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Abstract

Objective

Recently, sustained inflations (SI) during chest compression (CC) have been suggested as
an alternative to the current approach during neonatal resuscitation. However, the optimal
rate of CC during S| has not yet been established. Our aim was to determine whether differ-
ent CC rates during Sl reduce time to return of spontaneous circulation (ROSC) and
improve hemodynamic recovery in newborn piglets with asphyxia-induced bradycardia.

Intervention and measurements

Term newborn piglets were anesthetized, intubated, instrumented and exposed to 45-min
normocapnic hypoxia followed by asphyxia. Resuscitation was initiated when heart rate
decreased to 25% of baseline. Piglets were randomized into three groups: CC superim-
posed by Sl at a rate of 90 CC per minute (SI+CC 90, n = 8), CC superimposed by Sl ata
rate of 120 CC per minute (SI+CC 120, n = 8), or a sham group (n = 6). Cardiac function,
carotid blood flow, cerebral oxygenation and respiratory parameters were continuously
recorded throughout the experiment.

Main results

Both treatment groups had similar time of ROSC, survival rates, hemodynamic and respira-
tory parameters during cardiopulmonary resuscitation. The hemodynamic recovery in the
subsequent 4h was similar in both groups and was only slightly lower than sham-operated
piglets at the end of experiment.
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Conclusion

Newborn piglets resuscitated by SI+CC 120 did not show a significant advantage in ROSC,
survival, and hemodynamic recovery as compared to those piglets resuscitated by SI+CC
90.

Introduction

Although chest compressions (CC) are infrequent events in newborn infants (with an inci-
dence of 0.08% in near-term and term deliveries, and 10% in very preterm deliveries)[1,2], out-
come studies of preterm infants requiring cardiopulmonary resuscitation (CPR) or CC have
reported high rates of mortality and neurodevelopmental impairment in surviving children
[1,2]. The poor prognosis associated with resuscitations requiring CC and/or medications in
the delivery room raises questions as to whether improved CPR techniques that are specifically
tailored to the newborn could improve outcomes[3-5].

Current resuscitation guidelines recommend 120 events per minute, which comprises of 90
CC and 30 inflations[6]. However, the most effective method of delivering CC remains contro-
versial. Wyckoff and Berg suggested that the current 3:1 CPR does not achieve adequate coro-
nary perfusion, and that further optimization of CC is required. Continuous CC has been
shown to avoid interrupting coronary perfusion and may improve minute ventilation during
CPR[7]. In comparison, animal studies and adult human randomized trials have demonstrated
that continuous CC without rescue breaths increase return of spontaneous circulation (ROSC)
and survival after sudden cardiac collapse[8-10]. The increase in survival and ROSC was pre-
dominately related to an increase in intrathoracic pressure generated by continuous CC[11]. A
further technique to increase intrathoracic pressure is the delivery of a sustained inflation (SI)
[12,13]. Studies have demonstrated that SI can i) achieve development of functional residual
capacity during initial resuscitation of newborn infants more rapidly[14,15], and ii) increase
carotid blood flow during CC[16-19]. We recently described a novel CPR technique delivering
CC superimposed by SI during CPR in newborn piglets, which significantly improved ROSC
and survival in newborn piglets[20]. The study used a CC rate of 120/min, which is different
form the current neonatal resuscitation recommendation. In fact, a mathematical study sug-
gested that the most effective CC frequency during CPR depends on body size and weight[21].
CC rates >120/min might be more beneficial for newborn infants and may improve survival
[21]. However, the optimal rate of CC during SI has not yet been established. Our aim was to
determine whether different CC rates during SI reduced time to ROSC in newborn piglets with
asphyxia-induced bradycardia. We hypothesized that using a rate of 90/min would achieve a
similar time to ROSC and survival compared to using 120/min.

Methods

Twenty-two newborn mixed breed piglets (1-5 days of age, weighing 1.7-2.3 kg) were obtained
on the day of experimentation from the University Swine Research Technology Centre. All
experiments were conducted in accordance with the guidelines and approval of the Animal
Care and Use Committee (Health Sciences), University of Alberta and presented according to
the ARRIVE guidelines (S1 File) [22]. A graphical display of the protocol is presented in Fig 1
and the completed ARRIVE guidelines have been submitted in S1 File.
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Fig 1. Study flow chart.
doi:10.1371/journal.pone.0157249.g001
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Randomization

Piglets were randomly allocated to sham-operated, or SI groups. Allocation was block random-
ized with variable sized blocks (2 to 4) using a computer-generated randomization program
(http://www.randomizer.org). Sequentially numbered, sealed, opaque envelopes containing the
allocation were opened during the experiment (Fig 1).

