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Abstract
Introduction—The ventricular fibrillation (VF) waveform is dynamic and predicts defibrillation
success. Quantitative waveform measures (QWM) quantify these changes. Coronary perfusion
pressure (CPP), a surrogate for myocardial perfusion, also predicts defibrillation success. The
relationship between QWM and CPP has been preliminarily explored. We sought to further
delineate this relationship in our porcine model and to determine if it is different between animals
with/without ROSC (return of spontaneous circulation).

Hypothesis—A relationship exists between QWM and CPP that is different between animals
with/without ROSC.

Methods—Utilizing a prior experiment in our porcine model of prolonged out-of-hospital VF
cardiac arrest, we calculated mean CPP, cumulative dose CPP, and percent recovery of three
QWM during resuscitation before the first defibrillation: amplitude spectrum area (AMSA),
median slope (MS), and logarithm of the absolute correlations (LAC). A random effects linear
regression model with an interaction term CPP*ROSC investigated the association between CPP
and percent recovery QWM and how this relationship changes with/without ROSC.

Results—For 12 animals, CPP and QWM measures (except LAC) improved during
resuscitation. A linear relationship existed between CPP and percent recovery AMSA (coefficient
0.27; 95% CI 0.23, 0.31; p<0.001) and percent recovery MS (coefficient 0.80; 95% CI 0.70, 0.90;
p<0.001). A linear relationship existed between cumulative dose CPP and percent recovery
AMSA (coefficient 2.29; 95% CI 2.0, 2.56; p<0.001) and percent recovery MS (coefficient 6.68;
95% CI 6.09, 7.26; p<0.001). Animals with ROSC had a significantly “steeper” dose-response
relationship.

Conclusions—There is a linear relationship between QWM and CPP during chest compressions
in our porcine cardiac arrest model that is different between animals with/without ROSC.
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Introduction
Effective chest compressions are required for successful defibrillation in resuscitation during
cardiac arrest (1–4). After circulatory arrest, myocardial energy stores rapidly deplete (5),
metabolites such as lactate accumulate (6), and there is systemic hypoxemia and tissue
stunning (7). CPR attenuates or reverses some of these effects (8), but the impact of CPR is
dependent on the effectiveness of perfusion it provides (9). There is evidence that a defined
amount of coronary perfusion pressure (CPP), a surrogate for myocardial perfusion, is
required for defibrillation success. (10–20) Coronary perfusion can be conceptualized as a
“threshold” value or a “dose”, both of which predict defibrillation success. (21, 22)
Qualitative waveform measures (QWM) of the ventricular fibrillation (VF)
electrocardiogram (ECG) predict shock success in animal and human studies (23–30) and
have been correlated with depletion of myocardial energy stores during untreated VF. (30)

In other swine models of cardiac arrest, CPP has been correlated with basic
electrocardiographic characteristics of the VF waveform, such as maximum amplitude,
mean amplitude, and dominant frequency. (31) CPP has also been correlated with more
sophisticated QWMs such as amplitude spectrum area (AMSA) and median slope MS). (24,
32) Seeking to further delineate this correlation between CPP and QWMs in our porcine
model of prolonged out-of-hospital VF cardiac arrest, we retrospectively explored the
relationship between CPP and QWM during the first five minutes of CPR before the first
rescue shock in a randomized trial of manual, mechanical, and high-impulse chest
compressions. (33) We also sought to determine if this relationship is different between
animals with and without ROSC. We hypothesized that a quantifiable dose-response
relationship exists between CPP and QWM during ongoing chest compressions in our
porcine cardiac arrest model and that this relationship is different between animals with and
without ROSC.

Materials and Methods
The care and handling of the animals were in accord with NIH guidelines and the study
analyzed was approved by the University of Pittsburgh Institutional Animal Care and Use
Committee. We conducted a retrospective analysis of a randomized trial of manual,
mechanical, and high-impulse chest compressions performed in our lab using mixed-breed
domestic swine of either sex. Animal preparation methods have been previously described in
detail. (33)

In brief, 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
in less than 40 minutes. We induced VF by delivering a three second, 60 Hz, 100mA AC
current externally across the thorax and left it untreated for 8 minutes. Chest compressions
were delivered manually, mechanically, or high-impulse. 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). After 8 minutes of untreated VF, compressions were
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performed in an anterior-posterior direction at a rate of 100 per minute with a compression
depth of 1.5 inches and a duty cycle of 50%. The compression to ventilation ratios was 5:1
for all groups, which was the standard at the time. Ventilation was performed with 100%
FiO2 for all experiments at a tidal volume of approximately 400 cc.

All animals received drugs after 2 minutes of compressions (epinephrine 0.1 mg/kg,
propanolol 1 mg, and vasopressin 40 IU) and defibrillation was attempted 5 minutes after
the onset of CPR (13 minutes after the induction of VF). 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 X weight in kg X 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
(JJM) to eliminate inter-user variability.

