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Abstract
Cardiac arrest remains a leading cause of death and 
permanent disability worldwide. Although many victims 
are initially resuscitated, they often succumb to the 
extensive ischemia-reperfusion injury inflicted on the 
internal organs, especially the brain. Cardiac arrest 
initiates a complex cellular injury cascade encompassing 
reactive oxygen and nitrogen species, Ca2+ overload, ATP 
depletion, pro- and anti-apoptotic proteins, mitochondrial 
dysfunction, and neuronal glutamate excitotoxity, 
which injures and kills cells, compromises function 
of internal organs and ignites a destructive systemic 
inflammatory response. The sheer complexity and 
scope of this cascade challenges the development of 
experimental models of and effective treatments for 
cardiac arrest. Many experimental animal preparations 
have been developed to decipher the mechanisms 
of damage to vital internal organs following cardiac 
arrest and cardiopulmonary resuscitation (CPR), and to 
develop treatments to interrupt the lethal injury cascades. 
Porcine models of cardiac arrest and resuscitation offer 
several important advantages over other species, and 
outcomes in this large animal are readily translated to 
the clinical setting. This review summarizes porcine 
cardiac arrest-CPR models reported in the literature, 
describes clinically relevant phenomena observed during 
cardiac arrest and resuscitation in pigs, and discusses 
numerous methodological considerations in modeling 
cardiac arrest/CPR. Collectively, published reports show 
the domestic pig to be a suitable large animal model of 
cardiac arrest which is responsive to CPR, defibrillatory 
countershocks and medications, and yields extensive 
information to foster advances in clinical treatment of 
cardiac arrest.
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Core tip: Cardiac arrest remains a leading cause of 
death worldwide, despite tremendous improvements in 
emergency medical care and increased public delivery 
of bystander cardiopulmonary resuscitation (CPR). But 
progress is being achieved, thanks to the joint efforts 
of biomedical scientists, physicians and emergency 
medical personnel to translate laboratory discoveries 
to the ambulance and hospital. The domestic pig has 
proven to be a superb preclinical model of cardiac 
arrest, yielding a wealth of mechanistic insights and 
practical strategies to refine the delivery of CPR and to 
test promising treatments. This review examines pivotal 
factors in modeling cardiac arrest and CPR in the pig. 
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INTRODUCTION
Prior to 1960 cardiac resuscitation was administered 
by direct cardiac massage following thoracotomy. 
Based on animal experimentation a method of 
external cardiac massage administered by rapid, 
forceful compressions and passive recoil of the 
sternum was developed by Kouwenhoven et al[1]. 
Although over fifty years have passed since the 
inception of closed chest cardiac massage, and 
despite many refinements of this approach in 
the intervening decades, cardiac arrest remains 
a leading cause of death and persistent disability 
worldwide. All too often, victims who are initially 
resuscitated later succumb to extensive ischemia-
reperfusion injury to their vital organs, especially 
the brain[2-5]. Further, many of the 10% of cardiac 
arrest patients who survive to hospital discharge 
experience persistent neurocognitive impairment 
which profoundly impacts their quality of life[3,6]. 

Although public health data and anecdotal 
evidence inform the refinement of cardiopulmonary 
resuscitation (CPR) protocols[7], knowledge of the 
complex mechanisms of internal organ damage, 
essential to foster development of effective 
pharmacological interventions, is incomplete. In the 
brain, ATP depletion, intracellular Ca2+ overload, 
excessive formation of reactive oxygen and nitrogen 
derivatives, inflammation and glutamate-induced 
excitotoxicity conspire to kill neurons and other 
cells and disrupt the blood-brain barrier. Currently 

there are no clinically effective pharmacological 
treatments to protect the brain during cardiac arrest 
and CPR[2], and therapeutic hypothermia is the only 
approved treatment in the United States[8]. Reliable 
preclinical models of cardiac arrest and resuscitation 
are essential to decipher the injury mechanisms and 
develop treatments to increase survival and improve 
quality of life after cardiac arrest. 

