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INFANTS BORN VERY PRETERM HAVE
increased risks of mortality or of
surviving with cerebral palsy or
other neurosensory impairments

and disabilities. Very preterm birth and
very low birth weight are principal risk
factors for cerebral palsy.1-5 Intraven-
tricular hemorrhage (IVH) is a known
risk factor for cerebral palsy,6,7 with the
risk of IVH increasing the lower the ges-
tational age at birth.8

In observational studies, maternal ad-
ministration of magnesium sulfate has
been associated with a subsequent re-
duction in the risk of IVH,9-12 cerebral
palsy,11,13-15 and pediatric mortality.16

However, not all observational studies
that examined risk factors for IVH,17-20

cerebral palsy,17,21-23 or pediatric mor-
tality19 have shown protective effects for
magnesium sulfate, and neither has a
small randomized controlled trial.24-26

Although observational studies sug-
gest a role for prenatal magnesium sul-
fate as a neuroprotective agent, there
have been no large randomized con-
trolled trials in which magnesium sul-
fate was given solely for neuroprotec-

tion. The Australasian Collaborative
Tr ia l o f Magnes ium Sulpha te
(ACTOMgSO4) was designed to deter-

mine the efficacy of magnesium sul-
fate given solely for neuroprotection to
women at risk of preterm birth before
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Context Prenatal magnesium sulfate may reduce the risk of cerebral palsy or death
in very preterm infants.

Objective To determine the effectiveness of magnesium sulfate given for neuro-
protection to women at risk of preterm birth before 30 weeks’ gestation in preventing
pediatric mortality and cerebral palsy.

Design, Setting, and Patients Randomized controlled trial at 16 tertiary hospi-
tals in Australia and New Zealand with stratification by center and multiple preg-
nancy. A total of 1062 women with fetuses younger than 30 weeks’ gestation for whom
birth was planned or expected within 24 hours were enrolled from February 1996 to
September 2000 with follow-up of surviving children at a corrected age of 2 years.

Interventions Women were randomly assigned to receive a loading infusion of 8
mL (4 g [16 mmol] of 0.5 g/mL of magnesium sulfate solution or isotonic sodium chlo-
ride solution [0.9%]) for 20 minutes followed by a maintenance infusion of 2 mL/h
for up to 24 hours.

Main Outcome Measures Rates of total pediatric mortality, cerebral palsy, and
the combined outcome of death or cerebral palsy at a corrected age of 2 years.

Results Data were analyzed for 1047 (99%) 2-year survivors. Total pediatric mor-
tality (13.8% vs 17.1%; relative risk [RR], 0.83; 95% confidence interval [CI], 0.64-1.09),
cerebral palsy in survivors (6.8% vs 8.2%; RR, 0.83; 95% CI, 0.54-1.27), and com-
bined death or cerebral palsy (19.8% vs 24.0%; RR, 0.83; 95% CI, 0.66-1.03) were
less frequent for infants exposed to magnesium sulfate, but none of the differences
were statistically significant. Substantial gross motor dysfunction (3.4% vs 6.6%; RR,
0.51; 95% CI, 0.29-0.91) and combined death or substantial gross motor dysfunc-
tion (17.0% vs 22.7%; RR, 0.75; 95% CI, 0.59-0.96) were significantly reduced in
the magnesium group.

Conclusions Magnesium sulfate given to women immediately before very preterm
birth may improve important pediatric outcomes. No serious harmful effects were seen.
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30 weeks’ gestation in preventing pe-
diatric mortality and/or cerebral palsy.

METHODS
Participants
Women pregnant with single, twin, trip-
let, or quadruplet fetuses younger than
30 weeks’ gestational age were eligible
for the trial if birth was planned or ex-
pected within 24 hours. There was no
lower limit on gestational age at enroll-
ment; such limits were determined by
individual hospital policies about viabil-
ity. A best estimate of gestational age was
made at trial entry derived from the men-
strual history and early ultrasound.
Women were excluded if they were in
the second stage of labor, if they had re-
ceived magnesium sulfate therapy in this
pregnancy, or if there were contraindi-
cations to magnesium sulfate (respira-
tory rate !16/min, absent patellar re-
flexes, urine output !100 mL during the
previous 4 hours, renal failure, or hy-
pocalcemia). Recruitment started in Feb-
ruary 1996 and stopped in September
2000.

