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Abstract
Introduction—The amount of myocardial perfusion required for successful defibrillation after
cardiac arrest is unknown. Coronary perfusion pressure (CPP) is a surrogate for myocardial
perfusion. One limited clinical study identifies a threshold of 15 mmHg required for return of
spontaneous circulation (ROSC). Our exploration of threshold and dose models of CPP during the
initial bout of CPR indicates higher levels than previously demonstrated are required. CPP
required for shock success throughout on-going resuscitation is unknown and other conceptual
models of CPP have not been explored.

Hypothesis—An array of conceptual models of CPP is associated with and predicts
defibrillation success throughout resuscitation.

Methods—Data from 6 porcine cardiac arrest studies were pooled. Mean and area under the
curve (AUC) CPP were derived for 30-second epochs. Five conceptual models of CPP were
analyzed: threshold, delta, cumulative delta, dose, and cumulative dose. Comparative statistics
were performed with one-way ANOVA and two-tailed t-test. Regression models assessed CPP
trends and prediction of ROSC.

Results—For 316 defibrillation attempts in 124 animals, those resulting in ROSC (n=75) had
significantly higher threshold, delta, cumulative delta, dose, and cumulative dose CPP than those
without. All conceptual models except delta CPP had significantly different values across
successive defibrillation attempts and all five models were significant predictors of ROSC, along
with experimental design.

Conclusions—Threshold, delta, cumulative delta, dose, and cumulative dose CPP predict
individual defibrillation success throughout resuscitation.
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Introduction
After more than 3–4 minutes of cardiac arrest, myocardial reperfusion is necessary prior to
defibrillation to achieve successful resuscitation. (1–4) Prior animal and human studies
demonstrate that chest compressions and/or vasoactive medications are needed to achieve
adequate myocardial reperfusion, as indicated by a coronary perfusion pressure (CPP) of at
least 15–25 mmHg). (5–15). However, some published animal studies (6–14) simulated
brief untreated arrest duration (0–5 minutes) that may not reflect the most current clinically
realistic model of out-of-hospital cardiac arrest with longer untreated durations before
resuscitation. (16–23)The foremost human data published in 1990 by Paradis, et al. describe
a necessary CPP of at least 15 mmHg for return of spontaneous circulation (ROSC) in out-
of-hospital cardiac arrest (OHCA). (15) By nature of the steps needed for data collection,
these were gathered very late during resuscitation (8–42 minutes after loss of pulses) and
may not reflect the state of the myocardium during early therapies. As the understanding and
modeling of time intervals in OHCA evolves to reflect the most recent literature, it is
necessary to re-examine CPP required for defibrillation success and ROSC.

We have previously reported a “threshold” and “dose” model of coronary perfusion pressure
required for ROSC. (24) The “threshold” model reflects the CPP achieved just prior to
defibrillation. The “dose” model is a more longitudinal measure and reflects the total
amount of CPP the myocardium has been exposed to before defibrillation. In those two
models, we limited our investigation to the initial bout of compressions and medications
given prior to the first rescue shock. In this study, we enlarged the pool of animals,
expanded our analysis of CPP, and report CPP required for success of consecutive
defibrillation attempts throughout the entire resuscitation. We report three different
conceptual models of CPP (threshold, delta, and dose) and differentiate between the ‘short-
term’ CPP between defibrillation attempts and ‘long-term’ cumulative CPP from the start of
resuscitation. We hypothesized that animals with ROSC had a higher CPP irrespective of the
conceptual model analyzed, and that the conceptual CPP models had differential predictive
ability of individual defibrillation attempts throughout resuscitation.

Methods
The care and handling of the animals were in accord with NIH guidelines and approved by
the University of Pittsburgh Institutional Animal Care and Use Committee. We conducted a
retrospective analysis of six experiments performed in our laboratory using mixed-breed
domestic swine of either sex, including animals that received cardiopulmonary resuscitation
(CPR), medications, and rescue shocks.

