from the ini-

tiation of CPR to the start of ECMO support (low flow time); the

method of CPR; the observation period, defined as: the duration from

induction of cardiac arrest to the end of the experiment; ECMO per-

iod, defined as: the duration from the start to the end of ECMO; and

targeted temperature management (TTM) after the start of ECMO.

Primary and secondary outcomes included: the return of sponta-

neous circulation (ROSC); survival rate; imaging assessment; suc-

cessful weaning rate from ECMO; physical assessment;

haemodynamics; physiological assessment such as: echocardiogra-

phy, coronary blood flow measurement, regional O2 saturation, elec-

troencephalogram recording, and microcirculation assessment;

biomarkers of tissues injury, inflammation and neuronal injury; neu-

rological assessment; and histological findings.

Details of neurological assessments extracted included: physical

assessment; measurement of biomarkers of neuronal injury; physio-

logical assessments such as electroencephalogram, somatosensory

evoked potential, and brain regional oxygen saturation recordings;

brain imaging including: computed tomography, and magnetic reso-

nance imaging. The selection of these neurological assessment

parameters was based on their reported use for prognostic neurolog-

ical assessment after cardiac arrest in recent publications.26–28

Information on procedures during the experiments such as anes-

thesia and ventilation strategy, and ECMO management is provided

in Supplemental Tables 1 and 2.

Studies were assessed for compliance with the Animal Research:

Reporting of In Vivo Experiments (ARRIVE) guidelines which provide

specific recommendations for methodology and results in animal

studies (Supplemental Tables 3 and 4).29

Data synthesis and analysis

Continuous variables were presented as median and interquartile

range (IQR), whereas categorical variables were presented as num-

bers and percentages. In addition, the extracted data were catego-

rized by animal species. Statistical analyses were performed using

EZR (Saitama Medical Center, Jichi Medical University, Saitama,

Japan).30
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Results

Study selection

A total of 1370 studies were retrieved from PubMed, EMBASE, and

Web of Science. After excluding duplicates, 805 studies were

screened by titles and abstracts. Of these, 76 studies passed the first

screening and had full-text articles retrieved. Following secondary

screening, 39 studies were excluded: 38 were excluded because

the experimental configuration or conduct of ECMO was not consid-

ered clinically relevant to ECPR, and one study was excluded as it

was only reported in abstract form. The remaining 37 studies were

included in the final analysis. Fig. 1 shows the PRISMA flow diagram

for study inclusion and exclusion. Compliance with the Essential 10

set of the ARRIVE guidelines for manuscripts describing animal

research was found to be poor, with calculation of sample size,

exclusion criteria and reason for exclusion, blinding, and experimen-

tal procedure (when, where, and why) frequently unreported.

Animal characteristics

Characteristics of animal ECPR models are summarized in Table 1.

All included studies were published from 2012 onwards. The majority

of studies reported using a pig model (95%), and the remainder

reported using a rat model (5%) of ECPR. The median number of

animals used per study, intervention group, and control group, was

14 (IQR: 10–18), 8 (6–10), and 8 (6–10) respectively, with the med-

ian weight of animal being 48 kg in the pig models (IQR: 35–53).
Fig. 1 – Flow chart of study selection,1 Central ECMO: 4, C

cannulation to right atrium:5, two return cannulae used: 1),

use of temperature management with extracorporeal cool

oxygenator: 2, ECMO: extracorporeal membrane oxygenati
Methods used to induce cardiac arrest are shown in Table 1 and

Fig. 2. Of the studies using a pig model, 26 (74%) induced cardiac

arrest by electrical stimulation using pacing. Three studies performed

percutaneous coronary balloon occlusion of a coronary artery prior to

electrical stimulation. The position of balloon occlusion was the ostial

left anterior descending branch in one study; the proximal left circum-

flex artery in one study; and not reported in the remaining study.

Other methods of inducing cardiac arrest included: asphyxia;

hypothermia using external cold packs; and administration of intra-

venous potassium. In all (n = 2) studies reporting the use of a rat

model, cardiac arrest was induced by asphyxia.

The median no-flow time was 10 min (IQR: 5–15), and the med-

ian low flow time was 0 min (IQR: 0–6). Four studies (11%) did not

report no-flow times and 20 studies (54%) did not report low flow

times.

