
R E S U S C I T A T I O N P L U S 1 5 ( 2 0 2 3 ) 1 0 0 4 2 7
Available online at www.sciencedirect.com

Resuscitation Plus
journal homepage: www.elsevier.com/locate/resuscitation-plus
Experimental paper
Vasopressin versus epinephrine during neonatal

cardiopulmonary resuscitation of asphyxiated

post-transitional piglets
https://doi.org/10.1016/j.resplu.2023.100427

Received 4 May 2023; Received in revised form 17 June 2023; Accepted 29 June 2023

2666-5204/� 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommo

org/licenses/by-nc-nd/4.0/).

Abbreviations: CC, Chest compression, CoSTR, Consensus of science and treatment recommendations, CPR, Cardiopulmonary resuscitati

IQR, Interquartile range, O2, Oxygen, PPV, Positive pressure ventilation, ROSC, Return of spontaneous circulation, SI, Sustained Inflation

* Corresponding author at: Centre for the Studies of Asphyxia and Resuscitation, Neonatal Research Unit, Royal Alexandra Hospital, 10240 Kingsw

Avenue NW, T5H 3V9, Edmonton, Alberta, Canada.

E-mail address: georg.schmoelzer@me.com (G.M. Schmölzer).
Megan O’Reilly, Tze-Fun Lee, Po-Yin Cheung, Georg M. Schmölzer *
Abstract
Background: Epinephrine is currently the only recommended cardio-resuscitative medication for use in neonatal cardiopulmonary resuscitation

(CPR), as per the consensus of science and treatment recommendations. An alternative medication, vasopressin, might be beneficial in neonatal

CPR due to its combined pulmonary vasodilation and systemic vasoconstriction properties.

Aim: We aimed to compare the time to return of spontaneous circulation (ROSC) with administration of vasopressin or epinephrine during CPR of

asphyxiated post-transitional piglets.

Methods: Newborn piglets (n = 8/group) were anesthetized, tracheotomized and intubated, instrumented, and exposed to 50 min normocapnic

hypoxia followed by asphyxia and cardiac arrest. Piglets were randomly allocated to receive vasopressin (Vaso, 0.4 U/kg) or epinephrine (Epi,

0.02 mg/kg) during CPR. Piglets were resuscitated with chest compressions superimposed with sustained inflations, and were administered either

Vaso or Epi intravenously every 3 min until ROSC (max. 3 doses). Hemodynamic and cardiac function parameters were collected.

Main Results: The median (IQR) time to ROSC was 106 (93–140) s with Vaso and 128 (100–198) s with Epi (p = 0.28). The number of piglets that

achieved ROSC was 8 (100%) with Vaso and 7 (88%) with Epi (p = 1.00). Vaso-treated piglets had a significantly longer post-resuscitation survival

time (240 (240–240) min) than Epi-treated piglets (65 (30–240) min, p = 0.02). Vaso-treated piglets had significantly improved carotid blood flow

immediately after ROSC (p < 0.05), had longer duration of post-resuscitation hypertension (p = 0.05), and had significantly improved heart rate, arte-

rial pressure, and cerebral blood oxygen saturation 4 h after ROSC (p < 0.05).

Conclusions: Vasopressin improved post-resuscitation survival and hemodynamics, and might be an alternative cardio-resuscitative medication

during neonatal CPR, but further studies are warranted.
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Introduction

In the delivery room, the incidence of cardiopulmonary resuscitation

(CPR) is 0.06% to 0.12% (0.1% of term and up to 15% of preterm

infants),1,2 while during neonatal intensive care unit (NICU) admis-

sion CPR occurs in 0.25% to 1%.3 The current consensus of science

and treatment recommendations (CoSTR) are focused on delivery

room resuscitation and there are no specific recommendations for
NICU CPR,4 however, the delivery room resuscitation recommenda-

tions are routinely applied in the NICU.

