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and cardiac arrest in animals: a review
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Animal research is essential to propose new therapeutic approaches limiting the
sequels of cardiac arrest in human and veterinary medicine. The ultimate goal is to
improve the long term prognosis and neurological recovery. For such investigations,
the use of animal models seems unavoidable as cardiac arrest provokes multiple
visceral consequences as well as inflammatory response and coagulopathy. These
models allow not only a better understanding of the pathophysiology but also the
investigation of new treatment strategies to improve basic life support efficiency or
prevent multi-organ failure. In this review, we are summarizing the characteristics of
the main animal models used in resuscitation sciences. The choice of the species and
methods of evaluation of cardiac arrest is crucial. These studies often concern human
medicine but they can also address fundamental questions for veterinary research as
they are mostly based on animal research.
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Introduction
Cardiac arrest is an important public health issue in humans in
industrialized countries with, e.g., 35,000 to 40,000 new cases each year
in France.1,2 Despite increasing implementation of cardiopulmonary
resuscitation (CPR) in the field, resumption of spontaneous circulation
(ROSC) is typically obtained in less than 35% of these patients.
Resuscitated victims often present a post cardiac arrest syndrome
with a complex physiopathology combining hemodynamic failure,
neurological dysfunction and multi-visceral injury, leading to an
additional worsening of the prognosis. Ultimately, less than 8% of
the patients survive with favorable neurological function at hospital
discharge.3‒5
In this context, experimental research is crucial to provide
new therapeutic approaches increasing CPR efficiency and initial
resuscitation, as well as long term prognosis and neurological recovery.
For such investigations, the use of animal models seems unavoidable
as cardiac arrest provokes multiple visceral consequences as well
as inflammatory response and coagulopathy. These models allow
not only a better understanding of the pathophysiology but also the
investigation of new treatment strategies to improve CPR efficiency
or prevent multi-organ failure. This field of research can also address
fundamental questions for veterinary research, beyond the relevance
for human medicine.

Impact of species-differences
In general, animal models of cardiac arrest are using rodents,
rabbits, pigs or dogs. All these species present anatomical or
physiological specificities that should been considered in the design
of the study, depending upon the specific goals and corresponding
end-points.
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As usual in biomedical research, rodents are widely used in
resuscitation sciences due to their relative ease of manipulation,
low cost and extensive possibilities of mechanistic investigations
with genetically modified animals. Obviously, this use is associated
with several limitations related to their cardiovascular anatomy and
physiology. On the one hand, rodents present two different cranial
venae cavae (right and left) with a coronary sinus formed by the
proximal part of the left cranial vena cava.6 This directly modifies the
coronary perfusion during cardiac massage through different venous
return as compared to large animals.7 In addition, due to their very low
body mass, cardiac massage could make blood circulating through
direct heart compression, while it is mostly acting through thoracic
pumping in large animals. On the other hand, spontaneous heart rate
is much higher in rodents than in large animals and humans as usual
values average 260-450 or 500-600 beats per minute in awake rats
and mice, respectively.7,8 This directly impacts the required chest
compression rate in those species as mice should undergo ≈400
compressions per min to be resuscitated.9‒14 Magnetic resonance
imaging also showed that usual ejection fraction are higher in mice
as compared to humans (75% vs 55%).15 Due to their very small body
size, the ratio between the left ventricle and the body weight is also
much higher in mice than in humans.
During cardiac arrest, rodents also present several
electrophysiological differences related to their high physiological
heart rate. As compared to humans, ionic currents are very specific
with high concentration of K+ channels.16 As a consequence, rats
and mice present very short action potential and refractory period.
Subsequently, ventricular fibrillation (VF) is able to convert
spontaneously in these species, i.e., within the first 1-2min following
VF induction. Experimentally, prolonged electrical stimulation should
be delivered to obtain sustained VF in these species.7
Therefore, rodents are mostly used for exploratory and mechanistic
studies. They can also be used for survival studies and evaluation
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of neurological outcome as learning tests or motor behavior
measurements are well established in these species. However, a main
limitation remains that mice and rats present lissencephalic brains,
which may be quite different from human brain regarding cognitive
function or sensibility to ischemia.17