Chest compressions were performed in 16 studies (46%), all of

which used pigs as the animal model. Chest compressions were

manually performed in three studies (8%), while the use of a

mechanical chest compression device, such as LUCAS (Physio-

Control/ Jolife AB, Lund, Sweden), was reported in 13 studies

(35%).31,32 In 20 studies (54%), no CPR was performed.

The median observation period was 180 minutes (IQR: 100–345)

and the median ECMO period was 174 minutes (IQR: 60–300). 17

studies (46%) performed TTM as post-cardiac arrest care, of which

11 studies (30%) targeted normothermia and 6 (16%) targeted ther-

apeutic hypothermia.
onfiguration: 13 (cannulation of carotid artery: 7, direct

Cardiopulmonary bypass use including reservoir: 19, the

ing prior to the start of oxygenation via the membrane

on.



Table 1 – Characteristics of an animal model of Extracorporeal Cardiopulmonary Resuscitation.

Variables Total

(N = 37)

Pig

(N = 35)

Rat

(N = 2)

Year of publication

2021�2022 11 (29) 10 (29) 1 (50)

2016�2020 18 (49) 17 (48) 1 (50)

2011�2015 8 (22) 8 (23) 0 (0)

2000�2010 0 (0) 0 (0) 0 (0)

Number of animals used in the article 14 [10–18] 14 [9–18] 15 [16–17]

Sex

Male 6 (16) 5 (14) 1 (50)

Female 10 (27) 10 (29) 0 (0)

Both 5 (14) 5 (14) 0 (0)

Not reported 16 (43) 15 (43) 1 (50)

Weight (kg) 1 48 [35–53] 48 [37–54] 0.45 [0.43–0.48]

Induction of cardiac arrest

Electrical stimulation 26 (70) 26 (74) 0 (0)

Occlusion of coronary artery + Electrical stimulation 3 (8) 3 (8) 0 (0)

Asphyxia 5 (14) 3 (8) 2 (100)

Hypothermia 2 (5) 2 (6) 0 (0)

Administration of potassium 1 (3) 1 (3) 0 (0)

Time course of cardiopulmonary arrest (min)

No flow time 2 10 [5–15] 10 [5–15] 13 [10–17]

Low flow time 3 0 [0–6] 0 [0–6] 0 [0–0]

Method of cardiopulmonary resuscitation

Manual chest compression by hand 3 (8) 3 (9) 0 (0)

Mechanical chest compression with device 13 (35) 13 (37) 0 (0)

No cardiopulmonary resuscitation 4 20 (54) 18 (51) 2 (100)

Not reported 1 (3) 1 (3) 0 (0)

Observation period from induction of cardiac arrest tothe end of the experiment

(minutes)

180 [100–345] 180 [95–352] 210 [195–225]

ECMO period from the start to the end of ECMO 174 [60–300] 150 [60–300] 197 [185–208]

Temperature targeted management 5 17 (46)

Normothermia (from 35 to 38 �C) 11 (30) 10 (29) 1 (50)

Hypothermia (from 32 to 35 �C) 6 (16) 6 (17) 0 (0)

Not reported 20 (54) 19 (54) 1 (50)

Data are presented as median [interquartile range] and as number (percentage).

ECMO: extracorporeal membrane oxygenation.
1 Not reported in two pig studies.
2 No-flow time was defined as the duration of cardiac arrest without cardiopulmonary resuscitation (CPR) or extracorporeal membrane oxygenation (ECMO)

support.
3 Low-flow time was defined as the duration from the initiation of CPR to the start of ECMO circulation.
4 No CPR means that ECMO was already set up and started after no-flow time.
5 Two of 17 articles are evaluated by comparing hypothermia (33 �C) using ECMO and normothermia (37 �C), and these articles were included in the

hypothermia group.
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With respect to ECMO management, cannulation for drainage

was via the femoral vein (50%) or the jugular vein (50%), however

all return cannulae were inserted in a femoral artery. 35 studies

(95%) used an intravenous infusion of heparin as anti-coagulation

(Supplemental Table 1). Additional information on details of ECMO

management, and anesthesia and ventilation strategy are provided

in Supplemental Tables 1 and 2.

Outcome

Table 2 shows the details of reported outcomes. Of the 37 studies,

seven studies (19%) specified a primary outcome including: rate of

ROSC (n = 5: 14%); survival rate (n = 1: 3%); and cardiac magnetic

resonance imaging (MRI) findings (n = 1: 3%). A number of other

experimental endpoints were reported, and of these ROSC rate
(n = 10: 27%), and haemodynamic measures such as blood pres-

sure, heart rate, central venous pressure, pulmonary artery pressure,

and cardiac output (n = 15: 40%) were most commonly reported.