Animal preparation

Piglets were instrumented as previously described with modifications[20,23]. Following the
induction of anaesthesia using isoflurane, piglets were intubated via a tracheostomy, and pres-
sure-controlled ventilation (Sechrist infant ventilator, model IV-100; Sechrist Industries, Ana-
heim, CA) was commenced at a respiratory rate of 16-20 breaths/min and pressure of 20/5
cmH,O. Oxygen saturation was kept within 90-100%, glucose level and hydration was main-
tained with an intravenous infusion of 5% dextrose at 10 mL/kg/hr. During the experiment
anaesthesia was maintained with intravenous propofol 5-10 mg/kg/hr and morphine 0.1 mg/
kg/hr. Additional doses of propofol (1-2 mg/kg) and morphine (0.05-0.1 mg/kg) were also
given as needed. The piglet’s body temperature was maintained at 38.5-39.5°C using an over-
head warmer and a heating pad[24].

Hemodynamic parameters

A 5-French Argyle® (Klein-Baker Medical Inc. San Antonio, TX) double-lumen catheter was
inserted via the right external jugular vein for administration of fluids and medications. A
5-French Argyle™ single-lumen catheter was inserted above the right renal artery via the femo-
ral artery for continuous arterial blood pressure monitoring in addition to arterial blood gas
measurements. A Millar catheter (MPVS Ultra®™, ADInstruments, Houston, TX) was inserted
into the left ventricle via the left common carotid artery for continuous measurement of left
ventricular pressure, composite and segmental volumes, which were used for cardiac output
calculation. The right common carotid artery was also exposed and encircled with a real-time
ultrasonic flow probe (2mm; Transonic Systems Inc., Ithica, NY) to measure blood flow.

Piglets were placed in supine position and allowed to recover from surgical instrumentation
until baseline hemodynamic measures were stable. Ventilator rate was adjusted to keep the par-
tial arterial CO, between 35-45 mmHg as determined by periodic arterial blood gas analysis.
Mean systemic arterial pressure, systemic systolic arterial pressure, heart rate, and percutane-
ous oxygen saturation were continuously measured and recorded throughout the experiment
with a Hewlett Packard 78833B monitor (Hewlett Packard Co., Palo Alto, CA).

Respiratory parameters

A respiratory function monitor (NM3, Respironics, Philips, Andover, MA) was used to contin-
uously measure tidal volume (V), airway pressures, gas flow, end-tidal CO, (ETCO,). The
combined gas flow and ETCO, sensor was placed between the endotracheal tube and the venti-
lation device. V was calculated by integrating the flow signal. ETCO, was measured using
non-dispersive infrared absorption technique. The accuracy for gas flow is +0.125 L/min,
ETCO, +2 mmHg[25].

Cerebral perfusion

Cerebral oxygenation (crSO,) was measured using the Invos™ Cerebral/Somatic Oximeter
Monitor (Invos 5100, Somanetics Corp., Troy, MI). The sensors were placed on the right fore-
head of the piglet and secured with wrap and tape. Light shielding was achieved with a slim
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cap. The Invos™ Cerebral/Somatic Oximeter Monitor calculates crSO,, which is expressed as
the percentage of oxygenated haemoglobin (oxygenated haemoglobin/total haemoglobin). Val-
ues of regional oxygen saturation are stored every second with a sample rate of 0.13 Hz[26].

Experimental protocol

Piglets were randomized into three groups: CC superimposed by SI at a rate of 90 CC per min-
ute (SI+CC 90, n = 8), CC superimposed by SI at a rate of 120 CC per minute (SI+CC 120,
n = 8), or a sham group (n = 6). Two-step randomization was used to reduce selection bias.
After surgical instrumentation and stabilization, a sequentially numbered, sealed brown enve-
lope containing the allocation “sham” or “intervention” was opened (step one) (Fig 1). Only
piglets randomized to “intervention” underwent hypoxia and asphyxia. The sham-operated
group had the same surgical protocol, stabilization, and equivalent experimental periods with-
out hypoxia and asphyxia. Once the criteria for CPR were met, a second sequentially num-
bered, sealed brown envelope containing the allocations “SI+CC 90” or “SI+CC 1207, was
opened (step two) (Fig 1). Both treatment groups received SI with a peak inflating pressure of
30 cm H,O for a duration of 30 sec. SI were then interrupted for a one second expiratory pause
before a further 30 sec of SI were provided. During the SI, CC was performed at a rate of 90/
min or 120/min. Ventilation rate used in the two models of SI+CC were 90/min in the SI+CC
90 and 120/min the SI+CC 120, respectively (ventilation rate = chest compression rate).
Piglets randomized to “intervention” were exposed to 50 minutes of normocapnic hypoxia.
Hypoxia was followed by asphyxia until heart rate decreased to 25% of baseline, which was
achieved by disconnecting the ventilator and clamping the endotracheal tube. Ten seconds
after heart rate reached 25% of baseline, positive pressure ventilation (PPV) was commenced
for 30 seconds with a Neopuff T-Piece (Fisher & Paykel, Auckland, New Zealand). The default
settings were a peak inflating pressure of 30 cmH,O, a positive end expiratory pressure of 5
cmH,0, and a gas flow of 8 L/min. CC were performed using the two-thumb encircling tech-
nique by a single operator (LM) in all piglets. A metronome was used to achieve the targeted
CC rate. After 30 seconds of CC, 100% oxygen was commenced. Epinephrine (0.01 mg/kg per
dose) was administered intravenously 1 minute after the start of PPV, and administered every
minute as needed if no increase in heart rate or ROSC was observed despite adequate ventila-
tion and CC. Epinephrine was administered to a maximum of 4 doses. ROSC was defined as an
unassisted heart rate >100 bpm for 15 seconds. After ROSC, piglets were allowed to recover
for four hours before the piglets were euthanized with an intravenous overdose of phenobarbi-
tal (100 mg/kg).