Ischemia-reperfusion damage in the central 
nervous system is the result of a multifaceted 
injury cascade[9,10]. The structural complexity of 
the brain, which consists of integrated networks of 
different cell types including neurons, astrocytes, 
oligodendrocytes, microglia and vascular endothe-
lium, presents fundamental challenges to developing 
neuroprotective treatments. The brain contains 
many functional regions which differ in their vulnera-
bilities to ischemia-reperfusion injury. Potential 
pharmacotherapeutic agents must first traverse 
the blood brain barrier, a significant permeability 
impediment to all but small, non-polar compounds, 
and act on multiple injury mechanisms, without 
producing untoward side effects. 

Sophisticated animal models are required to 
model the composite structure and integrated 
function of the central nervous system and to 
evaluate the benefits and potential side effects of 
prospective treatments for ischemia and other brain 
disorders. Extensive research has established the 
domestic pig as an excellent animal model to study 
the impact of cardiac arrest, resuscitation, and 
therapeutic interventions on the brain and other 
internal organs. An impressive variety of swine 
cardiac arrest models are reported in the literature. 
By examining the features that distinguish these 
models, this article aims to assist the reader in 
evaluating the literature and in designing porcine 
cardiac arrest models appropriate to address specific 
research objectives. 

ATTRIBUTES OF SWINE FOR MODELING 
CARDIAC ARREST AND RESUSCITATION
Several attributes make the domestic pig an 
ideal model for cardiac arrest research[11,12]: (1) a 
large mammal, the pig accommodates extensive 
instrumentation for blood sampling, monitoring of 
intravascular and intracardiac pressures, electrocar-
diography and intravenous administration of medica-
tions and experimental treatments; (2) pigs tolerate 
invasive surgical procedures and rapidly regain 
consciousness post-anesthesia; (3) resting heart rate, 
blood pressure, and serum chemistries of pigs and 
humans are very similar[13-15]; (4) pigs have sufficient 
blood volume to permit collection of multiple arterial 
and venous samples for analyses of blood gases and 
serum chemistry; (5) neurological examinations have 
been developed to evaluate neurobehavioral function 
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in pigs[16,17]; (6) the pig’s large chest accommodates 
forceful precordial chest compressions and application 
of transthoracic defibrillatory countershocks of 
electrical energies similar to those used clinically; 
and (7) pigs have the largest brains among the 
commonly studied laboratory animals, which 
provides ample tissue for extensive biochemical and 
histological analyses of specific brain subregions. 
Porcine models are especially well-suited to study 
cardiac arrest and CPR, because they are easily 
tailored to address specific research objectives. 

FACTORS TO CONSIDER WHEN 
MODELING CARDIAC ARREST AND 
RESUSCITATION IN PIGS
The pathophysiological complexities of sudden 
cardiac death and cardiopulmonary resuscitation 
challenge the development of animal models that 
accurately replicate the clinical situation. The primary 

factors in developing suitable animal models are 
the study end points and objectives. However, the 
myriad variables in model design and experimental 
protocol, which mirror the complexity of cardiac 
arrest and its treatment, challenge the direct 
comparison of results obtained in different studies. 
This section summarizes several factors that must 
be considered in developing and reporting cardiac 
arrest-resuscitation protocols in pigs, including the 
anesthetic regimen, method of inducing ventricular 
fibrillation, the depth, frequency and duration of 
chest compressions, whether or not to ventilate 
during resuscitation and the fraction of inspired 
O2 (FIO2), the pattern and intensity of defibrillatory 
countershocks, the criteria taken to indicate reco-
very of spontaneous circulation (ROSC), the use 
of inotropic and/or vasoconstrictor support during 
ROSC, and strategies to correct post-arrest systemic 
acidemia. With multiple options for each component, 
it is critical that cardiac arrest-resuscitation protocols 
be designed carefully to address the study’s specific 
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  Ref. Lurie et al [93], 
2002

