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Summary
Aim: This study was designed to test the hypothesis that immediate post-shock chest com-
pressions improve outcome from prolonged ventricular fibrillation (VF) compared with typical
‘‘hands off’’ period (i.e., delayed post-shock compressions) associated with AED use.
Materials and methods: After 7.5 min of untreated VF, 36 domestic swine (26 ± 1 kg) were
treated with 200 J biphasic shocks and randomly assigned to: (1) 1 min of immediate post-
shock chest compressions or (2) simulated pre-hospital automated external defibrillator (AED)
care with delays in post-shock chest compressions. Return of spontaneous circulation (ROSC)
occurred in 7/18 immediate chest compressions animals within 2 min of the first shock versus
0/18 AED animals (P < 0.01). Ten of 18 immediate chest compressions animals attained ROSC
compared with 3/18 AED animals (P < 0.05). Nine of 18 immediate chest compressions swine
were alive at 24 and 48 h compared with 3/18 AED swine (P < 0.05). All 48-h survivors had good
neurologic outcomes. Among the 21 animals that defibrillated with the first shock, ROSC was

attained in 7/10 immediate chest compressions animals within 2 min of the first shock com-
pared with 0/11 AED animals (P = 0.001), and 48-h survival was attained in 8/10 versus 3/11,
respectively (P < 0.05).
Conclusions: Immediate post-shock chest compressions can substantially improve outcome from
prolonged VF compared with sim
© 2008 Elsevier Ireland Ltd. All
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ntroduction

ore than 300,000 Americans suffer a cardiac arrest each
1
ear, mostly in the pre-hospital setting. Patients with ven-

ricular fibrillation (VF) are those most likely to survive
n arrest, and successful resuscitation from VF is time-
ependent.1—5 Unfortunately, emergency medical service
roviders are generally not available until 7—12 min after

served.
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ollapse from VF, and defibrillation from such prolonged VF
ypically results in a non-perfusing rhythm (pulseless elec-
rical activity or asystole).2,6—8 Successful resuscitation from
hese non-perfusing rhythms depends on prompt, effective
ardiopulmonary resuscitation (CPR).1—5

The first defibrillators available for most pre-hospital
F are automated external defibrillators (AEDs).4 These

ightweight, simple-to-operate devices can be quickly and
asily carried to the side of a cardiac arrest victim.
hey have automated electrocardiographic rhythm anal-
sis systems for differentiation of ‘‘shockable’’ versus
‘non-shockable’’ rhythms, and shock advisory systems.
hese automated systems allow earlier defibrillation by first
esponders with limited diagnostic skills, but require manda-
ory ‘‘hands off’’ periods with no provision of potentially
ife-saving CPR.

Recent studies have established that interruptions in
hest compressions adversely affect hemodynamics during
PR for VF.9—12 During these interruptions, cardiac out-
ut, coronary perfusion and cerebral perfusion approach
ero. In addition, the aortic diastolic pressure decreases
ubstantially during the interruptions, and slowly increases
fter re-institution of chest compressions.9—11 These hemo-
ynamic phenomena can result in both worse myocardial
lood flow and a lower survival rate.9—13

We have previously established that delays in chest
ompressions associated with AED rhythm analysis and
hock advisory before and after defibrillation attempts
or prolonged VF result in worse survival compared with
rompt manual defibrillation and CPR (i.e., minimal inter-
uptions and delays).13 Numerous animal and clinical studies
ave demonstrated that pre-shock chest compressions can
mprove outcome for VF in the circulatory phase.14—19

owever, laboratory and clinical investigations have not
pecifically addressed the value of immediate post-shock
ompressions. In the present study, we evaluated whether
mmediate post-shock chest compressions (without waiting
or a re-analysis of the rhythm) can improve resuscita-
ion outcomes. We hypothesized that immediate post-shock
hest compressions would improve survival from prolonged
F compared with the typical ‘hands off’ period of no
ompressions associated with AED use. The primary out-
ome measure was good neurologic outcome at 48-h post-
rrest.

aterials and methods

nimal preparation

xperimental protocols were approved by The University
f Arizona Institutional Animal Care and Use Committee
nd followed the guidelines of the American Physiolog-
cal Society. Thirty-six healthy female domestic swine
26 ± 1 kg) underwent masked anesthesia with 3—5% isoflu-
ane, followed by oral endotracheal intubation. They were
echanically ventilated with a volume-limited, time-cycled
entilator (Narkomed 2A, North American Drager, Telford,
A) on a mixture of room air and titrated isoflurane (1—3%).
he tidal volume was initially set at 15 ml/kg and ventilator
ate at 14 breaths/min; ventilator settings were adjusted
o maintain end-tidal carbon dioxide at 40 ± 5 mmHg by
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n inline capnometer (Hewlett-Packard model 47210A, Palo
lto, CA).

