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Background: The underlying neuro-protective mecha-
nisms of antenatal magnesium sulfate (MgSO

4
) in infants born 

preterm remain poorly understood. Early neonatal brain injury 
may be preceded by low cerebral blood flow (CBF) and ele-
vated cerebral fractional tissue oxygen extraction (cFTOE). This 
study investigated the effect of antenatal MgSO

4
 on cerebral 

oxygen delivery, consumption, and cFTOE in preterm infants.
Methods: CBF and tissue oxygenation index were  measured, 
and oxygen delivery, consumption, and cFTOE calculated 
within 24 h of birth and at 48 and 72 h of life in 36 infants ≤ 30 wk 
gestation exposed to MgSO

4
 and 29 unexposed infants.

results: Total internal carotid blood flow and cerebral oxy-
gen delivery did not differ between the groups at the three 
study time-points. Cerebral oxygen consumption and cFTOE 
were lower in infants exposed to antenatal MgSO

4
 (P = 0.012) 

compared to unexposed infants within 24 h of delivery. This 
difference was not evident by 48 h of age. Fewer infants in the 
MgSO

4
 group developed P/IVH by 72 h of age (P = 0.03).

conclusion: Infants exposed to MgSO
4
 had similar systemic 

and cerebral hemodynamics but lower cFTOE compared to 
nonexposed. These findings suggest reduced cerebral metab-
olism maybe a component of the neuro-protective actions of 
antenatal MgSO

4
.

despite significant improvements in survival for infants 
born preterm, the rate of major neurodevelopmental 

impairment in survivors has not diminished (1). As a result, 
strategies designed to reduce adverse neurological outcomes 
have been a major perinatal research focus. Antenatal magne-
sium sulfate (MgSO4) is one such strategy. Following the first 
report of an association between perinatal administration of 
MgSO4 and a reduction in the risk of peri/intraventricular 
hemorrhage (P/IVH) (2), its use as a neuro-protective ther-
apy when given to women at risk of preterm birth has become 
established practice (3). While MgSO4 has been shown to 
decrease the risk of P/IVH (4), cerebral palsy and the rate 
of substantial gross motor dysfunction (5), the mechanisms 
underlying these effects remain poorly understood.

Proposed mechanisms by which MgSO4 exerts a neuro-
protective effect include effects on the cardiovascular system 

through its role in the regulation of vascular tone (6), cerebral 
metabolism including prevention of excess glutamate release 
(7), and reductions in systemic proinflammatory cytokine 
production (8). The effect of antenatal MgSO4 administration 
on the neonatal systemic and cerebral vasculature is unclear. 
While increased cerebral blood flow (CBF) velocities have 
been reported in infants whose mothers received MgSO4 for 
the management of pre-eclampsia or tocolysis (9,10) another 
study has reported significant lowering of neonatal cerebral 
perfusion (11). The sole study reporting neonatal cardiovascu-
lar effects of antenatal MgSO4 for neuro-protection found no 
difference in echocardiographic measures of systemic blood 
flow on the first day of life (12).

For extremely preterm infants, the transition to extra- 
uterine life is characterized by low baseline CBF and high 
cerebral oxygen consumption (13), with cerebral oxygen con-
sumption reflecting cerebral metabolic activity (14). Elevated 
cerebral fractional tissue oxygen extraction (cFTOE), derived 
by near infrared spectroscopy (NIRS), is a readily measurable 
variable of the relationship between cerebral oxygen delivery 
and consumption and precedes early neonatal brain injury 
following very preterm birth (15,16). While studies in fetal 
sheep have reported temporary reductions in cerebral oxy-
gen consumption following MgSO4 administration (17), it is 
only recently that similar effects have been described in infants 
born to women given antenatal MgSO4 for pre-eclampsia (18). 
We hypothesized that reduced neonatal cerebral oxygen con-
sumption contributes to the observed neuro-protective actions 
of antenatally administered MgSO4. Therefore, the aim of the 
current study was to investigate the effect of antenatal MgSO4 
on cerebral oxygen delivery, consumption and cFTOE in pre-
term infants less than 30 wk gestation.

