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BACKGROUND: We aimed to investigate the effect of epinephrine vs placebo on return of spontaneous circulation (ROSC) and
brain magnetic resonance spectroscopy and imaging (MRS/MRI) in newborn piglets with hypoxic cardiac arrest (CA).
METHODS: Twenty-five piglets underwent hypoxia induced by endotracheal tube clamping until CA. The animals were randomized
to CPR + intravenous epinephrine or CPR + placebo (normal saline). The primary outcome was ROSC, and secondary outcomes
included time-to-ROSC, brain MRS/MRI, and composite endpoint of death or severe brain MRS/MRI abnormality.
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RESULTS: ROSC was more frequent in animals treated with epinephrine than placebo; 10/13 vs 4/12, RR = 2.31 (95% Cl: 1.09-5.77).
We found no difference in time-to-ROSC (120 (113-211) vs 153 (116-503) seconds, p = 0.7) or 6-h survival (7/13 vs 3/12, p =0.2).
Among survivors, there was no difference between groups in brain MRS/MRI. We found no difference in the composite endpoint of
death or severe brain MRS/MRI abnormality; RR = 0.7 (95% Cl: 0.37-1.19).

CONCLUSIONS: Resuscitation with epinephrine compared to placebo improved ROSC frequency after hypoxic CA in newborn

piglets. We found no difference in time-to-ROSC or the composite endpoint of death or severe brain MRS/MRI abnormality.

Pediatric Research (2023) 93:511-519; https://doi.org/10.1038/s41390-022-02126-4

IMPACT:

® |n a newborn piglet model of hypoxic cardiac arrest, resuscitation with epinephrine compared to placebo improved the rate of
return of spontaneous circulation and more than doubled the 6-h survival.

® Brain MRS/MRI biomarkers were used to evaluate the effect of epinephrine vs placebo. We found no difference between groups
in the composite endpoint of death or severe brain MRS/MRI abnormality.

® This study adds to the limited evidence regarding the effect and safety of epinephrine; the lack of high-quality evidence from
randomized clinical trials was highlighted in the latest ILCOR 2020 guidelines, and newborn animal studies were specifically requested.

INTRODUCTION
Epinephrine is an integral component of neonatal resuscitation
guidelines.'” However, the effect and safety of epinephrine
remains controversial. In animals, epinephrine-mediated periph-
eral vasoconstriction increases coronary perfusion pressure (CPP)
and ultimately the chance of achieving return of spontaneous
circulation (ROSC).5® However, animal studies also suggest that
epinephrine may compromise cerebral microvascular blood flow
and myocardial function.®'° Similar concerns exist in adult cardiac
arrest (CA)."" The association between advanced cardiopulmonary
resuscitation (CPR), ie., including chest compressions and
epinephrine, and poor neurodevelopmental outcome is well
known,'>'* and epinephrine may improve short-term survival
but at the cost of poorer long-term outcomes."’

Magnetic resonance spectroscopy and imaging (MRS/MRI) are used
as prognostic tools to predict neurological impairment in newborns
suffering from encephalopathy after a hypoxic-ischemic insult.'”

Lactate/N-acetyl-aspartate ratio (Lac/NAA) measured in the thalamus
(Thal) by MRS is considered one of the most accurate early biomarkers
for prediction of neurologic outcome.''® High Lac/NAA ratio (>0.39)
measured in deep gray matter in infants with hypoxic ischemic
encephalopathy (HIE) treated with therapeutic hypothermia (TH) has
been associated with adverse or fatal neurologic outcome.'”'®

The aim of this randomized controlled study was to evaluate
the effect of epinephrine in a piglet model of neonatal hypoxic CA.
Our primary outcome was ROSC, and the secondary outcomes
were time-to-ROSC, 6-h brain MRS/MRI, and composite endpoint
of death or severe brain MRS/MRI abnormality.

