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EXPERIMENTAL

Chest compressions versus ventilation plus
chest compressions: a randomized trial
in a pediatric asphyxial cardiac arrest animal

model

Abstract Purpose: To compare
survival, oxygenation, ventilation,
and hemodynamic variables achieved
with chest compressions or ventila-
tion plus chest compressions.
Methods: This randomized experi-
mental study was conducted in the
experimental department of a
university hospital. Thirty infant pigs
with asphyxial cardiac arrest were
randomized into two groups of
cardiopulmonary resuscitation (CPR):
group 1, continuous chest compres-
sions plus non-coordinated
ventilation with a mask and mechan-
ical ventilator (inspired oxygen
fraction 0.21) (VC); group 2, chest
compressions only (CC). Nine min-
utes of basic resuscitation was
performed initially in both groups,
followed by advanced resuscitation.
CPR was terminated on achieving
return of spontaneous circulation
(ROSC) or after 30 min of total
resuscitation time without ROSC.
Results: Three animals (18.8%) in
the VC group and 1 (7.1%) in the CC
group achieved ROSC (P = 0.351).

Oxygenation and ventilation during
basic CPR were insufficient in both
groups, though they were signifi-
cantly better in the VC group than in
the CC group after 9 min (PaO,, 26
vs. 19 mmHg, P = 0.008; PaCO,, 84
vs. 101 mmHg, P = 0.05). Cerebral
saturation was higher in the VC group
(61%) than in the CC group (30%)
(P = 0.06). There were no significant
differences in mean arterial pressure.
Conclusions: Neither of the basic
CPR protocols achieved adequate
oxygenation and ventilation in this
model of asphyxial pediatric cardiac
arrest. Chest compressions plus ven-
tilation produced better oxygenation,
ventilation, and cerebral oxygenation
with no negative hemodynamic
effects. Survival was higher in the VC
group, though the difference was not
statistically significant.
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Introduction

In recent years, several clinical studies have found that
compression-only cardiopulmonary resuscitation (CPR)
can achieve better survival and neurological outcome
than compression plus ventilation in adult cardiac arrest
(CA) of cardiac origin, particularly in ventricular
fibrillation, and in out-of-hospital CA [1-5]. Moreover,

some experimental studies of CA secondary to ven-
tricular fibrillation have found a similar rate of recovery
and a better neurological prognosis in animals that
received chest compressions only (CC) in comparison
with those that were resuscitated with the standard
technique of ventilation plus chest compressions (VC)
[6-11]. With CC resuscitation, the absence of inter-
ruptions of chest compressions would optimize the
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perfusion of vital organs and hyperventilation would be
avoided.

These findings, together with the fact that some citi-
zens are unwilling to perform mouth-to-mouth ventilation
on adults [5] and that learning compression-only CPR is
easier than compression plus ventilation, have led to a
proposal to change the international guidelines for
bystander-initiated CPR.

However, some studies have reported a higher survival
with VC than with CC CPR in out-of-hospital CA of
noncardiac origin in adults [12] and children [13].

In pediatric patients, CA is very often of asphyxial
origin and, in contrast to the situation with ventricular
fibrillation, the blood flow is maintained for a certain time
before cardiac activity ceases, reducing the arterial and
venous oxygen tension and increasing the CO, tension.
For this reason the importance of ventilation in pediatric
CA may differ from that in adult CA [5].

The aim of our study was to compare survival and the
oxygenation and ventilation parameters with CC and VC
resuscitation in an infant animal model of asphyxial CA.
Our hypothesis was that CPR by continuous chest com-
pressions plus non-coordinated ventilation (VC) achieves
better oxygenation and ventilation than compression-only
CPR (CC) with no hemodynamic repercussions; a higher
percentage of return of spontaneous circulation (ROSC)
would therefore be achieved with VC resuscitation than
with CC resuscitation.