RESULTS
Clinical characteristics of infants are shown in Table 1. Thirty-
six infants were exposed to MgSO4 for neuro-protection, 
with three receiving a 4 g loading dose alone prior to preterm 
delivery. The mean (minimum-maximum) maintenance dose 
received was 8 g (0.5–23 g). There was no significant difference 
for any clinical characteristics between those infants exposed 
to MgSO4 prior to delivery and those not. For the 28 infants 

Received 8 August 2014; accepted 13 February 2015; advance online publication 22 July 2015. doi:10.1038/pr.2015.96

1Robinson Research Institute & School of Paediatrics and Reproductive Health, University of Adelaide, South Australia, Australia; 2Department of Neonatology, Women’s & 
Children’s Hospital, North Adelaide, South Australia, Australia. Correspondence: Michael J. Stark (Michael.stark@adelaide.edu.au)

effects of antenatal magnesium sulfate treatment for neonatal 
neuro-protection on cerebral oxygen kinetics
Michael J. Stark1,2, Nicolette A. Hodyl1 and Chad C. Andersen1,2

310 Pediatric RESEARCH      Volume 78  |  Number 3  |  September 2015

http://www.nature.com/doifinder/10.1038/pr.2015.96
mailto:Michael.stark@adelaide.edu.au


Copyright © 2015 International Pediatric Research Foundation, Inc.

Magnesium sulfate and oxygen kinetics         Articles
not exposed to antenatal MgSO4, 12 (43%) delivered vaginally 
within 1 h of presentation to hospital and 16 (57%) required 
urgent emergency caesarean section following presentation 
(seven as a result of a significant cardiotocographic abnormal-
ity (such as persistent fetal tachycardia or prolonged fetal heart 
rate decelerations), six secondary to antepartum hemorrhage, 
two secondary to acute maternal sepsis/chorioamnionitis, and 
one following umbilical cord prolapse). The mean (SD) age of 
the infants at time of the initial NIRS and cranial ultrasound 
study was 11 (6) hours for the nonexposed group and 12 (7) 
hours for the MgSO4 group. While four infants had cranial 
ultrasound evidence of P/IVH at the time of the NIRS study 
(all unilateral grade 1 IVH), fewer infants in the MgSO4 group 
(n = 4) were diagnosed with P/IVH (all grades) compared to 
those not exposed to MgSO4 (n = 9) by 72 h of life (P = 0.03).

A significant main effect for time was observed for mean 
arterial blood pressure (Figure 1a, P = 0.01) and right ventric-
ular output (Figure 1b, P = 0.02). On post-hoc analysis mean 
arterial pressure at 72 h of age was significantly higher com-
pared to 24 h (P < 0.01) and 48 h (P = 0.01) and right ventricu-
lar output significantly higher at 72 h of age compared to 24 h 
of age (P < 0.01). No significant time effect was seen for total 
internal carotid blood flow (Figure 1c, P = 0.19). No effect of 
MgSO4 exposure was observed for any of these systemic hemo-
dynamic variables at any time point. As a result, NIRS-derived 
modified cerebral oxygen delivery was similar across the study 
period (Figure 2a, P = 0.25) and between the MgSO4 exposure 
groups.

A significant interaction effect for time and MgSO4 expo-
sure was observed for modified cerebral oxygen consumption 
(Figure 2b, P = 0.04). On post-hoc analysis modified cerebral 
oxygen consumption was significantly lower within 24 h of 
age in those infants exposed to MgSO4 antenatally compared 
to the nonexposed group (P  =  0.01). No significant differ-
ence between the groups was seen at either 48 or 72 h of age. 
A similar interaction effect between postnatal age and MgSO4 
was seen for cFTOE (Figure 2c, P = 0.03). On post-hoc analy-
sis, cFTOE was significantly lower in those infants exposed to 
antenatal MgSO4 within 24 h of delivery (P = 0.01). This dif-
ference between the groups was no longer evident by 48 h of 
age (Figure 2b). Further, in the nonexposed group, cFTOE was 
significantly lower on day 2 (P < 0.01) and day 3 (P = 0.01) 
compared to day 1 of life, a temporal change that was not 
observed in the MgSO4 exposed infants. Regression modeling 
indicated no significant dose-dependent relationship between 
total magnesium sulfate dose and any systemic or cerebral 
hemodynamic variable.

DISCUSSION
In the current study, preterm infants <30 wk gestation exposed 
to antenatal MgSO4 for neuro-protection had significantly 
lower cFTOE than those not exposed to antenatal MgSO4 
but similar measures of systemic and cerebral hemodynam-
ics including mean blood pressure, right ventricular output 
and total internal carotid blood flow. Interestingly, this differ-
ence was confined to the first 24 h of life. With tissue oxygen 
extraction a dynamic variable primarily determined by oxygen 

table 1. Clinical characteristics according to exposure to antenatal 
MgSO4

No antenatal 
MgSO4 (n = 28)

