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Background: Chest compressions (CC) and adrenaline 
administration are recommended in asphyxiated newborns 
with persistent bradycardia despite effective ventilation. The 
effects of CC on cerebral blood flow in newborns at birth are 
unknown. Our aim was to determine the effects of CC, with or 
without adrenaline administration, on the return of spontane-
ous circulation, carotid blood flow (CBF), and carotid arterial 
pressure (CAP) in asphyxiated near-term lambs.
Methods: Asphyxia was induced in near-term lambs by 
clamping the umbilical cord and delaying ventilation onset 
until spontaneous circulation ceased. Lambs were then resus-
citated by positive pressure ventilation along with CC followed 
by adrenaline administration. CAP and CBF were continuously 
recorded.
Results: Mean CAP did not increase significantly during 
CC and only increased following adrenaline administration. 
CC did not increase mean CBF but increased CBF amplitude 
due to increased peak flow and the onset of retrograde flow 
during diastole. Adrenaline increased mean CBF from 1 ± 2 to 
15 ± 5 ml/kg/min and abolished retrograde diastolic CBF, lead-
ing to the return in spontaneous circulation.
Conclusion: We conclude that CC with adrenaline admin-
istration was required to increase CBF and restore spontane-
ous circulation in asphyxiated lambs. Low CBF and retrograde 
diastolic CBF during CC indicate hypoperfusion to the brain.

Approximately 5% of all newborns worldwide will require 
some form of assisted ventilation at birth and about 0.03% 

of newborns will require more advanced resuscitation such 
as intubation, chest compressions (CCs), and drug adminis-
tration (1,2). Severely asphyxiated newborn infants are born 
bradycardic and apneic and require resuscitation to establish 
pulmonary gas exchange and restore cardiac function after 
birth. As the initiation of ventilation and the establishment of 
a functional capacity also trigger the increase in pulmonary 
blood flow at birth, it plays a dual role in severely asphyxi-
ated newborn infants (3). That is, it is responsible for both 
increasing oxygenation and for facilitating the increase in car-
diac output by providing preload for the left ventricle (3,4). If 

low cardiac output persists despite effective positive pressure 
ventilation, the newborn is likely to suffer increasingly severe 
hypoxia and acidemia, leading to hypoxic/ischemic injury. 
Continued asphyxia further depresses myocardial function, 
leading to low systolic and diastolic blood pressures despite 
a chemoreceptor-mediated peripheral vasoconstriction (5,6). 
Current international neonatal resuscitation guidelines rec-
ommend that if heart rate is less than 60 BPM despite effective 
positive pressure ventilation, CCs should be applied (7,8). CC 
will assist to mechanically pump blood until the myocardium 
is sufficiently oxygenated to recover spontaneous function (9). 
If heart rate remains below 60 BPM despite effective CC, then 
adrenaline should be administered (7,8).

Given the infrequent use of CC and adrenaline, rigorous 
clinical studies to optimize CC and adrenaline administration 
are difficult to complete. Consequently, the evidence base for 
these interventions during neonatal resuscitation remains low, 
and data is extrapolated largely from adult or animal resus-
citation studies (1,7,8). However, most animal studies have 
been conducted in adult models (10,11) or newborn animals  
(12–14) that were hours or days into postnatal life. Therefore, 
most of the information from these studies is of limited appli-
cability to neonatal delivery room resuscitation. In particular, 
they do not take into consideration all of the unique changes 
that occur during the transition from fetal to newborn life 
which are complex and multifactorial. For instance, newborn 
infants will initially have airways that are filled with liquid, 
which prevents pulmonary gas exchange, the pulmonary circu-
lation will be vasoconstricted, and the ductus arteriosus (DA) 
will continue to shunt the majority of right ventricular output 
into the descending aorta. All of these factors will influence the 
ability to effectively resuscitate severely asphyxiated infants.

The aim of this study was to determine the effects of CC 
prior to and following adrenaline administration on the return 
of spontaneous circulation and on carotid hemodynamics in 
asphyxiated near-term lambs immediately after birth.

RESULTS
Uninterrupted CCs were performed at a compression to ven-
tilation ratio of 2.2:1 and continued for a median time of 135 s  
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(Table 1). CC rate remained constant for the duration of CC 
(Figure 1). Adrenaline was administered 58 ± 34 s (mean ± 
SEM) after CC was initiated, and spontaneous circulation was 
restored 60 ± 17 s after administration of adrenaline.