Methods

A randomized study was performed on 30 2-month-old
Maryland pigs with a mean (SD) weight of 9.5 (2.4) kg.
The experimental protocol was approved by the local
institutional ethical animal investigation committee.
International guidelines for the care of experimental
animals were applied. The animals were intubated and
connected to a mechanical ventilator (Drager SA2,
Lubeck, Germany) with a respiratory rate of 20 breaths/
min (bpm), tidal volume of 10 ml/kg, fraction of inspired
oxygen (FiO;) of 50%, and positive end-expiratory
pressure of 3 cm H,O. Sedation and relaxation (propofol
10 mg/kg/h, fentanyl 10 mg/kg/h, and atracurium
2 mg/kg/h as a continuous infusion) were maintained
throughout the procedure, inhibiting the presence of
agonal breathing. Continuous monitoring was performed
of the electrocardiogram (ECG), peripheral oxygen sat-
uration (Visconnet™ monitor, KGB Madrid, Spain),
cerebral and renal saturation (INVOS® Cerebral Oxim-
eter monitor, Somanetics, Troy, Mi, USA), and the
respiratory volumes and pressures, FiO,, and end-tidal
carbon dioxide (EtCO,) via a spirometer connected to the
endotracheal tube and an S5® monitor (Datex Ohmeda,
Madison, USA) with a volume detection capacity of

7ml. A 4-F PiCCO® catheter was inserted into the
femoral artery to measure the blood pressure and cardiac
output by means of a femoral arterial thermodilution
system (PiCCO®, Pulsion Medical Systems, Munich,
Germany). A 5.5-F catheter was inserted through the
femoral vein to measure the central venous pressure
(CVP). Blood gases were analyzed using the GEM
Premier 3000® blood gas analyzer (Instrumentation
Laboratory, Lexington, USA).

Figure 1 shows the experimental protocol. Cardiac
arrest was induced by disconnection from the ventilator
and extubation for at least 10 min. Basic resuscitation was
started after confirming the absence of signs of sponta-
neous circulation [absent pulse and mean arterial pressure
(MAP) less than 25 mmHg].

The animals were randomly distributed into two
groups: in group 1, resuscitation was started with manual
chest compressions (100 compressions/min) and ventila-
tion via a face mask (20 bpm, tidal volume 10 ml/kg,
FiO, 0.21, using the respirator and without interruption of
chest compressions) (VC); in group 2, only chest com-
pressions (CC) were performed. The number of chest
compressions was controlled continuously using the
arterial blood pressure and ECG monitor.

After 9 min of basic resuscitation, advanced resusci-
tation with intubation and mechanical ventilation with an
FiO, of 1 and the administration of 0.02 mg/kg of epi-
nephrine every 3 min were started in both groups.
Advanced CPR was terminated if ROSC was achieved or
after 30 min of total resuscitation time without ROSC.

After ROSC, mechanical ventilation was continued for
20 min with 100% oxygen and adjusted to obtain a
PaCO, between 35 and 45 mmHg (4.7-6 kPa). On com-
pletion of the experiment, all successfully resuscitated
animals were killed by the administration of sedative
overdose and the intravenous injection of potassium
chloride.

The following parameters were recorded at baseline
and every 3 min during the experiment: ECG rhythm,
heart rate (HR), mean arterial pressure, CVP, cardiac
index (CI), inspiratory tidal volume (TV), EtCO,, and
peripheral, cerebral, and renal oxygen saturations. Arte-
rial and venous blood gases and lactate measurements
were recorded at baseline and every 6 min. Cardiac index
was determined before cardiac arrest, during resuscita-
tion, and when ROSC was achieved. During chest
compressions it was not possible to calibrate the ther-
modilution PICCO method and CI was only measured by
analysis of the pulse contour curve.

The statistical analysis was performed using the SPSS
statistical package, version 16.0. Variables with a normal
distribution were compared using the ¢ test, the y* test,
and the Fisher test; the Friedman and Mann—Whitney
U tests were used when nonparametric tests were
required. A P value of less than 0.05 was considered
statistically significant.
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Fig. 1 Experimental protocol. CC indicates chest compressions
only, CPR cardiopulmonary resuscitation, MAP mean arterial
pressure, ROSC return of spontaneous circulation, VC ventilation
plus compressions

EXITUS J

Results

Sixteen pigs were randomized to group 1, VCs, and 14 to
group 2, CCs only. There were no significant differences
between the two groups regarding arrest rhythms, hemo-
dynamic, respiratory, and perfusion parameters, or blood
gas profiles at the time of disconnection from the respi-
rator or 10 min after disconnection (Table 1).

