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INTRODUCTION 

Extracorporeal life support (ECLS) is essential in critical care, supplying adequate oxygen 

and blood flow to vital organs for failing hearts or lungs [1-3]. ECLS or extracorporeal mem-

brane oxygenation (ECMO) is an advanced version of cardiopulmonary bypass (CPB) that 

is customized to provide heart and/or lung support for longer durations (days to weeks) 

[4]. The main purpose of ECMO is to allow time to recover or to serve as a bridge to heart or 

lung transplantation. Unlike CPB, ECMO can be categorized based on the target of support. 

Many combinations exist, but historically, the main divisions are veno-venous (VV) ECMO 

for respiratory support [5] and veno-arterial (VA) ECMO for cardiac or cardiopulmonary 

support [6]. 

Extracorporeal circulation (ECC) induces systemic inflammatory response syndrome 

(SIRS) in the body, which often limits its potential benefits or causes failure to reach the 

targeted treatment [1,2,7]. This is often triggered by contact between blood and the foreign 

surface of the extracorporeal circuit [2,8], which leads to the activation of the complement 

system, resulting in the activation of inflammatory cells such as neutrophils and monocytes 

and the release of inflammatory mediators [8]. Although our understanding of the patho-
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physiology of ECC has advanced, its current limitations, such 

as SIRS and coagulopathy, restrict its long-term applications 

[9]. Despite improvements in medical engineering, ECC 

is still associated with significant risks and complications 

[2,9,10]. Thus, the development of reproducible animal mod-

els of ECC is increasingly important for improving its safety 

and outcomes. 

Animal models of ECC have been developed in various 

sciences to understand the pathophysiology of various con-

ditions [11] and to validate novel interventions [10,12]. An-

imal models of ECLS have mainly been established in large 

animals. However, these models are costly in terms of bud-

getary requirements, other resources, and personnel. Small 

animals have received more attraction, both due to the need 

for a lower budget and less personnel [13] and because they 

enable cellular or even molecular/genetic studies. 

The first small-animal ECC model was reported by Popovic 

et al. in 1968 [14]. The study included 70 male Sprague-Daw-

ley rats undergoing hypothermic CPB. They applied 70 min-

utes of CPB circulation at 14 °C and reported physiological 

parameters, such as heart rate, respiratory rate, oxygen blood 

oxygen content, and hematocrit, during CPB. Later, in 1983, 

Alexander et al. [15] performed 6 hours of partial CPB in 30 

rats. The development of ECMO devices in the early 21st cen-

tury increased the importance of small-animal models. Since 

then, interest in establishing small-animal ECC models has 

grown. 

To better understand the available small-animal models 

of ECC, we summarized existing models between 1968 and 

2020. The aim of this review is to discuss the strategies and 

current limitations of extant models and to focus on specific 

targets to improve the reproducibility of small-animal ECC 

models. 

MODEL ESTABLISHMENT 

Study Selection 
We searched PubMed, Scopus, and Medline from 1968 to 

2020, and two clinicians screened the articles to identify 

those that included small-animal ECC models. Studies were 

excluded if there were no information regarding the ECC 

model or surgical procedures, if the models were in animals 

other than rodents (rabbits were excluded), and if the same 

procedure was repeated by other researchers. Detailed 

data were obtained in the following major categories: the 

main theory, the purpose of the study, the species, animals’ 

weights, groups, the method of selection and inclusion, the 

number of animals, perioperative techniques (including 

animal preparation, sedation, respiratory support, and cath-

eterization), the type of ECC, the duration of ECC, priming 

volume, and priming content. 

In total, 23 studies were included: 19 studies with rats and 

four with mice. An overview of the included studies is shown 

in Table 1 [1,2,7,10,12-30]. Nineteen studies applied the VA 

type of ECC, whereas VV ECC was performed in two studies 

and arterio-arterial was performed in one study. One study 

conducted both VA and VV ECC models in rats [13]. The me-

dian duration of ECC varied from 30 minutes to 6 hours.  

Species and weight of models  
The most commonly used weight of rats was 300–500 g. The 

weight of the animals can be used to indicate normal cardiac 

output, thereby making it possible to manage the desired 

ECC flow. When establishing an ECC model, the weight is an 

essential determinant in adjusting priming volume. For mice, 

the weights were 25–35 g in all studies [2,26,27,29,31]. 

