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Abstract

Aim

We recently demonstrated that asphyxiated piglets commonly had bradycardia displayed on
electrocardiography (ECG) while no carotid blood flow (CBF) or audible heart sounds could
be detected. Such pulseless electrical activity (PEA) in newborn infants has not previously
been thoroughly described. The aim of this study was to further investigate the occurrence
of non-perfusing cardiac rhythms in asphyxiated piglets and the potential implications for the
success of cardiopulmonary resuscitation (CPR) and short-term survival.

Methods

Neonatal piglets (1—4 days, 1.7—2.4kg) had their right common carotid artery exposed and
enclosed with a real-time ultrasonic flow probe. Heart rate (HR) was continuously measured
and recorded using ECG. This allowed simultaneous monitoring of HR via ECG and CBF.
The piglets were asphyxiated until cardiac arrest, defined as no CBF and no audible beat
upon precordial auscultation. CPR was performed until return of spontaneous circulation
(ROSC, defined as a HR >100 bpm). ECG traces were retrospectively assessed.

Results

Nine out of 21 piglets (43%) had QRS-complexes on their ECG while no CBF and no audible
heart sounds could be detected. Five (56%) of the piglets with PEA and 12/12 (100%) pig-
lets with asystole at cardiac arrest obtained ROSC (p = 0.02). Thirty-three per cent of the
piglets with PEA versus 58% with asystole survived to 4 hours post-ROSC (p = 0.39).

Conclusion

Cardiac arrest in the presence of a non-perfusing cardiac rhythm on ECG is common in
asphyxiated piglets. Clinical arrest in the presence of a non-perfusing cardiac rhythm on
ECG may reduce the success of CPR.
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Introduction

Adult out-of-hospital cardiac arrests (OHCA) are commonly of primary cardiac origin with
ventricular fibrillation (VF) as the cause of arrest. Thus, rhythm diagnosis and defibrillation
are important features of adult cardiopulmonary resuscitation (CPR) [1]. In contrast, paediat-
ric cardiac arrest is usually of respiratory aetiology, and the initial rhythm is often non-shock-
able including asystole and pulseless electrical activity (PEA) [2]. Therefore, the initial focus
for paediatric OHCA has been on rescue breathing and chest compressions whereas rhythm
diagnosis and defibrillation have received less emphasis. However, in observational studies,
VF was diagnosed as the initial rhythm in 4-19% of paediatric cardiac arrests [3, 4].

When direct evidence is lacking, guidelines for paediatric CPR are developed with consider-
ation of the evidence from adults [5]. In the neonatal subpopulation, even less direct evidence
exists, and guidelines for neonatal resuscitation are rather simplified compared to adult guide-
lines; e.g., adrenaline (epinephrine) is the only drug in the neonatal resuscitation algorithm [6,
7]. Antiarrhythmic medications, such as amiodarone and lidocaine, or defibrillation are not
considered during neonatal CPR; mainly because shockable arrhythmias such as VF and pulse-
less ventricular tachycardia (pVT) have not been recognized in newborn infants with cardiac
arrest.

Pulseless electrical activity (PEA) is organized cardiac electrical activity without associated
mechanical activity [8]. Treatment includes reversing the cause of cardiac arrest [9], in addi-
tion to providing assisted ventilation and chest compression. The PEA rhythm may be sinus,
atrial, junctional, or ventricular in origin, but is broadly categorized as narrow QRS-complex
(70% of cases) and wide complex PEA [9]. Narrow complex PEA on electrocardiography
(ECG) may be caused by a mechanical problem due to right ventricle inflow or outflow
obstruction (e.g., cardiac tamponade, tension pneumothorax, mechanical lung hyperinflation,
and pulmonary embolism), whereas wide complex PEA is more likely to be due to a metabolic
condition (e.g., hyperkalaemia and sodium channel blocker overdose), left ventricular failure
(due to ischemia), or an agonal rhythm (clinically regarded as asystole with equivalent treat-
ment approach) [10]. PEA may also be caused by hypovolaemia, tachydysrhythmias, and car-
diomyopathy [8]. It is stated that only a very small percentage of PEA arrests are caused by
asphyxia [11]. However, we recently demonstrated that in severely asphyxiated piglets, 23/54
(43%) of the animals had distinct QRS-complexes on the ECG without a detectable carotid
blood flow or an audible heartbeat on precordial auscultation [12, 13]. In addition, recent case
reports [14, 15] reported five cases of PEA in newborn infants during neonatal resuscitation in
the delivery room. Most concerning, 4/5 infants died during resuscitation. The aim of the pres-
ent study was to further examine the occurrence of PEA and potentially other arrhythmias in
asphyxiated piglets. Based on the poor outcome after PEA in adults [16] and older children
[5], we hypothesized that PEA negatively influences the success of CPR and short-term sur-
vival of asphyxiated piglets.

Materials and methods

Secondary analysis of a previously published randomized animal trial in asphyxiated piglets
using different methods of CPR [17].