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), the animal was 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 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). Mean
and standard deviation CPP were derived for successive 30-second epochs throughout the
entire resuscitation. An area under the curve (AUC) was calculated for the set of raw CPP
values contained within each 30-second epoch of CPR. (Figure 1) To reflect the state of
myocardial perfusion, we also calculated the cumulative dose CPP throughout the
resuscitation as a running total of the area under the CPP curve. We believe this is a more
robust measurement than mean CPP for successive 30-second epochs. (21, 22)

Quantitative Electrocardiographic Waveform Measures
The ECG signal was collected from a standard lead II configuration of surface electrodes
and connected to a commercial signal amplifier (DAM-50, WPI, Inc., Sarasota, FL).
Methods for calculating AMSA, MS, and LAC have been described previously. (34) The
particular QWM’s used in this study were chosen to account for three distinct, though
related, signal properties underlying the derivation of QWMs: frequency, slope, and
autocorrelation. Prior to calculation of each measure, ECG signal was down-sampled from
1000 Hz to 250 Hz. All calculations were made with original ECG voltages as recorded,
which was not standardized, normalized, or otherwise filtered. The resulting signal was
divided into sequential windows of 1250 samples (i.e. 5 seconds). The 3 QWMs were
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calculated for each of the windows to create a time series of QWM values. The mean QWM
measure for the first 30 seconds of untreated VF was established as the “baseline” QWM
value. To standardize QWM values across and within animals, we then calculated
percentage recovery of each QWM value relative to its baseline value during the first 30
seconds of untreated VF.

We note that in prior demonstrations of correlation, QWM were measured during pauses in
chest compressions. (24, 31, 32) We intentionally measured QWM during ongoing chest
compressions to simulate the clinical use of these measures during continuous/minimally
interrupted chest compressions, which are paramount to resuscitation success. (35)
Waveform measures were computed from a specified frequency interval of 4 – 40 Hz, which
did not include the frequency of chest compressions (100 compressions per minute = 1.7
Hz).

Statistical Analysis
Baseline physiologic data, including gender, weight, method of compressions, pre-
resuscitation anesthesia duration, VF duration, and ROSC were abstracted from the
experimental record. We used Microsoft Excel 2011 (Microsoft Corporation, Redmond,
WA) and STATA 12.0 (StataCorp, College Station, TX) to record and analyze the data.

We hypothesized that there is a dose-response relationship between CPP and QWM. We
analyzed repeated measures over time of both CPP and QWM for each animal. We used a
random effects model of repeated measures to evaluate the relationship between CPP
(measured by both raw CPP and cumulative dose CPP) and the percent recovery of the
QWM throughout the resuscitation. We intentionally did not incorporate chest compression
method into the model. The primary independent variable in question was CPP, regardless
of how or how effectively CPP was generated. Interaction terms were generated to explore
how the relationship between CPP and percent recovery of QWM is different between
animals with and without ROSC. An alpha of 0.05 was used for predictive statistics.

Results
For n = 12 animals, 83.3% were male, the mean weight was 27.4 ± 2.4 kg, mean anesthesia
time was 31.0 ± 4.8 minutes, and the rate of ROSC was 50.0%. All animals underwent 8
minutes of untreated VF and received CPR at a 5:1 compression to ventilation ratio.

CPP, cumulative dose CPP, percent recovery of AMSA, and percent recovery of MS
increased during chest compressions, while percent recovery of LAC appeared to stay
relatively constant during chest compressions. (Figure 2)

A significant linear relationship was present between CPP and QWM as measured by
AMSA (coefficient 0.27; 95% CI 0.23, 0.31; p < 0.001) and MS (coefficient 0.80; 95% CI
0.70, 0.90; p < 0.001). The same relationship did not hold with CPP and LAC (coefficient
0.01; 95% CI --0.03, 0.05; p = 0.64). A significant linear relationship was present between
cumulative dose CPP and QWM as measured by AMSA (coefficient 2.29; 95%CI 2.03,
2.56; p < 0.001) and MS (coefficient 6.68; 95%CI 6.09, 7.26; p < 0.001). The same
relationship did not hold with cumulative dose CPP and LAC (coefficient 0.29; 95%CI
−0.01, 0.59; p = 0.05). (Table 1 & Figure 3)

A significant interaction term was present between CPP and ROSC for AMSA (coefficient
0.14; 95%CI 0.06, 0.28; p < 0.001) and MS (coefficient 0.27; 95%CI 0.08, 0.46; p = 0.01).
A significant interaction term was present between cumulative CPP and ROSC for AMSA
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(coefficient 1.42; 95%CI 0.97, 1.88; p < 0.001) and MS (coefficient 3.17; 95%CI 2.13, 4.20;
p < 0.01). Interactions terms for LAC were not significant. (Table 2 & Figure 4)

Discussion
We demonstrated a linear correlational relationship between CPP and some of the QWMs
that is different between animals with and without ROSC. Both CPP and percent recovery of
QWM increased throughout resuscitation and their linear relationship may reflect the
underlying myocardial responsiveness to perfusion. Mechanical energy expended by
performing CPR generates a pressure gradient tempered by vascular resistance that results in
myocardial blood flow. This flow delivers chemical energy substrates that the myocardium
utilizes to generate electro-mechanical energy in the form of ECG organization coupled with
fibrillating activity. We have previously demonstrated video evidence of the positive effect
of chest compressions on ECG organization. (36)

