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Abstract

Objectives—Ischemic postconditioning (PC) with “stuttering” reintroduction of blood flow after
prolonged ischemia has been shown to offer protection from ischemia reperfusion injury to the
myocardium and brain. We hypothesized that four 20-s pauses during the first 3 min of standard
CPR would improve post resuscitation cardiac and neurological function, in a porcine model of
prolonged untreated cardiac arrest.

Methods—18 female farm pigs, intubated and isoflurane anesthetized had 15 min of untreated
ventricular fibrillation followed by standard CPR (SCPR). Nine animals were randomized to
receive PC with four, controlled, 20-s pauses, during the first 3 min of CPR (SCPR + PC).
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Resuscitated animals had echocardiographic evaluation of their ejection fraction after 1 and 4 h
and a blinded neurological assessment with a cerebral performance category (CPC) score assigned
at 24 and 48 h. All animals received 12 h of post resuscitation mild therapeutic hypothermia.

Results—SCPR + PC animals had significant improvement in left ventricular ejection fraction at
1 and 4 h compared to SCPR (59 + 11% vs 35 * 7% and 55 + 8% vs 31 + 13% respectively, p <
0.01). Neurological function at 24 h significantly improved with SCPR + PC compared to SCPR
alone (CPC: 2.7 £ 0.4 vs 3.8 £+ 0.4 respectively, p=0.003). Neurological function significantly
improved in the SCPR + PC group at 48 h and the mean CPC score of that group decreased from
2.7+0.4101.7+0.4 (p<0.00001).

Conclusions—Ischemic postconditioning with four 20-s pauses during the first 3 min of SCPR
improved post resuscitation cardiac function and facilitated neurological recovery after 15 min of
untreated cardiac arrest in pigs.

Keywords

Post conditioning; Cardiopulmonary resuscitation; Survival; Neurological function; Left
ventricular function

1. Introduction

Cardiopulmonary resuscitation (CPR) survival rates have remained poor over the past half-
century with only minimal if any improvements in neurologically intact survival.l In
humans, when ventricular fibrillation (VF) is left untreated for more than 10 min, short and
long term survival is severely reduced.? In animals, current non-invasive methods of CPR
are unable to provide short and long-term neurological recovery when ventricular fibrillation
is left untreated longer than 12—13 min.3-5 Furthermore, successful resuscitation following
12-15 min of untreated VVF has been used as the model to evaluate post resuscitation left
ventricular dysfunction.8

Re-introduction of blood flow with “controlled pauses” has been shown to protect the
myocardium and the brain from ischemia-reperfusion injury in clinical scenarios of regional
ischemia during ST elevation myocardial infarction and stroke both in animals and humans.
7-10 This concept has been called “ischemic postconditioning” and describes a method of
reperfusion injury protection.911

We sought to introduce ischemic postconditioning at the initiation of CPR efforts by
providing four, 20-s pauses in chest compressions and ventilations over the first 3 min of
reperfusion. We hypothesize that the implementation of a simple ischemic postconditioning
(PC) strategy during the first 3 min of CPR, will improve cardiac and cerebral function and
48-h survival rates after 15 min of untreated ventricular fibrillation.

2. Materials and methods

All studies were performed by an experienced research team in Yorkshire female farm pigs
weighing 32 £ 2 kg. A certified and licensed veterinarian provided a blinded neurological
assessment at 24 and 48 h. The protocol was approved by the Institutional Animal Care
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Committee of the Minneapolis Medical Research Foundation of Hennepin County Medical
Center. All animal care was compliant with the National Research Council’s 1996
Guidelines for the Care and Use of Laboratory Animals.