Circuit configuration 
The circuit configuration of the experimental ECLS model is 

compatible with the circuit in clinical settings, with elements 

including cannulas, tubes, a reservoir, an oxygenator, and a 

pump. Silicone-based drainage and perfusion cannulas that 

allow the desired laminar blood flow are used for arterial or 

venous cannulation. Additional components (e.g., a reservoir 

or infusion line) can be optionally added to the circuit [13]. 

It is logical to set the circuit capacity to be as low as possible 

to minimize the contact of blood with the foreign surface of 

the circuit [32]. A large amount of priming volume may cause 

severe hemodilution of the animal blood undergoing ECC 

unless allogenic blood is used for priming [13]. 

In experimental research, a commercially available poly-

ethylene-based oxygenator is used [8]. Until small-animal 
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Table 1. Description of previously published studies included in the review

Study Year Species ECC type Duration of 
ECC (min) Drainage catheter Perfusion 

catheter
Priming 

volume (ml) Purpose of study

Popovic et al. [14] 1968 Rat VA/CPB 70 PE 200 tubing  
(ID: 1.4 mm)

PE 90 tubing 
(0.86 mm)

13.7 Model development

Alexander et al. [15] 1983 Rat VA/CPB 360 NA NA 8.7 Device development
Grocott et al. [16] 2001 Rat VA/CPB 60 Dual-stage venous 

cannula (4.5 Fr)
Angiocatheter 

(20G)
45 Neuropathophysiology

Dong et al. [17] 2005 Rat VA/CPB 60 Angiocatheter (16G) Angiocatheter 
(22G)

16 Model establishment

Ordodi et al. [18] 2008 Rat AA/CPB 120 Angiocatheter (24G) Angiocatheter 
(24G)

20 Device development

Huang et al. [19] 2007 Rat VA/CPB 60 Angiocatheter (16G) Angiocatheter 
(22G)

10 Pathophysiology

Jungwirth et al. [20] 2007 Rat VA/CPB 90 Dual-stage venous 
cannula (4.5 Fr)

Angiocatheter 
(20G)

16 Neuropathophysiology

Qing et al. [21] 2011 Rat VA/CPB 90 Dual-stage venous 
cannula (4.5 Fr)

Angiocatheter 
(20G)

18 Neuropathophysiology

Waterbury et al. [22] 2011 Rat VA/CPB 80 Angiocatheter (16G) Angiocatheter 
(20G)

12 CPB and DHCA 
development

Rungatscher et al. [12] 2012 Rat VA/CPB 90 Angiocatheter (16G) Angiocatheter 
(18G)

10.5 Pharmacology

Mackensen et al. [23] 2001 Rat VA/CPB 150 Angiocatheter (16G) Angiocatheter 
(22G)

10 Model establishment

Fujii et al. [24] 2013 Rat VA/CPB 60 Angiocatheter (16G) Polyethylene 
tubing (NA)

15 Pharmacology

Fujii et al. [25] 2013 Rat VA/CPB 120 Angiocatheter (16G) Polyethylene 
tubing (NA)

15 CPB pathophysiology

Ali et al. [1] 2014 Rat VA/ECMO 10 Angiocatheter (20G) Angiocatheter 
(24G)

8 Model establishment

Luo et al. [2] 2015 Mouse VA/ECC 30 Angiocatheter (24G) Angiocatheter 
(24G)

0.4 ECC-induced SIRS

Du et al. [26] 2016 Mouse NA NA NA NA NA ECMO treatment in 
pneumonia

Chang et al. [7] 2017 Rat VA/CPB, ECLS 30 Angiocatheter (14G) Angiocatheter 
(20G)

20 CPB pathophysiology

Bianchini et al. [10] 2018 Rat VA/CPB 60 Angiocatheter (16G) Angiocatheter 
(22G)

10 Pharmacology

Madrahimov et al. [27] 2018 Mouse VA/CPB 90 Polyurethane tube (2 Fr) Angiocatheter 
(27G)

0.85 Model establishment

Xie et al. [28] 2012 Rat VA 120 Trocar (24G) Trocar (24G) NA Platelet therapy with 
CPB

Natanov et al. [29] 2019 Mouse VV/ECMO 240 Double-lumen silicone 
catheter (2 Fr)