MATERIALS AND METHODS

Ethics

The study was approved by The Danish Animal Experiments Inspectorate
(2018-15-0201-01555). The experiments were conducted in 2019. Report-
ing complies with the ARRIVE 2.0 guidelines (Supplementary 51)."°
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Study design

The study was a randomized placebo-controlled study. Two animals from
the same litter and of same sex were included at a time. Prior to CA
induction, one animal was randomized to either epinephrine (0.01 mg/kg,
equating a volume of 0.1 ml/kg) or placebo (0.1 ml/kg 0.9% saline), and the
other animal received the treatment different from the randomized
littermate. All investigators were blinded to the allocated treatment during
the entire study. The corresponding author was in charge of the study
medications; each day, the syringes were filled with an equal volume of
epinephrine or placebo. An independent person, not participating in the
experiments, labeled the syringes with “Heads” or “Tails”, and logged the
details in a document inaccessible to the researchers. We used the online
randomization tool “Just flip a coin.”?° After randomization, the volume of
the syringes was adjusted to the weight of the animal.

Animal preparation

We included Danish Landrace piglets of either sex, under 12 h of age, and
weight between 1500 and 2000 g. Anesthesia was induced by inhalation of
2-4% sevoflurane. Peripheral venous access was obtained and a bolus of
propofol (10 mg/kg), fentanyl (30 pg/kg), and rocuronium (1 mg/kg) was
administered. Animals were intubated orally and mechanically ventilated,
adjusted to maintain an end-tidal CO, of 4.5-5.5kPa. Anesthesia was
maintained by continuous infusion of propofol (4-12mg/kg/h) and
fentanyl (5-10 pug/kg/h). Anesthesia was paused during CA and resuscita-
tion and continued after ROSC at the lowest relevant dose. A 3.5Fr
catheter was inserted in an umbilical artery for blood sampling and
continuous measurement of mean arterial blood pressure (MABP) and a 3.5
or 5.0 Fr catheter was inserted in the umbilical vein for fluid and drug
administration. Prophylactic intravenous gentamicin 5mg/kg and ampi-
cillin 30 mg/kg were administered prior to placement of umbilical
catheters. Normal values of blood glucose and normohydration were
maintained by continuous intravenous infusion of 5-10 mL/kg/h NeoKNaG
(Na™ 15 mmol/L, K™ 10 mmol/L, CI~ 25 mmol/L, glucose 505 mmol/L). Core
temperature was maintained at 38.5-39 °C (normothermia for piglets) by a
heated inflatable air mattress. Percutaneous oxygen saturation, electro-
cardiography, MABP, and heart rate (HR) were measured continuously.
Arterial blood samples were analyzed (ABL Radiometer Medical, Denmark)
to monitor blood electrolytes, CO,, O,, glucose, pH, and lactate.

CA and resuscitation protocol

Baseline information was obtained 30 min prior to CA induction. CA was
induced by clamping the endotracheal tube (ETT). CA was defined as
MABP < 20 mm Hg and HR <60 bpm (assessed by auscultation or arterial
pressure curve). CPR was initiated 5 min after the blood pressure and HR
criteria were obtained to ensure a period of no flow (HR =0 and MABP =
0). CPR was performed according to ILCOR 2015 guidelines.! Potential
ROSC was evaluated every 30 s. ROSC was defined as MABP > 40 mm Hg or
HR > 100 bpm sustained for 5 min. Time-to-ROSC was registered at the
beginning of the 5min. Resuscitation was commenced by restoring
ventilation (FiO, = 21%, rate = 40/min, positive end expiratory pressure =
5 c¢m H,0, and peak inspiratory pressure = 15 cm H,0). If CA persisted after
30s of ventilation, manual chest compressions were initiated asynchro-
nous to ventilations at a rate of 3:1 (90 compressions and 30 ventilations
per minute), a depth of 1/3 of the thoracic anteroposterior diameter, using
the two-thumb encircling technique. Simultaneously, FiO, was adjusted to
100%. If ROSC was not achieved after 30s of chest compression,
epinephrine or placebo was administered through the umbilical venous
catheter. If CA persisted, administration was repeated every 4 min' for a
maximum of six doses. Resuscitative efforts were discontinued if ROSC was
not achieved within 30 min.