There were no significant differences in the hemody-
namic parameters MAP, CVP, and CI between the two
techniques during basic and advanced life support
(Fig. 2).

During basic CPR the animals in the VC group pre-
sented lower PaCO, figures that the CC group (Fig. 3).
However, adequate ventilation was not achieved in any
of the animals. During advanced resuscitation, after
intubation, there was a progressive improvement in the

ventilation in both groups, although normal ventilation
was not achieved despite a tidal volume of 10 ml/kg and
a respiratory rate of 20 rpm. During advanced resusci-
tation, the PaCO, remained lower in the VC group,
though the difference was not statistically significant
(Fig. 3).

During basic CPR, the PaO, and arterial saturation
were higher in the VC group than in the CC group despite
ventilation with an FiO, of 0.21 (Figs. 4, 5). During
advanced CPR after endotracheal intubation, both groups
showed a progressive improvement in oxygenation,
without reaching normal values; the difference between
the two groups was not significant.

The animals in the VC group presented greater cere-
bral oxygenation during basic resuscitation although the
differences did not reach statistical significance (Fig. 6).
Cerebral oxygenation improved in both groups during
advanced resuscitation, though normal values were not
reached.

There were no differences in central venous saturation,
arterial pH, or lactic acid concentration between the two
groups at any time in the course of the experiment.
Table 2 shows the comparison of parameters between the
two groups at the end of basic resuscitation and at the end
of advanced resuscitation.

Recovery of spontaneous circulation was only
achieved in 4 of the 30 animals (13.3%): 3 (18.8%) in the
VC group and 1 (7.1%) in the CC group. This difference
did not reach statistical significance (P = 0.351). There
were no differences in baseline parameters at the start of
resuscitation between the animals that achieved ROSC
and those that did not. The four animals that achieved
ROSC remained stable in the subsequent 20-min obser-
vation period.

Discussion

A number of observational studies in adults [1-4] and in
children [13] have compared the clinical course of
patients resuscitated using cardiac compressions only to
that of those who received compressions and ventilation.
Some studies in adults showed that the exclusive use of
compressions during basic CPR was associated with a
survival equal to or greater than CPR with compressions
and ventilation and was easier to perform [1-4, 14]. For
this reason, the 2010 American Heart Association
guidelines recommend that, following initial assessment,
rescuers of adult patients start CPR with chest compres-
sions before opening the airway and delivering rescue
breaths, and chest compressions alone are recommended
for untrained lay persons responding to victims of cardiac
arrest. Performing chest compressions alone is reasonable
for trained lay persons if they are unable to perform air-
way and breathing maneuvers [15].
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Table 1 Comparison of hemodynamic, blood gas, and respiratory variables between VC and CC groups at the time of disconnection from

the ventilator and 10 min after disconnection

Disconnection 10 min after disconnection

vC CC P vC CC P
SBP (mmHg) 105 (89.5-116.75) 101.5 (94.5-113) 0.822 34 (0-44) 21 (11-44) 0.902
MAP (mmHg) 76.5 (63-84.5) 75.5 (57.5-86.3) 0.608 23 (7.5-25.5) 14.5 (6.8-18.3) 0.095
CVP (mmHg) 5 (4-7) 6 (4-8.5) 0.541 16.5 (6.5-24) 8.5 (5-12.75) 0.101
CI (I/min/m~) 4.55 (3.42-4.92) 4.24 (3.59-4.53) 0.387 4.12 (1.2-8.62) 3.08 (2.44-3.81) 0.629
Arterial pH 7.46 (7.43-7.51) 7.48 (7.45-1.5) 0.40 7.09 (6.98-7.20) 7.09 (6.99-7.15) 0.798
PaO, (mmHg) 144 (121-189) 135 (95.8-183) 0.715 10.5 (8.3-22) 10.5 (5.8-19) 0.574
PaCO, (mmHg) 41 (39-48.5) 40.5 (36-47.8) 0.580 90 (78.8-106.8) 91.5 (74.3-108.3) 0.878
Arterial SatO, (%) 99 (99-100) 99 (99-100) 0.983 7.5 (3.75-12.25) 5.5 (3-13) 0.721
Venous SatO, (%) 70.5 (67.5-78.75) 70.5 (67.5-78.75) 0.505 10 (6-13) 10 (6-13) 0.755
Cerebral SatO, (%) 58 (42-68) 54 (34-63) 0.479 40.5 (23-55) 35 (20-41.8) 0.461
Lactic acid (mmol/l) 1 (0.75-1.3) 1.1 (80.98-1.4) 0.208 7.2 (5.95-8.48) 6.7 (5.75-9.08) 0.878
EtCO, (mmHg) 35.5 (33.8-38) 35 (32.75-37.25) 0.525 - -