Subjects

Newborn mixed breed piglets (1-4 days, 1.7-2.4 kg, n = 41) were obtained on the day of exper-
imentation from the Swine Research Technology Center, University of Alberta. All experi-
ments were conducted by certified University of Alberta Animal User Training Program
researchers, and conducted in accordance with the guidelines. The research was approved by
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the Animal Care and Use Committee (Health Sciences), University of Alberta and presented
according to the ARRIVE guidelines [18]. The protocol is presented in [17].

Animal preparation

The piglets were anesthetized with Isoflurane 1-5%, tracheotomised and mechanically venti-
lated (Sechrist infant ventilator model IV-100; Sechrist Industries, Anaheim, CA) at a 25/min
rate, peak inspiratory pressure of 25cmH,0 and positive end-expiratory pressure of 5cmH,O.
After central vascular access was obtained, hydration was maintained with 5% Dextrose and
0.9% NaCl, and anaesthesia was changed to intravenous morphine 50-200mcg/kg/h and pro-
pofol 0.1-0.2mg/kg/h. A bolus of morphine (0.15mg/kg) was given before tracheotomy. Piglets
recovered from surgical instrumentation for 1h during which the ventilator rate and airway
pressure were adjusted to keep paCO, 35-45mmHg.

Surgical procedures

A 5-French Argyle single-lumen catheter (Covidien, Dublin, Ireland) was inserted into the left
common carotid artery (CCA) for continuous blood pressure monitoring and blood sampling.
A 5-French Argyle double-lumen catheter (Covidien) was inserted in the external jugular vein
on the same side for fluid and medication infusion. The piglet was tracheotomised and a 3.5
uncuffed endotracheal tube was inserted and fixed to the trachea. A real-time ultrasonic flow
probe (2SB; Transonic Systems Inc., Ithaca, NY) was placed around the right CCA. Systemic
arterial pressure and heart rate (HR) were measured continuously with a Hewlett Packard
78833B monitor (Hewlett Packard Co., Palo Alto, CA).

Experimental protocol

Asphyxia was induced as described in [17] by reducing FiO, to 0.08 and reducing the ventila-
tor rate by 10/min every 10min until a rate of 0/min was reached. Ten minutes later, the venti-
lator was disconnected and the endotracheal tube clamped until cardiac arrest/asystole,
defined as carotid blood flow <5 mL/min and no audible HR upon auscultation of the precor-
dium [17].

Thirty seconds after cardiac arrest was diagnosed, we provided positive pressure ventilation
(PPV) with air for 30sec with a Neopuft T-Piece (Fisher & Paykel, Auckland, NZ) with peak
inspiratory pressure 25cmH,0 and positive end-expiratory pressure 5cmH,0 before chest
compression (CC) was started. Manual CC was performed and PPV provided at a 30/min rate.
If there was no return of spontaneous circulation (ROSC) after 30sec of CC, adrenaline
(0.02mg/kg) was given intravenously and repeated every 3min as needed (maximum 4 doses).
CPR was discontinued if ROSC was not achieved after 15min. As previously described [19],
ROSC was defined as an unassisted HR > 100 bpm demonstrated by arterial blood pressure
waveforms. After ROSC, piglets were observed for 4h and euthanized (within five minutes)
with IV phenobarbital (100 mg/kg), unless death occurred earlier. Humane endpoints
included a decrease in HR <100 bpm or hypotension, and decrease in haemoglobin <5.5 g/
dL. No animal died before meeting criteria for euthanasia.

Data collection and analysis

We recorded age, weight and sex of the piglets. Transonic flow probe, HR and pressure trans-
ducer outputs were digitized and recorded (PowerLab LabChart software (ADInstruments,
Dunedin, NZ)). Cardiac output was measured with echocardiography (Vivid 7/5S probe (GE
Healthcare, Buckinghamshire, UK)) at baseline, during asphyxiation, and 30 min and 4 h after
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ROSC as described in [17]. Markers for cardiac arrest were placed within the LabChart pro-
gram to indicate the time of cardiac arrest before initiation of the resuscitation protocol. This
marker was then used to compare timing of onset of arrest as determined by auscultation,
ECG and CBF. The study is based on secondary analyses of a ROSC study in asphyxiated pig-
lets [17]. Continuous variables are presented as median (interquartile range (IQR)). Data was
compared between groups using the Mann-Whitney U test for continuous variables, and
for categorical variables. P-values were 2-sided and p<0.05 was considered statistically signifi-
cant. Statistical analyses were performed with IBM SPSS 25 for Mac (IBM Corporation,
Armonk, NY).