Cardiac arrest in rabbits
In experimental research, rabbits are widely used for
cardiovascular, osteoarticular and respiratory studies. They can be a
good “intermediate” between rodents and large animals, with easier
manipulation, blood sampling and cardiovascular monitoring than
rodents, while not requiring complex infrastructure and high costs
such as large animals do. Interestingly, the electrical activity of the
rabbit heart is believed to be close to that of the human heart regarding
ionic currents and action potential.18 Left ventricular ejection fraction,
volumes and heart to body weight ratio are also very similar to human
values.15 However, the physiological heart rate is still high as compared
to humans or large animals (180-250 beats per minutes). Regarding the
neurological function, rabbits are comparable to rodents. They have a
lissencephalic brain, making the neurological function quite different
from humans.17 However, neurological evaluation is relatively easy to
perform through the use of behavioral or postural neurological tests.19
For example, it has been described that postural tests could be actually
repeatable and related to the severity of the ischemic insult in a model
of stroke injury.20 However, these evaluations are less commonly used
than for rodents.

Large animal models of cardiac arrest
Large animal models of cardiac arrest are mostly using pigs (i.e.,
usually swine) or dogs. The latter are less and less used currently. Both
species present very close anatomical and physiological characteristics
as compared to humans.21 However, some differences exist regarding
coronary circulation and cardiac electrophysiology. First, pigs do not
have native coronary collateral circulation as compared to dogs and
humans. Second, they present important variations in the His bundle
or Purkinje fibers anatomy with a subsequently different electrical
conduction.22 Third, their conduction system contains larger numbers
of adrenergic and cholinergic fibers than humans in the atrioventricular
node and the left and right bundle branches.23 This increases heart
excitability and should be considered for electrophysiological studies
and evaluation of defibrillation strategies. On the contrary, dogs have
very close cardiac electrophysiological properties as compared to
humans.24 Therefore, they might be an “ideal” model for arrhythmia
studies but their wide use raises ethical and economical issues.25 Pigs
are therefore the most commonly used large animals for cardiac arrest
studies. Importantly, reliable neurological tests are also available in
these species after cardiac arrest.26‒31

Different methods for the induction of cardiac arrest in animals
In the clinical setting, cardiac arrest is classified in two categories
according to the initial rhythm, i.e., shockable or non-shockable
cardiac arrest, which should be treated or not by electrical shocks,
respectively. These two categories could be considered as two
different physiopathological entities with distinct animal models.32‒34

Models of shockable cardiac arrest
Shockable cardiac arrest is caused by disturbances of electrical
flux within the myocardium, leading to ventricular fibrillation or
ventricular tachycardia.
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Electrical induction of ventricular fibrillation: Ventricular
fibrillation can be induced by external transthoracic electric shocks.33
This is mostly used in large animals. The current intensity and its timing
of application during the cardiac cycle are crucial to efficiently induce
VF. For example, if the current is delivered outside the vulnerable
period or if the magnitude exceeds the limits of vulnerability, VF
cannot be obtained.35 In small animals, this method could not be
implemented as VF could convert spontaneously after a short
stimulus.7 Shockable cardiac arrest could also be induced with less
powerful current through endocavitary electrodes. For example, an
alternating current (1-5mA during 1.5minutes) efficiently induces VF
in pigs when passed in the right ventricular endocardium.36,37 In small
animals, acupunctures needles could also be placed transcutaneously
on the thoracic wall to stimulate the heart. However, this method
requires higher current intensity as compared to the direct stimulation
of the heart and this could lead to lung injury. An intermediate
method consists in the electrical stimulation of the heart through one
subcutaneous thoracic electrode and another electrode inserted into
the esophagus. This technique has been developed in rodents38,39 and
rabbits40,41 but canal so be used in swine.42 For example, a sustained
transesophageal alternating current stimulation (50Hz, 18V) during
60seconds has been shown to induce VF in mice.38 In rats and
rabbits, VF can be induced with a 50-60Hz current of 1-5mA during
3minutes.40,43,44 In another study, a rapid pacing with three periods of
5seconds of transesophageal stimulation at 30Hz efficiently induces
VF in rats.45 Thermal injuries are negligible in the esophagus and did
not appear to affect the heart.38,39
Myocardial ischemia-induced ventricular fibrillation: Ventricular
arrhythmias can also be induced by myocardial ischemia,46 which
is probably the most clinically relevant strategy. For this purpose,
ischemia can be provoked by the inflation of a balloon-tipped
catheter within the coronary artery28 or by the external ligature
of this artery.47 This creates an ideal substrate for arrhythmias by
causing heterogeneities in terms of excitability, refractory period and
conduction.46 The inconvenient is that it is difficult to predict the time
and rate of VF occurrence.48‒50

