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Abstract
Background: Epinephrine is an integral component of neonatal resuscitation guidelines, despite sparse
evidence. The association between advanced cardiopulmonary resuscitation (CPR) and poor
neurodevelopment is well known, and epinephrine may improve short-term survival but at the cost of poor
neurologic outcome. Our objectives were to investigate the effect of epinephrine vs placebo in a piglet
model of neonatal hypoxic cardiac arrest (CA) by: 1) return of spontaneous circulation (ROSC), 2) time-to-
ROSC, 3) markers of CNS outcome by magnetic resonance spectroscopy and imaging (MRS/MRI), and 4)
composite endpoint of death or severe CNS outcome.

Methods: Twenty-�ve newborn piglets under 12 hours of age underwent hypoxia. Hypoxia was induced
by clamping the endotracheal tube until CA (mean arterial blood pressure <20 mmHg and heart rate <60
bpm). CPR was commenced �ve minutes after CA. The animals were randomized to either CPR +
intravenous epinephrine or CPR + placebo (saline). MRS/MRI was performed six hours after resuscitation.

Results: ROSC was more frequent in animals subjected to epinephrine than placebo; RR = 2.31 (95 % CI:
1.09 to 5.77). We found no difference between groups in time-to-ROSC. Among survivors, we found no
difference between groups in brain lactate/N-acetyl-aspartate ratios (Lac/NAA), N-acetyl-
aspartate/creatine ratios (NAA/Cr), diffusion-weighted-signal, or oxygenation-dependent-signal. We found
a tendency towards reduced risk of the composite endpoint of death or severe CNS outcome in animals
resuscitated with epinephrine compared to placebo, RR = 0.7 (95 % CI: 0.37 to 1.19).

Conclusions: Resuscitation with epinephrine compared to placebo improved ROSC frequency after
neonatal hypoxic CA. Surviving animals after resuscitation with epinephrine compared to placebo
showed no difference in MRS/MRI markers of brain damage. These results support that epinephrine
improves short-term survival without increasing brain injury measured by early imaging biomarkers.

Introduction
Epinephrine is an integral component of neonatal resuscitation guidelines [1–5]. However, despite
decades of research and clinical use, the effect and safety of epinephrine remains controversial. In
animal studies, epinephrine-mediated peripheral vasoconstriction increases coronary perfusion pressure
and ultimately the chance of achieving return of spontaneous circulation (ROSC) [6–8]. However, animal
studies have suggested adverse effects of epinephrine on cerebral microvascular blood �ow and
myocardial function [9, 10] and similar concerns exist in adult cardiac arrest (CA) [11]. The association
between advanced CPR (including epinephrine) and poor neurodevelopmental outcome is well known
[12–14], and one may speculate that epinephrine improves short-term survival but at the cost of poorer
long-term outcomes [11].

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 [15].
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Lactate/N-acetyl-aspartate ratio (Lac/NAA) measured in the thalamus by MRS is considered the most
accurate early biomarker for prediction of neurologic outcome [15, 16].

The aim of this randomized controlled study was to evaluate the effect of epinephrine in a piglet model
of neonatal hypoxic cardiac arrest (CA). Our primary outcome was ROSC, and the secondary outcomes
were time-to-ROSC, markers of CNS outcome by MRS/MRI and composite endpoint of death or severe
CNS outcome.

Materials And Methods

Ethics
The study was approved by The Danish Animal Experiments Inspectorate (license no: 2018-15-0201-
01555). Reporting complies with the ARRIVE 2.0 guidelines [17].

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. 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), the other animal received the treatment different
from the randomized littermate. Randomization was completed prior to CA induction and all investigators
were blinded to the allocated treatment during the entire study.

Animal preparation
We included Danish Landrace piglets of either sex, under 12 h of age, and weight between 1500 g and
2000 g. Anesthesia was induced by inhalation of 2–4% sevo�urane. Peripheral venous access was
obtained and a bolus of propofol (10 mg/kg), fentanyl (30 µg/kg) and rocuronium (1 mg/kg) was
administered. Animals were intubated and mechanically ventilated, adjusted to maintain an end-tidal CO2

of 4.5 to 5.5 kPa. Anesthesia was maintained by continuous infusion of propofol (4–12 mg/kg/h) and
fentanyl (5–10 µg/kg/h). Anesthesia was paused during CA and resuscitation and continued after ROSC
at the lowest relevant dose. A 3.5 Fr catheter was inserted in an umbilical artery and in the umbilical vein
for blood sampling, continuous measurement of mean arterial blood pressure (MABP) and �uid and drug
administration. Intravenous gentamicin 5 mg/kg and ampicillin 30 mg/kg were administered once.
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, Cl− 25 mmol/L, glucose 505
mmol/L). Core temperature was measured by a rectal probe and maintained at 38.5 to 39 °C
(normothermia for piglets) by a heated in�atable air mattress. Percutaneous oxygen saturation,
electrocardiography (ECG), MABP, and heart rate (HR) were measured continuously. Arterial blood
samples were analyzed (ABL Radiometer Medical, Denmark) to monitor blood electrolytes, CO2, O2,
glucose, pH, and lactate.

