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Aim:  Adequate  coronary  perfusion  pressure  (CPP)  during  cardiopulmonary  resuscitation  (CPR)  is essential
for establishing  return  of  spontaneous  circulation.  The  objective  of  this  study  was  to  compare  short-term
survival  using  a  hemodynamic  directed  resuscitation  strategy  versus  an  absolute  depth-guided  approach
in a  porcine  model  of asphyxia-associated  cardiac  arrest.  We  hypothesized  that  a  hemodynamic  directed
approach  would  improve  short-term  survival  compared  to  depth-guided  care.
Methods:  After  7 min  of asphyxia,  followed  by  induction  of  ventricular  fibrillation,  19  female  3-month  old
swine  (31  ± 0.4  kg)  were  randomized  to  receive  one  of  three  resuscitation  strategies:  (1)  hemodynamic
directed  care  (CPP-20):  chest  compressions  (CCs)  with  depth  titrated  to a target  systolic  blood  pressure
of 100  mmHg  and  titration  of vasopressors  to  maintain  CPP  > 20 mmHg;  (2)  depth  33  mm  (D33):  target
CC  depth  of  33  mm  with  standard  American  Heart  Association  (AHA)  epinephrine  dosing;  or  (3)  depth
51 mm  (D51):  target  CC  depth  of  51  mm  with  standard  AHA  epinephrine  dosing.  All  animals  received
manual  CPR  guided  by  audiovisual  feedback  for 10  min  before  first shock.

Results:  45-Min  survival  was  higher  in  the CPP-20  group  (6/6)  compared  to  D33  (1/7)  or  D51  (1/6)  groups;
p  =  0.002.  Coronary  perfusion  pressures  were  higher  in the  CPP-20  group  compared  to  D33  (p  =  0.011)  and
D51 (p = 0.04),  and  in  survivors  compared  to non-survivors  (p  <  0.01).  Total  number  of  vasopressor  doses
administered  and  defibrillation  attempts  were  not  different.
Conclusions:  Hemodynamic  directed  care  targeting  CPPs  >  20  mmHg  improves  short-term  survival  in  an
intensive  care  unit  porcine  model  of  asphyxia-associated  cardiac  arrest.
. Introduction

The success of cardiopulmonary resuscitation (CPR) depends on
dequate myocardial blood flow.1–4 Nevertheless, current guide-
ines for the treatment of cardiac arrest assume that all patients can
e treated with a uniform chest compression (CC) depth despite a

aucity of data indicating that a specific depth consistently pro-
ides adequate myocardial blood flow.5,6 A treatment strategy to
itrate compression depth and vasopressor dosing to physiological

Abbreviations: AHA, American Heart Association; CC, chest compression; CPP,
oronary perfusion pressure; ETCO2, end tidal carbon dioxide.
� A Spanish translated version of the summary of this article appears as Appendix
n  the final online version at http://dx.doi.org/10.1016/j.resuscitation.2012.10.023.
∗ Corresponding author at: The Children’s Hospital of Philadelphia, 8NW Suite

566: Room 8570, 34th Street and Civic Center Boulevard, Philadelphia, PA 19104,
nited States. Tel.: +1 267 426 7802; fax: +1 215 590 4327.

E-mail address: suttonr@email.chop.edu (R.M. Sutton).

300-9572/$ – see front matter ©  2012 Elsevier Ireland Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.resuscitation.2012.10.023
© 2012 Elsevier Ireland Ltd. All rights reserved.

parameters that are more closely related to myocardial blood flow
would presumably be a more successful approach, and would be a
major paradigm shift in the field of resuscitation.