Results are given as median (interquartile range)

CC chest compressions, CI cardiac index, CVP central venous pressure, EtCO, end-tidal CO,, MAP mean arterial pressure, SarO, oxygen
saturation, SBP systolic blood pressure, VC ventilation plus compressions

X MAP-CC
—+ SAP-CC

=*= MAP-VC
=+ SAP_VC

120 4

mmHg

Fig. 2 Systolic and mean arterial pressure evolution. Comparison
between CC and VC groups. Nonsignificant differences (P = 0.06
after 6 min of basic resuscitation). CC indicates chest compressions
only, MAP mean arterial pressure, SAP systolic arterial pressure,
VC ventilation plus compressions

On the other hand, a recent study in children showed
that survival among patients over 1 year of age who
suffered cardiac arrest of probable noncardiac origin was
greater in those who received compressions plus venti-
lation compared to compression-only CPR [13]. However,
there are no randomized clinical trials in adults or chil-
dren that have compared the two techniques, and there are
only observational studies and reviews [16—18].

Our study compares the effect of CPR with com-
pressions and ventilation versus compressions alone on
oxygenation, ventilation, and survival in an infant animal
model of hypoxic cardiac arrest. We avoided gasping by
administration of a paralyzing agent and permitted pas-
sive ventilation in compression-only CPR. Other studies
have produced cardiac arrest by endotracheal tube

110 1
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20 u - T ™ T

PaCO2 mmHg

Fig. 3 Changes in PaCO,. Comparison between CC and VC
groups. Nonsignificant differences. At 9 min of basic resuscitation
P = 0.056. CC indicates chest compressions only, VC ventilation
plus compressions

clamping simulating an obstructed airway [19, 20] that
does not permit passive ventilation in compression-only
CPR or by inducing ventricular fibrillation [6, 7, 21, 22].

In our study the survival was higher in the group with
chest compressions plus ventilation. However, the dif-
ference was not significant due, at least in part, to the
small sample size. The low overall rate of resuscitation
was probably due to the prolonged hypoxic time without
gasping before resuscitation, and similar rates have been
reported in out-of-hospital cardiac arrest in children [5,
13] and in previous studies with the same animal model of
cardiac arrest, in which ROSC was achieved in 20% of
animals treated with standard doses of epinephrine [23].

Our model simulates out-of-hospital CA in children,
producing cardiorespiratory arrest due to hypoxia. In our
study, we inhibited gasping to simulate the situation of
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Fig. 4 Changes in PaO,. Comparison between CC and VC groups.
Nonsignificant differences except at 3 and 9 min of basic resus-
citation, P = 0.009 and 0.008. CC indicates chest compressions
only, VC ventilation plus compressions
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Fig. 5 Changes in arterial saturation. Comparison between CC and
VC groups. Nonsignificant differences except at 3 and 9 min of
basic resuscitation, P = 0.029 at both time points. CC indicates
chest compressions only, VC ventilation plus chest compressions

CA secondary to apnea, in which a bystander calls the
emergency team and performs basic resuscitation after a
prolonged period of hypoxia; the emergency team arrives
9 min later and begins advanced resuscitation with intu-
bation, ventilation with an FiO, of 1, and the
administration of epinephrine. Our results show that, in
cases of prolonged hypoxia, the rate of ROSC is very low
despite correct basic and advanced CPR. This fact
underlines the importance of prevention and early
resuscitation.