Models of non-shockable cardiac arrest
This situation is usually encountered in rodent models as nonshockable cardiac arrest could be easily induced through asphyxia or
potassium chloride administration, which provokes pulseless electrical
activity and primitive asystole, respectively. The clinical relevance of
such cardiac arrest could not be generalized to other situations due to
their low proportion as compared to shockable cardiac arrest in the
clinical setting.
Asphyxial cardiac arrest: Asphyxia can easily be induced in laboratory
animals by interrupting conventional mechanical ventilation in deeply
anesthetized and paralyzed animals.27,29 After the onset of asphyxia, a
brief increase in blood pressure is transiently observed before a lowflow period occurs with hypotension, bradycardia and progressive loss
of arterial pulsatility, i.e., mean arterial pressure under 10-20mmHg.
Asphyxial cardiac arrest therefore includes an initial “low-flow period”
prior to the actual “no-flow” with pulseless electrical activity (PEA)
and then asystole. The time to loss of detectable arterial pulsation
varies from 3-4minutes in rats,51 5minutes in rabbits52,53 and 6minutes
in swine,33 respectively. The low-flow period leads to a progressive
hypercarbia and transition to anaerobic metabolism, with combined
respiratory and metabolic acidosis. Peripheral vasoconstriction also
occurs before cardiac output deteriorates and blood circulation ceases.
This “low-flow” phase could explain the worse prognosis in asphyxial
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cardiac arrest as compared to shockable cardiac arrest. As example,
myocardial dysfunction is aggravated in pigs with asphyxial cardiac
arrest as compared to VF with a significant decreased ejection fraction
(31±1% vs 45±4%, respectively).34 In another study, cerebral lesions
were shown to be more severe in dogs submitted to asphyxia vs VF.33
However, the total duration of insult is typically longer in animal
models of asphyxial cardiac arrest since it includes the initial lowflow period.
Asystole through potassium chloride administration: The
intravenous administration of potassium chloride was also shown
to induce a very reproducible cardiac arrest in rodents.9,13,14 It leads
to a quasi-immediate cardiac arrest with asystole. Using appropriate
dosage of potassium chloride (e.g., 0.08mg/g in mice), ROSC can be
easily obtained after the onset of CPR.