Swine were orally intubated with a 5–0 cuffed endotracheal tube. Animals were ventilated
by a volume-cycled ventilator (Harvard Apparatus, South Natick, MA) with room air (tidal
volume of 15–20 cc/kg, ventilatory rate of 12 breaths per minute and an inspiration:
expiration ratio of 40%). Ventilation rate and tidal volume were adjusted to maintain an end-
tidal CO2 between 35 and 45 mmHg measured by side-stream capnometry. Three limb-lead
electrodes were secured in place to correspond to a standard lead II electrocardiogram
(ECG), which was monitored continuously throughout the experiments (LifePak 12
Monitor-defibrillator, Medtronic Emergency Response Systems, Redmond WA).
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Arterial and venous pressure transducers were inserted via right femoral cut-down. The
arterial transducer (Mikro-Tip transducer model SPC 3705, Millar Instruments, Houston,
TX) was advanced into the ascending aorta and the venous transducer was inserted into the
right atrium. Correct positioning of the catheters was confirmed by interpretation of the
pressure tracings. Heart rate and arterial and venous pressure were monitored continuously
throughout the remaining procedures. All data were acquired digitally at a sampling rate of
1000 points/sec with a commercially available software package (Chart, AD Instruments,
Castle Hill, Australia).

Arterial blood gases were obtained with a portable clinical analyzer (I-Stat, Heska
Corporation, Waukesha, WI) after arterial access was established, any time ventilator
settings were changed, and just prior to the induction of VF. Anesthesia time was defined as
the time from the initial bolus of alpha-chloralose until the time VF was induced. The
interval of anesthesia was standardized by initiating VF as close to 40 minutes of anesthesia
time as possible. In all studies we induced VF by delivering a three second, 60 Hz, 100mA
AC current externally across the thorax. VF was left untreated for 5–10 minutes depending
on experimental study.

Depending on experimental protocol, chest compressions were delivered either manually or
mechanically with a traditional, high-impulse, or continuous device. Manual compressions
were delivered by one investigator (JJM), using the sound of the mechanical device as a
metronome. Mechanical chest compressions were applied using an oxygen-driven
resuscitation device (Thumper, Michigan Instruments, Grand Rapids, MI). High-impulse
compressions were accomplished using a high-impulse Thumper (Model 1007, Michigan
Instruments, Grand Rapids, MI). Continuous compressions with intermittent ventilations
were performed using the active compression mode of the LUCAS device (Jolife, Lund,
Sweden). All compressions were performed in an anterior-posterior direction at a rate of 100
per minute with a compression depth of 2.0 inches and a duty cycle of 50%. Compression to
ventilation ratios of 5:1, 15:1, or 30:2 were dictated by experimental protocol. Ventilation
was performed with 100% FiO2 for all experiments at a tidal volume of approximately 400
cc.

CPR was performed for 90 seconds to 5 minutes before delivery of the first rescue shock.
All animals received drugs after 2 minutes of compressions. All animals received high-dose
epinephrine (0.1 mg/kg), propanolol (1 mg), vasopressin (40 IU), and bicarbonate (1 mEq/
kg) as an initial drug cocktail. Thereafter, the animals may have received additional doses of
epinephrine (0.015 mg/kg) every 3 minutes as the resuscitation continued and pulses were
not restored. If pulses were restored, sodium bicarbonate was administered for acidemia as
necessary. Dosing of sodium bicarbonate was based on an arterial blood gas (NaHCO3 = 0.3
mEq × weight in kg × base deficit).

We used an impedance-compensating, truncated exponential biphasic defibrillation
waveform (LifePak 12, 3-D, Medtronic Physio-Control, Redmond WA) with a fixed energy
dose of 150 J for all rescue shocks. All countershocks were delivered by one investigator
using defibrillation paddles (JJM) to eliminate inter-user variability.