Results

Thirty-two piglets were analysed with respect to ECG rhythm at the time of cardiac arrest. At
cardiac arrest, median (IQR) arterial pH was 6.6 (6.6-6.7), paCO, was 91 (54-101) mmHg,
base excess -28 (-30-(-25)) mmol/L, and lactate was 18 (17-20) mmol/L. In 11 (34%) piglets,
the ECG tracings were of insufficient quality for an interpretation to be made. In the piglets
where ECG failed to give a reliable signal at cardiac arrest, the duration of hypoxia/asphyxia
had been longer than in the piglets with ECG tracings of good quality (42 (32-43) vs 33 (26-
34) min, p = 0.007). However, pH at cardiac arrest (p = 1.00), and time to ROSC (p = 0.89)
were not different between piglets with insufficient vs. good quality ECG tracings. Piglets with
good quality ECG tracings survived the whole experiment in 10/21 (48%) of cases, vs. 2/11
(18%) piglets with insufficient quality ECG (p = 0.14). Of the 21 piglets with good quality
ECG, nine (43%) had identifiable QRS-complexes on their ECG while no CBF and no audible
heart rate could be detected (Fig 1A). The QRS-rate ranged from 38 to 190 beats per minute
(median: 66 beats per minute). In all cases, the QRS-complexes were interpreted as narrow-
complex PEA. None of the piglets had VF or pVT. Twelve (57%) piglets were asystolic with no
QRS-complexes visible on the ECG at the time of arrest (Fig 1B).

Characteristics of the piglets with good quality ECG-recordings are presented in Table 1.
pH (6.5 (6.5-6.8) vs. 6.6 (6.6-6.7), p = 0.42) and lactate (18 (14-20) mmol/L vs. 18 (17-20)
mmol/L, p = 0.88) at the time of cardiac arrest were similar in piglets with PEA and asystole,
respectively. There was no difference in the distribution of CPR interventions (original study
of different oxygen fractions and CC methods) between piglets with PEA and asystole. Time to
ROSC was not different between piglets with PEA and asystole, but the fraction of piglets
obtaining ROSC was lower in piglets with PEA compared to asystole (Table 1). Three out of
nine (33%) piglets with PEA survived to 4 hours post-ROSC, whereas seven out of 12 (58%)
piglets with asystole survived (Table 1). There was no difference in HR (Table 1) and MAP
(Table 2) at 4 hours post-ROSC between piglets with PEA and asystole (Table 1). Fig 2 is a
Kaplan-Meyer survival graph showing that piglets with PEA died earlier during the course of
the experiment than the piglets with asystole (p = 0.04).

Discussion

In this study of asphyxia-induced cardiac arrest, we observed that piglets frequently had
detectable QRS-complexes on ECG while there were no CBF and audible heart contractions
(auscultation). Our findings are similar to previous reports in asphyxiated piglets with 40-50%
having PEA after asphyxia-induced cardiac arrest [12, 13].

Initial non-shockable rhythms (PEA or asystole) account for about two-thirds of adult
OHCA with an increasing incidence [11] compared to initial shockable rhythms (VF and
pVT) [20, 21]. Overall survival after adult OHCA is about 8% [22], with a worse prognosis
with PEA compared to initial shockable rhythms [16, 23-28]. Even if the rhythm converts
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Fig 1. Waveforms of carotid artery (CA) blood flow (CBF) and electrocardiogram (ECG). Panel a: ECG showing
bradycardia in the absence of CBF and no audible sound. Panel b: Asystole correctly assessed with absence of CBF,
ECG and no audible heart sound.

https://doi.org/10.1371/journal.pone.0214506.9001

from non-shockable to shockable during CPR, outcomes (e.g., survival to hospital discharge)
do not improve [21, 29]. Similarly, during paediatric cardiac arrest, a shockable rhythm (VT/
pVT) is a predictor for improved outcome [5]. We previously reported that 1/54 asphyxiated
piglets had VT/VF with no CBF or audible heart sounds [12]. In the present study, no piglet
had a shockable rhythm. In all the piglets with PEA, we only observed narrow QRS-complexes
on the ECG. We speculate that asphyxia, and potentially hypovolaemia, are associated with
narrow-complex PEA. Similar to human adults and older children, PEA resulted in less
asphyxiated piglets achieving ROSC and survival compared to asystole.

A chart review of 262 adults with cardiac arrest and an initial rhythm of PEA reported that
neither electrical rate nor QRS width was associated with survival or neurologic outcome [9].
However, there was a trend toward improved survival in bradycardic PEA compared to other
PEA rhythms (i.e., normocardic or tachycardic PEA). Unorganized PEA may represent a final
common preterminal electrical rhythm. PEA in our piglets had an electric QRS heart rate
ranging between 38 to 190 per minute. However, the sample was too small to be stratified to
bradycardic versus normocardic versus tachycardic PEA.

Our study is hypothesis generating how the initial ECG-rhythm might affect the prognosis
of asphyxiated newborn infants that require delivery room CPR. Questions that remain
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Table 1. Characteristics of piglets with pulseless electrical activity (PEA) versus asystole on electrocardiogram at
cardiac arrest.