Cardiac arrest in newborn infants is mainly a consequence of

hypoxia/asphyxia,5 and successful resuscitation requires delivery

of high-quality chest compressions (CC) and the most effective

cardio-resuscitative agent.6,7 The current CoSTR states that epi-

nephrine should be given at a dose of 0.01–0.03 mg/kg, preferably

given intravenously, with repeated doses every 3–5 min during

CPR until return of spontaneous circulation (ROSC).5 Epinephrine
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is an endogenous catecholamine, which causes vasoconstriction (a1
receptors), coronary vasoconstriction (a2 receptors), b1 receptors

stimulation [increases heart rate (chronotropy), conduction velocity

(dromotropy), contractility (inotropy), rate of myocardial relaxation

(lusitropy)], and smooth muscle relaxation and increases myocardial

contractility (b2 receptor).8,9 However, epinephrine also increases

myocardial oxygen demand and respiratory and metabolic acidosis

and inhibits hemodynamic responses (e.g., aggravated hypertension

or tachycardia after ROSC).10

Although epinephrine has been used for decades during neonatal

CPR, the optimal timing, dose, and route are unknown.8,9,11 High-

quality evidence (i.e., large randomized clinical trials) to better guide

healthcare providers in resuscitative effort are lacking, and arises

from i) the relatively infrequent need of CC and epinephrine during

neonatal CPR, and ii) the inability to consistently anticipate which

newborn infants are at high risk of requiring CPR. Guidelines for

neonatal CPR recognize the lack of neonatal data (a recent system-

atic review from the International Liaison Committee on Resuscita-

tion identified only four cohort studies including 117 patients

reporting on epinephrine).12 Neonatal guidelines extrapolate data

from studies with adult patients and animals, which may not apply

wholly to neonates.5,13

Vasopressin, an antidiuretic hormone, might be an alternative as

it causes systemic vasoconstriction with pulmonary vasodilation,

does not worsen respiratory and metabolic acidosis, and does not

increase myocardial oxygen demand.14 In adults with out-of-

hospital cardiac arrest, vasopressin was associated with significantly

higher rates of survival as compared with epinephrine until hospital

admission (29% vs. 20% p = 0.02) and hospital discharge (5% vs.

2%, p = 0.04).15 Duncan et al. reported that pediatric patients who

received vasopressin as a rescue medication after epinephrine

administration during in-hospital cardiac arrest had similar survival

at 24 h or at discharge compared to patients only receiving

epinephrine.16 Although vasopressin might be beneficial when asys-

tole is the leading cause for cardiac arrest, there is currently insuffi-

cient data about vasopressin during neonatal resuscitation. We

aimed to compare vasopressin and epinephrine during CPR of

asphyxiated post-transitional piglets. The systemic vasoconstriction

and pulmonary vasodilation characteristics of vasopressin may be

beneficial in a neonatal CPR setting, especially in the presence of

high pulmonary vascular resistance. Therefore, we hypothesized

that in asphyxiated newborn post-transitional piglets receiving

CPR, vasopressin compared to epinephrine will reduce time to

ROSC and improve survival.

Methods

All experiments were conducted after approval from the Animal Care

and Use Committee, University of Alberta (AUP00002920), accord-

ing to the ARRIVE guidelines,17 and registered at preclinicaltrials.

eu (PCTE0000368). The study protocol is graphically presented in

Fig. 1.

Randomization

Piglets were randomly allocated to either vasopressin (Vaso) or epi-

nephrine (Epi). Allocation was block-randomized 1:1 with variable

block sizes using a computer-generated randomization program

(https://www.randomizer.org). Sequentially numbered, sealed,
brown envelopes containing the group allocation were opened during

the experiments (Fig. 1).