Shock success (ROSC) was defined as an organized electrical rhythm with a systolic blood
pressure of at least 80 mmHg for at least 1 minute continuously at any time during the
resuscitation effort. We consider 1 minute of sustained ROSC to be an electrophysiologic
success after defibrillation, while more prolonged maintenance of pulses can depend on
many other variables. After a period of short-term survival (20–120 minutes), animals were
euthanized with 40 mEq of potassium chloride. Resuscitation efforts consisting of continued
CPR, further rescue shocks, standard dose epinephrine (0.015 mg/kg), and sodium
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bicarbonate were continued for 20 minutes in those animals that did not experience ROSC.
Twenty minutes of failed resuscitation indicated no-ROSC.

Coronary Perfusion Pressure
Coronary perfusion pressure (CPP) was defined as aortic diastolic pressure minus right atrial
diastolic pressure and was determined at the time point immediately prior to the
compression upsurge in pressure (ie: end-relaxation). Custom MatLab (Mathworks, Natick,
Massachusetts) code was utilized to identify, isolate, and analyze segments of the coronary
perfusion pressure tracing corresponding to individual chest compressions. Pressure tracings
were also validated manually to confirm the accuracy in detection (JCR and DDS). Both
investigators were blinded as to outcome. Mean, standard deviation, minimum, and
maximum CPP were derived for successive 30-second epochs throughout the entire
resuscitation. Area under the curve (AUC) was estimated by the trapezoidal approximation
method for each 30-second epoch.

“Threshold CPP” was defined as the mean CPP for the last 30-second epoch just prior to
each defibrillation. “Delta CPP” was defined as the change in mean CPP from the first to the
last epoch between defibrillation attempts. “Dose CPP” was defined as the AUC between
defibrillation attempts. “Cumulative delta CPP” was defined as the change in CPP from the
beginning of chest compressions to the last time epoch prior to each defibrillation attempt.
“Cumulative dose CPP” was defined as the AUC from the beginning of chest compressions
to each defibrillation attempt.

Data Analysis
Demographic data, including experimental study, resuscitation protocol, sex, weight, CPR
ratio (compressions: ventilations), pre-resuscitation anesthesia duration, VF duration, and
ROSC were abstracted from the experimental records. We used Microsoft Excel 2011
(Microsoft Corporation, Redmond, WA) and STATA (StataCorp, College Station, TX) to
analyze the data. Comparative statistics were performed using one-way ANOVA and a two-
tailed t-test. A random-effects generalized least squares regression model was used to
compare CPP calculations over successive defibrillation attempts. We then constructed
multiple logistic regression models to assess the relationship between ROSC and key
predictors. Hosmer-Lemeshow test was used to assess goodness of fit. Univariate logistic
regression was used to screen predictors with a p < 0.1 threshold for entrance into the
multivariate model. Candidate predictors included sex, weight, duration of anesthesia during
instrumentation, duration of untreated VF, ratio of compressions to ventilations,
experimental study, threshold CPP, delta CPP, cumulative delta CPP, dose CPP, and
cumulative dose CPP. Experimental study was used to account for variation in the method of
chest compressions, drug cocktail utilized, year, and hypothermia. To further explore the
relationship between cumulative dose CPP and ROSC, we modeled the competing effects of
cumulative dose CPP and elapsed time to shock during the resuscitation. An alpha of 0.05
was used for both comparative and predictive statistics. Receiver operator curves were
generated from the univariate models for threshold CPP, delta CPP, cumulative delta CPP,
dose CPP, and cumulative dose CPP.

Results
In total, 316 rescue shocks were delivered to 124 animals. The total number of successful
shocks resulting in ROSC was 75/316 (23.7%). The total number of animals achieving
ROSC was 67/124 (52.8%). Some baseline demographics did vary by study (Table 1),
notably sex, weight, CPR ratio, mean anesthesia time, and untreated VF duration.
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For all conceptual models of CPP (threshold, delta, cumulative delta, dose, and cumulative
dose), CPP was higher in animals with ROSC than those without ROSC (Table 2). Results
are reported as mean ± standard error of the mean.