2.1. Preparatory phase

The anesthesia, surgical preparation, data monitoring, and recording procedures used in this
study have been described previously.12 Briefly, we employed aseptic surgical conditions
using initial sedation with intramuscular ketamine (7 mL of 100 mg/mL, Ketaset, Fort
Dodge Animal Health, Fort Dodge, lowa) followed by inhaled isoflurane at a dose of 0.8—
1.2%. Pigs were intubated with a size 7.0 endotracheal tube. The animal’s temperature was
maintained at 37.5 + 0.5 °C, with a warming blanket (Bair Hugger, Augustine Medical,
Eden Prairie, Minnesota). Central aortic blood pressure was recorded continuously with a
micromanometer-tipped (Mikro-Tip Transducer, Millar Instruments, Houston, Texas)
catheter placed at the beginning of the descending thoracic aorta. A second Millar catheter
was inserted in the right atrium via the right external jugular vein. All animals received an
intravenous heparin bolus (100 units/kg) and 500 units of heparin every hour until surgical
repair was completed. An ultrasound flow probe (Transonic 420 series multichannel,
Transonic Systems, Ithaca, New York) was placed to the right internal carotid artery to
record blood flow (mL/min). The animals were then ventilated with room air, using a
volume-control ventilator (Narcomed, Telford, Pennsylvania), with a tidal volume of 10
mL/kg and a respiratory rate adjusted to continually maintain a PaCO» of 40 mmHg and
Pa0O, of 80 mmHg (blood oxygen saturation > 95%), as measured from arterial blood (Gem
3000, Instrumentation Laboratory, Lexington, Massachusetts) to adjust the ventilator as
needed. Surface electrocardiographic tracings were continuously recorded. All data were
recorded with a digital recording system (BIOPAC MP 150, BIOPAC Systems, Inc., CA,
USA). End tidal CO, (ETCO,), tidal volume, minute ventilation, and blood oxygen
saturation were continuously measured with a respiratory monitor (CO,SMO Plus,
Novametrix Medical Systems, Wallingford, Connecticut).

2.2. Measurements and recording

Thoracic aortic pressure, right atrial pressure, ETCO,, and carotid blood flow were
continuously recorded. Coronary perfusion pressure (CPP) during CPR was calculated from
the mean arithmetic difference between right-atrial pressure and aortic pressure during the
decompression phase. Carotid artery blood flow was reported in mL/s.

2.3. Experimental protocol

After the surgical preparation was complete, oxygen saturation on room air was greater than
95%, and ETCO» was stable between 35 and 42 mmHg for 5 min, ventricular fibrillation
was induced by delivering direct intracardiac current via a temporary pacing wire (St. Jude
Medical, Minnetonka, Minnesota). The ventilator was disconnected from the endotracheal
tube. Standard CPR was performed with a pneumatically driven automatic piston device
(Pneumatic Compression Controller, Ambu International, Glostrup, Denmark) as previously
described.13 During S-CPR, uninterrupted chest compressions were performed at a rate of
100 compressions/min, with a 50% duty cycle and a compression depth of 25% of the
anterior—posterior chest diameter. Asynchronous positive-pressure ventilations were
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delivered with room air (FiO, of 0.21) with a manual resuscitator bag. The tidal volume was
maintained at ~10 mL/kg and the respiratory rate was 10 breaths/min. The investigators
were blinded to hemodynamics during CPR.

2.4. Protocol

Following 15 min of untreated ventricular fibrillation, 18 pigs were randomized to receive
standard CPR (SCPR) or SCPR plus postconditioning (SCPR + PC). The SCPR + PC group
received initially 40 s of SCPR followed by a 20-s pause of compressions and ventilations
followed by another 20 s of SCPR and the cycle was repeated for a total of 4 pauses (Fig. 1).
Epinephrine was administered in both groups in 0.5 mg (~15 mcg/kg) bolus at minute three
and was repeated every 3 min until return of spontaneous circulation (ROSC). Resuscitation
efforts were continued until ROSC was achieved or a total of 15 min of CPR had occurred.
The first defibrillation effort was delivered with 200-J biphasic shocks after 4 min of CPR in
both groups. If ROSC was not achieved, defibrillation was delivered every 2 min thereafter
during CPR.

2.5. Post ROSC care

After ROSC was achieved, animals were connected to the mechanical ventilator.
Supplemental oxygen was added only if arterial saturation was lower than 90%. Animals
were observed under general anesthesia with isoflurane until hemodynamically stable.
Hemodynamic stability was defined as a mean aortic pressure > 55 mmHg without
pharmacological support for 30 min and normalization of ETCO» and acidosis. Animals that
had a stable post-ROSC rhythm but were hypotensive (mean arterial pressure < 50 mmHg)
received increments of 0.1-0.2 mg intravenous epinephrine every 5 min until MAP rose
above 50 mmHg. If pH was lower than 7.2, 100 mEq of NaHCO3 was given intravenously.
Amiodarone 20 mg intravenously was given in all animals if there was recurrence of
ventricular fibrillation after initial ROSC. At that point vascular repair of the internal jugular
vein and the left common femoral artery were then performed. Arterial blood gases were
obtained at baseline, at 5 min after ROSC and every 30 min thereafter.