Mayr et al [38], 
2004

Tang et al [25],
 2006

Li et al [94], 
2008

Indik et al [95], 
2009

Hang et al [96], 
2014

  Pre-anesthetic, 
  induction anesthetic

Ketamine 
20 mg/kg im

Propofol 
2.3 mg/kg iv

Ketamine 
20 mg/kg im

Propofol 
1-2 mg/kg iv

Piritramide 30 mg iv

Ketamine 20 mg/kg im
Pentobarbital 30 mg/kg iv

Ketamine 
20 mg/kg im
Pentobarbital 
30 mg/kg iv

5% isoflurane Ketamine 
15 mg/kg im
Midazolam 

0.5 mg/kg im
Atropine 

0.05 mg/kg im
Propofol 1 mg/kg iv

  Maintenance anesthesia Propofol 
10 mg/kg per 

hour iv

Isoflurane (1%-2%) 
in 65% nitrous oxide

Pentobarbital
8 mg/kg per hour iv

Pentobarbital 
8 mg/kg per hour iv

1.5%-3% 
isoflurane

Propofol 
9 mg/kg per hour iv

Fentanyl 
1 µg/kg per hour iv

  Method of arrest Electrical: 60 Hz, 
140-160 V

Pharmacological:
5 mg/kg 

bupivacaine

Electrical:
1-2 mA 

LAD balloon 
occluder

Steel plug in 
LAD

Asphyxiation: 
endotracheal 

clamping
  Pre-CPR arrest 6 min 6 min 7 min 5 min 8 min 8 min
  Precordial 
  compressions 
  (% of chest diameter)

Mechanical: 
80/min (25%) 

Manual:
100/min 

Mechanical:
100/min (25%)

Mechanical:
100/min (Group 1 

25%, Group 2 17.5%)

Manual: 100/
min (c. 33%)

Manual: 100/min (c. 
33%)

  CPR duration 6 min 2 min 1 min 3 min 2 min 4 min
  Ventilation during 
  CPR?

FIO2 = 1.0; 5:1 
compression: 

ventilation

FIO2  = 1.0 FIO2  = 1.0; 15:2 
compression: ventilation

FIO2  = 1.0; 15:2 
compression: 

ventilation

None FIO2  = 1.0; 12 cycles/
min; 10 mL/kg per 

cycle
  Countershocks 1-3 x 200 J 3, 4, 6 J/kg 150-360 J 150 J 150 J 4 J/kg
  CPR between 
  countershocks

90 s None 1 min/shock 3 min 2 min 2 min

  Vasopressors to 
  enhance CPR

EPI 0.045 mg/kg AVP 0.4 or 0.8 U/kg 
± EPI 45 or 
200 µg/kg

None None EPI 0.02 µg/kg; 
1-3 doses

EPI 0.02 µg/kg

  Definition of ROSC Systolic 
BP > 70 mmHg

Systolic BP ≥ 
80 mmHg for 

≥ 5 min

Mean aortic BP > 60 
mmHg for ≥ 5 min

Mean aortic BP ≥ 60 
mmHg for ≥ 5 min

Systolic 
BP > 50 mmHg 

for > 1 min

Systolic 
BP > 50 mmHg 

for > 10 min
  ROSC duration 24 h 1 h 3 d 72 h 24 h 6 h
  Pigs completing 
  protocol

11/20 Placebo: 0/7; AVP: 
5/7; EPI: 4/7; AVP 

+ EPI: 7/7

36/44 Group 1: 6/6
Group 2: 0/6

11/15 ROSC: 8/16; 
Complete protocol: 

3/16

Table 1  Details of representative cardiac arrest protocols in pigs

AVP: Vasopressin; BP: Systemic arterial blood pressure; CPR: Cardiopulmonary resuscitation; EPI: Epinephrine; LAD: Left anterior descending coronary 
artery; ROSC: Recovery of spontaneous circulation.
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myocardium lacks significant coronary collateral 
vessels, so the ischemia imposed by occlusion 
of a major coronary artery, e.g., the left anterior 
descending coronary artery, is sufficiently severe to 
initiate ventricular fibrillation within several minutes 
of occlusion. Coronary occlusions may be imposed 
by introducing a balloon occluder (one used for 
percutaneous transluminal coronary angioplasty) 
and routing it, with the aid of fluoroscopy[28], into 
the target vessel before inflating it. An alternative 
approach is the use of an ameroid occluder around 
a coronary artery; however, this procedure requires 
invasive thoracotomy and pericardiotomy to permit 
placement of the occluder, necessitating post-
surgical recovery of the animal before the cardiac 
arrest experiment. In either case, occlusion may 
be confirmed by arteriography[28,29]. A third method 
is advancement of a Teflon[30] or steel[31] plug into 
the coronary artery. Ventricular fibrillation typically 
ensues within 5-10 min of coronary occlusion[29,31]. 
The coronary occlusion may be released, e.g., 
release of the balloon or ameroid occluder upon 
defibrillation[28,29] or the intracoronary plug may be 
permanently installed, resulting in a myocardial 
infarct[30]. Because the onset of cardiac arrest is 
delayed to a variable extent while the artery is 
occluded, the severity of myocardial injury may 
vary considerably among experiments. The number 
and intensity of the countershocks required to 
restore sinus rhythm is greater in porcine models of 
ischemically-induced vs electrically-induced arrest, 
as is the incidence of post-resuscitation ventricular 
premature beats and recurrence of ventricular 
fibrillation[29,32,33]. Nevertheless, ischemia-induced 
cardiac arrest replicates the most common cause of 
cardiac arrest, affording ready translation of results 
to clinical settings.