CPP measurements for animals achieving ROSC were compared over successive
defibrillation attempts throughout the ongoing resuscitation (Table 3 and Figure 1).
Threshold CPP (coefficient −2.48; 95%CI −4.45, −0.52; p = 0.01), cumulative delta CPP
(coefficient −2.37; 95%CI −4.32, −0.43; p = 0.02), dose CPP (coefficient −1.90; 95%CI
−2.52, − 1.28; p < 0.001), and cumulative dose CPP (coefficient 2.11; 95%CI 1.46, 2.75; p <
0.001) varied by defibrillation attempt.

Based on univariate logistic regression, study protocol (p < 0.001), shock number (OR 0.68;
95% CI 0.54, 0.86; p = 0.001), threshold CPP (OR 1.07; 495% CI 1.05, 1.09; p < 0.0001),
delta CPP (OR 1.05; 95%CI 1.03, 1.07; p < 0.0001), cumulative delta CPP (OR 1.07; 95%
CI 1.05, 1.09; p < 0.001), dose CPP in 1000 mmHg^2 (OR 1.27; 95% CI 1.18, 1.37; p <
0.001), and cumulative dose CPP in 1000 mmHg^2 (OR 1.12; 95% CI 1.07, 1.17; p < 0.001)
were candidate variables for multiple variable analysis. Non-significant univariate predictors
included sex, weight, compression to ventilation ratio, and anesthesia time.

The array of myocardial perfusion measurements that we explored (threshold CPP, delta
CPP, cumulative delta CPP, dose CPP, and cumulative dose CPP) was extremely co-linear
in a single regression model. Because of this extreme co-linearity and the five different
conceptual models of CPP measurement represented, we established five separate multiple
variable regression models to elucidate each measure’s predictive power of ROSC (Table 4).
Interaction terms for shock number, experimental design, and each of the five conceptual
models of CPP were non-significant predictors.

Multiple variable logistic modeling of cumulative dose CPP in 1000 mmHg^2 (OR 1.17;
95%CI 1.10, 1.24; p < 0.001) and elapsed time to shock in minutes (OR 0.81; 95%CI 0.71,
0.93; p = 0.002) yielded competing effects on successful defibrillation. (Table 5)

Receiver operating characteristic curves were generated for the five different models of
CPP. Threshold CPP (AUC 0.81), cumulative delta CPP (AUC 0.81), and dose CPP (AUC
0.78) had the highest area under the curve (Figure 2). Delta CPP and cumulative dose CPP
had an AUC of 0.70.

Discussion
A primary objective of CPR and medication delivery is to generate an adequate CPP to
reperfuse the myocardium before defibrillation. (30) For all five conceptual models of CPP,
animals with ROSC achieved higher CPP than animals without ROSC.

Our discussion of intra-resuscitation hemodynamics is limited to coronary perfusion
pressure, which is a product of coronary blood flow and vascular resistance. We utilize
young, presumably healthy swine in our model, which do not have any known coronary
artery disease that would independently limit myocardial blood flow. Changing CPP values/
requirements ought to reflect changing vascular resistance that impacts blood flow.

We have previously shown that resuscitated animals achieve higher CPP from chest
compressions alone compared with unresuscitated animals. Furthermore, resuscitated
animals exhibit a greater response in CPP to exogenous catecholamines than unresuscitated
animals. (24) We have postulated that animals with ROSC have higher residual levels of
endogenous catecholamines, upregulated catecholamine receptors, or increased receptor
sensitivity, and our laboratory is currently exploring pharmacogenomic differences in gene
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expression between animals with and without ROSC (data being analyzed prior to
publication).