If successfully resuscitated, the animals were treated with TH, initiated
by placing 5 °C water bags directly on the piglet. Target core temperature
was between 33 and 34°C. Anesthetic and hemodynamic support was
titrated according to protocol (Supplementary S2). The duration of post-
resuscitation observation and monitoring was 6 h. Euthanasia occurred
under general anesthesia via injection of a lethal dose of pentobarbital
(80 mg/kg).

Magnetic resonance spectroscopy and imaging

Six hours post ROSC, MRS/MRI was performed using a 3.0 T system (Skyra
model; Siemens, Germany), according to a standard protocol, previously
established by our group®' (Supplementary S3). Briefly, proton MRS
(repetition-time/echo-time: 2000/135 ms) was obtained from 8 x 8 x 8 mm3
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voxels. Lac/NAA and NAA/creatine (NAA/Cr) ratio were assessed in frontal
cortex (fCTX), occipital cortex (oCTX), Thal, and white matter (WM).
Diffusion-weighted images (DWI) were attained, and the apparent
diffusion coefficient value (ADC) was calculated. Blood-oxygenation level-
dependent (BOLD) imaging was employed using a multi-echo gradient-
echo sequence, and the apparent relaxation constant T2* was calculated.
MRS/MRI data analyses were blinded to treatment allocation.

Composite endpoint analysis of death or severe brain MRS/
MRI abnormality

Severe brain MRS/MRI abnormality was defined as values within the upper
quartile of thalamic Lac/NAA ratio."”

Statistics
The scarcity of previously published studies prevented an informed power
calculation. Accounting for the potential number of animals achieving
ROSC before treatment intervention, mortality, and animal ethics, we
estimated that 14 animals per group were sufficient for analysis.
Statistical analyses were performed using GraphPad PRISM version 8.00
(GraphPad Software, San Diego, CA). Dichotomous data (ROSC, death post
ROSC, and vasopressor treatment) were analyzed by Fisher’s exact test and
reported as relative risk (RR) with 95% confidence interval (Cl). Continuous
variables (time-to-CA, time-to-ROSC, Lac/NAA ratio, NAA/Cr ratio, ADC,
BOLD, and hemodynamic and metabolic variables) were compared by
Student's t test (if normally distributed) and presented as mean values with
standard deviation (+SD) or by Mann-Whitney rank-sum test (if non-
normally distributed) and presented as median values with interquartile
range. The composite endpoint of death or severe brain MRS/MRI
abnormality was reported as RR with 95% Cl. A sensitivity analysis
including animals with missing MRS/MRI data was conducted. Hemody-
namic and metabolic variables were graphed based on data from mixed-
effects analyses, with assumed sphericity, missing values at random, and
corrected for multiple comparison by Bonferroni's test. A two-sided p value
<0.05 was considered statistically significant.

RESULTS

One of the 28 animals was not randomized due to unsuccessful
arterial access. ROSC occurred before treatment intervention in 2
of the remaining 27 animals (one from each group); these animals
were euthanized after ROSC. All 27 animals were included in an
intention to treat analysis (Supplementary S4). The two animals
that achieved ROSC before treatment were excluded from the
final analysis as described in ref. 22, The following results are based
on per protocol analysis of 25 animals: epinephrine (n=13) vs
placebo (n=12). We found no difference in results analyzed
according to intention to treat vs per protocol. A flow chart is
presented in Supplementary S5.

Baseline and CA characteristics

Baseline characteristics and characteristics at the time of CA are
shown in Table 1. Hemodynamic and metabolic variables from
baseline to the end of experiment are shown in Fig. 1. Blood
glucose at baseline was higher in the epinephrine group
compared to the placebo group. This difference was not observed
at CA or after ROSC. In all animals, the primary arrest rhythms were
asystole or pulseless electrical activity. Conversion from the
primary non-shockable rhythm to ventricular fibrillation (VF) was
observed in 7/13 (54%) animals in the epinephrine group and 4/12
(33%) in the placebo group, RR=1.6 (95% Cl: 0.7-4.3). Rhythm
conversion occurred after administration of epinephrine or
placebo.