Asphyxiation is the second most common 
cause of cardiac arrest and the leading cause in 
children. A facile method of producing asphyxia 
in anesthetized swine is to block the endotracheal 
tube while monitoring the electrocardiogram 
and arterial blood pressure[34-36]. Hypoxemia and 
hypercapnia progressively intensify until cardiac 
arrest ensues, typically within 10-15 min after 
blocking ventilation[37]. The principal advantages 
of asphyxia are its accurate modeling of a major 
cause of pediatric cardiac arrest and mortality, 
including the changes in blood gases and pH, 
and the noninvasive approach which obviates the 
introduction of pacing wires or occluders into the 
vasculature. Depending on the study endpoints and 
objectives, disadvantages may include the changes 
in blood gas chemistry[37] and the variable duration 
of asphyxiation before ventricular fibrillation, which 
imposes hypoxemia on the brain and other internal 
organs even before onset of cardiac arrest. 

High dosages of certain chemicals, e.g., bupiva-

objectives. Table 1 summarizes and compares key 
features of representative cardiac arrest-resusci-
tation protocols in domestic swine.

Induction and maintenance of anesthesia
Invasive surgical procedures and ethical constraints 
require the induction and maintenance of an 
appropriate anesthetic plane. Anesthetics are infused 
intravenously or, in the case of volatile anesthetics, 
inhaled. The temporary or persistent effects of 
the anesthetic on study endpoints, e.g., cardiac 
function, cell death, inflammation or neurobehavioral 
recovery must be taken into account. For example, 
the cardiodepressant effects of some volatile anes-
thetics, e.g., halothane and isoflurane may produce 
hypotension[18-21], yet these anesthetics also exert 
cardioprotection[22,23]; thus, the anesthetic plane 
must be controlled carefully. Signs of inadequate 
anesthesia include increased jaw tension, limb 
withdrawal when the soft tissue between the hooves 
is pinched, wink reflex in response to delicate 
contact of the ocular canthus, spontaneous limb 
movements, and/or unexpected increases in heart 
rate and systemic arterial pressure.

Methods of inducing cardiac arrest
The major causes of clinical cardiac arrest are 
asphyxiation, electric shock and, most commonly, 
coronary artery occlusion and reperfusion. There 
are different methods of inducing cardiac arrest 
which model these clinical situations. The first 
and most common method of inducing ventricular 
fibrillation is the application of electrical current to 
the epicardium or, in closed-chest preparations, the 
left or right ventricular endocardium. Typically, a 
pacing wire is introduced into the external jugular 
vein and advanced into the right ventricle (Figure 
1)[24-27]. While the wire is in contact with the right 
ventricular endocardium, a rapid train of impulses 
is transmitted which, within seconds, initiates 
ventricular fibrillation. The characteristic “torsades 
de pointes” pattern on electrocardiogram (cf. Figure 
2), monophasic decline in aortic pressure and the 
absence of an arterial pulse confirm ventricular 
fibrillation. Aside from modeling electrocution-
induced cardiac arrest, an important advantage of 
this method is the well-defined and reproducible 
time of ventricular fibrillation onset. Electrical 
induction of ventricular fibrillation does not impart 
substantial myocardial injury, which is advantageous 
if the study is examining other internal organs in 
which persistent cardiac insufficiency might be a 
confounding factor.