During CPR, coronary perfusion pressure (CPP), the aortic
pressure minus the right atrial pressure during the relaxation
(“diastolic”) phase of CPR, is the primary determinant of myocar-
dial blood flow.2,7,8 Therefore, it is not surprising that in both
human and animal studies, CPP is also associated with resus-
citation outcome.3,4,9–11 Failure to generate a CPP of at least
15–20 mmHg  during CPR is rarely associated with a successful
resuscitation.2,3,11 Importantly, many patients with in-hospital
cardiac arrests are in intensive care units and have invasive hemo-
dynamic monitoring,12,13 so a hemodynamic directed CPR strategy
targeted to attain an adequate CPP could be implemented.
This randomized investigation compared short-term survival
with a hemodynamic directed resuscitation strategy intended to
attain CPPs > 20 mmHg  (CPP-20) versus absolute depth-guided CPR
in a porcine model of asphyxia-associated cardiac arrest. We

dx.doi.org/10.1016/j.resuscitation.2012.10.023
http://www.sciencedirect.com/science/journal/03009572
http://www.elsevier.com/locate/resuscitation
http://dx.doi.org/10.1016/j.resuscitation.2012.10.023
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urther subdivided the depth-guided CPR into two groups: one with
C depth targeted to previously documented “usual care” of 33 mm
D33) and one with CCs targeted to the American Heart Association
AHA) 2010 guideline recommended depth of 51 mm (D51). We
ypothesized that the CPP-20 resuscitation strategy would improve
hort-term survival compared to either D33 or D51.

. Methods

.1. Animal preparation

The experimental protocol was approved by The University
f Pennsylvania Institutional Animal Care and Use Committee.
ineteen healthy 3-month old female domestic swine were anes-

hetized and mechanically ventilated using a Datex Ohmeda
nesthesia machine (Modulus SE) on a mixture of room air and
itrated isoflurane (∼1.0–2.5%) with a tidal volume of 12 mL/kg,
EEP 6 cm H2O, rate of 12 breaths/min, and titration of rate to
aintain end-tidal carbon dioxide (ETCO2) at 38–42 mmHg  (NICO,
ovametrix Medical Systems Inc.).

High fidelity, solid-state, micromanometer-tipped catheters
MPC-500, Millar Instruments) were advanced through the right
emoral artery and external jugular vein into thoracic locations to

easure continuous aortic and right atrial pressures respectively.
 Swan-Ganz Thermodilution catheter (Edwards Lifesciences) was
dvanced into the pulmonary artery, and a bipolar pacing catheter
Edwards Lifesciences) was advanced into the right ventricle. All
atheter placements were confirmed with fluoroscopy. Unfraction-
ted heparin 200 U/kg was provided to prevent catheter clotting.
rior to obtaining any baseline measurements, all animals received
0 mL/kg of 0.9% normal saline intravenously to replace overnight
asting fluid deficits.

.2. Measurements

Thermodilution cardiac outputs (ICU monitor: model HP66,
ewlett Packard) were obtained at baseline. Arterial blood gas

pecimens were obtained from the thoracic aorta at baseline
before asphyxia), at 2 min, 4 min, and 6 1/2 min  of asphyxia, and
hen 2 1/2 min  and 6 min  after the induction of ventricular fibrilla-
ion (VF) during CPR in the protocol resuscitation period. Coronary
erfusion pressure (CPP) was calculated by subtracting the mid-
iastolic right atrial pressure from the mid-diastolic aortic pressure.

To guide and record manual CPR quality, the Philips Heart
tart MRx  defibrillator with Q-CPR option was deployed during
he experimental protocol. Using force transducer/accelerometer
echnology, the defibrillator records CPR quality and provides
udiovisual feedback to the chest compression (CC) provider for
ate (CC/min), depth (mm),  and incomplete chest wall recoil (resid-
al leaning force (g)).14–17

.3. Experimental protocol

.3.1. Overview (Fig. 1)
The novel protocol utilized in this experiment was  designed to

ddress asphyxia-associated cardiac arrest occurring in an inten-
ive care unit. Asphyxia was induced by endotracheal clamping and
onfirmed by absence of exhaled CO2. After 7 min  of asphyxia with
evere arterial hypoxemia, VF was induced by electrical pacing to
ssure that the animal would not have return of spontaneous cir-
ulation from CPR alone in less than 10 min. This model therefore

llowed us to compare outcomes following 10 min  of three differ-
nt CPR and advanced life support strategies, because the duration
f most in-hospital CPR is at least 10 min  for both survivors and
on-survivors.12
on 84 (2013) 696– 701 697