Intra arrest and early post ROSC hemodynamics

During minutes 2-10 after resuscitation onset, animals treated
with epinephrine had significantly higher aortic systolic blood
pressure (SBP) (96.0 £8.5 vs 55.2+5.5 mm Hg, p <0.0001), aortic
diastolic blood pressure (DBP) (54.1 + 4.5 vs 24.8 + 1.6 mm Hg, p <
0.0001), and MABP (68.8+5.8 vs 33.9+25mm Hg, p <0.0001)
compared to animals treated with placebo (values are means from
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Table 1. Physiologic and metabolic characteristics at baseline and at
the time of cardiac arrest in animals randomized to epinephrine vs
placebo.
Epinephrine Placebo
(n=13) (n=12)
Baseline
Weight (g) 1815 (208) 1850 (278)
Male/female 8/5 7/5
HR (bpm) 143 (22) 151 (11)
MABP (mm Hg) 52 (7.1) 52 (6.6)
Rectal temperature 38.9 (0.5) 39.1 (0.4)
Q)
pH 7.52 (0.05) 7.54 (0.06)
BE (mmol/L) 8.2 (3.1) 8.8 (3.4)
Lactate (mmol/L) 1.4 (1.3-2.0) 1.4 (1.2-1.7)
pCO, (kPa) 5.0 (0.7) 5.0 (0.6)
Glucose (mmol/L) 7.5 (6.7-9.0) 6.4 (5.6-7.3)*
Cardiac arrest®
Time to CA (min)® 17 (15-22) 22 (18-26)
HR (bpm) 0 (0) 0 (0)
MABP (mm Hg) 0 (0) 0 (0)
Rectal temperature 38.4 (0.4) 38.4 (0.3)
Q)
pH <6.75 <6.75¢
Lactate (mmol/L) 18.5 (3.6) 18.3 (3.3)
pCO, (kPa) >14.7 >14.79
Glucose (mmol/L) 94 (5.4) 6.9 (4.1)
Epinephrine doses 1(1-2)
(n)
CPR time (min) 10 (12) 21 (13)*

153 (116-503)

Values are presented as means (+SD) or medians (IQR).

HR heart rate, MABP mean arterial blood pressure, BE base excess, CA
cardiac arrest, SD standard deviation, /QR interquartile range.

*p < 0.05 epinephrine vs placebo.

*The physiologic and metabolic characteristics at CA are measured after
5min no flow.

PTime to CA refers to the period from clamping the endotracheal tube to
achieving MABP < 20 mm Hg and HR <60 bpm.

‘Lower detection limit for pH = 6.75.

dUpper detection limit of pCO, = 14.7.

the entire 8-min period). Correspondingly, in animals that
achieved ROSC, SBP (121.2+10.7 vs 87.4+8.9, p<0.0001), DBP
(745+7.2 vs 53.1+£7.2, p<0.0001), and MABP (929+89 vs
67.7 £ 8.1, p<0.001) were significantly higher in animals resusci-
tated with epinephrine compared to placebo during minutes 2-10
after resuscitation onset (values are means from the entire 8-min
period) (Fig. 2).

The majority of the animals (10/14) achieved ROSC within the
first 3min of resuscitation. During minutes 2 and 3 of active
resuscitation, all blood pressure values were higher in animals that
received epinephrine compared to placebo (Table 2).

ROSC and 6-h survival

Animals that received epinephrine had significantly higher rate of
ROSC (epinephrine 10/13 vs placebo 4/12, RR 2.31; 95% Cl: 1.09 to
5.77, p =0.047). We found no difference between the groups in
median time-to-ROSC (epinephrine: 120 (113-211) vs placebo 153
(116-503) s, p = 0.66), and no difference in 6-h survival (7/13 vs 3/
12, p=0.23).
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Due to refractory hypotension, 4 of the 14 animals in which
ROSC was achieved died before the 6-h MRS/MRI examination
(epinephrine: 3/10 vs placebo: 1/4, RR = 0.9 (95% Cl: 0.5-2.5)). One
additional animal was euthanized prior to MRS/MRI due to
technical issues. Thus, nine animals completed MRS/MRI (epi-
nephrine: n =6 vs placebo: n = 3) (Supplementary S4). We found
no difference in post-ROSC norepinephrine use between groups
(epinephrine: n=8/10, median infusion rate: 0.25 ug/kg/min
(0.13-0.63) vs placebo: n=4/4, median infusion rate: 0.4 ug/kg/
min (0.27-0.97), p = 0.23). One piglet (randomized to epinephrine)
received hydrocortisone and did not survive to MRS/MRI.