Double-lumen 
silicone-based 
catheter (2 Fr)

0.5 VV-ECMO induced 
pathophysiology

Cho et al. [13] 2021 Rat VA+VV/ECMO 120 Modified neonatal 
feeding tube (5 Fr)

Angiocatheter 
(24G)

14 Immunology

Kayumov et al. [30] 2022 Rat VA/ECMO 120 Modified neonatal 
feeding tube (5 Fr)

Angiocatheter 
(24G)

14 Septic shock, pressure-
volume change

ECC: extracorporeal circulation; VA: veno-arterial; CPB: cardiopulmonary bypass; NA: not applicable; AA: arterio-arterial; DHCA: deep hypothermic circulatory 
arrest; ECMO: extracorporeal membrane oxygenation; SIRS: systemic inflammatory response syndrome; ECLS: extracorporeal life support; VV: veno-venous.

membrane oxygenators became commercially available, 

bubble oxygenators were commonly used in all ECC mod-

els [18,33,34]. However, bubble oxygenators require a larger 

priming volume and allow intimate contact between blood 

and gas, which induces damage to erythromyeloid reticu-

loendothelial cells [15]. A micro-membrane oxygenator for 

small animals requires a small priming volume (3–4 ml), with 

a sufficient gas exchange surface, and many investigators 
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have successfully established ECC models with a priming 

volume of less than 10 ml [1,35]. Membrane oxygenators are 

designed to prevent direct contact between blood and gas-

es and allow sufficient gas exchange through micro-pores 

[36,37]. Finally, the small-animal ECC circuit contains a sin-

gle peristaltic pump that drains blood and passes it through 

the oxygenator to the arterial line [13]. 

Priming 
Previously, a large amount of allogenic blood was required 

to fill the priming circuit [16,23]. However, using allogenic 

blood as a priming solution restrained immunological and 

physiological studies, as it may lead to profound pathophys-

iologic reactions. Crystalloids and colloids are now the most 

commonly used solutions to fill ECC circuits [1,2,7,8,10-

13,17-20,22,24,25]. Hetastarch, hydroxyethyl starch-sterile, 

and Gelofusine are the most often used colloids, while Plas-

ma, A-Lyte solution, Ringer solution, Saline, and sodium bi-

carbonate are the most commonly applied crystalloids. 

Other medications such as heparin and mannitol can also 

be included in the priming solution, depending on the strat-

egy and preferences of the investigator [18-21,24,25,27]. In 

our previous study, we introduced a new mixture of priming 

solution using 50% albumin and 50% saline, which success-

fully maintained a few hours of ECMO run and improved the 

animals’ survival postoperatively [13]. 

Applying less priming solution may be associated with im-

proved outcomes. The average amount of priming solution 

for 400–500 g rats, which are commonly used by researchers, 

ranges between 10 and 16 ml [10,12-14,17,19,20,22,24,25,38]. 

In mouse models, the successfully applied priming amount 

varied between 0.4 and 0.85 ml in previously published pa-

pers [2,27,29,31]. 

Perioperative procedures 
Surgical procedures are usually performed under general 

anesthesia. Choosing an appropriate anesthetic and admin-

istration method depends on the investigator’s preference. 

The most common methods of administration are intraperi-

toneal injection and inhalation anesthesia [1,2,7,10,12,13,17-

22,24,25,27,29,31,38]. Ketamine, sodium pentobarbital, 

fentanyl, pancuronium, and isoflurane are generally used 

for anesthesia induction. A repeated dose of the same anes-

thetic or isoflurane inhalation can be used for maintenance 

[7,10,17,20,21]. The selection of a correct anesthetic and its 

dosage is of the utmost importance because an overdose 

and/or incorrect administration may directly alter the car-

diovascular system, leading to adverse outcomes and death. 

Light but adequate anesthesia is essential. In our previous 

study, we used inhalation isoflurane alone (both induction 

and continuous) [13,30]. Animals should be placed on a 

heating pad to manipulate body temperature throughout the 

experiment. The surgical field is shaved and cleaned with an-

tiseptics. 