Myocardial ischemia imposed by coronary stenosis 
or occlusion is the leading cause of cardiac arrest. 
Porcine models of ischemia-induced ventricular 
fibrillation are available that accurately reproduce 
the pathophysiology of cardiac arrest. Porcine 
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caine[38], may be injected into the right atrium to 
arrest the heart, modeling cardiac arrest secondary to 
drug overdose. In such models the potential systemic 
side effects of the chemicals must be taken into 
account.

Duration of pre-CPR arrest
The duration of pre-intervention arrest is crucial; as 
this interval is prolonged, cardioversion, survival and 
good neurological recovery become progressively 
less achievable. The three-phase model of cardiac 
arrest[39] subdivides the pre-intervention period 
into three phases. The first 4-5 min constitute the 
electrical phase, during which countershocks are 
likely to achieve cardioversion even without pre-
shock CPR. During the next 5-10 min, the circulatory 
phase, interventions to effect circulation, e.g., chest 
compressions, are essential to ensure countershocks 
produce cardioversion. After 10-15 min arrest, 
the victim enters the metabolic phase, in which 
increasingly intense metabolic derangements result 
in protracted or permanent organ damage and 
severe neurological impairment even if cardioversion 
is achieved. If the study requires a high survival rate, 
the period of pre-intervention cardiac arrest may 
be limited to assure a high rate of defibrillation and 
ROSC. 

Cardiopulmonary resuscitation: force, frequency and 
duration
By affording modest delivery of O2 and metabolic 
fuels to the myocardium, precordial compressions 
may support enough myocardial ATP production to 
sustain ion transport and repolarize cardiomyocytes, 
enabling defibrillatory countershocks to restore 
spontaneous electrical rhythm. Indeed, in a canine 
cardiac arrest model, effective CPR afforded partial 
recovery of myocardial Gibbs free energy of ATP 
hydrolysis[40], the immediate energy source for 
cardiac electromechanical activity. Cardiopulmonary 
resuscitation protocols are readily customized to 
address the study end points. The frequency and 
depth of precordial compressions can profoundly 
influence outcome[41-44]. In some studies, CPR is 
administered by a pneumatic, piston-driven device 
(e.g., Thumper®), which can be adjusted to deliver 
forceful compressions at a predetermined frequency 
and depth, ensuring consistency of frequency and 
depth of compressions across experiments[25]. 
Alternatively, precordial compressions can be 
administered manually, modeling the CPR given 
by a bystander responding to an out-of-hospital 
cardiac arrest. Current American Heart Association 
guidelines[45] recommend manual mid-sternal chest 
compressions be sufficiently forceful to compress the 
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Electrical stimulator

Measures
pCO2 (mmHg)

Measures
SpO2%

200 J-300 J
Counter shock
to defibrillate

heart

N/S
DRIP

P.E.
DRIP

For administration of
bicarbonate after arrest

Blood pressure
monitor

Sensor

Stopcock - 
arterial blood

draw for
blood gases
and plasma

samples

Arterial cannula
introduced via
intracatheter

Figure 1  Porcine preparation for cardiac arrest-cardio-
pulmonary resuscitation studies. The pig is placed in 
supine recumbency and mechanically ventilated via an 
endotracheal tube, through which isoflurane anesthesia 
is administered. Hemodynamic function is monitored by a 
femoral arterial catheter connected to a pressure transducer, 
and electrocardiographic activity is monitored by standard limb 
lead Ⅱ electrocardiogram. Cardiac arrest is induced by a train 
of electrical impulses conducted by an intrajugular pacing wire 
from an electrical stimulator to the right ventricular endocardium.  
Body temperature is measured with a rectal probe, and end-
tidal pCO2 by a sensor placed in the endotracheal tube. 
Defibrillatory countershocks (200-300 J) are administered 
with external paddles. Intravenous treatments include normal 
saline (N/S), phenylephrine (PE), sodium bicarbonate 
and experimental resuscitative fluids. spO2: Percentage 
oxyhemoglobin saturation.
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A: Aortic pressure tracing

Aortic
pressure
(mmHg)