Details of neurological outcomes

A total of 10 studies (27%) reported neurological assessment

(Table 3). Three studies (8%) reported physical neurological assess-

ment using a neurological deficit scoring (NDS) system. The NDS

assessed level of consciousness, respiratory pattern, and cranial

nerve function (scored from 0% (normal) to 100% (brain dead),33

or the response to the toe pinch and corneal reflex. Several studies

reported the measurement of biomarkers of neuronal injury includ-



Fig. 2 – Methods used to induce cardiac arrest in animal models of extracorporeal cardiopulmonary resuscitation,1

Two articles reported percutaneous acute coronary occlusion using a balloon before electrical pacing (one reported

balloon occlusion of the ostial branch of the left anterior descending artery, and the other reported balloon

occlusion of the proximal left circumflex artery).

Table 2 – Outcomes.

Variables Total

(N = 37)

Pig

(N = 35)

Rat

(N = 2)

Primary outcome

ROSC rate 5 (13) 5 (14) 0 (0)

Survival rate 1 (3) 1 (3) 0 (0)

Imaging (Cardiac MRI) 1 (3) 1 (3) 0 (0)

Primary outcome was not clearly mentioned 30 (81) 28 (80) 2 (100)

Other outcomes

ROSC rate 10 (27) 8 (23) 2 (100)

Survival rate 2 (5) 1 (3) 1 (50)

Successful weaning rate from ECMO 3 (8) 3 (9) 0 (0)

Haemodynamics 1 15 (40) 14 (40) 1 (50)

Physiological assessment

Echocardiography 2 4 (11) 4 (11) 0 (0)

Coronary blood flow 3 (8) 3 (9) 0 (0)-

Carotid blood flow 2 (5) 2 (6) 0 (0)

Regional O2 saturation 3 (8) 2 (6) 1 (50)

Microcirculation 3 1 (3) 0 (0)- 1 (50)

Imaging (cardiac MRI and left ventriculography) 2 (5) 2 (6) 0 (0)

Biomarker 4 6 (16) 5 (14) 1 (50)

Neurological assessment 15 (40) 13 (37) 2 (100)

Histology 5 12 (32) 11 (30) 1 (50)

ROSC: return of spontaneous circulation, MRI: magnetic resonance imaging, ECMO: extracorporeal membrane oxygenation.

Data are presented as median [interquartile range] or number (percentage).
1 Haemodynamics include such as blood pressure, heart rate, central venous pressure, pulmonary artery pressure, and cardiac output.
2 Echocardiography was assessed with ventricular ejection fraction, cardiac output.
3 Microcirculation was assessed with mesenteric blood flow.
4 Biomarkers include High mortality group box-1 (HMGB-1), Neutrophil gelatinase-associated lipocalin (NGAL), and pulmonary surfactant protein.
5 Histological assessments include brain (5/15, 33%), lung (1/15, 7%), heart (4/15, 27%), and kidney (5/15, 33%).
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ing: neuron-specific enolase (NSE) (n = 5: 14%) and S-100B (n = 1:

3%). Only one study reported two types of biomarkers. Electroen-

cephalogram (n = 2: 5%), somatosensory evoked potentials (n = 1:

3%), and brain regional oxygen saturation (rSO2) (n = 3: 8%) were

reported as electrophysiological assessments. There were no
reports of brain imaging. Multimodal neurological assessment was

reported in four studies and included: physical assessment and bio-

marker; physical assessment and EEG; and biomarker and brain

rSO2. The time points at which neurological assessments were

undertaken are shown in Supplemental Table 5.



Table 3 – Details of neurological assessments.