After obtaining a surgical plane of anesthesia, introducer
heaths were placed in the right internal and external jugu-
ar veins and right carotid artery by cut-down technique.
igh-fidelity, solid-state, micromanometer-tipped catheters

MPC-500, Millar Instruments, Houston, TX) were advanced
hrough the carotid artery and external jugular vein into
horacic locations under fluoroscopic guidance. The internal
ugular catheter was advanced into the pulmonary artery.

easurements

lectrocardiographic lead II, right atrial pressure, aortic
ressure, pulmonary artery pressure, and end-tidal carbon
ioxide were measured continuously throughout the exper-
ment from the time of the insertion of the catheters until
he end of the post-resuscitation intensive care period, and
ecorded on a Fujitsu Lifebook 530T laptop computer using
ata-acquisition system DI-220-PGH and Windaq software
Dataq Instruments, Inc., Akron, OH). Oxygen saturation,
CO2, PO2, pH, and hemoglobin were measured with a blood
as analyzer (IL-1306 with model 482 co-oximeter, Instru-
entation Laboratories, Lexington, MA).
The initial post-shock rhythm was defined at 5 s after

efibrillation attempt.4 Pulseless electrical activity was
efined as any organized electrical activity with a sys-
olic blood pressure less than 50 mmHg (consistent with

non-palpable pulse in a pre-hospital setting). Survival
nd neurologic status were evaluated 48 h after the
nitial cardiac arrest by an individual blinded to the ani-
al’s experimental group. Neurologic status was evaluated
ith swine cerebral performance categories, as previously
escribed.10,11,13 Swine cerebral performance category is a
lobal assessment of neurologic function. Category 1 was
ssigned to pigs that appeared normal, based on level
f consciousness, gait, feeding behavior, response to an
pproaching human, and response to human restraint. Cat-
gory 2, mildly abnormal, was assigned when the pigs had
ubtle dysfunction with regard to these characteristics. Cat-
gory 3 referred to more severe dysfunction: inability to
tand, walk, or eat. Category 4, vegetative state or deep
oma, referred to pigs with minimal response to noxious
timuli. Category 5 referred to animals with no response to
heir environment. Categories 1 and 2 were considered good
eurologic outcome.10,11,13

xperimental protocol

fter baseline hemodynamic and blood gas data were col-
ected, a pacing electrode was positioned in the right
entricle. Isoflurane was discontinued, and VF was induced
ith a 60-cycle alternating current to the endocardium,
onfirmed by the ECG waveform and precipitous decline in
ortic pressure. Ventilation was discontinued. After 7.5-min
f untreated VF (simulating the time for first responding
mergency medical personnel to arrive with a defibrillator),

he animals received a single 200 J biphasic shock (Medtronic
mergency Response Systems, Redmond, WA). The animals
ere then randomly provided with either immediate post-

hock CPR or delayed post-shock CPR to simulate typical
re-hospital AED defibrillation (Figure 1).
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Figure 1 Graphic representation of the experimental time-
line. After 7.5 min of untreated VF, animals were randomized
in the BLS (basic life support) period to: (1) 1 min of imme-
diate post-shock continuous chest compressions without rescue
breaths or (2) simulated AED care with no compressions for 55 s,
followed by delayed post-shock chest compressions and rescue
breathing with a compression:ventilation ratio of 15:2. Animals

20 min of the initial shock, resuscitative efforts were termi-
nated. All successfully resuscitated animals were supported
with 100% oxygen and mechanical ventilation for 2 h. All
pigs received 20 ml/kg of normal saline intravenously dur-
ing the intensive care period to replenish ‘‘third space’’
losses due to surgical procedures and capillary leak. After
2 h of supportive care, all animals were weaned from phar-
macological and ventilatory support. Animals surviving the
intensive care period were transferred to observation cages
for the next 48 h. After the 48-h neurological assessment,
surviving animals were sacrificed by infusion of barbiturate-
based euthanasia solution.

Data analysis

Comparisons of continuous variables were evaluated by
unpaired Student’s t-test, and described as mean ± S.E.M.
Comparisons of discrete variables were evaluated by Chi-
square analysis or Fisher’s exact test, as appropriate. All
statistical analyses were performed with Statview 5.0 soft-
ware.