Sample size and power estimates

Our primary outcome measure was CPR time to achieve ROSC. Our previous studies showed a
mean *standard deviation ROSC of 180+25 seconds during CPR using 3:1 C:V. Given Babbs
et al[21] postulated that higher CC rates would improve outcomes, we hypothesized that the
use of SI during CPR with SI+CC120/min would reduce time to achieve ROSC. A sample size
of 16 piglets (8 per group) was sufficient to detect a clinically important (33%) reduction in
time to achieve ROSC (i.e. 180 sec vs. 120 sec), with 80% power and a 2-tailed alpha error of
0.05.

Data collection and analysis

Demographics of study piglets were recorded. Transonic flow probes, heart rate and pressure
transducer outputs were digitized and recorded with custom Asyst programming software
(Data Translation, Ontario, Canada). Airway pressures, gas flow, Vr, and ETCO, were
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Table 1. Baseline characteristics.

Age (days)
Weight (kg)
Heart rate (bpm)
MAP (mmHg)
CO (mL/kg/min)

Ejection Fraction (%)

Max dp/dt (mmHg)
Tau (ms)

Carotid flow (mL/min/kg)
Cerebral oxygenation (%)

pH

Base excess (mmol/L)

paCO, (torr)
SpO; (%)
Lactate (mmol/L)

Arterial hemoglobin (g/L)

measured and analysed using Flow Tool Physiologic Waveform Viewer (Philips Healthcare,
Wallingford, CT, USA). The data are presented as mean +standard deviation (SD) for normally
distributed continuous variables and median (interquartile range—IQR) when the distribution
was skewed. For all respiratory parameters, continuous values during CPR were analysed. The
data was tested for normality and compared using Student’s t-test for parametric and Mann-
Whitney U-test for nonparametric comparisons of continuous variables, and x* for categorical
variables. P-values are 2-sided and p<0.05 was considered statistically significant. Statistical
analyses were performed with SigmaPlot (Systat Software Inc, San Jose, USA).

Results

Twenty-two newborn mixed breed piglets were obtained on the day of the experiment, and
were randomly assigned to the SI+CC 90 group, the SI+CC 120 group, and the sham-operated
group. There were no differences in the baseline parameters between the groups (Table 1).

Resuscitation

As shown in Table 2, there was no difference in asphyxia time as well as degree of asphyxiation
(as indicated by pH, PaCO, and lactate) between the two asphyxiated piglet groups. During
CPR, 3/8 piglets in the SI+CC 90 group and 5/8 piglets in the SI+CC 120 group required 100%
oxygen, and 3/8 piglets in the SI+CC 90 group and 6/8 piglets in the SI+CC 120 group received
epinephrine (p = 0.32). Consequently, there was no difference in time to ROSC between the SI
+CC 90 group and the SI+CC 120 group (Table 2). Survival rate was 7/8 piglets vs. 6/8 piglets
in the SI+CC 90 and SI+CC 120 group respectively (Table 2). Three piglets (1 in the SI+CC 90
and 2 in the SI+CC 120 group) did not achieve ROSC and died (they were euthanized with
intravenous overdose of phenobarbital (100 mg/kg)).

Sham (n = 6) Sl + CC90 (n=8) Sl + CC120 (n = 8) p-value
2.0 (1.0-2.0) 2.0 (1.5-3.5) 2.0 (1.5-2.5) 0.62
2.0 (1.7-2.2) 2.0 (1.9-2.2) 2.0 (1.9-2.0) 0.84
202 (187-222) 238 (223-249) 221 (205-246) 0.07
81 (69-89) 74 (64-91) 79 (72-89) 0.81
231 (198-306) 334 (308-378) 201 (172-251) 0.18
27 (27-30) 27 (23-40) 21 (14-27) 0.08
3984 (3308-6031) 6719 (5187-8045) 5265 (3665—-6325) 0.09
19 (18-21) 14 (13-16) 15 (13-19) 0.48
30 (27-33) 41 (33-47) 37 (32-43) 0.16
38 (34-40) 44 (43-51) 43 (39-46) 0.15
7.4 (7.4-7.4) 7.4 (7.3-7.4) 7.4 (7.3-7.4) 0.73
-2 (-2~1) -4 (-7~-2) -1(-6~2) 0.32
41 (39-46) 39 (35-43) 41 (36-42) 0.89
91 (90-92) 92 (88-93) 92 (90-93) 0.82
3.2 (3.0-4.23) 3.8 (3.5-4.6) 3.1 (2.5-4.4) 0.47
78 (64-84) 76 (71-82) 77 (70-84) 0.82