PEA (n=9) Asystole (n =12) p-value
Sex (female/male) 3/6 715 0.39
Age (days) 2 (2-3) 2 (1-3) 1.00
Weight (kg) 1,9 (1,8-2,3) 2,0 (1,7-2,3) 1.00
Baseline HR (bpm) 230 (202-268) 198 (179-238) 0.31
Hypoxia/asphyxia time (min) 33 (31-37) 31 (26-33) 0.68
ROSC (Y/N) 5/4 12/0 0.02
Time to ROSC (sec) 170 (92-182) 117 (95-25) 0.92
Adrenaline doses (n) 2(0.5-4) 1(0-1) 0.22
Survival to 4 hours (n (%)) 3 (33) 7 (58) 0.39
HR at 4 hours (bpm) 249 (196-)* 229 (219-234) 0.55

Continuous variables are reported as median (interquartile range)
HR-heart rate

ROSC-return of spontaneous circulation

“not able to calculate interquartile range (n = 3)

https://doi.org/10.1371/journal.pone.0214506.t001

unanswered include i) whether there is a difference in disease severity between infants with
asystole versus PEA, or ii) whether PEA in itself affects the myocardial response to resuscitative
measures. The piglets with PEA had the same hypoxia time and similar biochemical signs of
asphyxia compared to piglets with asystole. However, piglets with PEA had a poorer response
to CPR with only about half the piglets obtaining ROSC.

Newborn piglets have similar anatomy and pathophysiology to newborn infants at near-
term gestation. In addition to anaesthetic and surgical confounding factors, all piglets had
already undergone foetal to neonatal transition, and their responses to severe asphyxia may
not be entirely comparable to infants during foetal-to-neonatal transition. A perivascular flow
probe was placed around the right CCA while the left CCA was cannulated for MAP measure-
ments and blood sampling. Although this approach has been used in previous animal models
of perinatal asphyxia [30], occluding the left CCA could potentially change the flow through

Table 2. Hemodynamic variables in piglets with pulseless electrical activity (PEA) versus asystole reported as median (interquartile range).

Baseline 20 min asphyxia 30 min after ROSC 4 h after ROSC

PEA Asystole PEA Asystole PEA Asystole PEA Asystole
CA flow (mL/min) 86 (72-104) 76 (61-94) 78 (56-93) 68 (36-81) 31 (22-)" 39 (23-50) 12 (0-)* 16 (3-23)
MAP (mmHg) 80 (76-90) 76 (69-85) 70 (45-76) 55 (48-64) 70 (67-)" 55 (53-63) 32 (31-)" 43 (24-54)
CVR (mmHg-mL-min™) | 0,97 (0,93-)* 1,07 (0,90-1,32) | 0,82 (0,79-)* 0,79 (0,65-1,19) | 2,17 (1,16-)" | 1,64 (1,06-2,35) | 2,69 (2,58-)" | 2,78 (1,65-9,75)
CO (mL/kg/min) 309 (257-450) | 341 (237-345) 196 (156-581) | 216 (95-299) 240 (227-)* | 216 (188-)* 66 (7-)* 134 (111-)*

The differences between asystole and PEA were not significant for all variables at all time points.
CA-—carotid artery

MAP-mean arterial blood pressure

CVR-carotid artery vascular resistance

CO-cardiac output

ROSC-return of spontaneous circulation

*not able to calculate interquartile range (n = 3)

https://doi.org/10.1371/journal.pone.0214506.t002

PLOS ONE | https://doi.org/10.1371/journal.pone.0214506  April 4, 2019 6/10


https://doi.org/10.1371/journal.pone.0214506.t001
https://doi.org/10.1371/journal.pone.0214506.t002
https://doi.org/10.1371/journal.pone.0214506

@PLOS | ON E Neonatal non-perfusing rhythms

Y| e p=0.04
: I"1Asystole
: - 7 IPEA
!
08 !
\
h
'
- "
S os :
£ (R e
1S 1
= '
wv '
E :
g 04 :
h
]
i
|
0,2 ]
i
|
|
1
i
0,0 |
1 2 3 4 5 6
Time

Fig 2. Kaplan-Meier survival graph for piglets with pulseless electrical activity (PEA) and asystole p = 0.04.
1 = start of experiment, 2 = CPR, 3 = 1h after return of spontaneous circulation (ROSC), 4 = 2h after ROSC, 5 = 3h
after ROSC, 6 = 4h after ROSC.

https://doi.org/10.1371/journal.pone.0214506.9002

the right CCA, resulting in abnormal flow values relative to a non-occluded state. We still
argue that the lack of difference in CCA flow between asystolic and PEA piglets may be valid.

The difference in survival to 4 hours after ROSC between the PEA and asystole groups did
not reach statistical significance, which was potentially due to a small sample size. As our
results are based on secondary analyses of a study with a different endpoint, a power calcula-
tion was not performed for 4-hour survival.

Clinical applicability

ECG was only recently introduced to the delivery room [6]. Recent guidelines have suggested
the potential benefit of ECG monitoring as standard of care due to the faster acquisition of a
HR signal in preterm infants [31], and better accuracy compared to pulse oximetry [32]. How-
ever, the clinical data was collected mainly in non-asphyxiated infants.

