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a b s t r a c t

Objectives: Coronary perfusion pressure (CPP) during resuscitation from cardiac arrest has been shown to
correlate with return of spontaneous circulation. Adrenergic blockade of beta-1 and alpha-1 receptors is
common in the long-term management of ischemic heart disease and congestive heart failure. We sought
to compare the CPP response to vasopressin vs. epinephrine in a swine model of cardiac arrest following
pre-arrest adrenergic blockade.
Methods: Eight anesthetized and instrumented swine were administered 0.1 mg epinephrine and arterial
pressure and heart rate response were measured. An infusion of labetalol was then initiated and ani-
mals periodically challenged with epinephrine until adrenergic blockade was confirmed. The left anterior
descending coronary artery was occluded to produce ventricular fibrillation (VF). After 7 min of untreated
VF, mechanical chest compressions were initiated. After 1 min of compressions, 1 mg epinephrine was
given while CPP was recorded. When CPP values had returned to pre-epinephrine levels, 40 U of bolus
vasopressin was given. Differences in CPP (post-vasopressor–pre-vasopressor) were compared within
animals for the epinephrine and vasopressin response and with eight, non-adrenergically blocked, his-
torical controls using Bayesian statistics with a non-informative prior.

Results: The CPP response following epinephrine was 15.1 mmHg lower in adrenergically blocked animals
compared to non-adrenergically blocked animals (95% Highest Posterior Density [HPD] 2.9–27.2 mmHg
lower). CPP went up 18.4 mmHg more following vasopressin when compared to epinephrine (95% HPD
8.2–29.1 mmHg). The posterior probability of a higher CPP response from vasopressin (vs. epinephrine)
in these animals was 0.999.
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1. Introduction

Current advanced cardiac life support (ACLS) guidelines rec-
ommend the administration of a vasopressor medication, either
epinephrine or vasopressin, during cardiac arrest due to PEA or
asystole or if ventricular fibrillation (VF) or pulseless ventricular
tachycardia persist after one or two shocks with CPR.1 The ratio-
nale for this approach is to pharmacologically augment coronary

perfusion pressure (CPP), the pressure gradient between aortic
and right atrial pressures during the relaxation phase of rhyth-
mic chest compressions. Higher CPP has been correlated with
improved return of spontaneous circulation (ROSC) in animals and
humans.2–4 Despite strong rationale supported by hemodynamic
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vasopressin to adrenergically blocked animals when compared to
pharmacologically naïve (non-adrenergically blocked) animals.

Markov chain convergence was satisfactory for all poste-
rior sampling densities. Table 1 provides results of posterior

Table 1
Posterior probability estimates for the coronary perfusion pressure response fol-
lowing vasopressor administration in a swine model of cardiac arrest.

Vasopressor Mean �CPP
(mmHg)

95% HPDa

(mmHg)

Non-blocked (n = 8)
Epinephrine 24.6 15.9–32.8
S.T. Youngquist et al. / Re

bservations in animal models, vasopressors have not been shown
o improve outcome in observational reports or clinical trials.5–7

Medications used by patients prior to cardiopulmonary collapse
ay affect the response to pharmacologic therapy administered

uring resuscitation efforts. No consideration is currently included
n ACLS guidelines regarding the use of chronic medications prior
o arrest, particularly those that might affect hemodynamic vari-
bles during CPR. Approximately 80% of post-infarction patients
re prescribed a beta blocker at discharge.8 Carvedilol, classified as
non-selective beta blocker, is more commonly prescribed than

elective beta-1 antagonists, including metoprolol succinate, for
he management of heart failure.9

The purpose of this investigation was to compare the effect
f epinephrine with that of vasopressin on coronary perfusion
ressure in a porcine model of ischemic VF cardiac arrest when
receded by blockade of alpha-1 and beta-1 adrenergic receptors.

. Methods

This study was approved by the Animal Care and Utilization
eview Committee at our institution and conforms to the Amer-

can Physiological Society’s Guiding Principles in the Care and Use
f Animals.

Methods for the induction of anesthesia and instrumentation
ave been previously described.10 In brief, 8 male mixed breed
orkshire swine (41 ± 3 kg) were premedicated with ketamine and
ylazine and anesthesia was induced and maintained with inhaled
soflurane. End-tidal CO2 was monitored continuously and minute
entilation was adjusted to maintain an end-tidal CO2 between 35
nd 45 mmHg. Lead II of the surface electrocardiogram was also
onitored continuously throughout the protocol.
Vessels were exposed surgically and high-fidelity micro-

anometer tipped catheters (Millar Instruments, Houston, TX)
ere positioned in the ascending aorta (Ao) and the right atrium

RA) under fluoroscopic guidance. Following instrumentation,
eart rate, systolic and diastolic aortic and mean RA pressures were
easured and recorded (PowerLab Chart acquisition software v.

.2, ADInstruments, Castle Hill, Australia). Arterial blood gas was
nalyzed (I-Stat EG7+, I-Stat Corp, Princeton, NJ) at baseline follow-
ng instrumentation and at intervals throughout the investigation.