In all treatment arms, CCs were provided with a tar-
get rate of 100 CC/min and ventilations at 6 breaths/min with
100% oxygen. Brief interruptions in CPR every 2 min  mimicked
pulse checks/rhythm analysis. Animals randomly received one
of three resuscitation strategies: (1) hemodynamic directed care
(CPP-20): CCs with depth titrated to a target systolic blood
pressure of 100 mmHg  and titration of vasopressors to main-
tain CPP > 20 mmHg; (2) depth 33 mm (D33): target CC depth of
33 mm14–19 with standard AHA epinephrine dosing interval; or (3)
depth 51 mm  (D51): target CC depth of 51 mm  with standard AHA
epinephrine dosing interval. Animals in the D33 and D51 groups
received intravenous epinephrine (0.02 mg/kg) every 4 min  starting
at minute 9 of the protocol (2 min  after CPR was  started). Ani-
mals in the CPP-20 group only received intravenous vasopressor
if the CPP was  <20 mmHg, starting at minute 8 of the proto-
col. The order of drug administration in CPP-20 was epinephrine
(0.02 mg/kg) – epinephrine (0.02 mg/kg) – vasopressin (0.4 U/kg).
The dosing interval was 1 min  between epinephrine doses, and if
vasopressin was  given, 2 min  elapsed before the cycle was  restarted
with another epinephrine dose. After 10 min  of CPR (minute 17
of the protocol), the initial 200 J biphasic waveform defibrillation
attempt was provided. Resuscitation according to treatment strat-
egy continued until sustained ROSC was attained or at minute 27
of the protocol (after an additional 10 min  of resuscitation post-
initial defibrillation attempt). If ROSC was  attained, the animals
were supported for 45 min  in a simulated intensive care setting.
After ROSC, mechanical ventilation was provided with 100% oxygen
and adjusted to obtain an ETCO2 of 38–42 mmHg. Isoflurane was
administered as necessary. At 45 min, the animals were euthanized
with pentobarbital and potassium chloride. All animals received a
post-mortem examination for detection of visceral injuries.

2.4. Data analysis/outcomes

The primary outcome of the study was 45-min ICU survival.
Secondary outcomes included: (1) return of spontaneous cir-
culation (ROSC); (2) hemodynamic measures (specifically CPP);
and (3) CPR quality variables. Statistical analysis was completed
using the Stata-IC statistical package (Version 12.0, StataCorp, Col-
lege Station, TX). Normality of continuous variables was  assessed
using the Skewness–Kurtosis test. Normally distributed contin-
uous variables were described as mean ± SEM and compared
by ANOVA. Continuous variables that were not normally dis-
tributed were described as median (25%, 75%) and evaluated by the
Kruskal–Wallis test. Comparisons of dichotomous variables, such
as 45-min ICU survival and rate of return of spontaneous circula-
tion were evaluated by Fisher’s exact test. To control for correlation
of CPR epochs within animals, differences in CPPs over time and
between treatment groups and between survivors/non-survivors
were assessed using generalized estimating equations.20

3. Results

The primary outcome variable of 45-min ICU survival and the
secondary outcome variable of any ROSC were both significantly
different across treatments (Table 1) with superior survival rates in
the CPP-20 group. In a model using generalized estimating equa-
tions (GEE), coronary perfusion pressure (Fig. 2) was significantly
higher in the CPP-20 group compared to both D33 (p = 0.011) and
D51 (p = 0.04), and higher in survivors compared to non-survivors
irrespective of treatment group (p < 0.01).
3.1. Resuscitation variables

Chest compression depth was significantly differ-
ent among groups: D33 = 30 ± 0.2 mm;  D51 = 48 ± 0.3 mm;
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Fig. 1. Protocol design. During protocol resuscitation period, animals were randomized to receive one of three resuscitation strategies. SBP indicates systolic blood pressure.
D33  and D51 refer to depth-directed CPR at 33 mm and 51 mm,  respectively. CPP-20 refers to CPR directed to attain coronary perfusion pressure >20 mmHg.

Table  1
Rates of survival across treatment groups. Depth 33 and depth 51 refer to depth-guided CPR at 33 mm and 51 mm,  respectively. CPP-20 refers to CPR directed to attain
coronary perfusion pressure >20 mmHg.