Our findings in piglets indicate that in one-third of the cases, ECG fails to provide a signal
when the asphyxia becomes severe. In piglets with good quality ECG recordings, ECG demon-
strated a non-perfusing rhythm, so-called PEA, in more than a third of cases. During perinatal
asphyxia, any ECG HR without simultaneously assessing clinical signs of perfusion using aus-
cultation or palpation should be considered suspicious of PEA. Based on the high incidence of
a non-perfusing rhythm observed in our asphyxiated piglets, ECG rates alone might not be
optimal to guide CPR interventions in asphyxiated infants. For adult use, efforts are made to
develop devices and methods that may facilitate rhythm interpretation and decrease hands off
time during CC [33]. In newborn infants, novel methods for HR assessment include digital
stethoscopes or Doppler ultrasound [34-37]. Both technologies can obtain a HR faster than
pulse oximetry [35-37] and have a good correlation with ECG HR [35, 37]. Bowel gas or
movement of the infant might interfere with the signal acquisition using Doppler [36], while
crying can decrease the accuracy of digital stethoscope [37]. However, neither movements nor
crying are present in unresponsive newborn infants who require resuscitation. While both
technologies have been assessed in healthy term and preterm infants, neither was assessed in
asphyxiated infants. Further studies are needed before they could be introduced into clinical
care.
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HR assessment remains central to neonatal CPR. However, failure to recognize the differ-
ence between PEA and bradycardia on an ECG when assessing HR without using other signs
of systemic perfusion might be detrimental. The focus of neonatal CPR should remain on ven-
tilation and chest compressions, as shockable rhythms are very rare in this population.

Conclusion

Cardiac arrest in the presence of a non-perfusing cardiac rhythm (PEA) on ECG was common
in asphyxiated piglets. Piglets with PEA had lower rates of ROSC and lower 4 h survival com-
pared to asystole, but this did not reach statistical significance.

We recommend against the use of ECG as the sole method for assessing HR in the delivery
room. Our study indicates that a combination of techniques or methods should be used to
assess perfusion during neonatal resuscitation. Our results should guide future efforts to inves-
tigate heart rhythm disturbances and arrhythmias in newborn infants in the delivery room.

Supporting information

S1 Dataset. The dataset generated for this study.
(SAV)

Acknowledgments

We would like to thank the public for donating money to our funding agencies.

Author Contributions

Conceptualization: Anne Lee Solevdg, Deandra Luong, Tze-Fun Lee, Megan O’Reilly, Po-Yin
Cheung, Georg M. Schmolzer.

Data curation: Anne Lee Solevag, Deandra Luong, Tze-Fun Lee, Megan O’Reilly, Po-Yin
Cheung, Georg M. Schmolzer.

Formal analysis: Anne Lee Solevag, Deandra Luong, Tze-Fun Lee, Megan O’Reilly, Po-Yin
Cheung, Georg M. Schmolzer.

Investigation: Anne Lee Solevag, Deandra Luong, Tze-Fun Lee, Megan O’Reilly, Po-Yin
Cheung, Georg M. Schmolzer.

Methodology: Anne Lee Solevag, Deandra Luong, Tze-Fun Lee, Megan O’Reilly, Po-Yin
Cheung, Georg M. Schmolzer.

Project administration: Megan O’Reilly, Po-Yin Cheung, Georg M. Schmélzer.
Supervision: Po-Yin Cheung, Georg M. Schmolzer.

Writing - original draft: Anne Lee Solevdg, Deandra Luong, Tze-Fun Lee, Megan O’Reilly,
Po-Yin Cheung, Georg M. Schmélzer.

Writing - review & editing: Anne Lee Solevag, Deandra Luong, Tze-Fun Lee, Megan O’Reilly,
Po-Yin Cheung, Georg M. Schmélzer.

References

1. Larsen MP, Eisenberg MS, Cummins RO, Hallstrom AP. Predicting survival from out-of-hospital cardiac
arrest: a graphic model. Ann Emerg Med. 1993; 22: 1652—8. PMID: 8214853

2. Eisenberg M, Bergner L, Hallstrom A. Epidemiology of cardiac arrest and resuscitation in children. Ann
Emerg Med. 1983; 12: 672—4. PMID: 6638628

PLOS ONE | https://doi.org/10.1371/journal.pone.0214506  April 4, 2019 8/10


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0214506.s001
http://www.ncbi.nlm.nih.gov/pubmed/8214853
http://www.ncbi.nlm.nih.gov/pubmed/6638628
https://doi.org/10.1371/journal.pone.0214506

® PLOS |ONE

Neonatal non-perfusing rhythms

10.