Models of spontaneous cardiac arrest
Animal models presenting high risk of cardiac arrest and VF are
well described in the literature. Many models were developed in
rodents through genetic modification, for the identification of risk
factors and mechanistic studies. For example, it has been shown
that the deletion of amino-acid residues in the gene encoding for the
SCN5A cardiac sodium channel caused prolongation of repolarization
and development of fatal ventricular arrhythmias in mice.54 In the
same way, knock-out mice for cardiac connexin-43 died prematurely
from sustained ventricular tachyarrhythmias, with a mean lifespan
of 43.9±2.4days.55 In rabbits, the cardiac expression of KCNQ1 and
KCNH2 human genes also induced a long QT syndrome,56 increasing
the chance of ventricular tachycardia.
Spontaneous cardiac arrest can also occur in large animals
in breeds presenting inherited arrhythmias.57 For example, some
families of German shepherd dog can present ventricular tachycardia
evolving into VF.57 Boxer also can develop arrhythmogenic right
ventricular dysplasia, characterized by sudden VF during exercise
or excitement.25 Beyond genetic manipulation or selection of
animals with inherited arrhythmias, increased hazard of spontaneous
cardiac arrest can also be induced in animals through environmental
modification and exposure to comorbidities. For example, rabbits
exposed to hypercholesterolemic diet during 12weeks developed
minimal coronary atherosclerosis and cardiac hypertrophy, but also
prolonged QT interval and increased susceptibility to VF.58 However,
such models present a lack of reproducibility and are typically used for
the analysis of risk factors of VF. Their relevance for the evaluation of
cardiac arrest consequences and CPR procedure is limited for obvious
technical issues.

Main end-points for cardiac arrest studies in
animals
Neurological function and survival
In many experimental studies, neurological outcomes and/or
survival are used as primary end-points after cardiac arrest and CPR.
Both parameters are very closely linked in laboratory animals as
prolonged intensive care is rarely possible. Severe neurological sequels
are therefore often associated with rapid mortality or early euthanasia
for ethical reasons. In survivors, neurological function is typically
assessed using clinical deficit scores with specific grids for each
species. They are based on the clinical evaluation of consciousness,
behavior, breathing, reflexes, and locomotion tests.9,11‒13,28‒31,41,50,53
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Neurological recovery can be further assessed with quantitative
behavioral tests in rodents, such as the T maze or the Morris maze
test.59‒61 In addition to the clinical evaluation of neurological function,
histopathological damages are also usually evaluated in most
experimental studies.62 End-points could be the number of ischemic
neurons51 and the presence of other abnormalities such as edema or
congestion of capillaries.33,63 Several circulating biomarkers of brain
lesions could also be evaluated in animals as surrogate markers such
as neuron specific enolase64 and protein S100.65

Hemodynamic evaluation
Blood pressure is measured in most cardiac arrest studies in
order to titrate vasopressors dosage after cardiac arrest. However, it
is a poor marker of cardiac function which is typically assessed by
echocardiography or left ventricle pressure measurement. Biomarkers
can also be used to assess myocardial lesions, such as troponin I or
brain natriuretic peptide plasma levels.66 Histological evaluations are
required for the assessment of putative myocardial patchy infarction
after cardiac arrest.34

Multiorgan failure assessment and “sepsis-like” syndrome
Beyond neurological and myocardial responses, cardiac arrest
also leads to multi-organ failure and renal, hepatic and mesenteric
lesions.31 This leads to a ”post-cardiac arrest” syndrome which
also includes systemic inflammatory response, coagulopathy and
adrenal insufficiency.67,68 In animal studies, this so-called “sepsislike syndrome” can be evidenced by the evaluation of the cytokines
transcription levels53 and coagulation parameters,69 as well as
numerous biomarkers for each particular organ. For example, adrenal
insufficiency can be highlighted by comparing ACTH and cortisol
concentrations,70 while kidney failure could be evidenced by creatinine
blood levels or urinary levels of N acetyl β (D) glucosaminidase, γ
glutamyltransferase or β2 microglobulin71 failure could be evidenced
by creatinine blood levels or urinary levels of N acetyl β(D)
glucosaminidase, γ glutamyltransferase or β2 microglobulin.71,72

Conclusion
In conclusion, many animal models can be used for the
investigation of cardiac arrest and cardiopulmonary resuscitation. This
allows the evaluation of new devices for CPR (e.g., new debrillation
devices or apparatus for automated massage) or new therapeutic
approaches limiting the sequels of cardiac arrest after resuscitation
(e.g., new approaches for hypothermia, new drugs, etc). The choice
of the species and modality of induction of cardiac arrest is crucial
for each particular study. It raises important questions for veterinary
experimental research with possible applications in both human and
veterinary medicine.
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