Neurological variables Total

(N = 37)

Pig

(N = 35)

Rat

(N = 2)

Physical assessment 1 3 (8) 2 (6) 1 (50)

Biomarker 2

Neuron-specific enolase (NSE) 5 (14) 5 (14) 0 (0)

S-100B 1 (3) 1 (3) 0 (0)

Neurofilament light chain (NFL) 0 (0) 0 (0) 0 (0)

Glial fibrillary acidic protein (GLAP) 0 (0) 0 (0) 0 (0)

Tau protein 0 (0) 0 (0) 0 (0)

Ubiquitin carboxy-terminal hydrolase-L1 (UCH-L1) 0 (0) 0 (0) 0 (0)

Electrophysiological assessment

Electroencephalogram (EEG) 2 (5) 1 (3) 1 (50)

Somatosensory evoked potentials (SSEPs) 1 (3) 1 (3) 0 (0)

Brain regional oxygen saturation (rSO2) 3 (8) 3 (8) 0 (0)

Imaging (Brain)

Computed Tomography (CT) 0 (0) 0 (0) 0 (0)

Magnetic Resonance Imaging (MRI) 0 (0) 0 (0) 0 (0)

Multimodal 2 4 (10) 3 (3) 1 (50)

Data are presented as median [interquartile range] and as number (percentage).
3 Multimodal includes; Physical assessment + Biomarker: 2, Physical assessment + EEG: 1, Biomarker + rSO2: 1.
1 Physical assessment was evaluated by neurological deficit scoring (NDS) system or the response to the toe pinch and corneal reflex. (NDS assessed by level

of consciousness, respiratory pattern, and cranial nerve function and scored from 0% (normal) to 100% (brain dead). Forbess JM, et al. J Thorac Cardiovasc

Surg 2010;139(5): 1325–32).
2 One study reported both NSE and S-100B.
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Discussion

In this scoping review, we have provided a comprehensive overview

of reported preclinical models of ECPR. The main findings of the

pooled data can be summarized as follows: (1) neurological out-

comes have been overlooked, or inadequately and inconsistently

assessed, and poorly reported; (2) the most popular method for

inducing cardiac arrest, fatal arrhythmia by electrical stimulation

using pacing, is not representative of the primary cause of cardiac

arrest in a public setting; (3) ECMO management that does not

reflect clinical practice occurs often in published animal models.

From these results, it appears that there is currently no appropriate

animal model for ECPR that mimics the clinical application of this

resuscitation technique.

Primary outcome

In this review, no animal models of ECPR have reported neurological

outcomes as the primary outcome. The importance of neurological

outcomes as the primary endpoint for resuscitation after cardiac

arrest has been discussed in several articles.3,15,16,34 Unfavourable

neurological outcomes directly correlate with disability after hospital

discharge, and cause significant burdens on patients, families, and

the health care system.7–9,13,14 High-quality post-resuscitation care,

including TTM which avoids hypertension in acute phase contribute

to the improved neurological outcomes of survivors after cardiac

arrest.26–28,35 In addition, the prediction of neurological outcomes

is based on multi-modal assessments incorporating the findings of

clinical examination, biomarkers, electrophysiological assessment

(EEG and SSEPs), and brain imaging such as CT or MRI.25–27

In a systematic review of animal models of cardiac arrest, it was

observed that neurological outcomes, evaluated by brain histology,
imaging, and electrophysiology, were rarely used in models with a

short observation period (<24 h) when compared to models with a

long observation period (>24 h).36 In this review of animal models

of ECPR, the median observation time was 180 min, only three stud-

ies observed the animals for more than 24 h. Neuronal injuries asso-

ciated with ischaemia after cardiac arrest require time to become

established, and for the findings of investigations to correlate with

neurological outcome.26–28 Clinical neurological assessment such

as brain imaging, biomarker evaluation (e.g. NSE, S-100B), and

electrophysiological assessments (EEG, SSEPs, and rSO2) are

commonly performed from 24 to 72 h after cardiac arrest26–28 (Sup-

plemental Fig. 5). Therefore, there is a significant gap in current

ECPR animal models, such that their timeframes do not allow for

adequate assessment of neurological outcomes and do not reflect

assessments undertaken clinically in humans. While it is acknowl-

edged that prolonged cardiac arrest animal models with high-

quality, post-resuscitation care are difficult, resource intensive, and

expensive to perform, they are necessary in order for the animal

models to be clinically relevant to neurological outcomes. Given that

a significant proportion of patients undergoing ECPR suffer unfa-

vourable neurological outcomes,3–6 it is important for animal models

to have extended observation periods so that appropriate neurolog-

ical evaluation can be incorporated. As the preclinical model of car-

diac arrest with long observation periods including post-resuscitation

care without ECMO has been reported,37–39 similar observations are

expected for an ECPR model.