For mean CPP and cumulative dose CPP in animals with and without ROSC, a significant
linear relationship was present between CPP and QWM as measured by AMSA and MS, but
the same relationship did not hold with CPP and LAC. (Figure 2) This could due to an
inherent trait of LAC. LAC is a measure of the “longitudinal” self-similarity of the
waveform over time (26), whereas AMSA measures the magnitude of the frequency
spectrum between a defined range (37) and MS represents the average “steepness” of the
slope of the ECG waveform. (38) Furthermore, Sherman, et al. demonstrated that the array
of available QWMs has different test characteristics when predicting ROSC. (39) AMSA
and MS were among those measures with the highest receiver operating characteristic AUC
(0.72 & 0.73 respectively), compared with 0.65 for LAC. LAC had a higher sensitivity, but a
lower specificity and positive predictive value than AMSA and MS. The negative predictive
values were similar for all three measures. AMSA and MS may measure an
electrophysiologic component that LAC does not, resulting in the discrepancy observed.

Significant interaction terms between CPP and ROSC indicate that animals with ROSC have
a “steeper” dose-response relationship between CPP and QWM. (Table 2 & Figure 4) Even
animals without ROSC achieved recovery of the QWM, yet required more CPP than animals
with ROSC. The myocardia of animals with ROSC appeared to be more responsive to
perfusion. We suspect this has to do with delivery and utilization of myocardial high-energy
phosphate stores (29) and future inquiry could quantify these stores in animals with and
without ROSC to physiologically explain the discrepancy in myocardial responsiveness to
CPP. This has potential clinical utility of a measure that demonstrates myocardial
responsiveness to ongoing resuscitation.

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.

Prior work has explored the effects of myocardial ischemia on this relationship. (32) This
could be validated in subsequent studies. Other directions to explore include the effect of
therapeutic hypothermia on this relationship.

Limitations
There were several limitations to our study. First, we analyzed young healthy swine whose
physiology may not reflect that of typical cardiac arrest patients. Second, there may be a
species difference between swine and human cardiopulmonary physiologies. Third, we
analyzed CPP, not myocardial blood flow directly. Typical cardiac arrest patients have a
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high burden of cardiovascular disease with increased coronary vascular resistance, adversely
affecting the translation of pressure into flow. Finally, VF was electrically induced in all of
these cases, not induced by ischemia.

Conclusion
In our porcine model of cardiac arrest, both CPP and recovery of QWM increase during
chest compressions and there is a quantifiable linear relationship between these two
variables. ROSC confers a positive effect on this relationship.
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Figure 1.
Calculation of the area under the curve coronary perfusion pressure. A: CPP is measured at
the point just prior to compression upsurge in pressure (vertical black lines). B: AUC is
calculated for the set of raw CPP values contained within each 30-second epoch and the
cumulative AUC is calculated as a running total throughout the resuscitation. AoP: aortic
pressure. RAP: right atrial pressure. CPP: coronary perfusion pressure. AUC: area under the
curve.
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Figure 2.
Increase in CPP (A), cumulative dose CPP (B), and QWMs (C) over time during the 5
minutes of CPR prior to first rescue shock with associated lowess curve. CPP: coronary
perfusion pressure. QWM: qualitative waveform measure. AMSA: amplitude spectrum
area. MS: median slope. LAC: logarithm of absolute correlations.
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Figure 3.
Dose-response relationship between mean CPP (A) as well as cumulative dose CPP (B) and
percent recovery of QWM (qualitative waveform measures) for the first 5 minutes of CPR
before the first rescue shock. CPP: coronary perfusion pressure. AMSA: amplitude
spectrum area. MS: median slope. LAC: logarithm of absolute correlations.

Reynolds et al. Page 11

Resuscitation. Author manuscript; available in PMC 2013 December 01.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 4.
Relationship between QWM recovery and mean CPP (A, B, C) and cumulative dose CPP
(D, E, F) in animals with and without ROSC. QWM: qualitative waveform measures. CPP:
coronary perfusion pressure. ROSC: return of spontaneous circulation. AMSA: amplitude
spectrum area. MS: median slope. LAC: logarithm of absolute correlations.
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Table 1

Linear regression analyses of the mean CPP value and the cumulative dose CPP.

QWM Coefficient 95% CI p-value

CPP (mmHg)

AMSA 0.27 0.23, 0.31 < 0.001

MS 0.80 0.70, 0.90 < 0.001

LAC 0.01 −0.03, 0.05 0.64

Cumulative Dose CPP (1000 mmHg^2)

AMSA 2.29 2.03, 2.56 < 0.001

MS 6.68 6.09, 7.26 < 0.001

LAC 0.29 −0.01, 0.59 0.05

CPP: coronary perfusion pressure. QWM: % recovery of qualitative waveform measures. AMSA: amplitude spectrum area. MS: median slope.
LAC: logarithm of absolute correlations. CI: confidence interval.
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