CPP requirements for ROSC appear to change over successive defibrillation attempts in an
ongoing resuscitation. The necessary threshold, cumulative delta, and dose CPP decreases
over successive defibrillation attempts in animals with ROSC. This may be because animals
that receive repeated rescue shocks are also receiving ongoing chest compressions and
myocardial perfusion, as reflected by the cumulative dose CPP, which increases over
successive defibrillation attempts in animals with ROSC. The myocardium may be
“partially” reperfused in earlier unsuccessful rescue shocks, and then be “adequately”
reperfused during later successful rescue shocks with a smaller amount of subsequent
reperfusion. This is reflected in the delta CPP measure, which increases by 29.2 ± 1.6
mmHg for the first rescue shock, and then varies only by 0.2 to 8.9 mmHg at a time between
successive rescue shocks. (Table 3)

A more dynamic CPP measure, such as cumulative dose, may be needed to account for
ongoing perfusion. This measure may be more illuminating than traditional static measures
computed at a single point in time because it better reflects the ongoing state of the
myocardium and cumulative oxygen debt during ongoing resuscitation. Further exploration
of this cumulative dose shows that it is tempered by elapsed time-to-defibrillation-attempt.
(Table 5).

The five conceptual models of CPP had “good” to “fair” discrimination between animals
with and without ROSC. Threshold CPP and cumulative delta CPP had “good”
discrimination, while dose CPP and cumulative dose CPP had “fair” discrimination between
animals with and without ROSC.

Initial CPP required for ROSC in our porcine model of OHCA is higher than the often-
quoted necessary threshold CPP of 15–25 mmHg for ROSC derived from prior animal and
human data. (5–14) This needs to be externally validated by another laboratory. One reason
for the threshold discrepancy between prior animal models and our data may be the timing
of the experimental protocol. Previous studies were conducted with briefer untreated arrest
intervals (0–5 minutes). These studies modeled cardiac arrest that rarely extended beyond
the electrical phase. (5) Our studies were conducted with an untreated VF duration of 5 – 10
minutes (circulatory and metabolic phases). Our longer duration of “no -flow” may
necessitate higher initial CPP requirements. Prior human data were collected in persons
suffering 8–12 minutes of untreated cardiac arrest (circulatory and metabolic phase), yet
there is still a significant difference in the necessary threshold CPP for ROSC. One reason
for this discrepancy may be the timing of data collection. Human data collection began very
late into cardiac arrest (24–25 minutes), whereas our data were collected immediately at the
onset of resuscitation (8–11 minutes). The decreasing CPP requirements we demonstrated
over the course of resuscitation are supported by the lower CPP values obtained during
human data collection.

Future work in the field may benefit from a more comprehensive analysis and presentation
of coronary perfusion pressure, taking into account different conceptual models and time-
dependent effects on this important hemodynamic variable. If future work corroborates our
analysis, then the existing Utstein style for reporting animal studies may require
modification to more robustly describe coronary perfusion pressure.

Limitations
There were several limitations to our study. First, this was a retrospective analysis and there
were some discrepancies in demographics between experiments. Second, we analyzed
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young healthy swine whose physiology may not reflect that of typical cardiac arrest patients.
Third, there may be a species difference between swine and human cardiopulmonary
physiologies. Fourth, our particular swine model utilizes early endotracheal intubation,
ventilation with 100% FiO2 oxygen, and an optimized drug cocktail that may not be
representative of typical clinical care rendered. Fifth, we analyzed CPP, not myocardial
blood flow directly. Typical cardiac arrest patients have a high burden of cardiovascular
disease with increased coronary vascular resistance, adversely affecting the translation of
pressure into flow. Sixth, VF was electrically induced in all of these cases, not induced by
ischemia. Finally, we examined ROSC, not long-term survival or neurologic outcomes.

Conclusions
Animals with ROSC have higher threshold, delta, cumulative delta, dose, and cumulative
dose CPP than animals without ROSC. These five conceptual models of CPP predict ROSC
with “good” to “fair” discrimination. CPP requirements for successful defibrillation change
throughout the resuscitation and the competing effects of cumulative dose CPP with time-
elapsed-to-shock may be a more sophisticated method of measuring this.
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Figure 1.
Coronary perfusion pressure (CPP) calculations for successive defibrillation attempts with
and without ROSC (return of spontaneous circulation). CPP given as mean ± SEM. * p <
0.05 for variation of CPP by defibrillation attempt for animals with ROSC. For attempts 5
and 7 n=1, so unable to calculate SEM.
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Table 2