Both groups received post resuscitation therapeutic hypothermia as per American Heart
Association recommendations for resuscitated comatose patients from ventricular fibrillation
in order to simulate best practice and optimize the chances of the control group for
neurological recovery. Our institutional animal care committee mandated therapeutic
hypothermia for protocol approval. Immediately after ROSC all animals in both groups
received 1.5 | of chilled Saline (8-10 °C) and surface cooling with towels soaked with
ethanol. Target temperature was set at 34 °C and was maintained at that level for 12 h with
the use of a cooling blanket device (Arctic sun, Medivance Inc., Louisville, CO, USA).
Target temperature was reached within 29 + 8 and 31 £+ 6 min in the control and IPC groups
respectively (p= 0.56). Central temperature was measured at the bladder of the animals.
Animals were re-warmed at 0.5 °C/h to 36 °C. Subsequently, animals were weaned off
anesthesia and were extubated once they could maintain normal respiratory pattern and
blood gasses for 30 min off the ventilator.
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Survivors were given intramuscular analgesic injections of non-steroidal anti-inflammatory
medication as previously described and had free access to water and food!4. No other post-
ROSC medical care was provided after the vascular repair. Animals were returned to their
runs and were observed every 2 h for the next 6 h for signs of distress or accelerated
deterioration of their function. If animals met predetermined criteria or if the veterinarian
judged that they were in severe distress they were euthanized per IACUC protocol.

2.6. Neurological assessment

Twenty-four and 48-h after ROSC, a certified veterinarian, blinded to the intervention,
assessed the pigs’ neurological function based upon a cerebral performance category (CPC)
scoring system modified for pigs. The veterinarian used clinical signs such as response to
opening the cage door, response to noxious stimuli if unresponsive, response to trying to lift
the pig, whether the animal could stand, move all four limbs, walk, eat, urinate, defecate,
and respond appropriately to the presence of a person walking into the cage. The following
scoring system was used: 1 = normal; 2 = slightly disabled; 3 = moderately disabled but
conscious; 4 = vegetative state.1* For each group, mean CPC score (excluding deaths) was
calculated at 24 and 48 h.

2.7. Echocardiographic evaluation of left ventricular function

A transthoracic echocardiogram was obtained on all survivors 1 and 4 h post ROSC. Images
were obtained from the right parasternal window that provides similar views as the long and
short parasternal windows in humans.1® Ejection fraction was assessed using Simpson’s
method of volumetric analysis by an independent clinical echocardiographer blinded to the
treatments.1® Before echocardiographic evaluation, any inotropic support was stopped for at
least 20 min and, if needed, was restarted immediately after the echocardiographic
evaluation.

2.8. Statistical analysis

Values were expressed as mean + standard deviation. Baseline data, hemodynamic
parameters, blood gases and left ventricular ejection fraction measurements between groups
were analyzed with unpaired #test. A 2-tailed Fischer exact test was used to compare 24 and
48-h survival rate. Unpaired #test was used to evaluate mean CPC scores between the two
groups at 24 h. A paired £test was used for comparison between 24 and 48-h mean CPC
score of the SCPR + PC. The primary study endpoint was the mean CPC score at 24 h and
left ventricular ejection fraction at 4 h. Secondary endpoint was survival at 48 h after ROSC.
A p-value of <0.05 was considered statistically significant.

3. Results

There were no significant baseline differences between treatment groups in any
hemodynamic or respiratory parameters (Tables 1 and 2).

At the end of 15 min of untreated fibrillation before CPR initiation, the core body
temperature of the animals was 36.9 £ 0.3 °C and 37.1 £ 0.2 °C in the SCPR and SCPR +
PC groups respectively.
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3.1. CPR hemodynamics

Both groups had similar aortic and right atrial pressures with similar pre epinephrine
coronary perfusion pressures. The SCPR + PC group demonstrated significantly higher post
epinephrine aortic and coronary perfusion pressures compared to SCPR alone (Table 1).

3.2. Return of spontaneous circulation and survival

There were no significant differences in ROSC and 24 h survival between groups (Table 1).
In the S-CPR group, 8/9 animals achieved ROSC, and 5/9 animals survived 24 h. Only 1/9
animal survived to 48 h. In the SCPR + PC group, 9/9 animal had initial ROSC and 8/9
survived to 24 and 48 h (p = 0.003 for 48 h survival rate). Animals in the SCPR + PC group
were significantly more stable and received significantly less epinephrine than the control
animals during the recovery period (Table 1). Three of the five animals treated with SCPR
that had ROSC, died during the first night. Animals that had a CPC score of 4 (coma) at 24 h
died before the 48 h evaluation.

