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Abstract

Objective—Ischemic postconditioning (stutter CPR) and sevoflurane have been shown to 

mitigate the effects of reperfusion injury in cardiac tissue after 15 minutes of ventricular 

fibrillation (VF) cardiac arrest. Poloxamer 188 (P188) has also proven beneficial to neuronal and 

cardiac tissue during reperfusion injury in human and animal models. We hypothesized that the 

use of stutter CPR, sevoflurane, and P188 combined with standard advanced life support would 

improve post-resuscitation cardiac and neurologic function after prolonged VF arrest.
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Methods—Following 17 minutes of untreated VF, 20 pigs were randomized to Control treatment 

with active compression/decompression (ACD) CPR and impedance threshold device (ITD) (n=8) 

or Bundle therapy with stutter ACD CPR + ITD + sevoflurane + P188 (n=12). Epinephrine and 

post-resuscitation hypothermia were given in both groups per standard protocol. Animals that 

achieved return of spontaneous circulation (ROSC) were evaluated with echocardiography, 

biomarkers, and a blinded neurologic assessment with a cerebral performance category score.

Results—Bundle therapy improved hemodynamics during resuscitation, reduced need for 

epinephrine and repeated defibrillation, reduced biomarkers of cardiac injury and end-organ 

dysfunction, and increased left ventricular ejection fraction compared to Controls. Bundle therapy 

also improved rates of ROSC (100% vs. 50%), freedom from major adverse events (50% vs. 0% at 

48 hours), and neurologic function (42% with mild or no neurologic deficit and 17% achieving 

normal function at 48 hours).

Conclusions—Bundle therapy with a combination of stutter ACD CPR, ITD, sevoflurane, and 

P188 improved cardiac and neurologic function after 17 minutes of untreated cardiac arrest in 

pigs.
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1. INTRODUCTION

Over 350,000 people are affected by sudden cardiac death in the United States each year [1] 

while only 8–10% experience neurologically intact survival [2–4]. Clinical studies have 

demonstrated severely limited neurologic outcomes when the cardiac arrest is longer than 10 

minutes [5]. Likewise, animal studies show that prolonged ventricular fibrillation (VF), 

lasting 12–13 minutes, prohibits neurologically intact survival with standard therapy [6–8].

Further study of global ischemia has revealed two types of injury with distinct mechanisms. 

The first is related to ischemic damage incurred during the period of arrest. The second is 

injury induced by tissue reperfusion [9–11]. In contrast to ischemic injury which occurs 

prior to the arrival of emergency medical services, reperfusion injury, the injury caused by 

reestablishing blood flow, is amenable to medical management as it occurs when therapy 

begins.

Recent studies in animal models of cardiac arrest provide promising evidence for improved 

cardiac function and neurologic recovery when therapies targeting reperfusion injury are 

used. Ischemic postconditioning, which utilizes structured pauses in CPR, was shown to 

improve left ventricular ejection fraction (LVEF) and neurologically intact survival in a 

porcine model of cardiac arrest including 15 minutes of untreated VF [12]. Sevoflurane has 

been shown to reduce release of cardiac biomarkers, reduce apoptosis, and improve LVEF; 

however, no difference in neurologic function was reported [13, 14]. Poloxamer 188 (P188) 

is a nonionic copolymer thought to adhere to gaps in the cell membrane, thereby blocking 

pores caused by severe cellular stress [15].
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While each of these treatments is likely to provide protection against cardiac and neuronal 

reperfusion injury induced by cardiac arrest, we hypothesized that combining these therapies 

would provide a synergistic benefit even in severe injury. We therefore combined these 

therapies in a porcine model of cardiac arrest including 17 minutes of untreated VF. The 

tissue damage induced by this duration of cardiac arrest has generally been considered 

irreversible. We assessed hemodynamic parameters, markers of cardiac injury and function, 

neurologic recovery, and freedom from serious adverse events.

2. MATERIALS AND METHODS

All studies were performed with approval from the Institutional Animal Care and Use 

Committee of the Minneapolis Medical Research Foundation and the National Research 

Council’s Guidelines for the Care and Use of Laboratory Animals. Yorkshire farm pigs 

weighing 38.6 ± 0.4 kg were used.