Magnetic resonance spectroscopy
There was no difference between animals that received epinephr-
ine and placebo in Lac/NAA ratio measured in fCTX, oCTX, and
Thal (Fig. 3). In WM, we were unable to detect lactate peaks in 3/6
animals resuscitated with epinephrine and 3/3 animals resusci-
tated with placebo. We found no difference between groups in
NAA/Cr ratio measured in fCTX, oCTX, Thal, or WM (Fig. 3).

In total, 1/6 animals resuscitated with epinephrine and 1/3
animals resuscitated with placebo had severe MRS/MRI
abnormality.

Magnetic resonance imaging

Cerebral edema quantified by DWI was similar in animals
resuscitated with epinephrine vs placebo (Fig. 4). MRI-BOLD
showed no difference in cerebral oxygenation between the two
groups (Fig. 4).

Composite endpoint of death or severe brain MRS/MRI
abnormality

We found no difference in the composite endpoint of death or
severe brain MRS/MRI abnormality between animals resuscitated
with epinephrine compared to placebo, RR=0.7 (95% Cl:
0.37-1.19). When including the only animal with missing MRS/
MRI data in a sensitivity analysis assigning the piglet to a good or
severe MRS/MRI outcome, the RR was 0.65 (95% Cl: 0.34-1.12) and
0.74 (95% Cl: 0.41-1.23), respectively.

DISCUSSION

The use of epinephrine compared to placebo during resuscitation
in piglets with hypoxic CA resulted in more than twice as many
piglets with ROSC but no difference in the composite endpoint of
death or severe brain MRS/MRI abnormality.

Our findings related to ROSC are consistent with some, but not
all, previous experimental animal studies. Sobotka et al.>* reported
that chest compressions alone were insufficient to achieve ROSC
and that epinephrine was critical to increase HR, carotid arterial
pressure, and cerebral blood flow. Mendler et al.** and Solevédg
et al.?® also found that at least one dose of epinephrine was
required for successful resuscitation. In contrast, Wagner et al.,?
Linner et al,”” and McNamara et al.*® concluded that epinephrine
failed to increase the rate of ROSC. These conflicting results are
likely explained by differences in the study protocols. The most
striking difference between the three former studies and the three
later studies was the CA criteria. Wagner et al.?® defined CA as HR
<25% of baseline, and Linner et al.*” defined CA as HR < 50 bpm
and MABP <25 mm Hg; however, if the criteria were unmet for
12 min of apnea, resuscitation was commenced. Accordingly, the
hypoxic insult may have been less severe in these studies. In the
study by McNamara et al,?® the CA criteria were similar to ours,
while the no-flow period was only 4 min compared to 5 min in our
study. Further, epinephrine was administered 3 min after resusci-
tation onset, compared to 1 min in our study. Studies of pediatric
CA have shown that the chance of achieving ROSC is decreased by
every minute epinephrine administration is delayed.?*>° Addi-
tionally, McNamara et al?® only administered one dose of
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epinephrine and resuscitation was discontinued if ROSC was not
achieved within 6 min after chest compression onset.

We used a flush volume of 1 ml after epinephrine.®' However,
there is concern that this volume may be inadequate to deliver
the epinephrine into the right atrium and the systemic circulation
during resuscitation. In a recent preclinical study, a flush volume of
2.5mL increased the chance of achieving ROSC compared to a
flush volume of 1 mL32 Our rate of ROSC in animals resuscitated
with epinephrine compared to placebo may therefore increase
even more with a flush volume of 2.5 mL.