Mean heart rate before CC was 72 ± 7 BPM (Figure 1). Heart 
rate increased to 115 ± 12 with the onset of CC. After the com-
pletion of CC during circulatory recovery, heart rate increased 
further to 180 ± 19 BPM.

Mean carotid arterial pressure (CAP) before initiation of 
CC was 9.3 ± 2.4 mm Hg (Figure 2a). Mean CAP increased 
to 12.7 ± 3.7 mm  Hg with the initiation of CC, but this was 
not significant. Mean CAP increased significantly to 21.5 ± 6.8 
mm Hg after adrenaline was administered. Immediately after 
adrenaline administration, mean CAP increased further to 
52.4 ± 3.9 mm Hg and continued to increase until it stabilized 
at 71.7 ± 4.6 mm Hg. Peak systolic CAP increased twofold with 
the initiation of CC, increasing further with the administration 
of adrenaline and during circulatory recovery (Figure  2b). 
Interestingly, mean diastolic CAP was 6.6 ± 1.1 before initia-
tion of CC and did not increase when CCs were performed 
alone (Figure 2c). Mean diastolic CAP began to increase 20 s 
after adrenaline was administered and increased to 38.8 ± 3.4 
mm Hg by the end of CC and increased further during circula-
tory recovery.

Mean carotid blood flow (CBF) before CC was 0.94 ± 0.72 ml/
kg/min (Figure 3a). Following the initiation of CC, the 

amplitude of the CBF waveform markedly increased (Figure 4), 
which resulted from both an increase in peak and a decrease 
in minimum CBF. Retrograde CBF (represented as a negative 
value) was greatest during early diastole and resulted in a nega-
tive mean diastolic CBF despite forward flow returning at end 
diastole (Figure 3c). Mean diastolic CBF remained negative 
until adrenaline was administered, whereupon it increased to 
14.4 ± 2.1 ml/kg/min at the cessation of CC and then increased 
further to 30.1 ± 6.5 during circulatory recovery. This increase 
was mostly reflected by a loss of retrograde early-diastolic 
CBF in response to adrenaline administration. The high retro-
grade blood flow during diastole contributed to the unaltered 
mean CBF when CC was initiated (Figure 3c), despite a large 
increase in peak CBF. During CC, adrenaline administration 

Table 1.  Characteristics of CCs and adrenaline administration from 
the onset of ventilation

Parameters Values

Ratio of compressions to ventilation 2.2:1

Duration of asphyxia before ventilation onset (min) 10.5 (7–13.5)

Initiation of CC from ventilation onset (s) 227.5 (102–344)

Duration of CC (s) 135 (43–144)

Time of adrenaline administration from start of CC (s) 24 (0–213)

Time of circulatory recovery from adrenaline 
administration (s)

45 (7–124)

Data are median (range).
CC, chest compression.

Figure 1.   Heart rate or chest compression (CC) rate in asphyxiated lambs 
before chest compressions (BCC), after initiation of CC and administration 
of adrenaline, end of chest compressions (ECC), and during recovery when 
spontaneous circulation returned. Data are mean ± SEM. *P < 0.05 vs. BCC.
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Figure 2.  Carotid arterial blood pressure. (a) Mean carotid arterial pressure 
(CAP), (b) peak systolic CAP, and (c) mean diastolic CAP in asphyxiated lambs 
before chest compressions (BCC), after initiation of CC and administration 
of adrenaline, end of chest compressions (ECC), and during recovery when 
spontaneous circulation returned. Data are mean ± SEM. *P < 0.05 vs. BCC.
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increased mean CBF to 26.2 ± 4.6 ml/kg/min which increased 
further to 46 ± 9.1 ml/kg/min during circulatory recovery. 
Peak systolic CBF increased from 3.1 ± 1.6 ml/kg/min before 
CC to 25.7 ml/kg/min after the initiation of CC and continued 
to increase to 40.2 ± 14.2 ml/kg/min after adrenaline admin-
istration (Figure 3b). Peak systolic CBF increased further to 
74.5 ± 11.3 ml/kg/min during circulatory recovery.

DISCUSSION
Advanced resuscitation, including CCs at birth, is required 
to reestablish circulatory stability in about 0.03% of newborn 
infants. The findings from our study demonstrate that, follow-
ing circulatory arrest, the combination of CC and conventional 
ventilation for up to 213 s was unable to restore spontaneous 

circulation in asphyxiated lambs immediately after birth. 
Adrenaline was critical for increasing CAP and CBF and for 
restoring spontaneous circulation. We observed that although 
CCs were able to generate large peak CBF values, large retro-
grade flows occurred during early diastole, which resulted in 
little or no increase in mean CBF. However, following adrena-
line administration, retrograde CBF ceased as diastolic pres-
sures increased and, as a result, mean CBF markedly increased.