200

100

0

B: Pre-arrest baseline

C: 1 min VF

D: 5 min VF

E: 5 min ROSC

F: 15 min ROSC

Arrest CPR

AVP

Defib PE

B

C D

E
F

Figure 2  Aortic pressures and lead Ⅱelectro-
cardiogram during cardiac arrest, cardiopulmonary 
resuscitation and recovery of spontaneous 
circulation. A: Phasic aortic pressure tracing 
during the period from pre-arrest baseline to 20 
min ROSC. Lettered arrows indicate times at 
which the electrocardiograms shown in panels 
B-F were obtained. Vertical lines indicate: (1) 
induction of ventricular fibrillation cardiac arrest; 
(2) commencement of precordial compressions 
(CPR); (3) injection of vasopressin (AVP); (4) 
defibrillation (Defib) by 200 J countershock; and 
(5) initiation of intravenous phenylephrine (PE; c. 
2 µg/kg per minute) to stabilize systemic arterial 
pressure during ROSC. Mechanical ventilation was 
suspended during cardiac arrest and CPR. Panels 
B-F show 5 s electrocardiographic recordings. CPR: 
Cardiopulmonary resuscitation; ROSC: Recovery 
of spontaneous circulation; AVP: Vasopressin; PE: 
Phenylephrine.
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chest by one-fourth of its antero-posterior diameter, 
followed by release and recoil, at a rate of 100 
cycles/min.

The duration of CPR before defibrillatory coun-
tershocks is an important factor. Longer intervals 
model the protracted CPR given by bystanders 
before arrival of the ambulance team, but also 
lower the likelihood of post-arrest survival with 
good neurological outcome. Another important 
consideration is whether or not the animal will be 
ventilated during CPR and, if so, at what compression:
ventilation ratio and FIO2. Extensive clinical evidence 
demonstrates that assisted ventilation during CPR 
following witnessed cardiac arrest offers little or no 
neurological or survival benefit[26,46-49]. In accordance 
with current recommendations for bystander CPR[50], 
mechanical ventilation may be suspended for the 
duration of cardiac arrest and CPR, then resumed 
after confirming defibrillation to a productive sinus 
rhythm. 

A systemic vasoconstrictor may be administered 
intravenously to increase the arterial pressures 
produced by the chest compressions, thereby 
increasing perfusion of brain and myocardium at the 
expense of peripheral organs and tissues. The most 
widely used vasoconstrictors include epinephrine, a 
physiological adrenergic agonist, and vasopressin, 
a non-adrenergic vasoconstrictor which may 
afford greater survival to hospital discharge than 
epinephrine, especially in patients with asystole[51,52]. 

Although epinephrine has been used in this 
manner for decades, its potentially detrimental 
effects, including increased physiological shunt com-
promising pulmonary gas exchange[53,54], intensified 
myocardial ATP consumption and oxygen demand[55], 
and the resultant post-resuscitation myocardial 
dysfunction[56] and ventricular arrhythmias[57,58] have 
raised concerns regarding its clinical application for 
CPR. Preclinical and clinical evidence has shown the 
non-adrenergic vasoconstrictor vasopressin to be 
at least as effective as epinephrine at augmenting 
arterial pressure during precordial compressions, but 
without epinephrine’s untoward effects. In a porcine 
cardiac arrest model, vasopressin vs epinephrine 
produced greater myocardial and brain blood flows 
and mean arterial pressures during CPR[59]. Thus, 
vasopressin was associated with higher incidence of 
conversion to productive sinus rhythm[60], increased 
post-arrest cardiac function and decreased morbidity 
and mortality vs epinephrine. We have found[61] 
that vasopressin (c. 0.3 U/kg) injected into the 
right jugular vein at 60 s CPR improved markedly 
the quality of CPR, increasing the mean arterial 
pressures from 25-30 to c. 60 mmHg within 3 min (cf. 
Figure 1). Although epinephrine produced a more 
abrupt increase in arterial pressure following its 
injection, within 2 min vasopressin increased mean 
arterial pressure to a similar extent; during the 
first 15 min ROSC, the vasopressin-treated swine 

had less intense tachycardia and more moderate 
heart rate x arterial pressure product, a measure 
of myocardial energy expenditure, than their 
epinephrine-treated counterparts[61].