Data are presented as median (IQR); MAP- Mean arterial blood pressure, CO—Cardiac output

doi:10.1371/journal.pone.0157249.1001
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Table 2. Characteristics of asphyxia, resuscitation and survival of asphyxiated piglets (n =8 in each
group)

Sl + CC90 Sl + CC120 p-value

Asphyxia time (sec) 68 (50-158) 98 (53-165) 0.66
Immediately before resuscitation

pH 6.9 (6.8-6.9) 6.9 (6.8-7.0) 0.80

paCO (torr) 64 (54-72) 64 (56-87) 0.37

Lactate (mmol/L) 13.8 (12.8-14.4) 13.9 (12.4-14.4) 0.74
Resuscitation

Received 100% oxygen (n(%)) 3(38) 5 (63) 0.62

Epinephrine doses (n) 0 (0-2) 1(0-4) 0.41
Achieving ROSC (n (%)) 7 (88) 6 (75) 0.98
ROSC time (sec) 34 (28-156) 99 (31-255) 0.29
Survival 4h after ROSC (n (%)) 7 (88) 6 (75) 0.98

Data are presented as median (IQR); ROSC—return of spontaneous circulation, “lmmediately before
resuscitation” refers to the time of cardiac arrest immediately before positive pressure ventilation was
initiated

doi:10.1371/journal.pone.0157249.t002

Respiratory Parameters during CC

During chest compression there were no difference in delivered Vr, gas flow or peak inflation
pressure between groups (Table 3). As expected there was a significant difference in the num-
bers of delivered inflations (which equals chest compression) between the groups (Table 3).
Although, minute ventilation was similar between groups, the SI+CC 90 had a higher V. The
lower Vi delivered in the SI+CC 120 group might be due to higher dead space and/or shorter
inflation time (with the higher ventilation rate). There was no difference between the fraction
of inspired oxygen (p = 0.63) or the partial pressure of arterial oxygen saturation (p = 0.295)
between the two intervention groups.

Changes in Hemodynamic Parameters

Hemodynamic changes of all experimental groups are summarized in Figs 2—4. Generally,
there was no difference in all hemodynamic parameters examined between the two asphyxia/
resuscitation groups.

Table 3. Respiratory parameters before ROSC.

SI+CC 90/min SI+CC 120/min p-value

Chest compression rate (/min) 90 (1) 115 (9) <0.001
Ventilation rate (/min) 90 (1) 115 (9) <0.001
Tidal volume (mL/kg)* 15 (10.7-16.7) 12 (10.9-13.8) 0.25
Minute ventilation in mL/kg/min 632 (196) 681 (133) 0.55
Peak inflation pressure (cm H,0) 33.7 (1.2) 33.3(0.9) 0.44
Peak inspiratory flow 7.8 (1.7) 7.9 (0.9) 0.90
Peak expiratory flow 14 (2.9) 13.7 (1.9) 0.76
End-tidal CO, (mm Hg) 28 (17-38) 20 (11-30) 0.29

Data are presented as mean (SD) unless indicated *median (IQR); V1_tidal volume, MV—minute
ventilation, ECO, —exhaled CO,»

doi:10.1371/journal.pone.0157249.t003
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Fig 2. Percent changes from normoxic baseline in (A) heart rate, (B) cardiac output, and (C) ejection
fraction in sham (), SI+CC 90 (@), and SI+CC 120 ( A ) groups during and after resuscitation. Each
point represents mean+SD. *Significantly different from sham-operated group, p<0.05 (Tukey).

doi:10.1371/journal.pone.0157249.9002
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Fig 2 shows changes in heart rate, cardiac output and ejection fraction during asphyxia,
10 sec before ROSC and after resuscitation. Heart rate of both experimental groups
decreased to 25% of baseline value by the end of asphyxiation and it increased drastically to
around 70% of baseline value immediately before ROSC. Heart rate was maintained around
the baseline value throughout the reminder of the experimental period. By the end of
asphyxiation, the cardiac output of both experimental groups was below 20% of baseline
value (Fig 2B). It increased to around 55 and 40% of baseline value for SI+CC 90 and SI+CC
120 groups, respectively. Even though the cardiac output of both groups was lower than that
of the sham control group after resuscitation, the difference did not achieve any statistical
significance (Fig 2B). As shown in Fig 2C, the ejection fraction of both experimental groups
was significantly lower than that of the sham control group by the end of asphyxia. It
increased back to the baseline value before ROSC and was similar to sham control values
after resuscitation.