Newborn animal models of CA have failed to produce
convincing evidence to support the use of epinephrine in
neonatal resuscitation. This may be explained by differences in
the CA models used. Our rationale behind introducing a new CA
model was to establish a highly translatable and reproducible
model of hypoxic CA with relevant insult severity. We find ETT
clamping to be a more clinically relevant approach compared to
existing approaches like “normocapnic hypoxia,”2%33*3* “ventricu-
lar fibrillation,”>>® or “progressive hypoxia with added CO,."?**’
Normocapnia is not common during clinical perinatal hypoxia and
ischemia, and ventricular fibrillation is rarely the primary arrest
rhythm. ETT clamping produces relevant hypoxemia, hypercapnia,
and mixed respiratory and metabolic acidosis, which replicates the
biochemistry in newborn hypoxic-ischemic CA. The CA criteria
presented in this study produced a hypoxic—ischemic insult of
relevant severity that ensured few animals with ROSC before drug
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administration without an excessive mortality; only 2 of the 28
piglets achieved ROSC before drug administration, which is few
compared to other neonatal CA models.?2%3*

Conversion from a non-shockable rhythm to a shockable
rhythm (treated) is a good prognostic sign in pediatric CA3® As
per the current standard for human neonatal resuscitation,
defibrillation was not part of our procedure, and we observed
no difference in the rate of ROSC between animals with and
without VF in either experimental group (data not shown). Swine
are known to be more arrhythmogenic than humans.® High
frequencies of VF were also observed in ref. 2 This emphasizes the
necessity of studies of arrest rhythms in human neonates.

Animal studies have established that adequate myocardial
perfusion is an essential determinant of ROSC after CA.***?
Myocardial perfusion is primarily driven by CPP; however, DBP has
proven a relevant surrogate measure of CPP.** Substantial
information from more mature swine models has established
the benefit of epinephrine on hemodynamics, which is associated
with ROSC, survival post ROSC, and survival with favorable
neurologic outcome.”*®*! In a swine model of pediatric CA,
DBP > 26 mm Hg after first dose of epinephrine was associated
with 95% survival (survival = sustained ROSC for 20 min).** A
recent clinical study demonstrated that DBP > 25 mm Hg in term
newborns and >30 mm Hg in children (>1 year of age) improved
survival and survival with favorable neurologic outcome after
CA.*® Our study was not designed to identify the optimal DBP

Pediatric Research (2023) 93:511-519
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Fig. 2 Hemodynamic measurements during minute 1-10 after resuscitation onset in animals with and without ROSC randomized to
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Placebo-ROSC vs placebo-no ROSC: p < 0.05 from 90's and forward.

value during neonatal resuscitation; however, our results support
these previous findings. We observed higher rates of ROSC in the
epinephrine group, which achieved a mean DBP>25mm Hg
during minutes 2-10 after resuscitation onset compared to the
placebo group which had mean DBP <25 mm Hg. However, we

Pediatric Research (2023) 93:511-519

would have expected the animals resuscitated with epinephrine
to achieve ROSC earlier as the mean DBP at 90 s was >25 mm Hg
(Table 2). The most likely explanation is our definition of ROSC (HR >
100 bpm and MABP >40 mm Hg). Animal studies of pediatric CA
have found SBP>90mm Hg to be associated with increased
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Table 2.

CPR time
30s

Blood pressure (mm Hg) n
SBP 13
DBP

MABP

SBP 13
DBP

MABP

SBP 13
DBP

MABP

SBP 7
DBP

MABP

SBP 6
DBP

MABP

SBP 5
DBP

MABP

60s

90s

120s

150s

180s

Blood pressure values during minutes 1-3 of active resuscitation in animals randomized to epinephrine vs placebo.