CA and resuscitation protocol
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Baseline data were obtained 30 minutes prior to CA induction. CA was induced by clamping the
endotracheal tube (ETT). CA was de�ned as MABP < 20 mmHg and heart rate < 60 bpm (assessed by
auscultation or arterial pressure curve). CPR was initiated after 5 minutes of CA and performed according
to ILCOR 2015 guidelines [1]. ROSC was evaluated every 30 seconds throughout the resuscitation
process. ROSC was de�ned as MABP > 40 mmHg or HR > 100 bpm sustained for �ve minutes. Time-to-
ROSC was registered at the beginning of the �ve minutes. Resuscitation was commenced by restoring
ventilation (FiO2 = 21%, rate = 40/min, positive end expiratory pressure (PEEP) = 5 cm H2O and peak
inspiratory pressure (Pinsp) = 10 cm H2O). If CA persisted after 30 seconds of uninterrupted ventilation,
manual chest compressions were initiated and delivered asynchronous 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, FiO2 was adjusted to 100%. If ROSC was not
achieved after 30 seconds of chest compression, epinephrine (0.01 mg/kg equivalent to a volume of 0.1
ml/kg) or placebo (0.1 ml/kg 0.9% saline) was administered through the umbilical venous catheter. If CA
persisted, administration was repeated every four minutes for a maximum of six doses. Resuscitative
efforts were discontinued if ROSC was not achieved within 30 minutes after CA.

If successfully resuscitated, the animals were treated with therapeutic hypothermia (TH). Target core
temperature was between 33 and 34 °C. Whole-body cooling was initiated by placing 5 °C water bags
directly on the piglet. Anesthetic and hemodynamic support was titrated according to protocol
(Supplementary S1). The duration of post-resuscitation observation and monitoring was six hours.
Euthanasia occurred under general anesthesia via injection of a lethal dose of pentobarbital (80 mg/kg).

Magnetic resonance spectroscopy and imaging
At six hours post ROSC, MRS/MRI was performed using a 3.0 T system (Skyra model; Siemens,
Germany). Images were obtained according to a standard protocol, previously established by our group
[18] (Supplementary S2). Brie�y, proton MRS (repetition-time/echo-time: 2000/135 ms) was obtained
from 8×8×8 mm3 voxels. Lactate/N-acetyl-aspartate ratio (Lac/NAA) and N-acetyl-aspartate/creatine
ratio (NAA/Cr) were assessed in frontal cortex (fCTX), occipital cortex (oCTX), thalamus (Thal) and white
matter (WM). Diffusion-weighted images (DWI) were attained, and the apparent diffusion coe�cient
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. All
MRS/MRI data analyses were blinded to treatment allocation.

Composite endpoint analysis of death or severe CNS
outcome
Severe CNS outcome was de�ned as values within the upper quartile of thalamic Lac/NAA ratio [15].

Statistics
The limited amount of previously published data did not allow for estimation of a standard deviation and
effect size for power calculation. Accounting for the potential number of animals achieving ROSC before
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treatment intervention, mortality, and animal ethics, we estimated that 14 animals per group were
su�cient for analysis.

Statistical analyses were performed using GraphPad PRISM version 8.00 (GraphPad Software, San
Diego, California USA). Dichotomous data (ROSC, death post ROSC, and vasopressor treatment) were
analyzed by Fisher’s exact test, and reported as relative risk (RR) with 95 % con�dence interval (CI).
Continuous variables (time-to-CA, time-to-ROSC, Lac/NAA ratio, NAA/Cr ratio, ADC, BOLD and
hemodynamic- and metabolic variables) were compared by either 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 (IQR). The composite
endpoint of death or severe CNS outcome was reported as RR with 95 % CI. A sensitivity analysis
including animals with missing CNS outcome was conducted. Hemodynamic and metabolic variables
were shown graphically and depicted based on parameters 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 signi�cant.