Changes in MAP and dp/dt max are summarized in Fig 3. The MAP of both treatment
groups decreased significantly at the end of asphyxia and shortly before ROSC. It then
increased to approximately the baseline value immediately after resuscitation and remained
similar to sham controls throughout the experimental period (Fig 3A). The pattern of
dp/dt max of both experimental groups was similar to that observed with MAP changes
(Fig 3B).

As shown in Fig 4A, the carotid flow of both treatment groups was significantly lower than
the sham control group at the end of asphyxia and shortly before ROSC. Immediately following
resuscitation, the carotid flow returned to the baseline value where it was maintained for the
remainder of the experimental period. Changes in cerebral reoxygenation in both experimental
groups followed a similar pattern to that of the carotid flow (Fig 4B).

Discussion

A mathematical study suggested that the most effective CC frequency during CPR depends
on body size and weight, and that CC rates >120/min might be more beneficial for newborn
infants and may improve survival[21]. In a recent study by our group we compared the stan-
dard 3:1 technique using 90 CC/minute and compared it with CC superimposed by SI using
120 CC/minute[20]. The higher CC rate, as postulated by Babbs et al[21], could have contrib-
uted to the faster ROSC time in the SI+CC group. However, the real effect of different CC
rates when superimposed by SI remains unknown. In the current study we compared CC
rates of 90/min vs. 120/min during SI in a porcine model of neonatal asphyxia. The results of
the study can be summarized as: 1) during SI+CC 90 ROSC time was 34 sec compared to 99
sec in the SI+CC 120 group, although not statistically significant ROSC was only a third in
the SI+CC90 group (Table 2); 2) overall survival to achieve ROSC and in the following 4
hours after ROSC were similar between the groups (Table 2); 3) tidal volume delivery, minute
ventilation, hemodynamic recovery and cerebral oxygenation were similar between the
groups. Our study is the first to examine if an increased CC rate can improve survival. How-
ever, increasing CC rate during SI did not provide any advantage in overall resuscitation out-
comes in our newborn piglet model. Similar studies using either 9:3 or 15:2 C:V ratio in
asphyxia-induced cardiac arrest piglets also did not report an improvement in ROSC[27,28].
Similarly, no difference in various hemodynamic parameters in infant piglets receiving either
continuous chest compression or 5:1 C:V ratio has been reported”. These studies suggest
that a rate of 90/min might be sufficient during neonatal CPR. Furthermore, despite a similar
systemic hemodynamic recovery, the SI+CC 120 group had modestly higher cerebral oxygen-
ation (vs. SI+CC 90 group, p<0.05), which could be related to the higher carotid blood flow.
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However, we have no information regarding neuronal damage including the levels of S-100
and NSE.

It remains controversial how the blood flows during chest compression. Berkowitz et al pos-
tulated that conventional CPR in small animals generated sufficient intrathoracic pressure to
achieve forward blood flow because of the shape and compliance of their chest[29]. However,
several studies demonstrated that an adequate increase in forward blood flow is achieved when
several techniques to increase intrathoracic pressure (e.g. CC and High ventilation pressures)
are combined[16,30]. We have recently demonstrated that significant improvements in ROSC
and hemodynamic recovery can be observed in piglets when given continuous CC superim-
posed with SI compared to 3:1 C:V CPR[20]. The beneficial effect of combining two techniques
that increase intrathoracic pressure resulted in improved respiratory and hemodynamic
parameters[20]. A detailed analysis of the respiratory parameters also revealed an improved
tidal volume delivery during CC+SI compared to 3:1 C:V, resulting in better tissue oxygenation
during resuscitation[31]. In the current study the tidal volume delivery was slightly smaller in
the SI+CC 120 group (not statistically significant-Table 3), which resulted in a similar minute
ventilation, despite a significantly higher CC rate. This might be due to higher dead space or
shorter inflation time (with the higher ventilation rate) resulting in lower V and lower ETCO,
(Table 3). In addition, the ETCO, was slightly lower in the SI+CC 120 group (again not statisti-
cally significant-Table 3), which suggest that higher CC rates might impair gas exchange and
rates ~90/min are sufficient to deliver an adequate V and minute ventilation without impair-
ing gas exchange. However, further studies on the optimal inflation pressure to maintain an
effective functional residual capacity as well as achieve adequate V1 delivery during CC+SI are
warranted.