Randomization
The study protocol was approved by the
research and ethics committee at each
of the 16 collaborating tertiary hospi-
tals, all with a neonatal intensive care
unit (13 in Australia and 3 in New Zea-
land). Stratification was by center and
multiple pregnancy (3 groups—
singleton, twin, and higher-order
multiple). The study randomization
numbers were generated by computer
with variable block sizes of 4, 6, or 8
and managed by nonclinical staff at the
University of Adelaide’s Maternal Peri-
natal Clinical Trials Unit. Each study
number was placed on a masked treat-
ment pack. Packs were sent to partici-
pating centers ready for use.

Eligible women who gave written in-
formed consent were enrolled by tak-
ing the next treatment pack, corre-
sponding to the number of fetuses, from
the drug supplies held at the center. If
eligible, the treatment pack was opened,
which was the point of randomiza-
tion, regardless of whether the infu-
sion was commenced or completed.

Interventions
Each treatment pack looked identical
and contained an infusion bag of 60 mL
of either a 0.5-g/mL solution of mag-
nesium sulfate or isotonic sodium chlo-
ride solution (0.9%). Women were
given a loading infusion of 8 mL (4 g
[16 mmol] of magnesium sulfate or iso-
tonic sodium chloride solution) for 20
minutes followed by a maintenance in-
fusion of 2 mL/h until birth (if oc-
curred within 24 hours) or up to 24
hours. Magnesium sulfate was given as
a neuroprotective agent only and not
for tocolysis.

Women’s pulse rate, blood pres-
sure, and respiratory rate were moni-
tored throughout the infusion and any
maternal adverse effects recorded. The
loading or maintenance infusions were
stopped if the respiratory rate de-
creased more than 4/min or the dias-
tolic blood pressure decreased more
than 15 mm Hg below the baseline
level. The infusion could be resumed
when the respiratory rate or blood pres-
sure returned to baseline levels. Clini-
cians were asked not to measure mag-
nesium levels to maintain blinding.

The care women and infants re-
ceived was otherwise according to stan-
dard practice at each collaborating cen-
ter. All perinatal staff were blinded to
treatment group allocation. All surviv-
ing infants had a cranial ultrasound per-
formed within the first 7 days of life to
detect IVH and a later ultrasound (be-
yond 4 weeks of age and as close to dis-
charge as possible) to identify periven-
tricular leukomalacia. Women and their
children were followed up until the
child was 2 years of age, corrected for
prematurity. All pediatric deaths were
reviewed by an independent commit-
tee, blinded to therapy, to determine the
principal cause of death.

Surviving children were assessed at
a corrected age of 2 years by develop-
mental pediatricians and psycholo-
gists blinded to treatment group allo-
cation. The criteria for cerebral palsy
included abnormalities of tone and loss
of motor function as previously re-
ported.27 Apart from providing crite-
ria for the diagnosis of cerebral palsy,

we did not attempt to train assessors at
all 16 centers in its diagnosis. Instead
we relied on the judgment of indi-
vidual developmental pediatricians. In
addition, gross motor function in all
children was assessed by criteria de-
rived from Palisano et al28; children
were classified as walking normally,
walking with minimal limitations such
as toe walking or asymmetrical gait, or
not walking independently, the last
group being considered to have sub-
stantial gross motor dysfunction. Vi-
sion was assessed and children were
considered blind if vision in both eyes
was worse than 6/60. Hearing was as-
sessed and children were considered
deaf if they required hearing aids. The
psychological assessment included the
Psychomotor Developmental Index
(PDI) and Mental Developmental In-
dex (MDI) of the Bayley Scales of In-
fant Development.29 Children unable to
complete the PDI or MDI because of se-
vere psychomotor or developmental de-
lay were assigned scores of 49, a score
that automatically implies severe dis-
ability.

Outcomes
The primary outcomes were total pe-
diatric mortality up to a corrected age
of 2 years (including stillbirths, neo-
natal deaths, and mortality after hos-
pital discharge), cerebral palsy at a cor-
rected age of 2 years, and the combined
adverse outcome of death or cerebral
palsy at 2-year follow-up.