After control measurements were made, a 0.1 mg bolus of
pinephrine was administered via the RA catheter and the heart
ate and arterial pressure response recorded. After heart rate and
rterial pressure returned to baseline values, an intravenous infu-
ion of labetalol was begun and continued until an additional
pinephrine challenge produced a <10 beat/min change in heart
ate and systolic arterial pressure increased by <25%, a definition
ased on the consensus agreement of the investigators. (Carvedilol

s currently unavailable in a titratible intravenous formulation,
hich is why labetalol was chosen as comparable mixed agonist.)

After adrenergic blockade, the left anterior descending (LAD)
oronary artery distal to the first septal perforator was occluded
ith a standard angioplasty catheter and balloon (Voyager

.0 mm × 20 mm PTCA balloon, Abbott Vascular, Temecula CA). The
ite of coronary occlusion and confirmation of complete cessation
f coronary flow distal to the balloon were confirmed with manual
ontrast injections. Animals were observed until spontaneous VF
ccurred.

Following 7 min of untreated VF, closed mechanical chest
ompressions with the Thumper® (Michigan Instruments, Grand

apids, MI) were initiated with force sufficient to depress the
ternum 1.5–2.0 in. Following 1 min of closed chest compressions,
pinephrine 1 mg was administered via the RA during continuous
ecording of CPP. When the CPP had returned to pre-epinephrine
aseline, vasopressin, 40 U, was delivered via the RA catheter. The
tion 82 (2011) 228–231 229

order of administration was chosen due to the relatively short
half-life of epinephrine (approximately 5 min) and the relatively
long half-life (approximately 20 min) of vasopressin in an attempt
to minimize carryover effects and temporal declines in vascular
responsiveness. Each animal served as their own control to reduce
the potential effect of genetic and physiologic variability on the
differential response.

An identical protocol, omitting pre-arrest adrenergic blockade
or epinephrine challenge, was performed in eight additional swine
who served as non-adrenergically blocked controls.

2.1. Data analysis

Data were entered into an Excel Spreadsheet (v. 12.0, Microsoft
Corp, Redmond, WA) and imported into SAS statistical software (v.
9.2, SAS Institute, Cary, NC) for analysis. CPR coronary perfusion
pressure (diastolic or relaxation phase Ao-RA pressure difference)
was determined by measuring the mean peak CPP over the 30 s
period (approximately 50 compression cycles) preceding medi-
cation administration (epinephrine or vasopressin) and the 30 s
period following medication administration.

Differences in CPP response to epinephrine (post-epinephrine
CPP–pre-epinephrine CPP) between adrenergically blocked and
non-adrenergically blocked animals and the differences in CPP
response to vasopressin vs. epinephrine within blocked animals
were modeled using Bayesian statistics. Utilizing Markov-Chain
Monte Carlo random sampling methods, the Bayesian model allows
for the assignment of exact probability values to specific hypothe-
ses, rather than simply the null hypothesis. Specifically, the Bayes
option of the SAS procedure, PROC GENMOD, was invoked for this
purpose. We used non-informative, uniform prior distributions
(assigning equal probability to all values), to model uncertainty
regarding the location of the parameter �, the difference in mean
CPP response. A default, non-informative gamma prior probability
distribution was used to model uncertainty in the scale parame-
ter (�) of the target distribution. Markov chain convergence was
assessed using visual inspection of trace plots and three standard
diagnostics: Lag autocorrelations, Geweke diagnostic statistics, and
effective sample sizes. We report median values and 95% highest
posterior density (HPD) intervals for the posterior probability dis-
tributions. These intervals reflect the parameter values which are
assigned 95% of the posterior probability.

3. Results

An average of 7 ± 2 mg/kg of labetalol was required to produce
blockade of alpha 1 and beta-1 receptors. Fig. 1 demonstrates the
change in CPP following administration of either epinephrine or
Non-selective blockade (n = 8)
Epinephrine 9.5 5.6–12.9
Vasopressin 27.9 16.8–39.6

a Highest posterior density: the range of parameter values assigned the 95% high-
est posterior probability.
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Fig. 1. Dot plots for the increase in coronary perfusion pressure (CPP) during cardiac
arrest with mechanical chest compressions following the administration of vaso-
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ressor medication to two cohorts: (1) pharmacologically naïve swine administered
pinephrine, and (2) swine that underwent pre-arrest non-selective adrenergic
lockade and were administered first epinephrine during resuscitation and then
x minutes later, when CPP levels had returned to baseline, vasopressin.

robability distributions for the CPP response following vaso-
ressor administration. Adrenergically blocked animals showed
CPP response that was 15.1 mmHg lower than that observed

n non-adrenergically blocked animals (median 15.1, 95% HPD
.9–27.2 mmHg lower). The posterior probability of a higher CPP
esponse following epinephrine in adrenergically blocked animals
vs. non-adrenergically blocked animals) was only 0.008. On the
ther hand, the posterior probability of at least a −10 mmHg or
ower CPP response in adrenergically blocked animals was 0.81. The
osterior probability of at least a −20 mmHg or lower CPP response

n adrenergically blocked animals was 0.20.
In adrenergically blocked animals, the CPP response was,

n average, 18.4 mmHg higher following vasopressin adminis-
ration when compared to epinephrine (median 18.4, 95% HPD
.2–29.1 mmHg). The posterior probability of a higher CPP response
rom vasopressin (vs. epinephrine) in adrenergically blocked ani-

als was 0.999. The posterior probability of at least a 10 mmHg
igher CPP response following vasopressin was 0.94. The posterior
robability of at least a 20 mmHg higher CPP response following
asopressin was 0.37.