Depth 33 (n = 7) Depth 51 (n = 6) CPP-20 (n = 6) p

Survival [n (%)]
2 

1 

C
n
l
T
(
m

F
S

Any ROSC 1 (14) 

45  min  ICU survival 1 (14) 

PP-20 = 38 ± 0.8 mm (p < 0.01). Other CPR quality variables were
ot different (rate = 100 ± 0.1 CC/min; no flow fraction = 3.2 ± 0.2%;
ess than 0.01% of compressions had measurable residual leaning).
otal number of vasopressors doses administered was  not different
D33 = 4 (4, 5); D51 = 4.5 (4, 5); CPP-20 = 6 (3, 8), p = 0.14), although

ore doses were provided before the initial defibrillation attempt

ig. 2. Mean coronary perfusion pressure during each minute of CPR across treatment g
EM.  D33 and D51 refer to depth-directed CPR at 33 mm and 51 mm,  respectively. CPP-20
(33) 6 (100) 0.006
(17) 6 (100) 0.002

in the CPP-20 group (D33 = 2 (2, 2); D51 = 2 (2, 2); CPP-20 = 4.5 (3,
6), p < 0.01). Overall number of defibrillation attempts was not

different among groups (D33 = 4 (3, 5); D51 = 4.5 (3, 6); CPP-20 = 2
(1, 4), p = 0.3). Only 1 surviving animal in the study required
vasopressor support during the intensive care unit period after
ROSC; that animal was  in the D51 group.

roups (left) and between survivors and non-survivors (right). Error bars represent
 refers to CPR directed to attain coronary perfusion pressure >20 mmHg.
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Table 2
Hemodynamic variables.

Depth 33
(n = 5)

Depth 51
(n = 5)

CPP-20
(n = 5)

p

Baseline
CO (L/min) 2.8 (0.2) 2.9 (0.3) 2.9 (0.3) 0.89
Aos  87 (5) 108 (6) 105 (11) 0.17
AoD 64 (4) 85 (3) 81 (10) 0.09
RAD 6 (3) 10 (3) 6 (4) 0.65
CPP  58 (6) 76 (2) 75 (9) 0.13

End  of asphyxial perioda

AoS 48 (13) 42 (10) 77 (21) 0.26
AoD 27 (4) 26 (4) 41 (8) 0.15
RAD 13 (1) 16 (2) 16 (3) 0.53
CPP  14 (4) 10 (5) 25 (5) 0.11

End  of resuscitation periodb

AoS 45 (15) 111 (27) 120 (11) 0.03‡ ,§

AoD 18 (4) 29 (4) 38 (4) 0.02||

RAD 10 (1) 20 (1) 16 (3) 0.03¶

CPP 8 (4) 10 (3) 23 (4) 0.03**,††

ET CO2 20 (6) 30 (3) 21 (3) 0.18

Pressures in mmHg. AoS, aortic systolic pressure; AoD, aortic diastolic pressure;
RAD, right atrial diastolic pressure; CPP, coronary perfusion pressure; ET CO2, end
tidal carbon dioxide. Depth 33 (D33) and depth 51 (D51) refer to depth-guided CPR
at  33 mm and 51 mm,  respectively. CPP-20 refers to CPR directed to attain coronary
perfusion pressure >20 mmHg. Data presented as mean (SEM).

a Last epoch during asphyxial period (minutes 6–7).
b Last epoch during protocol resuscitation period CPR (minutes 16–17).
‡ CPP-20 versus D33: p = 0.004.
|| CPP-20 versus D33: p = 0.007.

** CPP-20 versus D33: p = 0.024.
§
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D51 versus D33: p = 0.06.
¶ D51 versus D33: p = 0.0005.
†† CPP-20 versus D51: p = 0.036.

.2. Hemodynamics and arterial blood gases

There were no differences among groups for weight (31 ± 0.4 kg,
 = 0.14). Hemodynamic variables were not different at pre-
sphyxia baseline or at the end of the asphyxial period (Table 2).
uring the last minute of the resuscitation period (minutes 16–17),

here were significant differences across treatment groups for all
emodynamic variables measured (Table 2). There was a trend
oward higher end tidal CO2 in the D51 group that did not reach
tatistical significance. There were no differences in arterial blood
ases obtained at baseline, at the end of the asphyxial period, or
fter 6 min  of CPR (Table 3).