For infants, secondary outcomes were
rates of major IVH (grade III or IV), cys-
tic periventricular leukomalacia, and
neurosensory disability. Severe neuro-
sensory disability comprised any of se-
vere cerebral palsy (considered perma-
nently nonambulant) , severe
developmental delay (MDI, !3 SDs), or
blindness. Moderate disability com-
prised any of moderate cerebral palsy
(nonambulant at 2 years but likely to
walk), moderate developmental delay
(MDI, −3 SDs to !−2 SDs), or deafness.
Mild disability comprised either mild ce-
rebral palsy (walking at 2 years) or mild
developmental delay (MDI, −2 SDs to
!−1 SD). Children without any neuro-
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sensory impairment were considered to
have no disability.

For the mother, secondary out-
comes were adverse cardiovascular and
respiratory effects of the infusion (de-
fined as a respiratory rate of !16/min,
decrease in diastolic blood pressure of
"15 mm Hg, cardiac arrest, respira-
tory arrest), primary postpartum hem-
orrhage (defined as estimated blood loss
of "600 mL), and major postpartum
hemorrhage (defined as blood loss of
"1000 mL). Subsidiary outcomes in-
cluded other adverse effects of the in-
fusion, pregnancy outcome, and other
neonatal outcomes.

Statistical Methods
All statistical analyses were under-
taken on an intention-to-treat basis, in-
cluding outcome data from women who
did not give birth preterm. Baseline vari-
ables were included as confounders if
there was imbalance between the treat-
ment groups and an association with the
primary outcome under analysis. The
variables with imbalance—race, hospi-
tal, public patient status, and either an-
tepartum hemorrhage or preterm prela-
bor rupture of the membranes as reasons
for preterm birth—were only associ-
ated with mortality, not with cerebral
palsy, so an adjusted analysis was only
performed for mortality. Analysis of all
available data was performed for each
outcome. Binary outcomes are pre-
sented as relative risks (RRs) with 95%
confidence intervals (CIs). The RRs were
calculated using log binomial regres-
sion,30 since the resulting metric is an
RR that is more easily interpreted by cli-
nicians than an odds ratio.31 Robust vari-
ance estimation was used to account for
clustering of infants within mothers. The
statistical software used was SAS ver-
sion 8.2 (SAS Institute Inc, Cary, NC),
and the significance level was .05.

Sample Size
Sample size was calculated to detect a
50% reduction in the risk of cerebral
palsy at 2 years in survivors from 10%
to 5%, with 80% probability at an # level
of .05. This was considered a conser-
vative estimation given the 86% reduc-

tion in the odds of cerebral palsy in a
case-control study.13 This sample size
of 848 children was adjusted upward
to 1250 infants to account for a pre-
dicted mortality rate of 20% and a small
design effect due to nonindependence
of observations from multiple births.

Interim Analyses
Data were reviewed twice by an inde-
pendent data monitoring committee.
These reviews were undertaken in June
1997 for safety reasons following the re-
cruitment of 219 women and in No-
vember 1999 to look at the overall ce-
rebral palsy rates in the 230 infants with
assessments at a corrected age of 2 years.

RESULTS
A total of 1062 women entered the study;
535 were allocated to the magnesium sul-

fate group and 527 to placebo (FIGURE).
Approximately 65% of all women who
gave birth before 30 weeks’ gestation in
participating centers were enrolled. A
similar number of women in each group
with a multiple pregnancy had infants
who were dead at the time of random-
ization(4 in themagnesiumsulfategroup
and 3 in the placebo group). Outcome
data were obtained, up to the time of hos-
pital discharge, on all 1062 women and
their 1255 infants alive at the time of ran-
domization, and 2-year corrected age
outcomes were available for 1047 chil-
dren (99% of 2-year survivors). Four-
teen children (9 in the magnesium sul-
fate group and 5 in the placebo group)
without 2-year corrected age cerebral
palsy assessments were treated as miss-
ing data and excluded from the cere-
bral palsy analysis.