Limitations

Our use of a piglet asphyxia model is a great strength of this translational study, as this model
closely simulates delivery room events, with the gradual onset of severe asphyxia leading to bra-
dycardia[32,33]. However, several limitations should be considered before implementing
simultaneous CC and SI in the delivery room. Our asphyxia model uses piglets that have
already undergone the fetal to neonatal transition, and piglets were sedated/anesthetized. Fur-
thermore, our model requires piglets to be intubated with a tightly sealed endotracheal tube to
prevent any endotracheal tube leak; this may not occur in the delivery room as mask ventila-
tion is frequently used. Nevertheless, our findings are still clinically relevant as the distribution
of cardiac output in the fetus and posttransitional neonate during asphyxia episodes are quali-
tatively similar[34]. Our resuscitation model is slightly different from the currently recom-
mended resuscitation guidelines, as we gave 100% oxygen after 30sec of CC, and administered
epinephrine 60sec after CC were initiated, and gave an additional dose every minute[6]. This
may have influenced our results. Nevertheless, there was no significant difference in the
amount of epinephrine doses between both groups. Although, the time of ROSC was faster in
the SI+CC 90 group, unfortunately this was not statistically significant. However, we believe a
2/3 reduction in duration of CC would be clinically significant. However the lack of statistical
significance could be due to the small sample size.

Conclusion

Using a higher CC rate during SI did not provide any advantage on ROSC, survival rate or
hemodynamic recovery during neonatal resuscitation in a porcine mode of asphyxia.

PLOS ONE | DOI:10.1371/journal.pone.0157249 June 15,2016 12/14



@’PLOS ‘ ONE

Chest Compression Rates Does Not Affect Return of Spontaneous Circulation

Supporting Information

S1 File.
(DOC)

Author Contributions

Conceived and designed the experiments: GMS PYC MOR. Performed the experiments: GMS
ESL TFL ML MOR PYC. Analyzed the data: GMS ESL TFL ML MOR PYC. Contributed
reagents/materials/analysis tools: GMS ESL TFL ML MOR PYC. Wrote the paper: GMS ESL
TFL ML MOR PYC.

References

1.

10.

11.

12.

13.

14.

15.

16.

Wyckoff MH, Periman J. Cardiopulmonary resuscitation in very low birth weight infants. Pediatrics
2000; 106:618—-20. PMID: 11012336

Wyckoff MH, Salhab WA, Heyne RJ, Kendrick DE, Stoll B, Laptook AR, et al. Outcome of extremely low
birth weight infants who received delivery room cardiopulmonary resuscitation. J Pediatr 2012;
160:239-244.e2. doi: 10.1016/j.jpeds.2011.07.041 PMID: 21930284

Kapadia V, Wyckoff MH. Chest Compressions for Bradycardia or Asystole in Neonates. Clin Perinatol
2012; 39:833—42. doi: 10.1016/j.clp.2012.09.011 PMID: 23164181

Wyckoff MH. Improving Neonatal Cardiopulmonary Resuscitation Hemodynamics Are Sustained Infla-
tions During Compressions the Answer? Circulation 2013; 128:2468-9. doi: 10.1161/
CIRCULATIONAHA.113.006093 PMID: 24088528

McGowan JE. Determining optimal compression to ventilation ratio in neonatal resuscitation. Resusci-
tation 2014; 85:161-2. doi: 10.1016/j.resuscitation.2013.12.004 PMID: 24342280

Perlman J, Wyllie JP, Kattwinkel J, Wyckoff MH, Aziz K, Guinsburg R, et al. Part 7: Neonatal Resuscita-
tion: 2015 International Consensus on Cardiopulmonary Resuscitation and Emergency Cardiovascular
Care Science With Treatment Recommendations. Circulation 2015; 132:5204—41. doi: 10.1161/CIR.
0000000000000276 PMID: 26472855

Wyckoff MH, Berg RA. Optimizing chest compressions during delivery-room resuscitation. Semin Fetal
Neonatal Med 2008; 13:410-5. doi: 10.1016/j.siny.2008.04.012 PMID: 18514603

Cardiopulmonary Resuscitation by Chest Compression Alone or with Mouth-to-Mouth Ventilation.
2000; 342:1546-53. Available from: http://www.nejm.org/doi/full/10.1056/NEJM200005253422101
PMID: 10824072

Berg RA, Sanders AB, Kern KB, Hilwig RW, Heidenreich JW, Porter ME, et al. Adverse Hemodynamic
Effects of Interrupting Chest Compressions for Rescue Breathing During Cardiopulmonary Resuscita-
tion for Ventricular Fibrillation Cardiac Arrest. Circulation 2001; 104:2465-70. PMID: 11705826

Berg RA, Hilwig RW, Kern KB, Ewy GA. "Bystander" Chest Compressions and Assisted Ventilation
Independently Improve Outcome From Piglet Asphyxial Pulseless “Cardiac Arrest.” Circulation 2000;
101:1743-8. PMID: 10758059

Rudikoff M, Maughan WL, Effron M, Freund P, Weisfeldt ML. Mechanisms of blood flow during cardio-
pulmonary resuscitation. Circulation 1980; 61:345-52. PMID: 7351060

Sobotka KS, Hooper SB, Allison BJ, Pas te A, Davis PG, Morley CJ, et al. An initial sustained inflation
improves the respiratory and cardiovascular transition at birth in preterm lambs. Pediatr Res 2011;
70:56—-60. doi: 10.1038/pr.2011.281 PMID: 21659961

Klingenberg C, Sobotka KS, Ong T, Allison BJ, Schmélzer GM, Moss TJM, et al. Effect of sustained
inflation duration; resuscitation of near-term asphyxiated lambs. Arch Dis Child Fetal Neonatal 2013;
98:F222-7.