2.1 Preparatory Phase

The anesthesia, data monitoring and recording, and surgical preparation have been described 

in detail previously [12]. The femoral artery and right external jugular vein were cannulated 

percutaneously with 8 French sheaths to provide access for continuous hemodynamic 

monitoring and repeated blood tests.

2.2 Hemodynamic Monitoring

Surface electrocardiographic tracings were recorded continuously. Central aortic and right 

atrial pressures were recorded continuously with micromanometer-tipped catheters (Millar 

Instruments) placed at the proximal descending thoracic aorta via the femoral artery and 

right atrium via the right external jugular vein, respectively. Coronary perfusion pressure 

(CPP) was calculated as the difference between the diastolic aortic pressure and right atrial 

pressure during the decompression phase of CPR. End tidal CO2 (ETCO2), blood oxygen 

saturation, tidal volume, and minute ventilation were continuously monitored with a 

respiratory monitor (CO2SMO Plus, Novametrix Medical Systems). All data were recorded 

with a digital recording system (BIOPAC MP150, BIOPAC Systems Inc.).

2.3 Experimental Protocol

The animals were allowed to stabilize with oxygen saturation >95% and ETCO2 between 35 

and 42 mmHg for 5 minutes. Isoflurane anesthesia was stopped 5 minutes prior to VF 

induction with direct intracardiac current delivered via a temporary pacing wire (St. Jude 

Medical). Following 17 minutes of untreated VF, 20 pigs were randomized to Control or 

Bundle treatment resulting in 8 pigs in the Control group and 12 pigs in the Bundle group.

Experimental Groups (Fig. 1)

Control Therapy: Active compression/decompression (ACD) CPR was delivered using a 

pneumatically driven automated piston (Pneumatic Compression Controller, Ambu 

International) with chest compressions occurring at a rate of 100 per minute. Compression 

depth was maintained at 25% of the anteroposterior chest diameter. Compression force, rate, 

and depth were continuously recorded and controlled. An impedance threshold device (ITD; 
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ResQPOD, Advanced Circulatory Systems Inc.) was used in addition to ACD CPR. 

Asynchronous positive-pressure ventilation was delivered during CPR with room air. A tidal 

volume of 10 mL/kg was delivered at 10 breaths/min. Isoflurane was not restarted until 

return of spontaneous circulation (ROSC) was achieved. At minute 3 of CPR all animals 

received 0.015 mg/kg of epinephrine. Up to three 275 J biphasic shocks were delivered at 

minute 4. If ROSC was not achieved, CPR continued with epinephrine administered every 3 

minutes. Defibrillation was attempted every 2 minutes until ROSC was achieved or a total of 

15 minutes of CPR was complete. If ventricular arrhythmias developed after ROSC was 

achieved, defibrillation was attempted and amiodarone 40 mg IV was given. Sodium 

bicarbonate (50 meq) was given to all animals at 5 minutes of resuscitation.

Bundle Therapy: After 17 minutes of untreated VF, resuscitation began with ischemic 

postconditioning including stutter ACD CPR + ITD composed of 20 seconds of 

compressions followed by a 20 second pause. Sevoflurane was delivered during each pause 

at an end-tidal concentration of 2.0 Vol% with 3 positive pressure ventilations at a rate of 10 

breaths/min. No ventilations were delivered while compressions were performed. Once three 

cycles of stutter ACD CPR + ITD were complete, continuous chest compressions were 

performed similar to the Control group. Continuous ventilation with 10 breaths/min was 

initiated 20 seconds later. P188 (250 mg/kg) was delivered at minute 2 of resuscitation. 

Epinephrine (0.015 mg/kg) was given at minute 3 of the resuscitation. Defibrillation was 

attempted at minute 4 as discussed above. If ROSC was achieved, P188 (460 mg/kg) was 

infused over 4 hours.