Results

At pre-arrest baseline, the two groups did not differ in
weight, hemodynamic status, arterial and mixed venous
blood gases, and hemoglobin concentration (Table 1). Rates
of successful return of spontaneous circulation and 48-h
survival were substantially superior in the immediate post-
shock chest compressions group (Figure 2, Table 2). Return of
spontaneous circulation occurred in 7 of 18 immediate chest
compression animals within 2 min of the first shock versus
none of the 18 AED animals (P < 0.01); all seven attaining
ROSC within 2 min were 48-h survivors with good neurologic
outcomes.

Ten of 18 immediate chest compression animals attained
ROSC compared with three of 18 AED animals (P < 0.05). Nine
of 18 immediate chest compression swine were alive at 24
and 48 h compared with three AED swine (P < 0.05). The only
animal with ROSC that did not survive to 24 h was also the

Table 1 Pre-arrest baseline data

AED care Immediate
post-shock
CPR

Weight (kg) 26 ± 1 25 ± 1
HR (bpm) 108 ± 5 127 ± 9
AoS (mmHg) 81 ± 3 73 ± 3
AoD (mmHg) 54 ± 3 49 ± 2
RA (mmHg) 6 ± 1 6 ± 1
C.O. (l/min) 2.7 ± 0.2 2.5 ± 0.1
SaO2% 93 ± 1 91 ± 1
PCO2 (mmHg) 41 ± 1 42 ± 1
pHa 7.45 ± 0.01 7.43 ± 0.01
that attained ROSC (return of spontaneous circulation) were
provided with ICU (intensive care unit) care (i.e., mechanical
ventilation and anesthesia).

For the immediate post-shock chest compression group,
1 min of metronome-guided continuous chest compressions
was provided to all animals without regard to rhythm or
pulse pressures, followed by a 10-s interval simulating
assessment for rhythm. Because the experimental group
strategy was to minimize post-shock chest compression
delays and interruptions, a simulated ‘‘quick look at the
AED screen’’ was used rather than the longer automated
rhythm analysis. For animals remaining in VF, a 300 J biphasic
shock was provided, followed promptly by another minute
of chest compressions. For animals with a systolic pres-
sure >50 mmHg (i.e., presumed signs of circulation), no
further interventions were provided. For animals in PEA
(i.e., systolic pressure < 50 mmHg), another minute of chest
compressions was provided. Each set of chest compressions
was followed by another 10-s interval without compressions,
simulating assessment for rhythm.

For the ‘‘AED’’ group, when PEA occurred after the ini-
tial 200 J shock, 1 min of standard AHA-recommended CPR
with chest compressions and rescue breathing was provided
after a delay of 55 s prior to first chest compressions (based
on delays documented in the pre-hospital literature and our
previous laboratory studies with an AED).4,5,13,20,21 If the sec-
ond rhythm analysis indicated a shockable rhythm (VT/VF),
then the animal received a second shock of 300J, followed
by another 55-s rhythm analysis and shock advisory period.

For both groups chest compressions were provided
manually by a single experienced research technician
who was blinded to arterial blood pressures and end-
tidal carbon dioxide values during the experiment. The
compressions were approximately 1/3 of the antero-
posterior diameter of the chest at a metronome-guided
rate of 100 compressions/min. For the ‘‘AED’’ group, res-
cue breaths were provided with 100% oxygen, and the ratio
of compressions-to-ventilations was 15:2.4 Neither group
received medications during the cardiac arrest BLS period,
because this protocol was intended to model the care pro-
vided by the first EMS responder in the USA who typically
does not have intravenous access available and cannot

administer intravenous medications.

Restoration of spontaneous circulation was defined as an
unassisted pulse with a systolic arterial pressure >50 mmHg,
and a pulse pressure >20 mmHg lasting >1 min. If animals
did not attain restoration of spontaneous circulation within

Hgb (gm/dl) 8.6 ± 0.2 8.9 ± 0.2

AED care, control group with typical pre-hospital AED defibril-
lation; immediate post-shock CPR, experimental group; data
described as mean ± S.E.M.
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Figure 2 Graphic representation of outcomes of the animals in the two experimental groups after 7.5 min of VF (ventricular
fibrillation), including electrocardiographic response to the first and second shocks, as well as the resuscitation outcomes among
animals defibrillated with the first two shocks (Defib with 1 to 2 shock
AED refers to automated external defibrillator; CC, chest compressio
ROSC, return of spontaneous circulation.

only animal that needed a dopamine infusion to maintain
adequate blood pressure during the 2-h ICU period. All 48-h
survivors had good neurologic outcomes. Seven of 9 imme-
diate chest compression 48-h survivors and 2/3 AED 48-h
survivors appeared normal (cerebral performance category
1), and the other three had mild abnormalities (cerebral
performance category 2).