Keszler M. Sustained inflation during neonatal resuscitation. Current Opinion in Pediatrics 2015;
27:145-51. doi: 10.1097/MOP.0000000000000204 PMID: 25689459

Schmolzer GM, Kumar M, Aziz K, Pichler G, O'Reilly M, Lista G, et al. Sustained inflation versus posi-
tive pressure ventilation at birth: a systematic review and meta-analysis. Arch Dis Child Fetal Neonatal
2014;

Chandra N, Weisfeldt ML, Tsitlik J, Vaghaiwalla F, Snyder LD, Hoffecker M, et al. Augmentation of
carotid flow during cardiopulmonary resuscitation by ventilation at high airway pressure simultaneous
with chest compression. Am J Cardiol 1981; 48:1053-63. PMID: 6795912

PLOS ONE | DOI:10.1371/journal.pone.0157249 June 15,2016 13/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0157249.s001
http://www.ncbi.nlm.nih.gov/pubmed/11012336
http://dx.doi.org/10.1016/j.jpeds.2011.07.041
http://www.ncbi.nlm.nih.gov/pubmed/21930284
http://dx.doi.org/10.1016/j.clp.2012.09.011
http://www.ncbi.nlm.nih.gov/pubmed/23164181
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.006093
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.006093
http://www.ncbi.nlm.nih.gov/pubmed/24088528
http://dx.doi.org/10.1016/j.resuscitation.2013.12.004
http://www.ncbi.nlm.nih.gov/pubmed/24342280
http://dx.doi.org/10.1161/CIR.0000000000000276
http://dx.doi.org/10.1161/CIR.0000000000000276
http://www.ncbi.nlm.nih.gov/pubmed/26472855
http://dx.doi.org/10.1016/j.siny.2008.04.012
http://www.ncbi.nlm.nih.gov/pubmed/18514603
http://www.nejm.org/doi/full/10.1056/NEJM200005253422101
http://www.ncbi.nlm.nih.gov/pubmed/10824072
http://www.ncbi.nlm.nih.gov/pubmed/11705826
http://www.ncbi.nlm.nih.gov/pubmed/10758059
http://www.ncbi.nlm.nih.gov/pubmed/7351060
http://dx.doi.org/10.1038/pr.2011.281
http://www.ncbi.nlm.nih.gov/pubmed/21659961
http://dx.doi.org/10.1097/MOP.0000000000000204
http://www.ncbi.nlm.nih.gov/pubmed/25689459
http://www.ncbi.nlm.nih.gov/pubmed/6795912

@’PLOS ‘ ONE

Chest Compression Rates Does Not Affect Return of Spontaneous Circulation

17.

18.

19.

20.

21,

22,

23.

24.
25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Chandra N, Rudikoff M, Weisfeldt ML. Simultaneous chest compression and ventilation at high airway
pressure during cardiopulmonary resuscitation. The Lancet 1980; 1:175-8.

Koehler RC, Tsitlik J, Chandra N, Guerci AD, Rogers MC, Weisfeldt ML. Augmentation of cerebral per-
fusion by simultaneous chest compression and lung inflation with abdominal binding after cardiac arrest
in dogs. Circulation 1983; 67:266—75. PMID: 6848216

Chandra N, Rudikoff M, Weisfeldt M. SIMULTANEOUS CHEST COMPRESSION AND VENTILATION
AT HIGH AIRWAY PRESSURE DURING CARDIOPULMONARY RESUSCITATION. The Lancet
1980; 315:175-8.

Schmélzer GM, O'Reilly M, LaBossiere J, Lee T-F, Cowan S, Qin S, et al. Cardiopulmonary resuscita-
tion with chest compressions during sustained inflations: a new technique of neonatal resuscitation that
improves recovery and survival in a neonatal porcine model. Circulation 2013; 128:2495-503. doi: 10.
1161/CIRCULATIONAHA.113.002289 PMID: 24088527

Babbs C, Meyer A, Nadkarni V. Neonatal CPR: room at the top—a mathematical study of optimal chest
compression frequency versus body size. Resuscitation 2009; 80:1280—4. doi: 10.1016/j.resuscitation.
2009.07.014 PMID: 19713026

Kilkenny C, Altman DG, Browne WJ, Cuthill IC, Emerson M. Improving Bioscience Research Reporting:
The ARRIVE Guidelines for Reporting Animal Research. PLoS Biol 2010; 8:e1000412. doi: 10.1371/
journal.pbio.1000412 PMID: 20613859

Schmélzer GM, O'Reilly M, LaBossiere J, Lee T-F, Cowan S, Nicoll J, et al. 3:1 compression to ventila-
tion ratio versus continuous chest compression with asynchronous ventilation in a porcine model of
neonatal resuscitation. Resuscitation 2014; 85:270-5. doi: 10.1016/j.resuscitation.2013.10.011 PMID:
24161768