2.4 Post-ROSC Care

The details of post-ROSC care have been described in detail elsewhere [12]. Both groups 

received post-resuscitation therapeutic hypothermia to simulate best practice and optimize 

neurologic recovery. All animals received 1L chilled saline (8–10°C) immediately post-

ROSC followed by surface cooling with ethanol soaked towels. Target temperature (34°C) 

was maintained for 4 hours with the use of external cooling (Arctic sun, Medivance Inc.). 

Animals were rewarmed at 0.5°C/h to 36°C.

In the event of an adverse event meeting predetermined criteria including status epilepticus, 

severe cardiopulmonary distress with evidence of agonal breathing, cyanosis, pulmonary 

edema, or deep coma at 24 hours with the inability to respond to painful stimuli based on the 

judgment of the veterinarian blinded to the intervention, animals were euthanized.

2.5 Echocardiographic Evaluation

A transthoracic echocardiogram was obtained at baseline and again at 15 minutes, 1, 4, 24, 

and 48 hours post-ROSC. Parasternal long and short axis views were obtained and analyzed 

by clinical echocardiographers blinded to the intervention as described previously [12].

2.6 Cardiac Biomarkers, Liver Function Tests, and Renal Function Assessment

Arterial blood was collected at baseline and from all survivors 4 hours post-ROSC. Cardiac 

specific troponin I (cTnI) and creatinine phosphokinase MB (CK-MB) were quantified via a 

two-site sandwich assay (Stratus CS Acute Care, Siemens). Aspartate aminotransferase, 
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alanine aminotransferase, total bilirubin, and creatinine were measured with standard human 

assays. Personnel performing the analyses were blinded to the treatment.

2.7 Neurological Assessment

Neurologic function was assessed using a swine-specific cerebral performance category 

(CPC) at 24 and 48 hours post-ROSC by a certified veterinarian blinded to the treatment. 

Clinical assessment of behaviors, reflexes, and coordination are assessed as previously 

described [12] using the following scoring system: 1 = normal, 2 = slightly disabled, 3 = 

moderately disabled but not comatose, 4 = coma, 5 = dead.

2.8 Statistical Analysis

Values are expressed as means ± standard error of the mean. The primary end points were 

the incidence of major adverse outcomes at 48 hours and the CPC at 24 and 48 hours. 

Secondary endpoints included hemodynamics, need for epinephrine and defibrillations, 

LVEF post-ROSC, and biomarkers. Baseline data, hemodynamic parameters, epinephrine 

and defibrillation requirements, LVEF, biomarkers, and mean CPC scores were compared 

using 2-tailed unpaired t-tests. Kaplan-Meier survival curves were analyzed via Mantel-Cox 

test. A p-value of <0.05 was considered statistically significant.

3. RESULTS

All results were obtained after 17 minutes of untreated VF. There were no significant 

differences in baseline hemodynamic parameters between treatment groups (Fig 2).

3.1 Resuscitation Hemodynamics

Systolic and diastolic blood pressures were greater with Bundle therapy vs. Controls at min 

2–4 of CPR (Fig 2A). This difference did not persist once ROSC was achieved. CPP was 

significantly lower with Bundle therapy compared to Control therapy early in the 

resuscitation while the increasing aortic pressures observed with Bundle therapy translated 

into higher CPP at minute 3 of the resuscitation (Fig 2B). The duration of CPR was 

significantly reduced in the Bundle therapy group (5.0 ± 0.04 min vs. 11.3 ± 1.5 min, 

p=0.0001).

3.2 Hemodynamic and Rhythm Support

The Bundle therapy group required less epinephrine (0.57 ± 0.08 mg vs. 1.34 ± 0.23 mg, 

p=0.002; Fig 3A) and fewer shocks to achieve and maintain sinus rhythm compared to the 

Control group (4.75 ± 0.6 vs. 7.5 ± 1.0, p=0.019; Fig 3B). The use of amiodarone was not 

significantly different between the groups (13.33 ± 5.7 mg vs. 30 ± 6.6 mg, p=0.07).