Sample size and power estimates

The primary outcome measure was resuscitation time to achieve

ROSC. Our previous studies reported a mean (standard deviation

(SD)) time to ROSC of 200 (20) s during resuscitation using CC with

sustained inflations (CC + SI) and an intravenous epinephrine dose

of 0.02 mg/kg.18 We hypothesized that an intravenous vasopressin

dose of 0.4 U/kg during resuscitation with CC + SI would reduce time

to achieve ROSC. A sample size of 16 piglets (eight per group)

would be sufficient to detect a clinically important (10%) reduction

in time to achieve ROSC (i.e., 200 vs. 180 s), with 80% power and

a 2-tailed alpha error of 0.05. We used 0.02 mg/kg of epinephrine

and 0.4 U/kg of vasopressin as these doses were currently or previ-

ously recommended.

Blinding

One investigator (TFL) opened the randomization envelope and pre-

pared the study drug. The content of the drug syringe was only

known to TFL to conceal group allocation. GMS assessed cardiac

arrest (confirmed asystole) and was blinded to group allocation. All

other group members were also blinded to group allocation. The sta-

tistical analysis was blinded to group allocation, and the investigators

were unblinded following completion of the analysis.

Inclusion and exclusion criteria

Newborn mixed breed piglets (0–3 days old) obtained on the day of

experimentation from the University Swine Research Technology

Centre were included. There was no exclusion criterion.

Animal preparation

Piglets were instrumented as previously described with some modi-

fications.19,20 Following induction of anaesthesia using isoflurane,

piglets were intubated via a tracheostomy, and mechanical ventila-

tion (Sechrist Infant Ventilator Model IV-100; Sechrist Industries,

Anaheim, California) was commenced at a respiratory rate of 20

breaths/min with peak inspiratory pressure of 25 cm H2O and posi-

tive end expiratory pressure of 5 cm H2O. Oxygen saturation was

kept within 90–100%, and glucose level and hydration was main-

tained with an intravenous infusion of 5% dextrose at 10 mL/kg/hr.

During the experiment, anaesthesia was maintained with intravenous

propofol 5–10 mg/kg/hr and morphine 0.1 mg/kg/hr. Additional doses

of propofol (1–2 mg/kg) and morphine (0.05–0.1 mg/kg) were given

as needed and body temperature was maintained at 38.5–39.5 �C
using an overhead warmer and a circulating water heat pad.19,20

Hemodynamic and cardiac function parameters

A 5-French Argyle� (Klein-Baker Medical Inc. San Antonio, Texas)

double-lumen catheter was inserted into the right femoral vein for

administration of fluids and medications and to measure central

venous pressure. A 5-French Argyle� single-lumen catheter was

inserted above the right renal artery via the femoral artery for contin-

uous arterial blood pressure monitoring and arterial blood gas mea-

surements. The right common carotid artery was exposed and

encircled with a real-time ultrasonic flow probe (2 mm; Transonic

Systems Inc., Ithaca, New York) to measure carotid blood flow. A

Millar� catheter (MPVS Ultra�, ADInstruments, Houston, Texas)

was inserted into the left ventricle via the left common carotid artery

for continuous measurement of left ventricular pressure, composite,

http://preclinicaltrials.eu
http://preclinicaltrials.eu
https://www.randomizer.org


Fig. 1 – Study flow diagram.
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and segmental volumes, which were used for cardiac output

calculation.21

Piglets were placed in supine position and allowed to recover

from surgical instrumentation until baseline hemodynamic measures

were stable (minimum of one hour). Ventilator rate was adjusted to

keep the partial arterial carbon dioxide (CO2) between 35 and

45 mmHg, as determined by periodic arterial blood gas analysis.