3.3. Left ventricular function

Echocardiographic evaluation at 1 h revealed that animals receiving SCPR alone had a
significantly lower left ventricular ejection fraction than the animals treated with SCPR + PC
who appeared to have normal function (35 + 7%, vs 59 + 11%, p< 0.01). The effect was
maintained at 4 h (31 £ 13% vs 55 + 8%, p< 0.01) (Table 1).

3.4. Neurological function at 24 and 48 h

Mean CPC score at 24 h was significantly lower (better neurological function) in the animals
that received SCPR + PC compared to SCPR alone (2.7 + 0.4 vs 3.8 + 0.4 respectively, p=
0.003). Neurological function in SCPR + PC group significantly improved in all but one
animals at 48 h and the mean CPC score of the group decreased from 2.7 + 0.4 to 1.7 £ 0.4
(0<0.001). The one SCPR animal that survived 48 h had the same CPC score of 3 at 24 and
48 h (Fig. 2).

3.5. Blood gasses, end tidal CO, and lactate

There were no significant differences in blood gas values at baseline between groups.
Immediately after ROSC, pH and HCO3 and ETCO, were significantly higher in the SCPR
+ PC group a finding that can be explained by higher circulation at the last few minutes of
CPR and immediately after ROSC (Table 2).

4. Discussion

Our study, for the first time, shows that a simple strategy of ischemic postconditioning
introduced early during standard-CPR with four 20-s pauses can significantly improve
cardio-cerebral outcomes in a porcine model of very prolonged cardiac arrest and global
ischemia. When good quality SCPR was coupled with controlled pauses at the initiation of
reperfusion, the resuscitated animals documented normal left ventricular function post
resuscitation in the absence of inotropic support and improved neurologic outcome.
Furthermore, to our knowledge, this is the only study that has demonstrated complete
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neurological recovery is possible after 15 min of untreated cardiac arrest with standard CPR
and a non-invasive intervention.

It is important to emphasize that unintentional pauses in chest compressions spread
throughout resuscitative efforts have been associated with worse outcomes by adding to the
injury that has accumulated from the no-flow period.17-19 The effects of pauses on coronary
perfusion pressure and carotid blood flow were exactly as previously described by Berg et
al.18 Pauses caused elimination of the trans-coronary pressure gradient and carotid flow. The
type of intentional pauses described in this report is thought to harness endogenous
protective processes associated with specific mitochondrial protective mechanics and should
not be confused with the poor outcomes known to be associated with poor CPR quality that
includes prolonged intervals of interrupted chest compressions.20

The fact that there were no differences in ROSC rates between groups and that the S-CPR
(control) group had such high ROSC rate is a testament to the high quality of CPR
performed. While introduction of CPR pauses at the initiation of resuscitation efforts may
appear to be contrary to some beliefs that continuous uninterrupted chest compressions are
essential, four pauses of 20 s duration during the first 3 min after CPR initiation followed by
continuous chest compressions with asynchronous ventilations for the remainder of the
resuscitation appeared to positively impact neurological outcome after very prolonged global
cerebral ischemia.?!

The animals that were treated with controlled pauses showed absence of post resuscitation
left ventricular dysfunction and they were hemodynamically more stable post ROSC
requiring less epinephrine. There is very strong evidence that post conditioning is
advantageous for cardiac muscle protection after ischemia.1122 Three to four pauses during
reperfusion of acute myocardial infarction have been shown to significantly decrease infarct
size in human studies.”-8 Our results show that a similar strategy of controlled reperfusion
after prolonged global ischemia in cardiac arrest exhibits the same benefits for the
myocardium as a whole and mitigates post ROSC cardiac dysfunction that contributes
heavily to post resuscitation morbidity and mortality. Recently animal studies have described
strategies to alleviate ischemia reperfusion injury and promote cardiac recovery after cardiac
arrest with inhaled anesthetics and hypothermia. It is possible that a strategy combining
pauses during CPR and pharmacological postconditioning could demonstrate further
benefits.23:24