Numerous studies have previously investigated the optimum 
strategies for reestablishing spontaneous circulation in new-
born animals using various cardiopulmonary resuscitation 
strategies (15–18). However, the relevance of these studies to 
the resuscitation of asphyxic infants at birth is limited because 
they were conducted in newborn animals at 12–36 h after 
birth. At this time, the airways are air-filled, not liquid-filled, 
and the circulation will have transitioned into the adult phe-
notype. As a result, the DA is likely to be functionally closed, 
pulmonary vascular resistance (PVR) will be low, the entire 
output of the right ventricle will flow through the lung, and 
little or no output from the left ventricle will shunt left to right 
through the DA and enter the pulmonary circulation. In con-
trast, at birth, the lungs must aerate to initiate pulmonary gas 
exchange, which leads to a large decrease in PVR, and pulmo-
nary blood flow must increase to take over the role of umbili-
cal venous return as the main source of preload for the left 
ventricle (4); left to right shunting through the DA contributes 
to this increase in PBF and preload for the left ventricle (3). 
Collectively, these changes reflect an enormous physiological 
transition in both the cardiovascular and respiratory systems, 
which must have a major impact on the ability of resuscitation 
strategies to revive infants at birth. To the best of our knowl-
edge, our study is the first to investigate the influence of CC 
during this critical period of newborn life.

Following cessation of circulation, CCs were performed 
according to international resuscitation guidelines (7,8). 
However, despite the initiation of CC, neither mean systemic 
arterial pressures nor CBF increased even when CC contin-
ued for more than 3 min. We observed a rapid increase in peak 
systolic CAP and CBF when CC was initiated, which dem-
onstrates that CCs are very effective at increasing stroke vol-
ume, but the large degree of retrograde flow counteracted the 
high peak flow, resulting in low mean flows. Furthermore, the 

Figure 3.  Carotid arterial blood flow. (a) Mean carotid arterial blood flow 
(CBF), (b) peak systolic CBF, and (c) mean diastolic CBF in asphyxiated lambs 
before chest compressions (BCC), after initiation of CC and administration 
of adrenaline, end of chest compressions (ECC), and during recovery when 
spontaneous circulation returned. Data are mean ± SEM. *P < 0.05 vs. BCC.
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Figure 4.  Example of the physiological recordings of carotid arterial 
blood flow waveforms before chest compressions (CCs), during CC and 
adrenaline administration, and recovery after CC.
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restoration of spontaneous cardiac function was found to be 
unrelated to the onset and duration of CC.

It is well established that following cardiac arrest in new-
borns, spontaneous circulation is only restored when diastolic 
blood pressure increases, which reestablishes coronary per-
fusion (19). In our study, mean and diastolic CAP and CBF 
increased only after adrenaline was administered. Adrenaline 
restores cardiac function by increasing cardiac contractility 
(via β-adrenergic receptors) and peripheral vasoconstriction 
(via α-adrenergic receptors), consequently increasing venous 
return (20). It is unknown whether increased cardiac contrac-
tility or peripheral vasoconstriction has the greatest influence, 
although the peripheral vascular bed should be maximally 
vasoconstricted in response to the asphyxia. Nevertheless, our 
findings are consistent with the findings of previous studies 
investigating asphyxia-induced asystole in postnatal piglets 
(16,17). They found that although increasing the compres-
sions to ventilation ratios from 3:1 to 9:3 or 15:2 generated 
higher diastolic blood pressures, these higher pressures were 
still unable to restore spontaneous circulation, which only 
occurred after adrenaline administration (16,17).

There is increasing evidence demonstrating the success of 
continuous uninterrupted CC performed on adults with car-
diac arrest improves survival rate (21). However, it is impor-
tant to note that CC-only cardiopulmonary resuscitation has 
not been shown to be more effective than conventional car-
diopulmonary resuscitation in incidences of cardiac arrest of 
noncardiac origin (i.e., due to respiratory compromise such as 
drowning or asphyxia) (22). Adults that go into sudden cardiac 
arrest (e.g., from ventricular fibrillation) can have adequately 
oxygenated blood for the initial 4 to 6 min without ventilatory 
efforts (23). Therefore, uninterrupted CC would be benefi-
cial by increasing coronary perfusion and supplying the heart 
with oxygenated blood. During asphyxia, the patient is already 
hypoxic and acidemic at the time of cardiac arrest, therefore 
effective ventilation is also important to recovery (16,17). It is 
important to remember that the circulatory and ventilatory 
status of an asphyxiated newborn is different to some adult 
models of cardiac arrest, where they often have well-oxygen-
ated blood before time of arrest.