3.3 Left Ventricular Ejection Fraction

LVEF was higher with Bundle therapy compared to Control therapy at 15 minutes post-

ROSC (63 ± 3.6% vs. 45 ± 10%, p=0.009; Fig 4). Bundle animals maintained a significantly 

higher LVEF at 4-hours post-ROSC compared to Control animals (57.3 ± 2.1% vs. 42 ± 

8.8%). LVEF remained normal in Bundle therapy animals that survived 48 hours. No 
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Control animals survived to 48-hours for comparison. Baseline LVEF was similar between 

the groups (58.3 ± 0.7% vs. 58.8 ± 0.8%, p=0.89).

3.4 Biomarkers

CK-MB, cTnI, creatinine, and the transaminases were significantly reduced with Bundle 

therapy compared to Controls at 4 hours post-ROSC (Table 1). All baseline values were 

similar between groups and within normal limits.

3.5 ROSC and Freedom from Major Adverse Events

ROSC was achieved in 100% of Bundle animals and 50% of Controls (Fig 5A and Fig 6). 

75% of Bundle animals remained free of major adverse events at 24 hours compared to 25% 

of Controls. Overall, 50% of all Bundle therapy animals remained free of major adverse 

events at 48 hours, whereas no Control animals remained free of adverse events at 48 hours 

(p=0.005).

3.6 Neurologic function at 24 and 48 hours

Bundle therapy animals demonstrated significantly better neurologic function at 24 hours 

(Fig 5B; mean CPC score: 3.4 ± 0.4 vs. 4.8 ± 0.2, p=0.015) and 48 hours (mean CPC score: 

3.4 ± 0.5 vs. 5.0 ± 0.0, p=0.019). Both Control animals had severe disability (CPC score of 

4) at 24 hours while neither of them remained free of major adverse events at 48 hours. 33% 

of Bundle animals that remained free of major adverse events at 24 hours had good 

neurologic function (CPC 1–2) while 33% had moderate disability. 67% of Bundle animals 

free of major adverse events at 24 hours remained free from major adverse events at 48 

hours with 50% of those demonstrating improved neurologic function between 24 and 48 

hours. Of all Bundle animals, 42% had good neurologic function (CPC 1–2) at 48 hours 

post-ROSC.

4. DISCUSSION

This study shows, for the first time, successful resuscitation resulting in good cardiac and 

neurologic function after 17 minutes of untreated VF cardiac arrest using a combination of 

CPR and medications that could be incorporated into basic and advanced life support 

protocols. Bundle therapy improved hemodynamics during resuscitation, reduced the need 

for epinephrine and defibrillation, preserved cardiac ejection fraction, reduced biomarkers of 

cardiac ischemia, improved freedom from major adverse events, and improved the cerebral 

performance post-resuscitation. Some animals achieved complete recovery to normal 

neurologic function.

The most important findings of this study are the large improvement in freedom from major 

adverse events and the extent of neurologic recovery observed despite 17 minutes of 

untreated VF. ROSC rates were significantly lower in Control animals despite 15 minutes of 

high quality CPR and continued defibrillation attempts. Of the 12 Bundle animals, 42% had 

good neurologic function with only slight disability while 17% recovered to have normal 

neurologic function within 48 hours of resuscitation. Thus, 17 minutes of ischemia was not 

sufficient to preclude recovery to normal neurologic function. Instead, it was the reperfusion 
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process that determined the potential for neurologic recovery. This implicates reperfusion 

injury as an important factor in damage from prolonged cardiac arrest.

We have previously shown normal cardiac and neurologic function after 15 minutes of 

untreated VF arrest using stutter CPR [12]. Allen et al. [16, 17] also showed almost 

complete neurologic recovery after 30 minutes of untreated isolated cerebral ischemia using 

a pig model with controlled reperfusion using high pressure and a reperfusate that was 

hyperosmolar, alkalotic, depleted of calcium, and enriched with magnesium [18]. However, 

systemic ischemia may significantly alter the pathology.