Arterial blood pressure, central venous pressure, heart rate, and per-

cutaneous oxygen saturation were continuously measured and

recorded throughout the experiment with a Hewlett Packard

78833B monitor (Hewlett Packard Co., Palo Alto, California).19,20

Post-resuscitation hypertension was defined as a mean arterial pres-

sure (MAP) higher than baseline value. Lack time to peak was

defined as the time required following ROSC for hypertensive values

to be reached. The duration was defined as the time spent in a

hypertensive state before MAP returned to baseline values. End

MAP was defined as values at the end of the 4-hour post-

resuscitation observation period.
Cerebral oxygenation

Cerebral oxygenation (crSO2) was measured using the InvosTM

Cerebral/Somatic Oximeter Monitor (Invos 5100, Somanetics Corp.,

Troy, MI). The sensor was placed on the right forehead of the piglet

and secured with wrap and tape. Light shielding was achieved with a

slim cap. The InvosTM Cerebral/Somatic Oximeter Monitor calculates

crSO2, which is expressed as the percentage of oxygenated haemo-

globin (oxygenated haemoglobin/total haemoglobin). Values of

regional oxygen saturation are stored every second with a sample

rate of 0.13 Hz.22

Automated chest compression (CC) machine

The automated CC machine was specifically designed in our labora-

tory. The CC machine delivers CC rates (50–200/min),18,23 anterior-

posterior chest compression depths (10–70%),24,25 acceleration of

compressions (100–1000 cm/s2), speed of recoil (1–100 cm/s), steps

per revolution (400–1,200 steps/revolution), and varying duty cycles.
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Experimental protocol

Post-transitional piglets were randomized into two groups: epinephr-

ine (Epi, 0.02 mg/kg) and vasopressin (Vaso, 0.4 U/kg). Following

surgical instrumentation and stabilization, piglets were placed onto

the automated CC machine, which was placed in the surgical bed.

The piglets’ anterior-posterior chest diameter was measured from

the sternum to the vertebrae touching the bed (anterior to posterior)

with a measuring tape and the CC depth of 33% was calculated.24,25

Piglets were then exposed to 50 min of normocapnic hypoxia, which

was followed by asphyxia. Asphyxia was achieved by disconnecting

the ventilator and clamping the endotracheal tube until asystole.

Asystole was defined as zero arterial blood flow and no audible

heartbeat during auscultation. Fifteen seconds after confirmation of

asystole, positive pressure ventilation was provided for 30 s with a

Neopuff T-Piece (Fisher & Paykel, Auckland, New Zealand) with

21% oxygen, peak inspiratory pressure of 30 cm H2O, positive end

expiratory pressure of 5 cm H2O, and gas flow of 10 L/min. After

30 s of positive pressure ventilation, mechanical CC were started,

with 100% oxygen and CC during sustained inflation (CC + SI)

was delivered with a peak inspiratory pressure of 30 cm H2O for

30 s.20 The sustained inflation was interrupted for 1 s before a further

30 s of sustained inflation was provided, which was continued until

ROSC. The following were the settings of the automated CC

machine: CC rate of 90/min, acceleration of compression of

500 cm/s2, speed of recoil of 50 cm/s, a simulated two-thumb tech-

nique, and an anterior-posterior depth of 33%. Cardio-resuscitative

drug Epi (0.02 mg/kg) or Vaso (0.4 U/kg), according to group alloca-

tion, was administered intravenously 1 min after the start of CC and

thereafter every 3 min until ROSC, with a maximum of three doses

and a maximum resuscitation time of 8 min. ROSC was defined as

an unassisted heart rate > 100 beats per min for at least 15 s. After

ROSC, the piglets recovered for four hours before being euthanized

with an intravenous overdose of sodium pentobarbital (120 mg/kg). If

there was no ROSC, piglets were euthanized immediately with an

intravenous overdose of sodium pentobarbital (120 mg/kg). Autop-

sies were performed in all piglets to assess for injuries to the ster-

num, ribs, heart or lungs (e.g., bruising, abrasions, contusions,

fractures).

Data collection and statistical analysis

The demographics of the study piglets were recorded. Transonic flow

probe, heart rate and pressure transducer outputs were digitized and
Table 1 – Baseline characteristics.