Cannulation 
Surgery can be performed under the aid of a microscope 

(mouse) or surgical loupe (rats) according to researchers’ 

preference. The incision site is determined based on the type 

of ECC and other additional interventions. The neck and 

groin areas are commonly applied surgical areas of periph-

eral cannulation. Cannulation sites can differ depending on 

the type of ECC and the surgeon’s preference. In VA ECC, 

venous blood is drained from the right atrium through the 

right jugular vein or femoral veins, and oxygenated blood is 

perfused to the circulatory system through the right carotid 

artery or femoral artery as well as the tail artery. In VV ECC, 

as our previous study introduced, blood is drained from the 

right jugular vein and perfused to the left jugular vein. The-

oretically, blood can be drained from the right femoral vein 

to the left femoral vein. The design and proper placement of 

the venous cannula result in adequate drainage flow. Several 

researchers have used modified multi-orifice 16-gauge an-

giocatheters as drainage cannulas [10,12,17,19,22,24,25,38]. 

However, the sharp end of the angiocatheter may damage the 

vessel or heart, making it dangerous to apply, especially for 

early-career researchers [13]. We recently introduced a drain-

age cannula that has a blunt end with eight additional side 

holes on the side of the cannula tip. This new cannula has 

resulted in safer cannulation and an increased flow rate [13]. 

Moreover, Natanov et al. [29] recently reported the applica-

tion of a double-lumen silicone catheter for VV-ECMO in a 

mouse model that minimized surgical trauma and eventually 

improved experimental outcomes. The size of the angiocath-

eter for perfusion can be chosen depending on the size of the 

arterial vessel. The most widely used perfusion cannulas are 

20–24 gauge angiocatheters [1,2,7,10,13,17-23,38]. 

Furthermore, successful ECC models with open-chest 

techniques and abdominal vessel cannulation have been re-

ported [1], but the invasiveness of these procedures may re-

sult in bleeding and poor postoperative survival. Intravenous 

injection of 1,000 IU/kg heparin should be administered 
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either prior to or immediately after cannulation to prevent 

blood clot formation during ECC. A repeated dose of heparin 

administration is recommended if ECC is sustained for more 

than 2 hours. 

FUTURE PERSPECTIVES OF SMALL-ANIMAL 
ECMO MODELS: AFFORDABLE IN VIVO 
STUDIES 

Small-animal models of ECMO are essential for understand-

ing the mechanics and energetics of ECMO and testing novel 

extracorporeal interventions. ECMO research is valuable for 

overcoming complications related to ECMO and patient fac-

tors. Molecular studies are more feasible to perform in small 

animals in various disease models for ECMO (e.g., acute and 

chronic heart failure, respiratory failure, or septic shock). 

ECMO can be applied to a wide range of genetically modified 

and commercially available mice to investigate molecular 

levels during ECC (Table 2, Figure 1). 

CONCLUSIONS 

Although the use of ECMO is exponentially increasing, there 

Table 2. Current and future perspectives on ECMO research
ECMO research
ECMO-related mechanics LV unloading
ECMO-related energetics Effect of ECC on ATP production in 

mitochondria
ECMO-related 

complications
Understand pathophysiology to prevent 

complications.
Provide advanced care to patients that 

decrease life-threatening events.
Neuro-pathophysiology Post-cardiac arrest ischemic brain injury in 

patients on ECMO or ECPR
ECMO-related mechanical complications in 

the brain
The effect on the brain microcirculation
The effect on the neurologic performance

Development of ECMO 
devices

Hemocompatible and biocompatible ECMO 
devices

Cause fewer mechanical complications.
Cause less vascular (endothelial) reaction.
Protect end-organs functions.

Adjunctive treatments in 
ECMO

Mesenchymal stem cells during ECMO
Mechanical adjunctive treatment in ECMO

Pharmacodynamics and 
pharmacokinetics

The effects of the circuit/oxygenator/pump on 
various medications

ECMO: extracorporeal membrane oxygenation; LV: left ventricle; ECC: 
extracorporeal circulation; ATP: adenosine triphosphate; ECPR: extracorporeal 
cardiopulmonary resuscitation.

Figure 1. Common experimental extracorporeal membrane oxygenation (ECMO) models. Created with BioRender.com.
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is much more to learn about the effect of ECMO on cellular 

and molecular levels. To better understand the in vivo mech-

anisms of ECMO from diverse future perspectives, small-an-

imal ECMO research may allow us to conduct affordable in 

vivo animal research.  
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