Five seconds after the first shock, 10/18 immediate chest
compression animals and 11/18 AED animals defibrillated
into PEA, and the rest remained in VF (Figure 2). None defib-
rillated into a perfusing rhythm after the first shock. All
but one of the 48-h survivors defibrillated into PEA with the
first (n = 9) or second (n = 2) shock. The other 48-h survivor
was defibrillated into a perfusing rhythm after the second
shock (i.e., after a 1-min interval of post-shock CPR prior to
the second shock). Therefore, all 12 animals with 48-h sur-
vival needed post-shock chest compressions for successful
resuscitation.

Table 2 Resuscitation outcomes

AED care Immediate post-shock CPR

ROSC <2 min 0/18 7/18**
ROSC 3/18 10/18*
24-h survival 3/18 9/18*
48-h survival 3/18 9/18*
48-h good neuro 3/18 9/18*

AED care, control group with typical pre-hospital AED defib-
rillation and post-shock delays in chest compressions for
rhythm analysis and shock advisory; immediate post-shock
CPR, experimental group; ROSC, return of spontaneous circu-
lation; ROSC <2 min, return of spontaneous circulation within
2 min of first shock; 48-h good neuro, 48-h survival with good
neurological outcome; *P < 0.05; **P < 0.01.
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s) and those not defibrillated after 2 shocks (VF after 2 shocks).
ns; PEA, pulseless electrical activity; NSR, normal sinus rhythm;

Among the 21 animals that defibrillated into a non-
erfusing rhythm with the first shock, 7/10 immediate chest
ompression animals attained sustained return of sponta-
eous circulation within 2 min of the first shock compared
ith 0/11 AED animals (P = 0.001). Similarly, 8/10 immedi-
te chest compression animals attained ROSC within 5 min
f the first shock compared with none of the AED ani-
als (P < 0.001). Moreover, 8/10 of these immediate chest

ompression animals survived to 48-h with good neurologic
utcomes (i.e., all eight with ROSC < 5 min) compared with
/11 AED animals (P < 0.05).

During the first minute of CPR, right atrial compression
ressure (a surrogate of compression force) did not dif-
er in the two groups (83 ± 6 mmHg with immediate CPR
s. 94 ± 6 mmHg with AED). The aortic relaxation pres-
ure was higher in the immediate CPR group (23 ± 2 mmHg
s. 15 ± 2 mmHg, P < 0.05), as was the resultant coronary
erfusion pressure (14 ± 2 mmHg vs. 9 ± 2 mmHg, P < 0.05),
ecause the aortic pressure decreased in the AED group dur-
ng the long delay prior to provision of chest compressions.

iscussion

his study establishes that immediate post-shock chest com-
ressions can improve outcome from prolonged VF compared
ith simulated pre-hospital AED defibrillation and its inher-
nt ‘hands off’ period. As in the pre-hospital clinical setting,
efibrillation from prolonged VF in this experiment routinely
esulted in a non-perfusing rhythm.2—8 The treatment of

hoice for a post-shock non-perfusing rhythm, either pulse-
ess electrical activity or asystole, is myocardial perfusion.
herefore, it should not be surprising that provision of imme-
iate continuous chest compressions after defibrillation for
rolonged VF was so important for post-shock myocardial
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perfusion and successful resuscitation. Nevertheless, this is
the first study to specifically address this issue, and immedi-
ate continuous post-shock chest compressions were rarely
provided after defibrillation for out-of-hospital prolonged
VF before the 2005 Guidelines of Cardiopulmonary Resus-
citation and Emergency Cardiovascular Care.5,20—22

As expected, most of the benefit from immediate post-
shock chest compressions was accrued in the first few
minutes after the first shock, and was focused on the ani-
mals that defibrillated to a non-perfusing rhythm with the
first shock. Seven of the nine immediate chest compres-
sion animals with 48-h survival attained sustained return
of spontaneous circulation within 2 min of the first shock.
In addition, among animals that defibrillated into a non-
perfusing rhythm with the first shock, 7/10 immediate chest
compression animals attained sustained return of sponta-
neous circulation within 2 min of the first shock compared
with 0/11 AED animals (P = 0.001). Similarly, 8/10 of these
immediate chest compression animals with first shock defib-
rillation survived to 48-h with good neurologic outcomes
compared with 3/11 AED animals with first shock defib-
rillation (P < 0.05). That is, immediate post-shock chest
compressions were remarkably effective for the group it
was intended to help: animals initially defibrillated into a
non-perfusing rhythm.