Antenatal 
MgSO4 (n = 36) P

Gestational age (days) 188 (12) 190 (11) 0.52

Male 18 (64) 16 (45) 0.07

Birth weight centile 41 (34) 33 (35) 0.17

Histological chorioamnionitis 11 (39) 14 (39) 0.60

Completed antenatal steroids 16 (57) 19 (53) 0.46

Spontaneous vaginal delivery 12 (43) 14 (39) 0.47

Cord arterial pH 7.25 (0.15) 7.26 (0.05) 0.80

Cord arterial lactate (mmol/l) 2.9 (1.2) 3.4 (1.6) 0.20

5-min APGAR 7 (1) 8 (1) 0.27

Mechanical ventilation 13 (46) 12 (31) 0.15

Inotropic support 10 (36) 15 (42) 0.12

P/IVH > grade II 9 (32) 4 (11) 0.03

PDA 15 (54) 11 (31) 0.06

Hemoglobin at first study (g/l) 141 (22) 143 (21) 0.53

pCO2 at first study (mmHg) 43 (8) 42 (10) 0.37

SaO2 at first study (%) 95 (4) 94 (4) 0.2

Data are presented as median (SD) or number (%). The presence of a significant patent 
ductus arteriosus (PDA) was defined as echocardiographic measurement of ductal 
diameter >1.4 mm with bi-directional or left to right shunt.
P/IVH, peri/intraventricular hemorrhage.

Figure 1. Postnatal alterations in systemic hemodynamics. (a) Invasive mean arterial blood pressure (mmHg), (b) right ventricular output (ml/kg/min), 
and (c) total internal carotid blood flow (ml/kg/min) in infants on days 1–3 of postnatal life. Black bars represent infants not exposed to MgSO4 and open 
bars represent infants exposed to antenatal MgSO4. For Panels a and b, *P = 0.01; **P < 0.01.
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consumption in the context of prevailing oxygen delivery, this 
data would suggest that one mechanism of action for MgSO4 
in the very preterm newborn is a reduction in cerebral met-
abolic demand and therefore cFTOE. As elevated cFTOE in 
the immediate newborn period is predictive of early neona-
tal brain injury (15), the alteration in the balance of cerebral 
oxygen delivery and consumption resulting in reduced cFTOE 
may contribute to the neuro-protective actions of MgSO4. 
However, the lack of a linear relationship between any of the 
systemic and cerebral hemodynamic variables and MgSO4 
dose received suggests a higher cumulative dose may not pro-
vide a greater degree of neuro-protection.

The majority of clinical studies investigating neonatal sys-
temic and cerebral hemodynamic effects of MgSO4 have been 
in the setting of MgSO4 used as an antihypertensive for preg-
nancy-induced hypertension or as a tocolytic for threatened 
preterm labor (9,11,19). These studies have reported conflict-
ing results, with reduced (11), unchanged (19), and increased 
CBF velocities and cerebral vascular resistance in the postnatal 
period (9). The discrepancy in these findings may relate differ-
ences in gestational age of preterm infants investigated and the 
dose of MgSO4 administered. For instance, the loading (9) and 
continuous infusion dose (19) of antenatal MgSO4 for tocolysis 
is significantly higher than that used for neuro-protection in 
the current study. With elevated neonatal circulating magne-
sium levels known to persist beyond the initial transition to 
postnatal life (20), exposure to a lower total MgSO4 dose ante-
natally, with subsequent differences in neonatal plasma mag-
nesium levels in the first few days of life, may also explain our 
observation that the difference in cFTOE was confined to the 
first 24 h of postnatal life.

While magnesium results in vasodilatation and reduced vas-
cular reactivity (21), our data are consistent with the sole study 
of cardiovascular function following MgSO4 use for neuro-
protection in infants of a comparable gestational age (12), 
with no differences in right ventricular output or mean arte-
rial blood pressure observed. Further, we observed no differ-
ences in total internal carotid blood flow between the MgSO4 
exposed and nonexposed infants, suggesting this therapy does 
not impact upon CBF and oxygen delivery.

There is little data focusing on alterations in cerebral oxygen 
consumption following antenatal MgSO4 exposure in preterm 

infants. The current study is, however, supported by animal 
studies, where a temporary reduction in cerebral oxygen con-
sumption not associated with any alteration in CBF has been 
described in fetal sheep (17). Studies of preterm infants born 
to mothers with pregnancy-induced hypertension treated with 
antihypertensive medications, including MgSO4, have also 
reported reduced cFTOE in the first 24 h of life (18). The gener-
alization of this latter study to preterm infants of normotensive 
mothers, however, is limited, given that pregnancy induced 
hypertension results in alterations in placental blood flow (22), 
and both fetal and neonatal circulations (23,24). For instance, 
CBF may be greater in infants with evidence of brain-sparing 
in pregnancies complicated by pregnancy induced hyperten-
sion as a result of changes in fetal cerebral vascular resistance 
(23). To avoid the potential confounding effects of maternal 
hypertension in pregnancy on neonatal cerebral oxygen deliv-
ery and consumption, we excluded mothers who received any 
hypertensive medications, including MgSO4. However, our 
observation of a significantly lower cFTOE in those preterm 
infants exposed to MgSO4 purely for neuro-protection is con-
sistent with this previous report (18), and supports MgSO4-
induced changes to cerebral oxygen kinetics.