During CC, the retrograde CBF we observed during diastole 
is unlikely to be due to left-to-right shunting through the DA 
(ductal steal) at least initially. This is because there was insuf-
ficient time for PVR to decrease enough to allow blood to flow 
predominantly from left to right through the DA. Retrograde 
blood flow during diastole in the carotid, cerebral, mesenteric, 
and renal arteries is commonly observed in preterm infants 
with a large patent DA (24–26). However, this can only occur 
when PVR is lower than downstream resistance in these 
peripheral vascular beds. Indeed, it can take many minutes 
for PVR to decrease after ventilation onset, although hypoxic 
vasoconstriction of the peripheral vascular bed will facilitate 
left to right shunting through the DA. Instead, we suggest that 
the loss of diastolic pressure reduces the critical blood vol-
ume within the large arteries below that required to maintain 
tension on the arterial walls. As a result, blood simply flows 

backwards and forwards during CC and indicates that diastolic 
pressure in the large proximal arteries is required to sustain 
forward flow in distal vascular beds, such as in the cerebral 
vascular bed. Unfortunately, no data were collected on blood 
flow through the DA in our study to determine the presence 
or magnitude of ductal steal. Nevertheless, it is likely that the 
end result will be similar to ductal steal, which causes systemic 
hypoperfusion and is associated with increased risks of intra-
ventricular hemorrhage, pulmonary hemorrhage, necrotizing 
enterocolitis, and renal failure (27).

Although peak systolic CAP markedly increased in lambs dur-
ing CC, diastolic CAP remained unaffected indicating reduced 
cardiac function in the asphyxiated lamb as it was unable to 
increase diastolic pressure, despite the assistance of CC. Perinatal 
asphyxia is associated with the development of myocardial dys-
function resulting in a reduction in cardiac output and mean 
blood pressure (28). This loss in cardiac function likely explains 
the reduction in diastolic blood pressure, which in turn explains 
the retrograde CBF during diastole as explained above.

Rapid abnormal fluctuation to cerebral blood flow is a major 
mechanism of brain injury in newborn preterm infants (29). 
We observed alarmingly large fluctuations in CBF during CC. 
Fluctuations in cerebral blood flow following an ischemic insult 
increases the likelihood of cerebral vessel rupture and hemor-
rhaging in the neonatal brain (30,31). Asphyxia also impairs 
cerebral autoregulation, so the brain cannot maintain cerebral 
blood flow at a near steady state, leaving the brain more vul-
nerable to cardiovascular hemodynamic instability and hem-
orrhagic injury (32,33). Therefore, these rapid fluctuations to 
cerebral blood flow may partially explain why infants given car-
diopulmonary resuscitation have poor neurological outcomes 
and increased risk of developing grade 3 or 4 intraventricular 
hemorrhages (34).

Interestingly, we found that heart rate was a poor indicator of 
circulatory status in these asphyxiated lambs. Despite a mean 
heart rate of 72 ± 7 BPM (well above the 60 BPM threshold out-
lined in the International Liaison Committee on Resuscitation 
guidelines (7)), mean CBF was zero, and the systolic peak in 
flow was barely detectable (Figure 3). This indicates that heart 
rate should be cautiously used to assess circulatory status in 
newborn asphyxiated infants.

In conclusion, we have described for the first time the effect 
of CC and adrenaline administration on blood flow to the 
brain. We have demonstrated that CC alone was not enough to 
restore spontaneous circulation in asphyxiated newborn lambs 
and that adrenaline administration was critical for increasing 
heart rate, CAP, and CBF. CCs alone resulted in large fluctua-
tions in peak systolic CAP and CBF that are potentially injuri-
ous, along with retrograde diastolic CBF that greatly reduced 
mean CBF. This retrograde flow persisted until adrenaline was 
administered, which rapidly restored arterial pressures and 
forward flow during diastole. It is likely that these responses 
may lead to cerebral vascular injury and hemorrhaging, partic-
ularly in asphyxiated infants who are likely to have maximally 
dilated their cerebral vascular bed in response to the asphyxia. 
Given that this study was a subgroup of a larger experimental 
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group, and not the original aim of the study, these conclusions 
need to be taken with caution. More rigorous studies need to 
be undertaken before results are taken to a clinical setting. 
However, this is a first step in addressing the need for evi-
dence-based resuscitation studies using more relevant models 
of neonatal asphyxia.