Vaso 0.4 U/kg (n = 8)

Age (days) 1.5 (1.0–2.8)

Weight (kg) 2.2 (1.7–2.3)

Gender (male/female) 4/4

Heart rate (bpm) 154 (148–181)

MAP (mmHg) 61 (54–66)

Carotid flow (mL/kg/min) 34 (24–47)

Cerebral oxygenation (%) 41 (39–41)

pH 7.53 (7.47–7.56)

PaCO2 (torr) 36 (28–37)

PaO2 (torr) 68 (61–77)

Base excess (mmol/L) 2 (1–4)

Lactate (mmol/L) 3.5 (2.9–5.7)

Data are presented as median (IQR); MAP- Mean arterial blood pressure.
recorded with the LabChart� programming software (ADInstruments,

Houston, Texas). Airway pressure, gas flow, tidal volume, and end-

tidal CO2 were measured and analyzed using Flow Tool Physiologic

Waveform Viewer (Philips Healthcare, Wallingford, Connecticut).

Hemodynamic data until time to ROSC and post-resuscitation was

analyzed (i.e., arterial blood pressure, central venous pressure, car-

otid blood flow). Data are presented as mean (standard deviation –

SD) for normally distributed continuous variables and median (in-

terquartile range - IQR) when the distribution was skewed. Data were

tested for normality (Shapiro-Wilk and Kolmogorov-Smirnov test)

and compared using either Student-T-Test (data normally dis-

tributed) or Rank Sum if data were skewed. P-values are 2-sided

and p < 0.05 was considered statistically significant. Statistical anal-

yses were performed with SigmaPlot (Systat Software Inc, San Jose,

California).

Results

Sixteen mixed breed newborn post-transitional piglets 0–3 days old,

ranging in weight from 1.7-2.4 kg, were obtained on the day of the

experiment and were randomly assigned to Vaso (0.4 U/kg; n = 8)

or Epi (0.02 mg/kg; n = 8). There were no differences in baseline

parameters between groups (Table 1). Blood gas parameters before

and after resuscitation are presented in Table 2.

Resuscitation and primary outcome

Table 3 presents a summary of asphyxia and resuscitation outcome

measures. The median (IQR) duration of asphyxia before com-

mencement of CC was not different between groups, with 367

(196–525) s with Vaso and 410 (275–533) s with Epi (p = 0.53).

The median (IQR) time to achieve ROSC was 106 (93–140) s with

Vaso and 128 (100–198) s with Epi (p = 0.28). The number of piglets

that achieved ROSC was 8 (100%) with Vaso and 7 (88%) with Epi

(p = 1.00). Although the proportion of piglets that survived 4 hours

after ROSC was not statistically higher with Vaso compared to Epi

(7/8 (88%) vs. 3/7 (43%), p = 0.12), the median (IQR) survival time

after ROSC of the Vaso group was longer than that of the Epi group

(240 (240–240) vs. 65 (30–240) min, respectively, p = 0.02). Fig. 2

presents the Kaplan-Meier survival curves from both groups

(p = 0.05).
Epi 0.02 mg/kg (n = 8) p-value

1.0 (0.3–2.0) 0.17

2.2 (1.9–2.4) 0.47

2/6 0.61

162 (146–185) 0.79

59 (48–70) 0.59

37 (29–46) 0.96

43 (39–47) 0.38

7.52 (7.49–7.59) 0.63

34 (31–36) 0.98

73 (68–84) 0.29

3 (0–7) 0.84

3.2 (2.0–4.5) 0.30



Table 2 – Blood gas changes before and after resuscitation.