We found in a previous randomized crossover animal
study of asphyxial cardiac arrest that ventilation com-
bined with chest compressions achieved better ventilation
than compressions alone, without causing deterioration in
hemodynamic parameters. The tidal volume achieved
with CC was practically undetectable and the ventilation

100 4

*x CcC

80 == VC

Cerebral saturation %

Fig. 6 Changes in cerebral oxygenation. Comparison between CC
and VC groups. Nonsignificant differences. P = 0.065 at 9 min of
basic resuscitation. CC indicates chest compressions only, VC
ventilation plus chest compressions

produced was insufficient to achieve adequate gas
exchange [23]. However, due to the different design of
that study, it was not possible to analyze how the changes
in the parameters affected survival.

Our study has produced a number of important results.
First, neither of the basic CPR protocols achieved ade-
quate oxygenation and ventilation in this model of
asphyxial CA. However, better arterial oxygenation and
ventilation were observed with chest compressions plus
ventilation. Furthermore, cerebral saturation was higher in
the VC group, although the difference did not reach sta-
tistical significance. In addition, both the PaCO, and
cerebral oxygenation remained somewhat better in the VC
group during advanced resuscitation, when the same
protocol was used in both groups.

Several studies have shown that the interruption of
chest compressions in order to perform ventilation can be
a major prognostic factor, as it alters the hemodynamic
situation and decreases coronary, myocardial, and tissue
perfusion [24-26]. In our study, there were no differences
in the hemodynamic variables (blood pressure, cardiac
index, and central venous pressure) between the two
groups during resuscitation. These results support the idea
that ventilation does not interfere with hemodynamic
parameters when it is not coordinated with compressions
and no pauses in compressions are required, whether
during basic or advanced CPR. In our study, chest com-
pressions achieved an adequate systolic blood pressure
but a low MAP, with a normal or high cardiac index.
However, measurement of the cardiac output using the
PiCCO method can be unreliable during CPR due to the
movements produced by the chest compressions and to
the inability to recalibrate the system; the cardiac output
was therefore only estimated from an analysis of the
arterial curve.

Several authors have emphasized the risk of hyper-
ventilation during resuscitation and after ROSC [1, 3, 6].
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Table 2 Comparison of hemodynamic, saturation, and respiratory variables between VC and CC groups after 9 min of basic resuscitation
and after 21 min of advanced resuscitation (30 min total resuscitation time)

9 min of basic resuscitation

21 min of advanced resuscitation

vC cC P vC cC P
SBP (mmHg) 80 (52-108.5) 47 (37-82) 0.093 90 (46-116.5) 80 (52-97) 0.977
MAP (mmHg) 27 (18.8-31) 22 (13-27) 0.125 25 (20-32.5) 20 (19-31.5) 0.579
CVP (mmHg) 23.5 (12.75-29.5) 13.5 (9-26.75) 0306  24.5(19.25-29) 22 (16-36) 0.538
CI (/min/m?) 5.61 (3-6.91) 3.74 (2.84-6.32) 0447  7.35(5.28-8.77)  5.21 (4.13-8.24) 0.283
Arterial pH 7.05 (6.93-7.1) 6.99 (6.88-7.07) 0454  7.25(6.99-7.33)  7.17 (7.0-7.37) 0.810
PaO, (mmHg) 26 (25-41) 19 (12.5-25.3) 0.008 59 (42-67) 59 (41.5-83) 0.833
PaCO, (mmHg) 84 (74.8-101.8) 101 (88.5-115.8)  0.056 49 (42-92.5) 66 (44-96) 0.689
Arterial SatO, (%) 25 (16-39) 11 (6.25-22.25)  0.029 79 (48-87) 84 (41-92) 0.566
Venous SatO, (%) 10 (8-27) 11 (5-13) 0.608 9.5 (5.5-20.25) 31 (13.75-40.75)  0.068
Cerebral SatO, (%) 61 (31-79) 30 (23.5-33.5) 0.065 70 (38.5-76) 46.5 (21.8-74.3) 0.429
Lactic acid (mmol/l) 8.6 (7.7-9.9) 8.8 (8.28-10.55) 0352 10.6 (9.7-12.1) 11.1 (10.4-14.8) 0.459
EtCO, (mmHg) 7 (0-12) - 5(2-9) 6 (3-15) 0.392

Results are given as median (interquartile range)

CC chest compressions, CI cardiac index, CVP central venous pressure, EtCO, end-tidal CO,, MAP mean arterial pressure, SarO, oxygen
saturation, SBP systolic arterial pressure, VC ventilation plus compressions

Ventilation during CPR can give rise to hypocapnia, with a
secondary reduction in cerebral blood flow and increased
mortality and/or neurological sequelae [1, 3, 6, 20].