CPP (coronary perfusion pressure) calculations for defibrillation attempts with and without ROSC (return of
spontaneous circulation). CPP given as mean ± SEM

Defibrillation Attempt

p-valueROSC (n = 75) No ROSC (n = 241)

Threshold CPP (mmHg) 31.0 ± 1.5 13.7 ± 1.1 < 0.001

Delta CPP (mmHg) 17.3 ± 1.9 5.5 ± 0.8 < 0.001

Cumulative Delta CPP (mmHg) 26.6 ± 1.5 10.7 ± 1.0 < 0.001

Dose CPP (mmHg^2) 5,974.0 ± 472.3 2,219.6 ± 248.7 < 0.001

Cumulative Dose CPP (mmHg^2) 9,731.0 ± 638.2 5700.7 ± 389.9 < 0.001
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Table 4

Predictive Value of CPP (coronary perfusion pressure) for ROSC (return of spontaneous circulation) based on
multiple variable logistic regression modeling using five different conceptual models (threshold, delta,
cumulative delta, dose, and cumulative dose).

ROSC

Odds Ratio 95% Confidence Interval p-value

Threshold

Threshold CPP (mmHg) 1.06 1.04, 1.08 < 0.001

Shock number 0.86 0.67, 1.12 0.28

Experimental Design*

 1 0.14 0.05, 0.36 < 0.001

 2 0.53 0.13, 2.13 0.37

 3 0.54 0.23, 1.27 0.16

 4 4.80 1.73, 13.34 0.01

 5 0.40 0.13, 1.18 0.10

 6 0.97 0.34, 2.74 0.95

Delta

Delta CPP (mmHg) 1.04 1.01, 1.06 0.01

Shock number 0.96 0.73, 1.26 0.77

Experimental Design*

 1 0.28 0.11, 0.71 0.01

 2 0.71 0.18, 2.88 0.64

 3 0.35 0.16, 0.79 0.01

 4 5.26 1.93, 14.37 0.01

 5 0.60 0.21, 1.66 0.21

 6 1.43 0.54, 3.82 0.47

Cumulative Delta

Cumulative Delta CPP (mmHg) 1.06 1.04, 1.09 < 0.001

Shock number 0.85 0.66, 1.10 0.23

Experimental Design*

 1 0.16 0.06, 0.41 < 0.001

 2 0.43 0.10, 1.80 0.25

 3 0.59 0.25, 1.39 0.23

 4 4.33 1.56, 12.00 0.01

 5 0.40 0.13, 1.19 0.10

 6 1.22 0.44, 3.39 0.71

Dose

Dose CPP (1000 mmHg^2) 1.22 1.12, 1.34 < 0.001

Shock number 0.02 0.79, 1.33 0.88
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ROSC

Odds Ratio 95% Confidence Interval p-value

Experimental Design*

 1 0.15 0.06, 0.40 < 0.001

 2 1.31 0.37, 4.69 0.68

 3 0.42 0.18, 0.95 0.04

 4 6.55 2.36, 18.24 < 0.001

 5 0.66 0.23, 1.87 0.43

 6 1.05 0.37, 2.96 0.93

Cumulative Dose

Cumulative Dose CPP (1000 mmHg^2) 1.18 1.10, 1.27 < 0.001

Shock number 0.55 0.40, 0.75 < 0.001

Experimental Design*

 1 0.29 0.13, 0.65 0.01

 2 1.58 0.45, 5.58 0.48

 3 0.56 0.24, 1.32 0.18

 4 6.33 2.27, 17.66 < 0.001

 5 0.70 0.25, 1.98 0.50

 6 0.88 0.31, 2.49 0.81

*
denotes p < 0.05.
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Table 5

Competing effects of cumulative dose CPP (coronary perfusion pressure) and elapsed time to shock on ROSC
(return of spontaneous circulation).

ROSC

Odds Ratio 95% Confidence Interval p-value

Cumulative Dose CPP (1000 mmHg^2) 1.17 0.11, 1.24 < 0.001

Elapsed time to shock (minutes) 0.81 0.71, 0.93 0.002
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