1.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Young KD, Gausche-Hill M, McClung CD, Lewis RJ. A prospective, population-based study of the epi-
demiology and outcome of out-of-hospital pediatric cardiopulmonary arrest. Pediatrics. 2004; 114: 157—
64. PMID: 15231922

Mogayzel C, Quan L, Graves JR, Tiedeman D, Fahrenbruch C, Herndon P. Out-of-hospital ventricular
fibrillation in children and adolescents: causes and outcomes. Ann Emerg Med. 1995; 25: 484—91.
PMID: 7710153

De Caen AR, Maconochie IK, Aickin R, Atkins DL, Biarent D, Guerguerian AM, et al. Part 6: Pediatric
basic life support and pediatric advanced life support: 2015 International consensus on cardiopulmo-
nary resuscitation and emergency cardiovascular care science with treatment recommendations. Circu-
lation. 2015; 132: S177-208. https://doi.org/10.1161/CIR.0000000000000275 PMID: 26472853

Wyckoff MH, Aziz K, Escobedo MB, Kapadia VS, Kattwinkel J, Perlman JM, et al. Part 13: Neonatal
Resuscitation: 2015 American Heart Association guidelines update for cardiopulmonary resuscitation
and emergency cardiovascular care. Circulation. 2015; 132: S543-60. https://doi.org/10.1161/CIR.
0000000000000267 PMID: 26473001

Perlman JM, Wyllie J, 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: S204—41. https://doi.org/10.
1161/CIR.0000000000000276 PMID: 26472855

Mehta C, Brady W. Pulseless electrical activity in cardiac arrest: electrocardiographic presentations and
management considerations based on the electrocardiogram. Am J Emerg Med. 2012; 30: 236-9.
https://doi.org/10.1016/j.ajem.2010.08.017 PMID: 20970286

Hauck M, Studnek J, Heffner AC, Pearson DA. Cardiac arrest with initial arrest rhythm of pulseless elec-
trical activity: do rhythm characteristics correlate with outcome? Am J Emerg Med. 2015; 33: 891—4.
https://doi.org/10.1016/j.ajem.2015.03.050 PMID: 25943040

Littmann L, Bustin DJ, Haley MW. A simplified and structured teaching tool for the evaluation and man-
agement of pulseless electrical activity. Med Princ Pract. 2014; 23: 1-6. https://doi.org/10.1159/
000354195 PMID: 23949188

Myerburg RJ, Halperin H, Egan DA, Boineau R, Chugh SS, Gillis AM, et al. Pulseless electric activity:
definition, causes, mechanisms, management, and research priorities for the next decade: report from
a National Heart, Lung, and Blood Institute workshop. Circulation. 2013; 128: 2532—41. https://doi.org/
10.1161/CIRCULATIONAHA.113.004490 PMID: 24297818

Patel S, Cheung PY, Solevag AL, Barrington KJ, Kamlin COF, Davis PG, et al. Pulseless electrical
activity: a misdiagnosed entity during asphyxia in newborn infants? Arch Dis Child Fetal Neonatal Ed.
2019 Mar; 104: F215-F217. https://doi.org/10.1136/archdischild-2018-314907 PMID: 29895572

Luong DH, Cheung PY, O'Reilly M, Lee TF, Schmolzer GM. Electrocardiography vs. Auscultation to
Assess Heart Rate During Cardiac Arrest With Pulseless Electrical Activity in Newborn Infants. Front
Pediatr. 2018; 6: 366. https://doi.org/10.3389/fped.2018.00366 PMID: 30538976

Sillers L, Handley SC, James JR, Foglia EE. Pulseless Electrical Activity Complicating Neonatal Resus-
citation. Neonatology. 2018; 115: 95-8. https://doi.org/10.1159/000493357 PMID: 30352434

Luong DC P-Y; Barrington KJ; Davis PG; Unrau J; Dakshinamurti S; Schmolzer GM. Cardiac arrest
with Pulseless Electrical Activity Rhythm in Newborn Infants—A case series. Arch Dis Child. 2019.
https://doi.org/10.1136/archdischild-2018-316087 [Epub ahead of print] PMID: 30796058

Vayrynen T, Kuisma M, Maatta T, Boyd J. Who survives from out-of-hospital pulseless electrical activ-
ity? Resuscitation. 2008; 76: 207—13. https://doi.org/10.1016/j.resuscitation.2007.07.023 PMID:
17804144

Solevag AL, Schmolzer GM, O’'Reilly M, Lu M, Lee TF, Hornberger LK, et al. Myocardial perfusion and
oxidative stress after 21% vs. 100% oxygen ventilation and uninterrupted chest compressions in
severely asphyxiated piglets. Resuscitation. 2016; 106: 7—13. https://doi.org/10.1016/j.resuscitation.
2016.06.014 PMID: 27344929

Kilkenny C, Browne WJ, Cuthill IC, Emerson M, Altman DG. Improving bioscience research reporting:
the ARRIVE guidelines for reporting animal research. PLoS Biol. 2010; 8: e1000412. https://doi.org/10.
1371/journal.pbio.1000412 PMID: 20613859

Solevag AL, Dannevig |, Nakstad B, Saugstad OD. Resuscitation of severely asphyctic newborn pigs
with cardiac arrest by using 21% or 100% oxygen. Neonatology. 2010; 98: 64—72. https://doi.org/10.
1159/000275560 PMID: 20068361

Abrams HC, McNally B, Ong M, Moyer PH, Dyer KS. A composite model of survival from out-of-hospital
cardiac arrest using the Cardiac Arrest Registry to Enhance Survival (CARES). Resuscitation. 2013;
84:1093-8. https://doi.org/10.1016/j.resuscitation.2013.03.030 PMID: 23603289