Defibrillation and cardioversion
The defibrillation protocol presents the investigator 
several options for model design. One choice is 
the sequence of defibrillatory countershocks, i.e., 
whether the shocks will be administered singly, or in 
a sequence of multiple (often three) countershocks, 
before checking for cardioversion. The electrical 
energies of the countershocks must be considered, 
including that of the initial countershock, and, if the 
initial shock fails to achieve cardioversion, whether or 
at what progression the intensity will be increased for 
subsequent countershocks. It must be determined 
if and for how long CPR will be administered during 
the interval between an unsuccessful cardioversion 
and the next attempt. When pre-CPR arrest exceeds 
the electrical phase, bouts of CPR, including a 
minimum of 20-25 s of chest compressions following 
unsuccessful countershocks, are essential to ensure 
effective countershocks. A similar protocol of single 
shocks with intervening chest compressions in-
creased post-arrest survival vs a conventional 3-shock 
protocol in a porcine model of ventricular fibrillation 
cardiac arrest[25].

The cardiocirculatory values that constitute 
ROSC, including the presence of an organized elec-
trical rhythm and maintenance of arterial blood 
pressure above a predetermined target value for a 
minimum duration (cf. Table 1) must be specified. 
Core body temperature has a marked effect on post-
arrest and neurological injury and mortality; indeed, 
moderate hypothermia is the only currently approved 
intervention consistently shown to produce significant 
clinical benefit[62-64]. Pigs do not thermoregulate 
effectively while under anesthesia, so typically the 
animal must be maintained on a heating pad during 
the cardiac arrest-resuscitation protocol to avoid the 
impact of hypothermia on study endpoints. Finally, 
the criteria for abandoning futile resuscitation efforts 
must be defined. 

Post-resuscitation management
Because cardiac arrest imposes ischemia on the 
heart itself, cardiac mechanical function may be 
depressed for several hours of ROSC, a manifestation 
of reversible myocardial injury termed cardiac 
“stunning”[65]. As the period of ROSC progresses, 
interventions may be necessary to maintain 
adequate arterial pressure. Intravenous saline solu-
tions may be infused to expand extracellular fluid 
volume. Vasopressor agents, e.g., phenylephrine, 
may be administered, but it should be recognized 
that vasopressors may lose their efficacy over 
time due to desensitization of their membrane 
receptors[66] and, thus, may be unsuitable for long-
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term maintenance of arterial pressure. Accordingly, 
the vasoconstrictor infusion can be tapered and 
ultimately discontinued as cardiac function recovers. 
It may be necessary to adjust tidal volume and 
frequency of ventilations or administer bicarbonate 
to compensate for post-arrest hypercapnia and/
or acidemia. Isotonic saline (0.9% NaCl) may be 
infused iv to maintain extracellular fluid volume over 
the course of the protocol.

Inspired oxygen concentration
The oxygen concentration of medical gases used 
during resuscitation is an important consideration 
when designing a model of cardiac arrest-resuscita-
tion. For decades, it has been recommended 
that patients be ventilated with 100% oxygen 
during resuscitation to increase oxygen delivery to 
ischemic tissues[67,68]. Recently, however, hyperoxic 
ventilation during resuscitation has been shown to 
intensify formation of reactive oxygen and nitrogen 
intermediates within tissues and, thus, exacerbate 
ischemia-reperfusion injury[69-75]. A recent meta-
analysis of clinical trial data showed hyperoxia (PaO2 
> 300 mmHg) to be associated with increased 
in-hospital mortality following cardiac arrest[76]. 
Oxygen toxicity has been studied for years in a 
perioperative setting, but only recently has there 
been sufficient clinical evidence for the European 
Resuscitation Council to recommend that patients 
not be ventilated with 100% oxygen after cardiac 
arrest, but rather with room air supplemented with 
enough O2 to maintain an oxyhemoglobin saturation 
(spO2) of 94%-98%[77,78]. Thus, when designing a 
cardiac arrest model, the oxygen concentration used 
during resuscitation may be adjusted depending on 
whether the study aims to mimic the conventional 
approach of ventilation with 100% oxygen, or newly 
recommended strategies such as titration of oxygen 
administration to maintain a desired spO2.