While focusing on cerebral oxygen kinetics following expo-
sure to antenatal MgSO4, this study did not aim to characterize 
the mechanisms through which cerebral oxygen consumption 
and therefore extraction was altered. It is known that MgSO4 
rapidly crosses the placenta (25) and fetal blood brain barrier 
(26) blocking n-methyl-d-aspartate receptors (27) and gluta-
mate receptors (28), receptors critically involved in neuronal 
death during hypoxic–ischemic injury. Whether these actions 
result in reduced neuronal excitation remains open to question 
(29). Recent evidence also supports a role for MgSO4 in immu-
nomodulation with in vitro exposure of neonatal monocytes 
to clinically relevant doses of MgSO4 producing a reduction in 
both constitutive and toll-like receptor-stimulated TNFα and 
IL-6 gene and protein expression (8). Animal data indicate that 
neonatal cerebral oxygen consumption is elevated following 
exposure to in utero inflammation (30). It is therefore possible 
that protection from inflammatory processes conferred by 
MgSO4 could manifest as reduced cerebral oxygen consump-
tion and cFTOE. However, further investigation is required 
of the mechanisms of MgSO4 action, particularly in light of a 

Figure 2. Postnatal changes in NIRS derived cerebral oxygen kinetics. (a) Modified cerebral oxygen delivery (ModcerbDO2), (b) modified cerebral oxygen 
consumption (ModcerbVO2), and (c) cerebral fractional tissue oxygen extraction (%) in infants on days 1–3 of postnatal life. Black bars represent infants 
not exposed to MgSO4 and open bars represent infants exposed to antenatal MgSO4. For panel b, *P = 0.01. For panel c, *P < 0.05, **P = 0.01, §P < 0.01.
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recent long-term follow-up study that reported no significant 
neuro-developmental benefit at school age of antenatal MgSO4 
exposure (31).

There are limitations to the current study. With antenatal 
MgSO4 a proven antenatal therapy for neuro-protection (3), 
we could not randomize women presenting in preterm labor to 
receive MgSO4 or not. While those in the nonexposed group did 
not receive antenatal MgSO4 as a result of rapid delivery follow-
ing presentation, there was no difference between the groups for 
the underlying etiology of their preterm delivery or the physi-
ological stability of the infants following birth. With respect to 
the determination of cerebral oxygen delivery and consump-
tion, the NIRS data was derived from a single sensor and CBF 
inferred from total internal carotid blood flow. However, NIRS-
derived cFTOE varies minimally between regions of the brain 
(32) and the current data are consistent with frequency domain 
NIRS measurements from multiple regions of the brain (33). 
Further, episodic sampling of dynamic measures, such as total 
internal carotid blood flow, may result in over-interpretation, 
particularly, if the duration and severity of adverse oxygen han-
dling varies between infants. However, measurement of total 
internal carotid flow does provide greater insight into cerebral 
hemodynamics than measures of maximal or mean cerebral 
artery velocities commonly reported previously. Due to the  
in vivo nature of the current study, it was impossible to inves-
tigate the  underlying mechanistic pathways relating antenatal 
MgSO4 to reduced cerebral oxygen consumption and cFTOE. 
Further, while this study identified a lower incidence of P/IVH 
in the MgSO4-exposed group, we acknowledge that the study 
was not designed to assess this outcome and is there for under-
powered to adequately address this question. Nonetheless this 
finding is consistent with previous reports of reduced rates of P/
IVH following antenatal MgSO4 exposure (4).

In summary, antenatal exposure to MgSO4 for neuro- 
protection was associated with reduced cerebral oxygen 
consumption and cFTOE in very preterm infants without alter-
ations in systemic or cerebral hemodynamics. While mainte-
nance of adequate oxygen delivery while avoiding restricted 
oxygen consumption is critically important in the preterm 
newborn, this data highlights the importance of considering 
both sides of the oxygen delivery-consumption relationship 
in understanding antecedents to acquired brain injury. While 
the exact mechanism/s through which MgSO4 exerts a neuro-
protective effect remain unknown, the current data suggest 
that reduced cerebral metabolic load may contribute to this 
beneficial action.