Results
One of 28 animals was not randomized due to unsuccessful arterial access. ROSC occurred before
treatment intervention in two of the remaining 27 animals (one from each group); these animals were
euthanized right after ROSC. All 27 animals were included in an intension to treat analysis
(Supplementary S3). The two animals that achieved ROSC before treatment intervention were excluded
from the �nal analysis [19]. 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
intension to treat vs per protocol. A �ow chart is presented in Supplementary S4.

Baseline and CA-characteristics
Baseline characteristics are shown in Table 1 and characteristics at time of CA in Table 2. Hemodynamic
and metabolic parameters from baseline to 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 (PEA). Conversion from the primary non-shockable rhythm to ventricular �brillation (VF)
was observed in 7/13 (54%) animals in the epinephrine group and 4/12 (33%) in the placebo group, RR = 
1.6 (95 % CI: 0.7 to 4.3).
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Table 1
Physiologic and metabolic characteristics at baseline in animals randomized to epinephrine versus

placebo.

  Epinephrine

(n = 13)

Placebo

(n = 12)

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 (°C) 38.9 (0.5) 39.1 (0.4)

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)

pCO2 (kPa) 5.0 (0.7) 5.0 (0.6)

Glucose (mmol/l) 7.5 (6.7-9.0) 6.4 (5.6–7.3)*

Values are presented as means (± SD) or medians (IQR). * p < 0.05 epinephrine vs placebo. HR; heart
rate, MABP; mean arterial blood pressure, BE; base excess, SD; standard deviation, IQR; interquartile
range.
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Table 2
Physiologic and metabolic characteristics at cardiac arrest in animals randomized to epinephrine versus

placebo.

  Epinephrine

(n = 13)

Placebo

(n = 12)

Time to CA (min) 17 (15–22) 22 (18–26)

HR (bpm) 0 (0) 0 (0)

MABP (mmHg) 0 (0) 0 (0)

Rectal temperature (°C) 38.4 (0.4) 38.4 (0.3)

pH < 6.75 < 6.75a

Lactate (mmol/l) 18.5 (3.6) 18.3 (3.3)

pCO2 (kPa) > 14.7 > 14.7b

Glucose (mmol/l) 9.4 (5.4) 6.9 (4.1)

Epinephrine doses (n) 1 (1–2)  

Values are presented as means (± SD) or medians (IQR). a Lower detection limit for pH = 6.75.

b Upper detection limit of pCO2 = 14.7. CA; cardiac arrest, HR; heart rate, MABP; mean arterial blood
pressure, SD; standard deviation, IQR; interquartile range.

ROSC and six hour survival
Animals that received epinephrine had signi�cantly higher rate of ROSC (RR 2.31; 95 % CI: 1.09 to 5.77).
We found no difference between the groups in time-to-ROSC (median (IQR) time-to-ROSC; epinephrine:
120 (113–211) sec vs placebo 153 (116–503) sec, p = 0.66).

Due to refractory hypotension, four of the 14 animals in which ROSC was achieved, died before the six-
hours MRS/MRI examination (epinephrine: 3/10 vs. placebo: 1/4, RR = 0.9 (95 % CI: 0.5 to 2.5)). One
additional animal was euthanized prior to MRS/MRI due to technical issues. Thus, nine animals
completed the MRS/MRI acquisition (epinephrine: n = 6 vs. placebo: n = 3) (Supplementary S4).

Magnetic resonance spectroscopy
There was no difference between animals that received epinephrine and placebo with regards to Lac/NAA
ratio measured in fCTX, oCTX and thalamus (Fig. 2). In white matter, we were unable to detect lactate-
peaks in 3/6 animals resuscitated with epinephrine and 3/3 animals resuscitated with placebo. We found
no difference between groups in NAA/creatine ratio measured in fCTX, oCTX, thalamus, or WM (Fig. 2).

Magnetic resonance imaging
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The degree of cerebral edema quanti�ed by DWI was similar in animals resuscitated with epinephrine
versus placebo (Fig. 3). MRI BOLD analysis revealed no difference in cerebral oxygenation between the
two groups (Fig. 3).

Composite endpoint of death or severe CNS outcome
A reduced but not statistically signi�cant risk of the composite endpoint of death or severe CNS outcome
was found in animals resuscitated with epinephrine compared to placebo, RR = 0.7 (95 % CI: 0.37 to
1.19). When including the animal with missing CNS outcome in a sensitivity analysis assigning the piglet
to a good or severe CNS outcome the RR was 0.65 (95 % CI: 0.34 to 1.12) and 0.74 (95 % CI: 0.41 to 1.23),
respectively.