CHALLENGES TO MODELING CARDIAC 
ARREST IN PIGS
Pulseless electrical activity
Pulseless electrical activity (PEA) is a “non-shockable” 
cardiac electrical rhythm that does not produce 
ventricular contraction or forward movement 
of blood. Approximately 60% of out-of-hospital 
resuscitation attempts result in the development 
of PEA as the presenting rhythm[79]. Only 2%-5% 
of patients who present with PEA as their initial 
rhythm survive to hospital discharge[80-82], well below 
the 15%-40% survival rate of those presenting 
with ventricular fibrillation[83-85]. Even fewer 
patients in whom ventricular fibrillation converted 
to PEA following countershocks survive to hospital 
discharge[79,86]. In our porcine cardiac arrest model, 
PEA is an ominous finding; typically, even heroic 

efforts fail to convert PEA to a productive sinus 
rhythm. None of the 9 pigs developing PEA during 
resuscitative efforts survived for 4 h ROSC. This 
situation replicates the clinical setting of out-of-
hospital cardiac arrest, where a much lower rate of 
survival to hospital discharge is achieved in cardiac 
arrest victims in which PEA is the initial rhythm vs 
patients with an initial electrocardiographic substrate 
of ventricular fibrillation[87].

Malignant hyperthermia
A small minority of pigs harbor a genetic lesion 
in the skeletal muscle sarcoplasmic reticular Ca2+ 
release channels[88,89] that predisposes them to 
develop malignant hyperthermia (aka porcine stress 
syndrome), often triggered by exposure to volatile 
anesthetics[90]. Malignant hyperthermia has no overt 
clinical phenotype detectable by routine screening. 
As post-arrest survival and neurobehavioral recovery 
are negatively correlated with body temperature, 
an episode of malignant hyperthermia, during 
which core body temperature may rise above 
42 ℃, can have disastrous consequences, including 
systemic hypotension, acidemia, hypercapnia and 
hyperkalemia that are refractory to conventional 
interventions. Indeed, in our studies none of the five 
anesthetized pigs (4% of the total) that developed 
acute malignant hyperthermia survived to 4 h ROSC, 
despite aggressive measures including intravenous 
infusion of ice-cold saline and the K+ chelator calcium 
gluconate.

Limitations of porcine models
An important limitation of many porcine cardiac 
arrest models is that juvenile, disease-free pigs are 
generally used. In clinical settings, patients who 
experience cardiac arrest typically are elderly and 
suffer from chronic disorders such as hypertension, 
atherosclerosis, congestive heart failure, diabetes, 
emphysema or end-stage renal disease. The 
Ossabaw swine, which is predisposed to develop 
metabolic syndrome when consuming a high fat 
diet[91,92], provides a unique, clinically relevant 
experimental model suitable for studying cardiac 
arrest and resuscitation superimposed on metabolic 
syndrome. Indeed, under anesthesia these 
swine develop severe arrhythmias, responsive to 
amiodarone, that may deteriorate into cardiac arrest 
(Johnathan D. Tune, personal communication).

Unlike most porcine preparations, human victims 
of out-of-hospital cardiac arrest are not anesthetized 
when they are stricken. Cardiac arrest is an unanti-
cipated event, and when it occurs outside the 
hospital, the delays to effective treatments are 
variable, poorly defined and all too often lethal. Most 
preclinical cardiac arrest studies employ well defined 
protocols, such as those reviewed herein. The 
fundamental differences between these protocols 
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and the highly variable and exceedingly challenging 
clinical situation must be acknowledged.

CONCLUSION
Over the last few decades the collective efforts of 
many investigators have fostered the development of 
sophisticated porcine models of cardiac arrest, CPR 
and ROSC. The domestic pig provides an excellent 
large animal model of the human cardiovascular 
system and yields ample tissue for extensive 
analyses of mechanisms of injury and cytoprotection 
in the internal organs, such that each experiment 
generates a wealth of information. Although there is 
much to consider when constructing an experimental 
design, the swine model of cardiac arrest-resuscita-
tion is easily tailored to accommodate the desired 
study end points. The swine model provides unpara-
lleled translational value among current mammalian 
models of cardiac arrest and CPR, permitting an 
integrative approach to bridge the gap from bench 
to bedside. 
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