Cheung P-Y, Gill RS, Bigam DL. A swine model of neonatal asphyxia. J Vis Exp 2011;

van Os S, Cheung P-Y, Pichler G, Aziz K, O'Reilly M, Schmélzer GM. Exhaled carbon dioxide can be
used to guide respiratory support in the delivery room. Acta Paediatrica 2014; 103:796—-806. doi: 10.
1111/apa.12650 PMID: 24698203

Pichler G, Cheung P-Y, Tze-Fun L, Li ES-S, Schmélzer GM. Is renal tissue oxygen desaturation during
severe hypoxia underestimated? An observational study in term newborn piglets. Nephrology 2015;
20:107-9. doi: 10.1111/nep.12357 PMID: 25619650

Solevag AL, Wyckoff MH, Dannevig |, Saugstad OD, Nakstad B. Extended series of cardiac compres-
sions during CPR in a swine model of perinatal asphyxia. Resuscitation 2010; 81:1571-6. doi: 10.1016/
j.resuscitation.2010.06.007 PMID: 20638769

Solevag AL, Wyckoff MH, Dannevig |, Saugstad OD, Nakstad B. Return of spontaneous circulation with
a compression:ventilation ratio of 15:2 versus 3:1 in newborn pigs with cardiac arrest due to asphyxia.
Arch Dis Child Fetal Neonatal 2011; 96:F417-21.

Berkowitz ID, Chantarojanasiri T, Koehler RC, Schleien CL, Dean JM, Michael JR, et al. Blood flow dur-
ing cardiopulmonary resuscitation with simultaneous compression and ventilation in infant pigs. Pediatr
Res 1989; 26:558—64. PMID: 2602034

Halperin HH, Tsitlik J, Guerci AD, Mellits ED, Levin HR, Shi AY, et al. Determinants of blood flow to vital
organs during cardiopulmonary resuscitation in dogs. Circulation 1986; 73:539-50. PMID: 3948359

Li ES-S, Cheung P-Y, O'Reilly M, Schmélzer GM. Change in tidal volume during cardiopulmonary
resuscitation in newborn piglets. Arch Dis Child Fetal Neonatal 2015;:fetalneonatal-2015-308363-5.

Solevag AL, Cheung P-Y, Lie H, O'Reilly M, Aziz K, Nakstad B, et al. Chest compressions in newborn
animal models: A review. Resuscitation 2015; 96:151-5. doi: 10.1016/j.resuscitation.2015.08.001
PMID: 26296585

Solevag AL, Cheung P-Y, O'Reilly M, Schmélzer GM. A review of approaches to optimise chest com-
pressions in the resuscitation of asphyxiated newborns. Arch Dis Child Fetal Neonatal 2015;:fetalneo-
natal-2015-309761-6.

Chalak LF, Barber CA, Hynan L, Garcia D, Christie L, Wyckoff MH. End-tidal CO, detection of an audi-
ble heart rate during neonatal cardiopulmonary resuscitation after asystole in asphyxiated piglets.
Pediatr Res 2011; 69:401-5. doi: 10.1203/PDR.0b013e3182125f7f PMID: 21283051

PLOS ONE | DOI:10.1371/journal.pone.0157249 June 15,2016 14/14


http://www.ncbi.nlm.nih.gov/pubmed/6848216
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.002289
http://dx.doi.org/10.1161/CIRCULATIONAHA.113.002289
http://www.ncbi.nlm.nih.gov/pubmed/24088527
http://dx.doi.org/10.1016/j.resuscitation.2009.07.014
http://dx.doi.org/10.1016/j.resuscitation.2009.07.014
http://www.ncbi.nlm.nih.gov/pubmed/19713026
http://dx.doi.org/10.1371/journal.pbio.1000412
http://dx.doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
http://dx.doi.org/10.1016/j.resuscitation.2013.10.011
http://www.ncbi.nlm.nih.gov/pubmed/24161768
http://dx.doi.org/10.1111/apa.12650
http://dx.doi.org/10.1111/apa.12650
http://www.ncbi.nlm.nih.gov/pubmed/24698203
http://dx.doi.org/10.1111/nep.12357
http://www.ncbi.nlm.nih.gov/pubmed/25619650
http://dx.doi.org/10.1016/j.resuscitation.2010.06.007
http://dx.doi.org/10.1016/j.resuscitation.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20638769
http://www.ncbi.nlm.nih.gov/pubmed/2602034
http://www.ncbi.nlm.nih.gov/pubmed/3948359
http://dx.doi.org/10.1016/j.resuscitation.2015.08.001
http://www.ncbi.nlm.nih.gov/pubmed/26296585
http://dx.doi.org/10.1203/PDR.0b013e3182125f7f
http://www.ncbi.nlm.nih.gov/pubmed/21283051