Discussion
In our neonatal piglet model of hypoxic cardiac arrest, the use of epinephrine compared to placebo during
resuscitation resulted in more than twice as many piglets with ROSC, and we found no difference in early
biomarkers of brain damage between the groups six hours after resuscitation.

Our �ndings related to ROSC are consistent with some, but not all, previous experimental animal studies.
Sobotka et al. [20] reported that chest compressions alone were insu�cient to achieve ROSC and that
epinephrine administration was critical to increase heart rate, carotid arterial pressure, and cerebral blood
�ow. Mendler et al. [21] and Solevåg et al. [22] also found that at least one dose of epinephrine was
required for successful resuscitation. In contrast, Wagner et al. [23], Linner et al. [24], and McNamara et al.
[25] concluded that epinephrine failed to increase the rate of ROSC. These con�icting results are likely
explained by essential differences in the study protocols. The most striking difference between the three
former studies and the three later studies is the chosen CA-criteria. In the study by Wagner et al. [23], CA
was de�ned as HR < 25 % of baseline, and in the study by Linner et al. [24], CA was de�ned as HR < 50
bpm and MABP < 25 mmHg, however; if the criteria were not reached within 12 minutes of apnea,
resuscitation was commenced. This indicates that the hypoxic insult was less severe in these studies. In
the study by McNamara et al. [25], the CA criteria were similar to ours, yet the no-�ow period was only 4
minutes compared to 5 minutes in our study. Furthermore, epinephrine was administered three minutes
after resuscitation onset, compared to one minute in our study. Studies of pediatric CA have shown that
the chance of achieving ROSC is decreased by every minute epinephrine administration is delayed [26,
27]. Additionally, only one dose of epinephrine was administered (two animals in our study required more
than one dose epinephrine to achieve ROSC), and resuscitative efforts were discontinued if ROSC was not
achieved within six minutes after chest compression onset (one animal in our study achieved ROSC
beyond six minutes after chest compression onset).

Conversion from PEA or asystoli to VF was observed in 44% of the animals during the resuscitation
period. Conversion from a non-shockable rhythm to a shockable rhythm (treated) is a good prognostic
sign in pediatric CA [28]. As per the current standard for human neonatal resuscitation, de�brillation was
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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 (Supplementary S5). Swine are known to be more
arrhythmogenic than humans [29]. High frequencies of VF were also observed by McNamara et al. [25].
These high frequencies emphasize the necessity of studies of arrest rhythms in human neonates.

In this study, very importantly, resuscitation with epinephrine did not result in worse markers of CNS
outcome at six hours after ROSC. We found no difference in Lac/NAA ratio or NAA/Cr ratio between
animals resuscitated with epinephrine compared to placebo. The Lac/NAA ratio is known to increase
during the secondary phase of energy failure between 6 and 24 hours after cerebral hypoxia-ischemia
[30]. Thus, it is possible that we failed to capture the differences, i.e., both bene�cial and adverse effects
of epinephrine, due to the relatively short interval between CA and MRS. However, Zheng et al. [31]
showed that brain lactate levels peaked between 2 to 6 hours following hypoxia-ischemia, and during our
pilot studies we performed both 6- and 12-hours MRS/MRI examinations with no additional information
gained. Still, studies on long-term outcomes are warranted.

MRI-based DWI is a marker of cerebral edema [32]. In newborns with hypoxic ischemic encephalopathy
(HIE) and in adults post CA, low ADC values have been associated with unfavorable neurologic outcome
[33, 34]. The ADC values were low in animals with and without exposure to epinephrine (compared to
healthy control piglets (n = 4) included in a previous study by our group; mean (SD) ADC = 974 (145) 10− 6

mm2/sec, unpublished data), indicating severe edema in both experimental groups. However, acute brain
edema does not always persist; therefore, ADC measured six hours post ROSC, may not be a reliable
predictor of irreversible tissue damage and later brain injury [35].

BOLD MRI measures regional differences in concentrations of oxy- and deoxyhemoglobin in response to
neural activity via calculations of T2* values [36]. We found no difference between animals resuscitated
with epinephrine compared to placebo in T2* measured in thalamus. The T2* values were low in both
groups, (compared to healthy control piglets (n = 4), included in a previous study by our group; mean (SD)
T2* = 63.3 (5.0) ms, unpublished data) possibly due to a compensatory increased oxygen extraction in
the early hours after the hypoxic-ischemic insult. Furthermore, hypoperfusion may add to this �nding.
Early hypoperfusion (20 min to 12 hours after ROSC) has been demonstrated in animal models of
adult/pediatric CA [37, 38] and has also been observed in neonates with HIE [39]. There is concern that
epinephrine may impair cerebral perfusion and oxygenation [10]. However, in our BOLD measurements,
epinephrine and placebo resulted in similar cerebral hemodynamics six hours post ROSC.