The 2005 international recommendations for CPR
changed the compression/ventilation ratio in pediatric
patients from 5:1 to 30:2 for lay or single rescuers and
15:2 for two healthcare professionals in basic resuscita-
tion and to reduce minute ventilation to less than baseline
for age in advanced resuscitation [27]. Although the ideal
ratio between ventilation and chest compressions in CA in
children is still under discussion, the new recommenda-
tions are based on the pathophysiological basis that the
cardiac output and pulmonary blood flow during CPR fall
to 10-25% compared to normal values, and the ventila-
tion necessary to achieve adequate gas exchange would
therefore also be lower than under normal conditions
[1-4, 24-28]. Our results show that when using a normal
tidal volume of 10 ml/kg with a respiratory rate of
20 rpm, which is a higher rate than recommended, there is
no risk of hyperventilation in either basic or advanced
resuscitation. On the contrary, most animals were hypo-
ventilated throughout the period of resuscitation (Fig. 3).
Hypoventilation could cause lung collapse, which
increases pulmonary vascular resistance and reduces left
preload, leading to a fall in cardiac output. In our study,
non-coordinated ventilation plus cardiac compressions
was used to reduce the interruptions in compressions.
Further studies are needed to determine whether coordi-
nated ventilations and compressions could improve
ventilation and oxygenation and to establish the effect on
hemodynamic parameters.

Several recent articles have shown the risk of hyper-
oxia during neonatal resuscitation and after ROSC in
adults [29, 30]. In our study, animals were hypoxic both
during basic resuscitation with an FiO, of 0.21 and during
advanced resuscitation with an FiO, of 1. These data

suggest that the use of a high FiO, during resuscitation in
non-neonatal pediatric CA is not associated with a risk of
hyperoxia.

There are a number of limitations to our study. As we
indicated above, the sample size was small and survival in
the two groups was low, thus making it difficult to
establish statistically significant differences. A further
limitation of our study is that no evaluation was per-
formed of the subsequent course of the animals after
ROSC, as all were killed after 20 min.

Chest compressions were not interrupted during ven-
tilation. This improved the efficacy of chest compressions
but did not simulate the current recommendations for
initial bystander resuscitation. In addition, although ven-
tilation was controlled by mechanical ventilation, the
quality of the chest compressions could have been sub-
optimal. We performed manual cardiac massage as is
done in clinical practice, measuring and controlling the
frequency of compressions to adjust to 100/min. How-
ever, we did not control depth of compression or coronary
blood flow, which are factors directly associated with
ROSC. On the other hand, manual chest compressions
could be different between the groups and it could
introduce a bias in the results. However the experimental
team was the same throughout the experiment, and chest
compressors rotated out every 3 min.

Basic resuscitation is actually performed by synchro-
nized mouth to mouth ventilation and chest compression
in humans. It is not possible to give mouth to mouth
ventilation in this animal model, and it is also very dif-
ficult to synchronize mechanical ventilation with manual
chest compressions. We decided to use mask ventilation
using a ventilator instead of manual ventilation so as to
ensure delivery of a consistent tidal volume, which is very
important if one wants to compare ventilation parameters
between groups. The specific mask used in our study
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allows for its application to the snout of the pig, and
assures that any leak is minimal.

As found in other studies, our results provide evidence
of the important role of ventilations in basic CPR for
infants and children [5, 13, 15-17, 23].

We conclude that non-coordinated VC achieved a
nonsignificantly higher survival than cardiac compres-
sions alone in this model of asphyxial pediatric cardiac
arrest. Neither cardiac compressions alone nor non-
coordinated ventilation and compressions achieved ade-
quate oxygenation and ventilation. Chest compressions

plus ventilation produced a better general and cerebral
oxygenation and ventilation with no negative hemody-
namic effects.
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