Vaso 0.4 U/kg Epi 0.02 mg/kg p-value

pH

Baseline 7.53 (7.47–7.56) 7.52 (7.49–7.59) 0.63

After asphyxiation 6.65 (6.56–6.81)# 6.59 (6.58–6.72)# 0.74

1 h after resuscitation 7.31 (7.01–7.33)# 7.07 (6.76–7.17)# 0.26

4 h after resuscitation 7.46 (7.32–7.47) 7.11 (7.05–7.17)# 0.09

PaCO2

Baseline 36 (28–37) 34 (31–36) 0.98

After asphyxiation 83 (78–100)# 100 (90–123)# 0.16

1 h after resuscitation 33 (28–43) 36 (32–46) 0.42

4 h after resuscitation 33 (28–39) 33 (29–36) 0.30

PaO2

Baseline 68 (61–77) 73 (68–84) 0.29

After asphyxiation 16 (11–19) 14 (7–24) 0.94

1 h after resuscitation 80 (67–123) 80 (64–96) 0.86

4 h after resuscitation 68 (62–86) 72 (63–79) 0.86

Base excess

Baseline 2 (1 � 4) 3 (0 � 7) 0.84

After asphyxiation �27 (�29 � �22)# �29 (�30 � �23)# 0.63

1 h after resuscitation �11 (�20 � �10)# �21 (�29 � �15)# 0.26

4 h after resuscitation �1 (�10 � 1.5) �18 (�24 � �11)# 0.17

Lactate

Baseline 3.5 (2.9–5.7) 3.2 (2.0–4.5) 0.30

After asphyxiation 19.6 (18.2–20.0)# 16.1 (15.5–19.1)# 0.09

1 h after resuscitation 15.5 (14.6–17.6)# 18 (16.8–18.2)# 0.13

4 h after resuscitation 6.3 (5.0–9.6) 13.4 (8.9–17.8)# 0.19

Data are presented as median (IQR); # Significantly different from baseline values.

Table 3 – Characteristics of asphyxia, resuscitation, and survival of asphyxiated piglets.

Vaso 0.4 U/kg Epi 0.02 mg/kg p-value

Asphyxia time (sec) † 367 (196 � 525) 410 (275 � 533) 0.53

Resuscitation Number of doses required # 1 (1–1) 1 (1–3) 0.96

Achieving ROSC 8 (100) 7 (88) 1.00

ROSC time (sec) † 106 (93 � 140) 128 (100 � 198) 0.28

Survival 4 h after ROSC (% change after ROSC) 7 (88) 3 (43) 0.12

Survival time after ROSC (min) 240 (240 � 240)* 65 (30 � 240) 0.02

Data are presented as n (%), unless indicated †median (IQR), #median (range); * Significantly different from Epi group.
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Hemodynamic parameters

Hemodynamic parameters at baseline and at commencement of

resuscitation were not different between groups. Carotid artery blood

flow following ROSC was significantly higher within the first 10 min

after ROSC in piglets receiving Vaso compared to Epi (Fig. 3). Pig-

lets treated with Vaso during resuscitation had significantly higher

heart rate, mean arterial pressure, and oxygen saturation in the brain

compared to piglets receiving Epi over the 4-hour recovery period

(Fig. 4, online supplement).

Characteristics of post-resuscitation hypertension are presented

in Table 4 (online supplement). More piglets receiving Vaso had

post-resuscitation hypertension after ROSC (8/8 (100%) Vaso group

vs. 5/6 (83%) Epi group). The duration of post-resuscitation hyper-

tension was also longer with Vaso compared to Epi (990 (855–

2490) s vs. 480 (450–690) s, respectively, p = 0.05).
The dP/dtmax and dP/dtmin represent the maximum and minimum

rate of pressure change in the left ventricle and have generally been

used as an index of ventricular performance. Left ventricle contractile

function (dP/dtmax and dP/dtmin) parameters were significantly

improved throughout the 4-hour post-resuscitation period with Vaso

compared to Epi (Fig. 5, online supplement).

Discussion

In the current study, we compared epinephrine with vasopressin dur-

ing neonatal CPR in a post-transitional asphyxiated piglet model.

The results of our study can be summarized as follows: 1) time to

ROSC and number of piglets achieving ROSC was not different

(Table 3), 2) vasopressin significantly improved post-resuscitation



Fig. 2 – Survival after resuscitation.