PLOS ONE | https://doi.org/10.1371/journal.pone.0214506  April 4, 2019 9/10


http://www.ncbi.nlm.nih.gov/pubmed/15231922
http://www.ncbi.nlm.nih.gov/pubmed/7710153
https://doi.org/10.1161/CIR.0000000000000275
http://www.ncbi.nlm.nih.gov/pubmed/26472853
https://doi.org/10.1161/CIR.0000000000000267
https://doi.org/10.1161/CIR.0000000000000267
http://www.ncbi.nlm.nih.gov/pubmed/26473001
https://doi.org/10.1161/CIR.0000000000000276
https://doi.org/10.1161/CIR.0000000000000276
http://www.ncbi.nlm.nih.gov/pubmed/26472855
https://doi.org/10.1016/j.ajem.2010.08.017
http://www.ncbi.nlm.nih.gov/pubmed/20970286
https://doi.org/10.1016/j.ajem.2015.03.050
http://www.ncbi.nlm.nih.gov/pubmed/25943040
https://doi.org/10.1159/000354195
https://doi.org/10.1159/000354195
http://www.ncbi.nlm.nih.gov/pubmed/23949188
https://doi.org/10.1161/CIRCULATIONAHA.113.004490
https://doi.org/10.1161/CIRCULATIONAHA.113.004490
http://www.ncbi.nlm.nih.gov/pubmed/24297818
https://doi.org/10.1136/archdischild-2018-314907
http://www.ncbi.nlm.nih.gov/pubmed/29895572
https://doi.org/10.3389/fped.2018.00366
http://www.ncbi.nlm.nih.gov/pubmed/30538976
https://doi.org/10.1159/000493357
http://www.ncbi.nlm.nih.gov/pubmed/30352434
https://doi.org/10.1136/archdischild-2018-316087
http://www.ncbi.nlm.nih.gov/pubmed/30796058
https://doi.org/10.1016/j.resuscitation.2007.07.023
http://www.ncbi.nlm.nih.gov/pubmed/17804144
https://doi.org/10.1016/j.resuscitation.2016.06.014
https://doi.org/10.1016/j.resuscitation.2016.06.014
http://www.ncbi.nlm.nih.gov/pubmed/27344929
https://doi.org/10.1371/journal.pbio.1000412
https://doi.org/10.1371/journal.pbio.1000412
http://www.ncbi.nlm.nih.gov/pubmed/20613859
https://doi.org/10.1159/000275560
https://doi.org/10.1159/000275560
http://www.ncbi.nlm.nih.gov/pubmed/20068361
https://doi.org/10.1016/j.resuscitation.2013.03.030
http://www.ncbi.nlm.nih.gov/pubmed/23603289
https://doi.org/10.1371/journal.pone.0214506

® PLOS |ONE

Neonatal non-perfusing rhythms

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Thomas AJ, Newgard CD, Fu R, Zive DM, Daya MR. Survival in out-of-hospital cardiac arrests with ini-
tial asystole or pulseless electrical activity and subsequent shockable rhythms. Resuscitation. 2013; 84:
1261-6. https://doi.org/10.1016/j.resuscitation.2013.02.016 PMID: 23454257

McNally B, Robb R, Mehta M, Vellano K, Valderrama AL, Yoon PW, et al. Out-of-hospital cardiac arrest
surveillance—Cardiac Arrest Registry to Enhance Survival (CARES), United States, October 1, 2005—
December 31,2010. MMWR Surveill Summ. 2011; 60: 1-19.

Engdahl J, Bang A, Lindqvist J, Herlitz J. Factors affecting short- and long-term prognosis among 1069
patients with out-of-hospital cardiac arrest and pulseless electrical activity. Resuscitation. 2001; 51: 17—
25. PMID: 11719169

Rea TD, Eisenberg MS, Sinibaldi G, White RD. Incidence of EMS-treated out-of-hospital cardiac arrest
in the United States. Resuscitation. 2004; 63: 17—24. https://doi.org/10.1016/j.resuscitation.2004.03.
025 PMID: 15451582

Hostler D, Roth RN. Pulseless electrical activity: sign of life, or terminal rhythm? Prehosp Emerg Care.
2003; 7: 286-90. PMID: 12710794

Kamarainen A, Virkkunen |, Yli-Hankala A, Silfvast T. Presumed futility in paramedic-treated out-of-hos-
pital cardiac arrest: an Utstein style analysis in Tampere, Finland. Resuscitation. 2007; 75: 235-43.
https://doi.org/10.1016/j.resuscitation.2007.04.011 PMID: 17553611

Kuisma M, Jaara K. Unwitnessed out-of-hospital cardiac arrest: is resuscitation worthwhile? Ann Emerg
Med. 1997; 30: 69-75. PMID: 9209229

Brooks SC, Schmicker RH, Rea TD, Aufderheide TP, Davis DP, Morrison LJ, et al. Out-of-hospital car-
diac arrest frequency and survival: evidence for temporal variability. Resuscitation. 2010; 81: 175-81.
https://doi.org/10.1016/j.resuscitation.2009.10.021 PMID: 19942338