The most striking observation in our study was that the brain demonstrated the potential for
full recovery after 15 min of global ischemia with no flow. Shaffner et al. showed that
cerebral recovery was not feasible after 12 min of untreated arrest because regeneration of
ATP was not possible despite high cerebral perfusion pressures.2® Our data suggest
otherwise. To our knowledge, this is the first time that survival rates with consistently
favorable neurological outcomes have been reported after 15 min of untreated cardiac arrest.
Controlled reperfusion with short pauses at the initiation of reperfusion of stroke has been
shown to significantly decrease injury in a rat model.10 Furthermore, 15-30 s cycles of
on/off flow in the same model with 10 min of global ischemic cerebral insult have provided
significant cerebral preservation and recovery.10 The latter model is relevant to cardiac arrest
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where the ischemic insult is systemic and global. For the above mentioned reasons we
combined the duration (15-30 s) and number of cycles (3—4) of different ischemic
postconditioning strategies to create our tested protocol of four 20-s pauses during the first 3
min of CPR.

The mechanisms for protection of both the heart and brain have been well-studied and are
currently considered to be mediated by direct and indirect modulation of mitochondrial
permeability transition pore state.2926-31 We used this strategy exactly because of
previously documented protection of vital organs in stroke and myocardial infarction. Based
on our data, it appears that postconditioning with pauses in CPR efforts at the initiation of
reperfusion, offer significant protection and facilitates functional cardiac and cerebral
recovery.8:11.32,33

Postconditioning with controlled reperfusion has also been shown to be beneficial in
preventing ischemia reperfusion injury in most of the organs such as liver, kidney, retina, and
small intestine.34-40 That could explain why the animals with SCPR + CP had an overall
improvement in their status, survived and continued to improve to 48 h.

This study has limitations. First, we did not perform a dosing study and therefore we cannot
comment what is the best combination of cycles and duration of pauses. We used the
specific combination based on the literature targeting neurological protection.10 Second we
do not know if the same benefits could be realized if resuscitation efforts are prolonged and
we cannot exclude the possibility of synergy between mild therapeutic hypothermia and
ischemic postconditioning. Third, our study was not designed to address the mechanism of
protection offered by postconditioning. Nonetheless, we have no reason to believe that the
mechanism should be different than the one described extensively in the cardiac and cerebral
literature.8:11:32.33 We also did not assess biomarkers of injury for the heart and brain.
Although the clinical endpoints reported here (echocardiographic LV function and blinded
neurological assessment), in our opinion, represent higher quality preclinical endpoints than
biomarkers, we cannot claim there was tissue protection despite the observed improvement
in myocardial and cerebral functional outcomes. A histopathology/brain MRI study is
underway to correlate the clinical endpoints observed in this study with brain pathology.
However, we tested those interventions exactly as described for acute myocardial infarction
and stroke and found them to be extremely effective in our model of cardiac arrest.8:32:33
Finally, it is unknown if the benefits demonstrated in this study would be seen with
coexisting myocardial ischemia or can be translated to humans.

5. Conclusion

A simple strategy of ischemic postconditioning with four 20-s pauses during the first 3 min
of SCPR mitigates post resuscitation cardiac dysfunction and facilitates neurological
recovery after 15 min of untreated cardiac arrest in pigs.
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Standard CPR with ischemic postconditioning (SCPR+PC) protocol
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Fig. 1.
Ischemic postconditioning protocol during standard cardiopulmonary resuscitation In the

SCPR + PC group during the first 3 min of CPR, animals received four 20-s pauses and each
pause was followed by 20 s of SCPR. The “stuttering” introduction of reperfusion is called
“ischemic postconditioning”. SCPR: standard CPR; VF: ventricular fibrillation; ROSC:
return of spontaneous circulation.
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Cerebral Performance Category Score at 24 and 48 hours.
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Fig. 2.
24 and 48-h neurological assessment. Addition of controlled pauses during SCPR

significantly improved neurological function compared to SCPR alone at 24 h. In the SCPR
+ PC neurological function improved in all but one animal at 48 h. Mean CPC at 24 h was
significant lower in the SCPR + PC compared to SCPR alone (CPC: 2.7 £0.4vs 3.8 £ 0.4
respectively, p=0.003) cerebral performance category score: (1 = normal, 2 = mild deficit, 3
= moderate deficit but conscious, 4 = coma); SCPR: standard CPR. PC: postconditioning.
*Means statistically significant difference between groups at 24 h. SMeans statistically
significant difference between the SCPR + PC group at 24 vs 48 h.
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