. Discussion

It is likely that patients at greatest risk for out-of-hospital cardiac
rrest, namely those with severe left ventricular systolic dysfunc-
ion or coronary artery disease, will be receiving treatment with
n adrenergic blocking agent, either a selective beta-1 blocker,
.g., metoprolol, or a drug with nonselective properties, such as
arvedilol. The present investigation demonstrates that, in this
orcine model of ischemic ventricular fibrillation, prior adrenergic
lockade with labetalol, a mixed alpha and beta antagonist simi-

ar to carvedilol, attenuates the CPP response to epinephrine. This
nvestigation also demonstrates that vasopressin provides superior

ugmentation of CPP when compared to epinephrine under these
onditions. Epinephrine increased CPP to >20 mmHg in only one
nimal. This CPP value has been demonstrated to reliably predict
uccessful defibrillation and ROSC in the swine electrically induced
F cardiac arrest model.4
tion 82 (2011) 228–231

Several clinical reports have questioned the utility of drug
administration during advanced cardiac life support.5–7 Addition-
ally, the benefits of vasopressin administration, alone or when
combined with epinephrine, in clinical cardiac arrest have yielded
equivocal results.11 However, these clinical trials have not included
chronic adrenergic blocker therapy as a pre-arrest variable dur-
ing the course of data and outcome analysis. The findings of our
laboratory study suggest the existence of pre-arrest adrenergic
blockade should be considered when cardiac arrest therapy trials
are designed. In this study, we evaluated only the effects of pre-
arrest non-selective adrenergic blockade with labetalol. This drug
was selected because it has adrenergic blocker properties nearly
identical to carvedilol with the exception of less �-1 potency and
can be easily titrated to achieve adrenergic blockade.12 Although
myocardial �-adrenergic density is approximately the same in
humans and swine,13,14 we assessed the adequacy of �- and �-
adrenergic blockade with epinephrine challenge before and after
the labetalol infusion and before coronary occlusion.

A number of laboratory studies have evaluated the effects of
�-blockers in the treatment of cardiac arrest.15–18 These studies
generally indicate that esmolol or propranolol improve myocardial
function after resuscitation. However, in a number of these stud-
ies, epinephrine was not administered during resuscitation efforts
or was given before �-blockade, or epinephrine’s �-adrenergic
effects were enhanced by �2-blockade. In none was adequacy of
adrenergic blockade confirmed during the course of experiments.
Receptor density is likely to vary between canines, swine, and
murine models. We did not evaluate the effect of nonselective
blockade on post-resuscitation ventricular function and whether
nonselective adrenergic blockade is beneficial after resuscitation
remains unknown.

This study has several limitations: (1) We pretreated only
with labetalol, an agent with properties similar to carvedilol, and
titration of IV adrenergic blockade, while standardized between
animals, was not based on any previously published protocol.
(2) Pretreatment with a selective �1-blocker or a combined �1
and �2 antagonist may not have yielded similar results. Prearrest
treatment with propranolol at a dose of 2 mg/kg in an electri-
cally induced VF canine cardiac arrest model has been shown
to result in a greater increase in coronary perfusion pressure
after epinephrine when compared to no pretreatment, presum-
ably due to unopposed alpha-adrenergic stimulation of resistance
vessels.18 Co-administration of a selective �1 antagonist (esmolol
or atenolol) with epinephrine during resuscitation may increase
coronary perfusion pressure when compared to epinephrine alone
via an undefined mechanism.17,18 (3) Animals were not random-
ized to the order of treatment intervention due to the markedly
different half lives of the two study drugs. All animals received
epinephrine first and then vasopressin. Thus, the possibility for
carryover effects exists. This is unlikely, however, as the effects
of epinephrine are short-lived. Additionally, the pre-arrest use of
epinephrine early decreased the likelihood that such use would
attenuate the hemodynamic effect of a single post-arrest dose.19

(4) We did not assess the effects of nonselective blockade on post-
resuscitation ventricular function. If animals could be resuscitated
after epinephrine therapy alone, published studies suggest that �1-
blockade as achieved in our study could be beneficial.

Our study indicates that pre-arrest adrenergic blockade of beta-
1 and alpha-1 receptors, a combination likely to be encountered
in clinical practice, can attenuate the hemodynamic effects of
epinephrine during resuscitation and that vasopressin may be the
preferred vasopressor. Additionally, pre-arrest adrenergic block-
ade should be considered when comparing outcomes of treatments

in the clinical cardiac arrest population. Our findings may not
apply in the setting of only selective beta-1 receptor antago-
nism.
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