. Discussion

This study establishes that short-term survival from asphyxia-
ssociated cardiac arrest can be superior after hemodynamic
irected CPR to maintain coronary perfusion pressure >20 mmHg
CPP-20) compared to resuscitation with depth of compressions
uided to either 33 mm or 51 mm and standard AHA vasopres-
or dosing. Congruent with previous investigations,2,3,11 coronary
erfusion pressures were higher in survivors compared to non-
urvivors irrespective of treatment group, providing mechanistic
alidity for this model and for the differential outcomes in the
xperimental groups.

This animal model was intended to address CPR of 10 min
uration for an asphyxia-associated cardiac arrest because most

n-hospital cardiac arrests are associated with an acute asphyxial
vent and at least 10 min  of CPR.12,13 In previous studies of CPR for
sphyxial cardiac arrests without the induction of VF, the animals
hat were successfully resuscitated almost always attained restora-

ion of circulation during the first several minutes of CPR.21,22

ecause those models would have precluded the opportunity to
valuate the three different resuscitation strategies for more than

 few minutes of CPR, we chose a model that combined a severe
on 84 (2013) 696– 701 699

asphyxial insult with induction of VF so that we could study these
three resuscitation strategies during an entire 10-min epoch of CPR.

In-hospital cardiac arrests are occurring more often in intensive
care units, thought to be in part due to the emergence of medical
emergency teams.12,13,23–25 Invasive hemodynamic monitoring is
available for many patients in these settings, yet AHA recommen-
dations for CPR focus on depth and rate of compressions and fixed
vasopressor dosing rather than titrating compression depth and
vasopressor dosing to hemodynamics. Coronary perfusion pres-
sure (CPP) during CPR refers to aortic pressure minus right atrial
pressure in the relaxation phase (aortic “diastolic” pressure minus
right atrial “diastolic” pressure).4 The relationship between CPP
and myocardial blood flow, and in turn, resuscitation outcome is
well established.1–4,9–11 However, to our knowledge, this is the
first investigation to evaluate a treatment algorithm with manually
provided CCs titrated to a hemodynamic goal (systolic blood pres-
sure) and vasopressor administration targeted to CPPs. In short,
our findings highlight a new therapeutic strategy that could be
applied during actual resuscitation attempts. In addition, this strat-
egy focuses on individualizing resuscitation to the appropriate
hemodynamic goal rather than a standard “one-size-fits-all” strat-
egy.

All three groups in this investigation received high quality quan-
titatively evaluated manual CPR (CC rate 100/min, full chest wall
recoil, and a ventilation rate of 6/min). As planned, there were
differences in CC depth across treatment groups. Previous inves-
tigations have shown that deeper compressions are associated
with superior outcomes,18,26,27 because deeper compressions are
often associated with higher CPPs. In apparent contrast to those
investigations, deeper compressions in the D51 group did not trans-
late into improved survival even with excellent systolic blood
pressures, because these D51 animals did not attain adequate coro-
nary perfusion after this severe asphyxial insult. Compared with the
D51 group, the CPP-20 animals had higher CPPs and were therefore
more likely to survive. As in previous studies, the surviving ani-
mals from all three groups had substantially higher CPPs than the
non-surviving animals.

In numerous experimental models, noninvasive end-tidal car-
bon dioxide correlates well with cardiac output and resuscitation
success.28–36 However, ETCO2 correlates better with cardiac out-
put and pulmonary blood flow than with coronary perfusion
pressure, because the CO2 from the tissues is delivered to the
lungs via pulmonary blood flow in relation to the cardiac out-
put. During actual resuscitation attempts, achieving ETCO2 levels
>10–15 mmHg  has been associated with survival,30,32 and similarly,
low ETCO2 (<10 mmHg) is a strong predictor of unsuccessful CPR
(death).32 In addition, an abrupt increase in exhaled CO2 is an indi-
cator of restoration of a spontaneous circulation because of the
attendant increased cardiac output and pulmonary blood flow.34

For all of these reasons, continuous ETCO2 monitoring is now rec-
ommended during cardiac arrest resuscitation when available.5,6

In this investigation, the ETCO2 levels were as high or higher in the
AHA-51 group with deeper compressions compared with the other
two  groups with less deep compressions. Among the physiologi-
cal measurements during CPR, the CPP measurements were better
predictors of outcomes than the ETCO2 measurements. These data
support the concept that invasive hemodynamic monitoring during
CPR is superior to ETCO2 monitoring.