Fig. 3 – Post-resuscitation changes in carotid artery blood flow, # Significantly different from Epi group (2-way

ANOVA); * Significantly different at current time point.
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survival-time (Table 3) and survival (Fig. 2, Kaplan-Meier survival

curves), 3) vasopressin significantly improved carotid blood flow

immediately after ROSC (Fig. 3) but had longer post-resuscitation

hypertension with higher blood pressure (Table 4), 4) vasopressin

significantly improved heart rate, arterial pressure, and cerebral

blood oxygen saturation at 4 hours after ROSC (Fig. 4), and 5) vaso-

pressin significantly improved left ventricle contractile function (dP/

dtmax and dP/dtmin) throughout the 4-hour post-resuscitation period

(Fig. 5).

To our knowledge, this is the 3rd animal study comparing vaso-

pressin with epinephrine, and our results are somewhat different

from the previous studies. Previous studies either used a transitional

near-term-sheep model to compare vasopressin (0.4 U/kg) and epi-

nephrine (0.03 mg/kg) and reported time to ROSC [13 ± 6 min vs.

8 ± 2 min, no p-value reported] and survival rates [3/9 vs. 7/10, no
p-value reported] between vasopressin and epinephrine26 or a a

post-transitional cardiac arrest piglet model comparing high and

low dose vasopressin (0.2 and 0.4 U/kg) and epinephrine (0.01

and 0.03 mg/kg) but did not report time to ROSC however that study

reported a significantly higher survival rate with vasopressin (0.4 U/

kg) vs. low-dose epinephrine (0.01 mg/kg) [9/10 vs. 5/13

(p < 0.05)], but no significant difference in survival when compared

to high-dose epinephrine (0.03 mg/kg, 6/11 survival).27 he discrep-

ancy can be due to different i) animal models (post-transitional

piglet27 and transitional near-term lambs,26 ii) cause of cardiac arrest

(asphyxia,26,27 or hypoxia followed by asphyxia[current study]), iii)

doses of epinephrine (0.01,27 0.02 [current study], and 0.03 mg/

kg,26 while the vasopressin dose of 0.4 U/kg was the same in all

three studies, iv) resuscitation techniques (manual CC and ventila-

tions with defibrillation,27 manual CC using coordinated 3:1
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compression-to-ventilation ratio,26 mechanical CC with sustained

inflations[current study]), and v) post-resuscitation observation peri-

ods (20 min,26 120 min,27 and 240 min[current study]).

In the current study, we compared vasopressin (0.4 U/kg) and

epinephrine (0.02 mg/kg) in our post-transitional model of asphyxial

cardiac arrest and observed no difference in time to ROSC or the

number of piglets achieving ROSC. Rawat et al. used a transitional

near-term-sheep model to compare vasopressin (0.4 U/kg) and epi-

nephrine (0.03 mg/kg) during asphyxial cardiac arrest induced by

umbilical cord occlusion and reported no difference in time to ROSC

between vasopressin and epinephrine [13 ± 6 min vs. 8 ± 2 min, no

p-value reported].26 McNamara et al. compared high and low dose

vasopressin (0.2 and 0.4 U/kg) and epinephrine (0.01 and

0.03 mg/kg) in a post-transitional cardiac arrest piglet model with

asphyxia induced by disconnection of mechanical ventilator (no

hypoxia)27 but did not report time to ROSC.27 Of note, McNamara

et al. diagnosed cardiac arrest with ultrasound and observed ventric-

ular fibrillation in a third of piglets.

Rawat et al. reported no difference in survival rates with vaso-

pressin vs. epinephrine [3/9 vs. 7/10, no p-value reported], however,

the post-resuscitation observation period was only 20 min, which

might have been too short to observe longer effects of both drugs.

In comparison, McNamara et al. reported a significantly higher sur-

vival rate with vasopressin (0.4 U/kg) vs. low-dose epinephrine

(0.01 mg/kg) [9/10 vs. 5/13 (p < 0.05)], but no significant difference

in survival when compared to high-dose epinephrine (0.03 mg/kg,

6/11 survival). Similarly, in our study the survival (4-hour post-

resuscitation observation period) was significantly improved with

vasopressin compared to epinephrine (Fig. 2).