Figure. Randomization, Treatment, and Follow-up of Participants in the Australasian
Collaborative Trial of Magnesium Sulphate Study

633 Infants Randomized
629 Infants Alive at Randomization

4 Infants of Multiple Gestations Not Alive
at Randomization

629 Infants Randomized

626 Infants Alive at Randomization
3 Infants of Multiple Gestations Not Alive

at Randomization

629 Children Included in Primary Analyses
620 Liveborn Infants Included in Secondary Neonatal

Outcomes Analyses
533 Children Included in Secondary Outcomes

Analyses at 2 Years’ Corrected Age

535 Women Included in Maternal Outcomes Analyses

626 Children Included in Primary Analyses
615 Liveborn Infants Included in Secondary Neonatal

Outcomes Analyses
514 Children Included in Secondary Outcomes

Analyses at 2 Years’ Corrected Age

527 Women Included in Maternal Outcomes Analyses

620 Livebirths
9 Stillbirths After Randomization

615 Livebirths
11 Stillbirths After Randomization

76 Infants Died Prior to Initial Discharge Home
2 Infants Died After Discharge Up to 2 Years’

Corrected Age

92 Infants Died Prior to Initial Discharge Home
4 Infants Died After Discharge Up to 2 Years’

Corrected Age

542 Infants Survived to 2 Years’ Corrected Age
9 Did Not Have 2-Year Follow-up Pediatric

Assessment

519 Infants Survived to 2 Years’ Corrected Age
5 Did Not Have 2-Year Follow-up Pediatric

Assessment

1062 Women Randomized

527 Women Assigned to Receive Placebo

509 Women Received Placebo as Assigned

18 Women Did Not Receive Placebo as
Assigned

509 Loading Dose Started

495 Loading Dose Completed

459 Maintenance Dose Started

77 Maintenance Dose Completed

535 Women Assigned to Receive Magnesium Sulfate

522 Women Received Intervention as Assigned

13 Women Did Not Receive Intervention as
Assigned

522 Loading Dose Started

484 Loading Dose Completed

451 Maintenance Dose Started

70 Maintenance Dose Completed
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Baseline maternal characteristics and
reasons for preterm birth were similar
in both groups (TABLE 1) and reflect the
eligible high-risk population. The me-
dian gestational age at entry was 27
weeks. Almost half the women were in
their first pregnancy, 17% had a mul-
tiple pregnancy, 27% had experienced
a previous very preterm birth (!32
weeks) and 19% had experienced a peri-
natal death. The primary reason for pre-
term birth was preterm labor (63%), fol-
lowed by preeclampsia (15%),
antepartum hemorrhage (14%), chorio-
amnionitis (14%), severe intrauterine
growth restriction (9%), preterm prela-
bor rupture of the membranes (9%), and
fetal distress (3%). Of the infants who
were alive at randomization, there were
343 male infants (55%) in the magne-
sium sulfate group and 357 male in-
fants (57%) in the placebo group.

Treatment
Most women (522 [98%] in the mag-
nesium sulfate group and 509 [97%]
in the placebo group) received some
of the loading infusion, with the full
loading dose given to 484 women
(90%) who were allocated magnesium
sulfate and 495 (94%) who were allo-
cated placebo. Somewhat fewer
women (451 [84%] in the magnesium
sulfate group and 459 [87%] in the
placebo group) received some of the
maintenance infusion (Figure). The
total dose of infusion administered
was similar in both groups, with
median volumes of medication
received of 13 mL (interquartile range
[IQR], 9-28 mL) in the magnesium
sulfate group and 13 mL (IQR, 10-29
mL) in the placebo group. Few
women received magnesium for clini-
cal reasons after enrollment (4 [0.7%]

in the magnesium sulfate group and
11 [2.1%] in the placebo group).

Pregnancy Outcomes
There were no important differences be-
tween the treatment groups for out-
comes related to pregnancy, labor and
delivery, or measures of neonatal mor-
bidity. The time from randomization to
birth was similar in the magnesium sul-
fate group (median, 3.7 hours; IQR, 1.4-
13.8 hours) and the placebo group (me-
dian, 3.1 hours; IQR, 1.3-12.9 hours).
Gestational age at birth was also simi-
lar in the magnesium sulfate group (me-
dian, 27 weeks 5 days; IQR, 26 to 29
weeks) and the placebo group (me-
dian, 27 weeks 3 days; IQR, 25 weeks
6 days to 29 weeks). Just more than half
of all women gave birth by cesarean de-
livery (magnesium sulfate group, 289
[54%]; placebo group, 290 [55%]).
There were no substantial differences
between the groups in the mean (SD)
birth weight of the infants (magne-
sium sulfate group, 1027 [370] g; pla-
cebo group, 1026 [370] g) or in the pro-
portion with Apgar scores less than 7
at 5 minutes of age (magnesium sul-
fate group, 94 [15%] of 620; placebo
group, 91 [15%] of 615).