Larabee TM, Paradis NA, Bartsch J, Cheng L, Little C. A swine model of pseudo-pulseless electrical
activity induced by partial asphyxiation. Resuscitation. 2008; 78: 196-9. https://doi.org/10.1016/j.
resuscitation.2008.03.011 PMID: 18502560

Sobotka KS, Ong T, Polglase GR, Crossley KJ, Moss TJ, Hooper SB. The effect of oxygen content dur-
ing an initial sustained inflation on heart rate in asphyxiated near-term lambs. Arch Dis Child Fetal Neo-
natal Ed. 2015; 100: F337-43. https://doi.org/10.1136/archdischild-2014-307319 PMID: 25922189

Katheria A, Rich W, Finer N. Electrocardiogram provides a continuous heart rate faster than oximetry
during neonatal resuscitation. Pediatrics. 2012; 130: e1177-81. https://doi.org/10.1542/peds.2012-
0784 PMID: 23090347

Van Vonderen JJ, Hooper SB, Kroese JK, Roest AA, Narayen IC, van Zwet EW, et al. Pulse oximetry
measures a lower heart rate at birth compared with electrocardiography. J Pediatr. 2015; 166: 49-53.
https://doi.org/10.1016/j.jpeds.2014.09.015 PMID: 25444526

Babaeizadeh S, Firoozabadi R, Han C, Helfenbein ED. Analyzing cardiac rhythm in the presence of
chest compression artifact for automated shock advisory. J Electrocardiol. 2014; 47: 798-8083. https://
doi.org/10.1016/j.jelectrocard.2014.07.021 PMID: 25172189

Phillipos E, Solevag AL, Pichler G, Aziz K, van Os S, O’Reilly M, et al. Heart Rate Assessment Immedi-
ately after Birth. Neonatology. 2015; 109: 130-8. https://doi.org/10.1159/000441940 PMID: 26684743

Dyson A, Jeffrey M, Kluckow M. Measurement of neonatal heart rate using handheld Doppler ultra-
sound. Arch Dis Child Fetal Neonatal Ed. 2017; 102: F116—F9. https://doi.org/10.1136/archdischild-
2016-310669 PMID: 27288393

Lemke RP, Farrah M, Byrne PJ. Use of a new Doppler umbilical cord clamp to measure heart rate in
newborn infants in the delivery room e-JNR. 2011: 83-8.

Gaertner VD, Kevat AC, Davis PG, Kamlin COF. Evaluation of a digital stethoscope in transitioning
term infants after birth. Arch Dis Child Fetal Neonatal Ed. 2017; 102: F370-F1. https://doi.org/10.1136/
archdischild-2016-312316 PMID: 28468900

PLOS ONE | https://doi.org/10.1371/journal.pone.0214506  April 4, 2019 10/10


https://doi.org/10.1016/j.resuscitation.2013.02.016
http://www.ncbi.nlm.nih.gov/pubmed/23454257
http://www.ncbi.nlm.nih.gov/pubmed/11719169
https://doi.org/10.1016/j.resuscitation.2004.03.025
https://doi.org/10.1016/j.resuscitation.2004.03.025
http://www.ncbi.nlm.nih.gov/pubmed/15451582
http://www.ncbi.nlm.nih.gov/pubmed/12710794
https://doi.org/10.1016/j.resuscitation.2007.04.011
http://www.ncbi.nlm.nih.gov/pubmed/17553611
http://www.ncbi.nlm.nih.gov/pubmed/9209229
https://doi.org/10.1016/j.resuscitation.2009.10.021
http://www.ncbi.nlm.nih.gov/pubmed/19942338
https://doi.org/10.1016/j.resuscitation.2008.03.011
https://doi.org/10.1016/j.resuscitation.2008.03.011
http://www.ncbi.nlm.nih.gov/pubmed/18502560
https://doi.org/10.1136/archdischild-2014-307319
http://www.ncbi.nlm.nih.gov/pubmed/25922189
https://doi.org/10.1542/peds.2012-0784
https://doi.org/10.1542/peds.2012-0784
http://www.ncbi.nlm.nih.gov/pubmed/23090347
https://doi.org/10.1016/j.jpeds.2014.09.015
http://www.ncbi.nlm.nih.gov/pubmed/25444526
https://doi.org/10.1016/j.jelectrocard.2014.07.021
https://doi.org/10.1016/j.jelectrocard.2014.07.021
http://www.ncbi.nlm.nih.gov/pubmed/25172189
https://doi.org/10.1159/000441940
http://www.ncbi.nlm.nih.gov/pubmed/26684743
https://doi.org/10.1136/archdischild-2016-310669
https://doi.org/10.1136/archdischild-2016-310669
http://www.ncbi.nlm.nih.gov/pubmed/27288393
https://doi.org/10.1136/archdischild-2016-312316
https://doi.org/10.1136/archdischild-2016-312316
http://www.ncbi.nlm.nih.gov/pubmed/28468900
https://doi.org/10.1371/journal.pone.0214506