Prolonged VF is different from short duration VF in regard
to myocardial bioenergetics, cellular electrophysiology,
whole-organ myocardial electrophysiology, and response
to therapy.13—16,23—25 Substantial, progressive depletion of
myocardial high-energy phosphates occur during prolonged
VF.23,25 Moreover, characteristic changes occur in the VF
waveform during prolonged VF from a coarse waveform ini-
tially to a fine waveform over time. As the duration of VF
increases and the waveform becomes fine, defibrillation into
a perfusing rhythm is less likely. Experimental and clinical
studies indicate that pre-shock chest compressions for pro-
longed VF can ‘‘coarsen’’ the VF waveform, and improve
the rate of successful resuscitation.1,14—19 As VF becomes
very prolonged, even circulatory support is not adequate
for successful resuscitation. Furthermore, a recent clinical
investigation demonstrated that even 10—20 s pauses in pre-
shock compressions decrease defibrillation success.26

Therefore, Weisfeldt and Becker proposed a three-phase,
time-sensitive model of VF.1 The first 4—5 min of untreated
VF was coined the electrical phase, which can generally be
successfully treated with shocks alone. The next 5—10 min
of VF was termed the circulatory phase of prolonged
VF, which generally requires pre-shock CPR for success-
ful resuscitation. This is followed by the metabolic phase
of prolonged VF, which requires metabolic therapies (e.g.,
post-resuscitation hypothermia) as well as circulatory sup-
port for successful resuscitation. The present investigation
indicates that prompt post-shock CPR is another circulatory
support strategy to improve outcomes during the circulatory
phase of VF.

Previous animal studies with a variety of models have
demonstrated that delays and interruptions in chest com-

pressions of similar duration during CPR can adversely affect
hemodynamics and outcomes.10—13 In addition, pre-hospital
clinical studies substantiate that delays in post-shock chest
compressions like those in our ‘‘AED’’ group are com-
mon, and that outcomes after such delays are quite poor.
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,20,21 Furthermore, in-hospital studies indicate lower chest
ompression rates result in worse outcomes, presumably
ecause of the resultant decrease in perfusion.27 Based
n these data and the high likelihood of termination of
brillation after the first shock with modern biphasic defib-
illators, the American Heart Association’s 2005 Guidelines
or Cardiopulmonary Resuscitation and Emergency Cardio-
ascular Care recommends immediate post-shock CPR rather
han post-shock rhythm checks and pulse checks.22 Recent
linical and animal studies provide general support for
his approach.28—30 However, none of these previous ani-
al or clinical studies specifically evaluated the strategy of

mmediate post-shock chest compressions without regard to
hythm analysis (i.e., minimizing delays and interruptions in
ost-shock myocardial perfusion) to improve outcome.

As with all animal cardiac arrest experiments, there are
ultiple potential experimental problems, especially lack

f blinding and relevance to human pre-hospital VF cardiac
rrest. Although this experiment could not be fully blinded
y its very nature, each animal was randomly assigned
o one of the two treatment groups, and the resuscita-
ion and post-resuscitation protocols were standardized and
trictly followed. Moreover, outcomes and other end-points
ere clearly defined a priori to minimize investigator bias.
inally, the resuscitator was blinded to the hemodynamic
onitoring, and the research team member performing

he neurologic examination was blinded to the animal’s
reatment group. The two experimental groups received
ifferent compression-to-ventilation ratios. The immedi-
te chest compression group received 1 min of continuous
ost-shock chest compressions, whereas the AED group
eceived the typical 15:2 compression:ventilation ratio with
s/rescue breath extant at the time this study was per-

ormed (i.e., before 2005 Guideline changes). It is possible
hat the continuous chest compressions contributed to the
etter outcomes; however, many previous animal studies by
ur group have demonstrated no difference in outcome with
ontinuous chest compressions versus 15:2 breaths with only
s/breath.31—34

onclusions

his study establishes that immediate post-shock chest com-
ressions can improve outcome from prolonged VF compared
ith simulated pre-hospital AED defibrillation and the typ-

cal delays in post-shock chest compressions. This finding
oes not negate the important benefits of an AED: easy
vailability and potential use by individuals untrained to
iagnose and treat VF. To the contrary, this experiment
upports the most recent recommendations for AED defibril-
ation of prolonged VF in the circulatory phase: immediate
ost-shock chest compressions without regard to rhythm
nstead of commencing post-shock chest compressions after
ubstantial delays for automated rhythm analyses and shock
dvisories.
onflict of interest

he authors have no other potential conflicts in regard to
his study.
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