Epinephrine n Placebo 1
12.2 (5.8) 12 12.9 (6.1) 0.95
8 (3.5) 83 (4.2) 0.94
10.5 (6.6) 109 (7.2) 0.97
46.3 (30.4) 12 37.6 (15.8) 0.41
19.8 (18.1) 12.2 (6.2) 0.20
27.8 (22.1) 18.1 (6.5) 0.32
86.5 (51.9) 12 455 (22.9) 0.0001***
37.6 (24.9) 19.9 (17.4) 0.003**
50.0 (31.1) 26.8 (20.7) 0.02*
99.9 (63.6) 10 54.3 (32.6) 0.0005***
34.3 (28.5) 18.0 (14.2) 0.03*
49.7 (37.3) 27.2 (17.2) 0.06
76.5 (38.7) 10 61.7 (28.7) 0.29
31.5 (30.2) 21.4 (16.5) 0.19
433 (35.7) 31.4 (20.3) 0.34
72.2 (46.0) 10 443 (21.7) 0.05
25.2 (30.7) 18.6 (15.7) 0.42
443 (36.8) 27.0 (17.1) 0.17

The first timepoint represents 30 s of ventilation. Values are means with standard deviation in parenthesis. ROSC was evaluated every 30s. Blood pressure
values during the 30 s interval in which ROSC was achieved and forward were excluded from the analysis.

CPR cardiopulmonary resuscitation, SBP systolic blood pressure, DBP diastolic blood pressure, MABP mean arterial blood pressure.

*p < 0.05 epinephrine vs placebo. **p < 0.01 epinephrine vs placebo. ***p < 0.001 epinephrine vs placebo.
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survival with favorable neurologic outcome.***” We observed higher
rates of ROSC in the epinephrine group, which had mean SBP >
90 mm Hg during minutes 2-10 after resuscitation onset, compared
to the placebo group, which had mean SBP <90 mm Hg. Higher
DBP and SBP may not exclusively result from epinephrine
administration but also from recovery of spontaneous circulation.
We also analyzed hemodynamics during active resuscitation
(minutes 2-3 after resuscitation onset) with exclusion of blood
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pressure values during the 30-s interval in which ROSC was achieved
and forward, and we still found significantly increased DBP and SBP
in animals resuscitated with epinephrine compared to placebo
(Table 2).

We found no difference in brain MRS/MRI abnormality 6 h post
ROSC based on Lac/NAA ratio, NAA/Cr ratio, DWI, or BOLD
between animals resuscitated with epinephrine compared to
placebo. The Lac/NAA ratio is known to increase during the
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Fig. 4 Magnetic resonance imaging of animals randomized to
epinephrine vs placebo. a ADC apparent diffusion coefficient.
b BOLD; blood-oxygen level-dependent scan. Scans were performed
6 h after ROSC. Data are scatter plots with superimposed means *
standard deviation.

secondary phase of energy failure between 6 and 24 h after
cerebral hypoxia-ischemia.*® Thus, it is possible that we failed to
capture the differences, i.e., both beneficial and adverse effects of
epinephrine, due to the relatively short interval between CA and
MRS. However, Zheng et al.*’ showed that brain lactate levels
peaked between 2 and 6h following hypoxia-ischemia, and
during our pilot studies, we performed both 6- and 12-h MRS/MRI
examinations with no additional information gained. In addition,
Tang et al* argue that pathophysiological changes after CA/
hypoxia-ischemia, assessed by MRS/MRI, are more pronounced
within the first 6 h after ROSC. Studies of adult CA have suggested
that DWI-MRI can predict neurologic outcome as early as 3 h after
ROSC.>"*? Our DWI results were in line with our MRS results that
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found no difference between the groups. This does not necessarily
mean that a potential between-group difference would have
settled at this timepoint. Accordingly, studies on long-term
functional outcomes are needed. The majority of the animals
had quite severe MRS/MRI findings; it is possible that we were
unable to demonstrate any difference in MRS/MRI abnormality
due to the severity of the insult. However, the model mimics a rare
clinical condition where epinephrine is indicated with an a priori
high risk of brain damage. A less severe insult would result in too
many animals with spontaneous ROSC before drug administration.