METHODS
Study Participants
In this observational study, preterm newborns ≤30 wk gestational 
age, admitted to the neonatal intensive care unit of the Women’s 
and Children’s Hospital, Adelaide were recruited. Exclusion criteria 
included maternal use of antihypertensive medications, including 
MgSO4, for essential hypertension or pregnancy-induced hyperten-
sion, and those infants with life threatening congenital abnormalities 
or congenital heart disease. Clinical characteristics were recorded 
from the medical records. Antenatal exposure to MgSO4 for neuro-
protection was defined as maternal administration of a 4 g MgSO4 

loading dose ± 1 g MgSO4 per hour for a maximum of 24 h prior to 
delivery (34). No women received multiple courses of MgSO4. The 
presence of a significant patent ductus arteriosus was defined as echo-
cardiographic measurement of ductal diameter >1.4 mm with bi-
directional or left to right shunt. Cranial ultrasounds were performed 
on days 1 and 3 of life with P/IVH defined as per Papile (35). All infants 
received a 20 mg/kg-loading dose of intravenous caffeine on day 1 of 
life prior to a daily 10 mg/kg daily maintenance dose. The institutional 
human research ethics committee approved the study and parental 
consent was obtained for each newborn prior to inclusion.

Cerebral Oxygen Delivery and Consumption
Oxygen saturation was maintained within a target band (85–95%) 
and pCO2 within the range of 45–55 mmHg. NIRS and cranial ultra-
sound studies were performed within 24 h of birth and repeated at 48 
and 72 h of life. NIRS and cerebral ultrasound were not performed 
within 2 h of clinical interventions that are known to alter cerebral 
oxygen supply and extraction, including administration of surfactant 
(36), indomethacin/ibuprofen (37), and caffeine (38).

Tissue oxygen index (TOI) and systemic arterial saturation (SaO2) 
were measured by NIRS (Hamamatsu NIRO-200, Hamamatsu 
Photonics K. K Hamamatsu City, Japan) and co-oximetry as 
described previously (15). Briefly, the sensor was placed on the right 
fronto-temporal region and NIRS data and contemporaneous SaO2 
was captured at 1 s intervals. A 10-min epoch of stable NIRS and SaO2 
data (from a 30-min recording period) were averaged with TOI, as a 
surrogate for cerebral venous oxygen saturation (15), and SaO2 values 
used for the oxygen kinetic equations.

At the end of each NIRS study, internal carotid artery blood flow 
measured by pulsed-wave Doppler ultrasound measurement of the 
internal carotid artery using an 8 MHz linear phased-array transducer 
(Philips iE33 Ultrasound System, Andover, MA) (15) and right and 
left ventricular output and patency of the ductus arteriosus (includ-
ing flow direction) were determined by functional echocardiography. 
An arterial hemoglobin concentration [Hb], lactate, pH, paO2, and 
paCO2 were measured by co-oximeter (128 wavelength, spectropho-
tometer Radiometer Copenhagen, ABL 725, Denmark).

Calculations
cFTOE was calculated from the formula: cFTOE = [(((SaO2 – TOI)/
SaO2) where SaO2  =  systemic arterial saturation (co-oximetry) and 
TOI was used in place of cerebral venous oxygen saturation (15). 
Modified cerebral oxygen delivery (mCerbDO2) was calculated from 
the formula: mCerbDO2 = (CBF × ((1.39× Hb × Hbsat/100) + (0.00
3  ×  PaO2)); where total internal carotid blood flow was used as a 
surrogate of CBF; Hb  =  Hemoglobin concentration (g/dl); Hbsat= 
Hemoglobin saturation. Modified cerebral oxygen consumption 
(mCerbVO2) was calculated according to the Fick principle, i.e., 
mCerbVO2 = (CBF × (SaO2 – TOI)) where TICF was used as a sur-
rogate of CBF and TOI was used as a surrogate of cerebral venous 
oxygen saturation (15).

Statistical Analysis
Neonatal demographic data were compared using ANOVA. Frequency 
data were analyzed using Fishers exact test. Differences in cerebral 
hemodynamic and oxygenation measures according to MgSO4 expo-
sure were assessed using repeated measures ANOVA with post-hoc 
analysis by paired t-test comparisons using the Bonferroni correc-
tion. Regression analyses were conducted to assess the associations 
between total magnesium sulfate dose and all hemodynamic vari-
ables, including gestational age and hemoglobin in the regression 
models. Statistical analyses were performed with SPSS v20.0 (SPSS, 
Chicago, IL) with a P value < 0.05 considered significant.
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