This laboratory study has notable limitations. First, we evaluated
45-min ICU survival, a short-term outcome. The effect of targeting
hemodynamic goals during resuscitation on long-term survival and
neurological outcome remains unknown. Nevertheless, inability to

achieve short-term survival in the depth-guided groups precludes
the potential for long-term survival. In the CPP-20 group, vaso-
pressors were often provided earlier per the CPP titration and the
median number of vasopressor doses during CPR were greater than
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Table 3
Arterial blood gases.

Depth 33 (n = 7) Depth 51 (n = 6) CPP-20 (n = 5) p

Baseline
pH 7.53 (0.02) 7.53 (0.01) 7.54 (0.01) 0.96
pCO2 (mmHg) 46 (1) 44 (2) 45 (1) 0.42
pO2 (mmHg) 127 (8) 120 (10) 136 (9) 0.49

End  of asphyxial perioda

pH 7.28 (0.02) 7.25 (0.02) 7.31 (0.02) 0.23
pCO2 (mmHg) 82 (5) 84 (4) 75 (7) 0.51
pO2 (mmHg) 10 (1) 12 (1) 14 (2) 0.25

After  6 min  of CPRb

pH 7.44 (0.05) 7.32 (0.04) 7.40 (0.02) 0.13
pCO2 (mmHg) 35 (5) 49 (7) 35 (7) 0.23
pO2 (mmHg) 312 (88) 220 (67) 211 (67) 0.58
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epth 33 and depth 51 refer to depth-guided CPR at 33 mm and 51 mm,  respective
a Sample drawn at 6 min  30 s during asphyxial period.
b Sample drawn at 6 min  during protocol resuscitation period.

n the other two groups. However, some of these CPP-20 animals
urvived with no more vasopressors than the median number of
oses in the other two groups. The determinant of outcome was
dequacy of CPP rather than number of vasopressor doses per se.
here were also differences between groups in the type of vaso-
ressor administered. As the primary objective was  to evaluate a
esuscitation approach targeting hemodynamic goals, the CPP-20
nimals received vasopressin when 2 doses of epinephrine could
ot maintain CPP >20 mmHg. Rather than continuing to adminis-
er a therapy that was not achieving treatment goals, we  chose
o alter our vasopressor choice so as to evaluate a dynamic treat-

ent algorithm that was targeted to subject physiology (CPP-20
oal-directed) rather than an approach that was uniform across
ubjects (D33 or 51). Although clinical studies have not shown bet-
er outcomes with vasopressin,37–40 such studies have not used
asopressin to actively titrate CPP, which may  explain the superior
urvival outcomes in the CPP-20 group. Another important limita-
ion is lack of blinding. By its very nature, this study could not be
linded. Those participating in the resuscitation attempts needed
o be aware of the resuscitation strategy. However, strict adher-
nce to resuscitation regimens was intended, and the statistical
ifferences in chest compression depths – while other CPR qual-

ty variables were similar among the groups – provides evidence
hat this bias was minimized. Finally, while we evaluated one valid

odel of in-hospital cardiac arrest, future studies should investi-
ate whether a coronary perfusion directed resuscitation strategy
ould also improve outcomes when other common etiologies of

n-hospital arrests (e.g., sepsis/hypotension) are evaluated.

. Conclusions

In this novel intensive care unit model of asphyxia-associated
ardiac arrest, short-term survival was improved when resuscita-
ion therapy was titrated to CPR-generated physiology with specific
emodynamic goals as compared to currently recommended uni-

orm guidelines even with excellent 51 mm compression depth.
his treatment protocol individualizes therapy to the patient’s
emodynamic status in contrast to the usual “one-size-fits-all”
trategy. As more in-hospital cardiac arrests are occurring after
ransfer to intensive care units, these findings highlight a promis-
ng new therapeutic strategy that could be applied during actual
esuscitation attempts in highly monitored patients.
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