Normalization of neurologic function with Bundle therapy may be related to hemodynamic 

improvements. Intracranial pressure was not measured in this study; however, prior studies 

using this model observed intracranial pressures between 20 and 30 mmHg [19]. Given the 

elevated aortic pressures achieved in the animals receiving Bundle therapy, cerebral 

perfusion pressures in excess of 70 mmHg may have been achieved which may contribute to 

the improved neurologic recovery observed.

Stutter CPR has previously been shown to improve hemodynamics after 15 minutes of VF 

arrest [12]. However, the mean systolic blood pressure of 150 mmHg in the current study 

exceeds that previously seen suggesting synergism with sevoflurane and P188. Bundle 

therapy resulted in intra-resuscitation systolic pressures that exceeded baseline and post-

ROSC pressures. This has not been observed with other resuscitation protocols. The etiology 

is unknown. The improvement in hemodynamics reduced the need for epinephrine. 

Epinephrine can reduce microcirculatory blood flow including cerebral perfusion [20] while 

also increasing myocardial oxygen demand [21] and ventricular ectopy [22]. Therefore, 

reducing epinephrine use may provide additional benefits to post-resuscitation cardiac and 

neurologic function.

Diastolic blood pressure also increased to baseline levels with Bundle therapy which likely 

improved cardiac function by increasing CPP. This may contribute to the normal post-ROSC 

LVEF and lower biomarkers of cardiac ischemia observed in Bundle animals.

Improved hemodynamics are unlikely to account for all benefits observed with Bundle 

therapy, as ischemic postconditioning, sevoflurane, and P188 are known to have effects on 

cellular processes including membrane stability and mitochondrial function. Ischemic 

postconditioning is believed to protect mitochondria from the effects of prolonged ischemia 

by inhibiting the opening of the mitochondrial permeability transition pore which is known 

to trigger apoptosis in the setting of ischemia and reperfusion [23–26]. Improved myocardial 

function has been observed when ischemic postconditioning was used in the setting of 

myocardial infarction and cardiac arrest [12, 27, 28]. Improved neurologic function has also 

been observed with use of ischemic postconditioning in the setting of ischemic stroke [29] 

and more recently in global ischemia such as that experienced during cardiac arrest [12, 27, 

30].

Sevoflurane has been shown to confer endothelial protection by reducing leukocyte 

activation while also affecting vascular tone [31]. Though the specific mechanisms remain 
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unclear, sevoflurane has previously been shown to improve myocardial function, prevent 

apoptosis, and reduce cytokine production post-cardiac arrest [14].

The mechanism of P188 in cardiac arrest is entirely untested. P188 is hypothesized to fill 

ischemia-induced pores in the plasma membrane [15]. This may prevent unregulated 

exchange of ions between the extracellular and intracellular compartments thereby 

preventing cellular injury and apoptosis [32, 33]. P188 has been shown to protect neurons 

[34] and skeletal muscle [35, 36] against ischemia/reperfusion injury. It also preserves 

blood-brain barrier integrity during traumatic brain injury thereby reducing brain edema and 

neuronal apoptosis [37]. P188 has shown mixed results during myocardial infarction in 

humans. Schaer et al. [38] showed reduced infarct size, increased LV function, and reduced 

in-hospital re-infarction rates when P188 was infused immediately after thrombolytic 

therapy. However, a large follow-up study showed no benefit of P188 following acute 

myocardial infarction [39]. This discrepancy is not fully understood but it may relate to 

proximity of the infusion to reperfusion.

Studies of acute myocardial infarction noted that P188 worsened renal function acutely in up 

to 4% of patients [39]. It has been hypothesized that creatinine, a marker of glomerular 

filtration rate, is artificially increased by P188 as they compete for excretion in the kidneys. 

However, renal function in this study, indicated by creatinine levels, was significantly 

improved in the pigs receiving Bundle therapy including P188. This improvement may be 

due to improved hemodynamics leading to improved renal perfusion.