Our ROSC data and MRS/MRI data support that epinephrine increases short term survival without
increasing brain injury. Our composite endpoint analysis of death or severe CNS outcome further
supports this �nding. However, our results were no longer signi�cant due to a 25–30 % post-ROSC
mortality in both experimental groups, and small absolute numbers of animals.

This study has a number of limitations; 1) we used anaesthetized and intubated animals. Anesthetics
and drugs for pain relieve are necessary for ethical reasons, but may in�uence ROSC [40]. We did,
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however, pause all drugs during CA and resuscitation. 2) Newborns exhibit transitional cardiac- and lung
physiology, while our study represents post-transitional neonatal hypoxic CA, and although the majority
of CA in newborns are hypoxic in origin, co-morbidities such as infection or hypovolemia exist [41, 42]. 3)
Although the anatomy of the newborn pig is very similar to that of the newborn human, it is possible that
the bene�cial effect of epinephrine on ROSC may be species speci�c. Interspecies differences in vascular
sensitivity to catecholamines likely exist, and caution must be exercised when translating to human
neonates. 4) All animals received TH, which might postpone the processes involved in the developing
brain injury beyond the range of our observation period. This effect was, however, not evident in the study
by Tang et al. [43] who investigated the effect of TH vs normothermia on brain injury by MRS/MRI at 6,
12, 24 and 72 hours post ROSC. 5) We used an MRS echo time of 135 ms for easy identi�cation of
lactate-peak 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. A larger voxel
and an echo time of 288 ms may help resolve this issue in future studies.

Conclusion
We found that resuscitation with epinephrine compared to placebo improved the rate of ROSC after
neonatal hypoxic CA. We found no difference in time-to-ROSC. Animals who survived resuscitation with
epinephrine compared to placebo were similar with respect to MRS/MRI markers of brain damage.

Abbreviations
ROSC
Return of spontaneous circulation
CPR
Cardio pulmonary resuscitation
CA
Cardiac arrest
MRS
Magnetic resonance spectroscopy
MRI
Magnetic resonance imaging
Lac/NAA
Lactate/N-acetyl-aspartate ratio
NAA/Cr
N-acetyl-aspartate/creatine ratio
MABP
Mean arterial blood pressure
HR
Heart rate
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PEEP
Positive end expiratory pressure
Pinsp

Peak inspiratory pressure
TH
Therapeutic hypothermia
fCTX
Frontal cortex
oCTX
Occipital cortex
Thal
Thalamus
WM
White matter
DWI
Diffusion-weighted imaging
ADC
Apparent diffusion coe�cient
BOLD
Blood-oxygenation level-dependent imaging
PEA
Pulseless electrical activity
VF
Ventricular �brillation
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Figure 1

Hemodynamic and metabolic parameters from baseline (BL) to end of experiment in animals randomized
to epinephrine versus placebo. A: Rectal temperature, B: heart rate (HR), C: Mean arterial blood pressure
(MABP), D: pH and E: lactate. Number of animals alive at each timepoint is denoted below the x-axis,
color denotes group. Number of animals per group; epinephrine/placebo: BL (n = 13/12), CA (n = 13/12),
1h (n = 10/4), 2h (n = 10/4), 4h (n = 9/4), 6h (n = 7/3). Rectal temperature, HR and pH are means ±
standard deviation. MABP and lactate are medians with interquartile range.
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Figure 2

Magnetic resonance spectroscopy of animals randomized to epinephrine versus placebo. A:
Lactate/NAA-ratio. B: NAA/Cr-ratio. Scans were performed 6 hours after ROSC. NAA; N-acetyl aspartate,
Cr; creatine, fCTX; frontal cortex, oCTX; occipital cortex, THAL; thalamus, WM; white matter. Data are
scatter plots with superimposed medians and interquartile range.
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Figure 3

Magnetic resonance imaging of animals randomized to epinephrine versus placebo. A: ADC; apparent
diffusion coe�cient. B: BOLD; blood oxygen level dependent scan. Scans were performed 6 hours after
ROSC. Data are scatter plots with superimposed means ± standard deviation.
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