Primary Outcomes
The primary outcomes of total pediat-
ric mortality, cerebral palsy in survi-
vors, and combined death or cerebral
palsy were all lower in the magnesium
sulfate group, but no differences were
statistically significant (TABLE 2). Among
infants alive at randomization, there
were 194 deaths (15.5%), 87 (13.8%) in
the magnesium sulfate group and 107
(17.1%) in the placebo group, al-
though this was not a statistically sig-
nificant difference (adjusted RR, 0.83;
95% CI, 0.64-1.09). The mortality rate
difference between the groups was simi-
lar for singleton (RR, 0.82; 95% CI, 0.60-
1.12) and multiple pregnancies (RR,
0.80; 95% CI, 0.46-1.39). The princi-
pal causes of death were similar be-
tween the 2 groups. The cerebral palsy
rate at a corrected age of 2 years was
lower for children in the magnesium sul-
fate group (36 [6.8%] vs 42 [8.2%]), al-

Table 1. Characteristics of Women in the Magnesium Sulfate and Placebo Groups at Trial
Entry*

No. (%)

Magnesium Sulfate
(n = 535)

Placebo
(n = 527)

Maternal age, mean (SD), y 28.4 (5.8) 28.7 (5.8)
Parity

0 279 (52.1) 239 (45.4)
1-3 225 (42.1) 256 (48.6)
$4 31 (5.8) 32 (6.1)

Race*
Nonindigenous 502 (93.8) 488 (92.6)
Indigenous 33 (6.2) 39 (7.4)

Gestational age at entry, median (IQR) 27 wk 3 d
(25 wk 5 d to 28 wk 5 d)

27 wk 2 d
(25 wk 5 d to 28 wk 5 d)

Blood pressure, median (IQR), mm Hg
Systolic 114 (110-124) 115 (110-120)
Diastolic 70 (60-75) 70 (60-75)

Multiple pregnancy 88 (16.4) 89 (16.9)
Previous obstetric history

Very preterm birth !32 wk 71 (27.7) 75 (26.0)
Preterm birth 32-36 wk 57 (22.3) 58 (20.1)
Perinatal death $20 wk 47 (18.4) 58 (20.1)

Reason for preterm birth
Preterm labor 335 (62.6) 330 (62.6)
Preeclampsia/eclampsia 86 (16.1) 75 (14.2)
Chorioamnionitis 73 (13.6) 72 (13.7)
Antepartum hemorrhage 70 (13.1) 81 (15.4)
Severe IUGR 50 (9.3) 43 (8.2)
PROM 43 (8.0) 54 (10.2)
Fetal distress 20 (3.7) 13 (2.5)
Other 29 (5.4) 30 (5.7)

Abbreviations: IQR, interquartile range; IUGR, intrauterine growth retardation; PROM, premature rupture of membranes.
*Indigenous race included Aboriginal and Maori women.
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though this was not a statistically sig-
nificant difference (RR, 0.83; 95% CI,
0.54-1.27) (Table 2). The combined out-
come of death or cerebral palsy was also
lower for children in the magnesium sul-
fate group (123 [19.8%] vs 149
[24.0%]), although this was not a sta-
tistically significant difference (RR, 0.83;
95% CI, 0.66-1.03) (Table 2). A sensi-
tivity analysis that included partici-
pants who had received a complete load-
ing dose gave similar results for each of
these primary analyses.

Secondary Outcomes
There were no major maternal ad-
verse effects (death, cardiac arrest, res-
piratory arrest) seen in either treat-
ment group. There were no differences
in the rate of respiratory depression of
less than 16/min, but significantly more
women in the magnesium sulfate group
had a decrease in diastolic blood pres-
sure of more than 15 mm Hg from base-
line (77 [14.4%] vs 52 [9.9%]; RR, 1.46;
95% CI, 1.05-2.03). There were no sub-
stantial differences between treatment
groups in the rates of postpartum hem-
orrhage (TABLE 3).