METHODS
All experimental procedures were approved by the relevant Monash 
University Animal Ethics Committee. The data were collected and ana-
lyzed from lambs that were enrolled in a previously published study 
(35). However, the lambs reported in the current study required CCs 
and adrenaline to restore cardiac function following the asphyxia and 
so were not included in our previous study. Pregnant ewes at 139 ± 4 
(mean ± SD) d of gestation (term is ~147 d) were anesthetized, and the 
fetal head and neck were exposed via cesarean section. Catheters were 
inserted into a fetal carotid artery and jugular vein. An ultrasonic flow 
probe (3PS; Transonic Systems, Ithaca, NY) was placed around the 
noncatheterized carotid artery, as previously described (36). The fetal 
trachea was intubated with a cuffed endotracheal tube (5 mm), lung 
liquid was drained passively for 20 s, and then, the endotracheal tube 
was clamped. A transcutaneous pulse oximeter (Masimo, Irvine, CA) 
was attached around the right forelimb before the umbilical cord was 
clamped and cut. Lambs were delivered, dried, weighed, and placed 
under a radiant heater (Fisher & Paykel Healthcare, Auckland, New 
Zealand). Initial asphyxia was induced in the lamb by delaying initia-
tion of ventilation until carotid mean arterial pressure had decreased 
to ~20 mm Hg, at which time the endotracheal tube was opened and 
ventilation commenced. Following the asphyxia period, ventilation 
was initiated (Babylog 8000+ ventilator; Dräger, Lübeck, Germany) 
using pressure limited ventilation (35 cmH2O, positive end-expira-
tory pressure 5 cmH2O, inspiratory time 0.5 s, and expiratory time 0.5 
s). Despite ventilation onset, if flow in the carotid artery ceased and 
mean arterial pressures were below 10 mm Hg, CCs were initiated. 
CCs were performed by three clinicians (G.M.S., P.D., and C.K.) using 
the two-thumb encircling technique. The anterior to posterior chest 
depth was measured prior to the experiment in each lamb and CC 
using a depth of 1/3 of the depth of at least 1/3 of the diameter of the 
anterior to posterior chest depth. As the chest of a lamb is V-shaped, 
it is different to a human chest, but piglets and lambs have been used 
previously to study physiological changes during neonatal CC. In 
addition, as thoracic pump theory suggests that CC acts by increas-
ing intrathoracic pressure, this suggests that CCs are feasible in lambs 
(37). It is important to note that despite carotid arterial blood flow 
ceasing, a heartbeat was still detectable (60–70 BPM), indicating that 
heart rate is not a good indicator of cardiac function in this model. 
CCs (2.2:1 compression to ventilation ratio, Table 1) commenced 
as soon as flow in the carotid artery had ceased. Adrenaline (10–15 
μg/kg i.v.) was administered soon after (administration time ranged 
from CC onset to 213 s after, Table 1). Lambs received 5% dextrose 
(i.v.), were sedated (alfaxane i.v.: 5–15 mg/kg/h; Jurox, East Tamaki, 
Auckland, New Zealand) and intubated. Ewes were killed (sodium 
pentobarbitone: ~100 mg/kg i.v.) after delivery of the lamb.

CBF (Powerlab; ADInstruments, Castle Hill, New South Wales, 
Australia) and CAP (DTX Plus Transducer; Becton Dickinson, 
Singapore) were recorded continuously prior to delivery until the end 
of the experiment. We recorded the delivered tidal volume and pres-
sure limited ventilation simultaneously with blood flow and pressure 
data. Heart rate was measured from the CAP wave.

Analytical Methods
Heart rate, CAP, and CBF in six lambs (n = 6) were averaged over 
five cardiac cycles immediately before CC, then every 5 s for 20 s 
after initiation of CC, 20 s before administration of adrenaline, 20 
s before end of CC, and 20 s after completion of CC, and sponta-
neous circulation was restored (circulatory recovery). Circulatory 
recovery was determined when a spontaneous heartbeat was seen 
on the carotid arterial flow recordings and diastolic pressure was 
increasing.

Statistical Methods
Data were analyzed using one-way repeated measures ANOVA with 
time as a factor. Post hoc comparisons between time points before 
CCs and after initiation of CC were performed using the Holm–Sidak 
test. A P < 0.05 was accepted as statistically significant. Data are pre-
sented as mean ± SEM unless otherwise stated.
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