We found no difference in the composite endpoint analysis of
death or severe brain MRS/MRI abnormality. We decided not to
use the clinical cut-off value of Lac/NAA >0.39 to define severe
brain MRS/MRI abnormality, as this value is extrapolated from
human newborn studies and animal studies considerably different
from our study with regards to timing of MRS; mean age =5 days
of life'® or even later,” insult severity (not CA models), and MRS
echo time (288 vs 135ms)." '8 If our MRS results were
equivalent to that of human infants, our findings would indicate
severe brain damage with a high likelihood of adverse cognitive,
motor, and language outcomes at 2 years of age.'® However,
preclinical animal studies have shown that brain lactate measured
by MRS decreases markedly while NAA increases between 6 and
72h after a hypoxic-ischemic insult.**>° The cut-off value to
define severe brain damage should be higher when applied at 6 h
compared to 72 h after the insult and beyond and when applied
to CA models compared to HIE models. We therefore a priori
chose to use a modified cut-off value of severe MRS/MRI
abnormality.

This study has a number of limitations. (1) We used anesthetized
and intubated animals. Anesthetics and drugs for pain relief are
necessary for ethical reasons but may influence ROSC.>* However,
all drugs were paused during CA and resuscitation. (2) Our study
represents post-transitional neonatal hypoxic CA, and although
newborn CA are most often hypoxic in origin, co-morbidities such
as infection or hypovolemia exist>>*® (3) The anatomy of the
newborn pig is very similar to that of the newborn human.
However, interspecies differences in vascular sensitivity to
catecholamines likely exist, and caution must be exercised when
translating to human neonates. (4) We delivered chest compres-
sions asynchronous to ventilations, which is not in line with the
current international neonatal resuscitation guidelines that
recommends a synchronous technique. However, previous
experimental animal models have shown that newborn piglets
resuscitated with chest compressions performed asynchronous to
ventilations have similar or improved ROSC and survival compared
to piglets resuscitated with synchronized compressions and
ventilations>’°® (5) All animals received TH, which might
postpone the processes involved in the brain injury beyond our
observation period. However, no difference was found in a
previous study of TH vs normothermia on brain injury by MRS/MRI
at 6, 12, 24, and 72 h post ROSC.>° We initiated TH treatment right
after achievement of ROSC, and target temperature was reached
after 2 h (Fig. 1). According to current guidelines, TH should be
commenced as early as possible within 6 h after birth.* However,
while TH in the clinical setting may be initiated later, we find the
timing of 2 h realistic in many clinical settings.>*"®" Regardless,
interpretation of our results should consider that target tempera-
ture was reached at 2 h. (6) We used an MRS echo time of 135 ms
for easy identification of lactate peaks due to peak inversion, and a
small voxel to certify high spatial resolution. However, a small
voxel decreases signal-to-noise ratio, which could challenge the
detection of lactate peaks, as seen in WM. The early timing of
MRS/MRI could affect lactate detection in WM. However, we
previously measured Lac/NAA ratio in WM at 6, 12, and 24 h after
hypoxia-ischemia and found a similar fraction of animals with
absence of lactate in WM at 6 h compared to 12 and 24h.*' A
larger voxel and an echo time of 288 ms may help improve lactate
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detection in future studies. (7) The most important limitation to
the neuroimaging is the few animals that survived to completion
of the MRS/MRI examination. We were unable to include more
animals in the study, as we had approval for only the prespecified
number of animals from The Danish Animal Experiments
Inspectorate based on the expected number of animals that
would obtain ROSC.

CONCLUSION

We found that resuscitation with epinephrine compared to
placebo improved the rate of ROSC after hypoxic CA in newborn
piglets. We found no difference in time-to-ROSC. In animals
resuscitated with epinephrine compared to placebo, 6-h survival
was more than double. We found no difference in the composite
endpoint of death or severe brain MRS/MRI abnormality. The
remaining MRS/MRI results need confirmation in future studies as
only six animals resuscitated with epinephrine and three animals
resuscitated with placebo completed the MRS/MRI examination.

DATA AVAILABILITY
The datasets used and/or analyzed during the current study are available from the
corresponding author on reasonable request.
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