Method for inducing cardiac arrest

Fatal arrhythmia induced by electrical stimulation using pacing was

the most common method utilized in animal models of ECPR. Induc-

tion of cardiac arrest by coronary artery occlusion has only been
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reported in 2% of non-ECPR animal models of cardiac arrest,41,42

and in only 3 (8%) of the ECPR animal models identified in this

review. This differs from the observed aetiology of sudden cardiac

death in out of hospital cardiac arrest where acute coronary artery

occlusion leading to myocardial infarction is most common.10–12

The method for inducing cardiac arrest may be significant to the

neurological outcome. Delayed coronary reperfusion and severely

unstable haemodynamics following cardiac arrest due to an acute

coronary artery occlusion may exacerbate myocardial and systemic

inflammation,19,40 with the systemic inflammatory response poten-

tially worsening neurological injury. ECPR models using electrical

stimulation to induce cardiac arrest may not elicit the same systemic

inflammatory response as models using coronary artery occlusion,

therefore affecting the degree of neurological injury observed.

In animal models of cardiac arrest, the method for inducing car-

diac arrest varies depending on the type of animal.36 It has been

reported that electrical stimulation using pacing is the most popular

method in pig models because this method is technically easy and

does not affect the other findings such as electrolyte levels unlike

drug use.36,43 On the other hand, in most rat studies, cardiac arrest

is induced by a bolus of potassium and asphyxia.36 While this is an

easy method for induction of cardiac arrest, and can allow for the

assessment of post-cardiac arrest syndromes such as ischaemia–

reperfusion injury, its clinical applicability may be limited.

Management of ECMO

In this review, there are some important differences in the manage-

ment of animals on ECMO compared to the clinical situation. Firstly,

in humans it is recommended that the no-flow time should be less

than 5 min prior to commencing CPR, and in addition, it is reasonable

to consider commencing ECMO cannulation after 10–20 min of failed

CPR.12,35 Although low flow time has been reported from 50 to

60 min in the real world,6 in this review only two studies reported

more than 45 min of low flow time. Supplemental Fig. 6 shows the

relationship between the time course and survival rate.

In preclinical studies, a high survival rate is required to investigate

the neurological outcome of any intervention. Previous experiments

using pig models of cardiac arrest have reported that an 8-minute

no-flow time resulted in a 30–40% animal death rate within 60 h of

post-resuscitation care,44 while a 6-minute no-flow time did not

cause any mortality.45 Other experiments have shown that the low

flow time in animal models of conventional cardiac arrest should

be at least 12 min to get relevant neurological injury46 and that pig

models with 9 minutes of no-flow and 8 min of low-flow time induced

only mild neurological injury.37 Considering these results, the optimal

no-flow and low-flow times are unclear. It is likely that a minimum of

10–15 min each of no-flow time and low-flow time will be required to

reproducibly induce an assessable degree of neurological injury, with

the time course being titrated to produce the extent of neurological

injury that is sought for each experimental set-up.

Secondly, ECPR is initiated in the clinical setting for refractory

cardiac arrest, and it is recommended to consider the start of ECMO

cannulation after 10–20 min for patients with refractory CPA.12 In no

clinical situation is the low flow time zero, since there is always an

attempt at CPR prior to the decision to initiate ECPR, however in

20 reports of animal models of ECPR, the low flow time was set to

zero minutes.
Thirdly, the duration of ECMO in animal models is short when

compared with clinical situations. Post-resuscitation care usually

involves patient management for 72 h or more.26,27 However, in

reported animal models of ECPR, the mean time of ECMO manage-

ment was 174 min making it difficult to apply these models to the clin-

ical situation.

Limitations

Our study has several limitations. Firstly, data extraction into pre-

defined categories may result in a simplification of the data pre-

sented in the studies. Secondly, this study did not include formal risk

of bias assessments because of the scoping nature of this study.

Thirdly, the summary category of all studies may be biased within

some variables as not all procedures can be performed in small ani-

mals (e.g. measurement of coronary blood flow, basic life support).

Fourthly, the study did not include an assessment of the methodolog-

ical quality in the individual studies. Lastly in the study, we defined

adult animals not categorized as pediatric. Hence the age span of

the adult group is wide and some of the animals may not be regarded

at true adults according to their biological development.

Conclusions

In this scoping review, we provided an overview of preclinical models

of ECPR. Current animal models of ECPR fail to mimic the clinical

situation of human ECPR and do not include clinically relevant neu-

rological assessments or outcomes. Further work is required to

develop a standardized animal model of ECPR for cardiac arrest that

can be used to test innovations in this field that may translate into

improved neurological outcomes for ECPR patients.
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