Except for an increased heart rate following ROSC in the epi-

nephrine group, Rawat et al. reported no difference in hemodynamic

parameters between vasopressin- and epinephrine-treated lambs

(carotid artery blood flow, systolic and diastolic blood pressures).26

However, because lambs were only monitored for 20 min after

achieving ROSC, no substantial post-resuscitation effects of vaso-

pressin vs. epinephrine can be deduced. In the current study, we

observed that although immediate survival rate and time to achieve

ROSC following resuscitation using vasopressin and epinephrine

are comparable, survival during the 4-hour post-resuscitation period

was significantly greater in vasopressin-treated piglets (Fig. 2). Fur-

thermore, by four hours’ post-resuscitation vasopressin-treated pig-

lets presented with significantly higher heart rate, mean arterial

blood pressure, and brain oxygen saturation, likely a result of

increased left ventricle contractile function and increased carotid

artery flow rate (Figs. 4 and 5). An increase in dP/dtmin is associated

with an increase in diastolic function during isovolumic relaxation,

suggestive of improved coronary artery perfusion pressure.

Hypertension following CPR and ROSC is a post-resuscitation

occurrence that we commonly observe in our piglet asphyxia model.

This episode, also known as rebound hypertension, has also been

reported in near-term lambs following fetal asphyxia, C-section deliv-

ery with immediate umbilical cord clamping, and resuscitation with

positive pressure ventilation.28 The rapid and marked overshoot in

mean systemic arterial blood pressure was accompanied by

increased cerebrovascular injury, both of which were mostly absent

when lambs remained attached to the cord.28 In the current study,

post-resuscitation hypertension was present in both vasopressin

and epinephrine groups with vasopressin-treated piglets remaining

in this phase 2-times longer than epinephrine-treated with less fluc-

tuation in mean arterial blood pressure. While less fluctuations in
blood pressure could be protective against cerebral injury, the twice

as long post-resuscitation hypertension is concerning and could lead

to increased cerebral injury. We did not examine brain injury in our

experiment, which is a limitation.

Studies in newborn rats reported that vasopressin-induced pul-

monary vasodilation is absent likely due to lower tissue V1a expres-

sion.29 Rawat et al. demonstrated in an in-vitro vessel study that

vasopressin has more pulmonary vasodilation compared to epi-

nephrine, however epinephrine seems to relax coronary arteries

while vasopressin causes vasoconstriction in coronary arteries,

which could be the cause of lower rates of ROSC in their model.26

In comparison, McNamara et al. reported lower pulmonary vascular

resistance with vasopressin compared to epinephrine.27 Similar,

Cheung et al. reported improved pulmonary blood flow without dete-

rioration of systemic, carotid, or mesenteric hemodynamics with con-

tinuous vasopressin infusion.30 These data suggest that there might

be a difference in how different animal species react to vasopressin.

Limitations

In the current study, we administered cardiopulmonary resuscitation

using continuous CC during sustained inflation (CC + SI), which

although is mentioned in the “knowledge gap” section of the neonatal

resuscitation guidelines,5 is not the current recommended clinical

practice.13 Our use of a piglet asphyxia model is a strength of this

translational study, as this model closely simulates delivery room

events, with the gradual onset of severe asphyxia leading to brady-

cardia and eventual asystole. A further strength of this study is the

use of our custom-designed automated CC machine, which allowed

consistent delivery of CC rates and reduced potential bias (e.g., fati-

gue during CC, or inability to constantly achieve rate and/or depth of

CC).18,23–25 Our asphyxia model uses piglets that have already

undergone the fetal-to-neonatal transition, were sedated/anes-

thetized, and uses tracheostomy with a tightly sealed endotracheal

tube to prevent leak; which does not occur in the delivery room,

and are limitations of our model.31,32

Conclusions

Although time to ROSC and number of piglets achieving ROSC was

not different between vasopressin and epinephrine, the post-

resuscitation survival-time and survival was significantly improved

with vasopressin. Vasopressin might be an alternative to epinephrine

during neonatal CPR and further studies are warranted.
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