This study has important limitations. The role of individual components of Bundle therapy 

cannot be determined. The Bundle strategy was chosen based on the observation that 

treatment of complex pathology (e.g. heart failure, acute myocardial infarction, and stroke) 

often requires multiple agents. Agents with known or probable benefits were chosen for 

inclusion in Bundle therapy with a preference for those that may be integrated into standard 

advanced life support. However, further study will now be necessary to more fully 

understand the contribution and mechanism of each individual constituent. In addition, the 

dose-response relationships are unknown for the individual components. The specific 

regimen of stutter CPR was chosen based on prior published experience [12]. The doses of 

sevoflurane and P188 were extrapolated from animal studies and human trials. Further dose-

response trials will be necessary to understand the pharmacokinetics and maximal effect 

achievable in the setting of cardiac arrest. Similarly, further study is necessary to understand 

the role of these agents in cardiac arrests of very long or short duration, as the benefit of one 

or more of these therapies may depend on the duration of ischemia. Lastly, these studies are 

inherently limited by use of a porcine model. The benefits for humans cannot be certain until 

human trials are conducted.

5. CONCLUSION

Bundle therapy, combining stutter ACD CPR, an ITD, sevoflurane, and P188, significantly 

improved neurologic and cardiac function in a porcine model including 17 minutes of 

untreated ventricular fibrillation cardiac arrest. Compared to Control animals, animals 

receiving Bundle therapy demonstrated significant improvement in hemodynamics during 
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CPR, reduction in biomarkers of cardiac ischemia, normalization of ejection fraction, and 

improved 48 hour survival with favorable neurologic function.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Bundle therapy and Control protocols with associated representative hemodynamic 
tracings
Therapy was initiated after 17 minutes of untreated ventricular fibrillation (VF). (A) Control 

therapy included active compression decompression CPR, application of an impedance 

threshold device (ACD CPR+ITD), epinephrine (Epi), and defibrillation (Defib). Return of 

spontaneous circulation (ROSC) was not achieved after the initial defibrillation in this 

representative study leading to continuation of the resuscitation. (B) The Bundle therapy 

protocol included sevoflurane (Sevo), poloxamer 188 (P188), epinephrine (Epi), stutter 
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ACD CPR+ITD, and defibrillation (Defib). ROSC is achieved after a single defibrillation in 

this representative study.
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Fig. 2. Hemodynamic monitoring during resuscitation
Bundle (BND; n=12) and Control (n=8) therapy are compared. (A) Aortic systolic blood 

pressure measured at baseline (BL), throughout the resuscitation, and after return of 

spontaneous circulation (ROSC) was achieved. (B) Aortic diastolic blood pressure measured 

during all phases of resuscitation. (C) Coronary perfusion pressure is shown as measured 

during all phases of resuscitation. Error bars represent SEM. Asterisks (*) indicate statistical 

significance (p<0.05).
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Fig. 3. Epinephrine and defibrillation requirements during resuscitation
Animals receiving Bundle (BND; n=12) and Control (n=8) therapy are shown. (A) The 

mean of the total epinephrine (mg) required during resuscitation. (B) The mean number of 

shocks delivered during resuscitation. Error bars indicate SEM. P values are as indicated.
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Fig. 4. Serial measurement of the left ventricular ejection fraction (LVEF) for animals receiving 
Bundle versus Control therapy as determined by echocardiography
All animals that remained free of major adverse events were assessed with 

echocardiography at the time points noted (BND n=12 and Control n=4). Mean LVEF was 

compared at each time point with asterisks noting statistically significant differences with p-

values as indicated.
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Fig. 5. Clinical outcomes
(A) Kaplan-Meier curve demonstrating freedom from major adverse events during the 

survival study including baseline, ROSC, and 24 and 48 hours. Animals receiving Bundle 

(BND; n=12) and Control (n=8) therapy are compared. (B) Cerebral performance category 

score for each animal that remained free from major adverse events at 24 or 48 hours as 

indicated (1=normal, 2=mild deficit, 3=moderate deficit but conscious, 4=coma). Mean CPC 

scores are compared with p-values as indicated. NS indicates that statistical significance was 

not reached.
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Fig. 6. Survival at all stages of the study
Flow chart describing the survival of animals at the time of randomization, ROSC, 24 and 

48 hours.
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