Minor maternal adverse effects were
more common in the magnesium sul-
fate group compared with the placebo
group (89.0% vs 37.8%; RR, 2.36; 95%
CI, 2.10-2.64), including tachycardia
("160/min or pulse "20/min from
baseline), respiratory depression (de-
crease of "4/min from baseline), a feel-
ing of warmth over the body, discom-
fort in the arm receiving the infusion,
dryness of the mouth, nausea, sleepi-
ness, sweating, dizziness, and blurred
vision (Table 3). The adverse effects led
to the infusion being stopped only in a
small percentage of women but more
often in the magnesium sulfate group
(78 [14.6%] vs 28 [5.3%]; RR, 2.74;
95% CI, 1.81-4.15).

For the infant secondary outcomes of
major IVH and cystic periventricular
leukomalacia, no substantial differ-
ences were seen between the treat-
ment groups (TABLE 4). There were also
no major differences in the rates of
chronic lung disease, necrotizing en-
terocolitis, or mechanical ventilation or

in the duration of hospitalization be-
tween the treatment groups (Table 4).

There was no significant difference
between the groups in the distribu-
tion of neurosensory disabil ity
(TABLE 5), although a significant re-
duction was seen in the proportion of
children at the corrected age of 2 years
with substantial motor dysfunction in
the magnesium group compared with
the placebo group (3.4% vs 6.6%; RR,

0.51; 95% CI, 0.29-0.91) (Table 5). Of
the 52 children with substantial gross
motor dysfunction, 39 had cerebral
palsy (3 mild, 27 moderate, and 9
severe). The combined rate of death or
substantial motor dysfunction at a cor-
rected age of 2 years was significantly
lower in the magnesium group com-
pared with the placebo group (105
[17.0%] vs 141 [22.7%]; RR, 0.75; 95%
CI, 0.59-0.96) (Table 5). There were no

Table 2. Total Mortality and Cerebral Palsy at a Corrected Age of 2 Years Among Infants*

No. (%) of Infants

RR (95% CI)
P

Value
Magnesium Sulfate

(n = 629)
Placebo
(n = 626)

Stillbirths after trial entry 9 (1.4) 11 (1.8) 0.81 (0.34-1.95) .64
Deaths of infants born live before

initial discharge home
76 (12.3) 92 (15.0) 0.82 (0.60-1.11) .20

Deaths at %28 days 61 (9.8) 75 (12.2)
Deaths at "28 days 15 (2.4) 17 (2.8)

Postdischarge deaths (up to a
corrected age of 2 years)

2 (0.3) 4 (0.6)

Total deaths 87 (13.8) 107 (17.1) 0.83 (0.64-1.09) .19
Cerebral palsy 36 (6.8) 42 (8.2) 0.83 (0.54-1.27) .38
Death or cerebral palsy 123 (19.8) 149 (24.0) 0.83 (0.66-1.03) .09
Abbreviations: CI, confidence interval; RR, relative risk.
*Analyses are adjusted for clustering within mother. Samples sizes are infants alive at randomization.

Table 3. Secondary Maternal Outcomes for Women Assessed During Treatment Infusion and
Delivery

Outcomes

No. (%) of Women

RR (95% CI)
P

Value

Magnesium
Sulfate

(n = 535)
Placebo
(n = 527)

Respiratory rate of !16/min 34 (6.4) 28 (5.3) 1.20 (0.74-1.94) .47
Diastolic blood pressure decrease

of "15 mm Hg
77 (14.4) 52 (9.9) 1.46 (1.05-2.03) .02

Primary postpartum hemorrhage 86 (16.1) 99 (18.8) 0.86 (0.66-1.11) .24
Major postpartum hemorrhage 26 (4.9) 25 (4.7) 1.02 (0.60-1.75) .93
Clinical and self-assessed maternal

adverse effects of the infusion
Infusion stopped due to

adverse effects
78 (14.6) 28 (5.3) 2.74 (1.81-4.15) !.001

Any adverse effects 476 (89.0) 199 (37.8) 2.36 (2.10-2.64) !.001
Warmth over body 393 (73.5) 88 (16.7) 4.40 (3.61-5.36) !.001
Arm discomfort with infusion 355 (66.4) 39 (7.4) 8.97 (6.59-12.2) !.001
Mouth dryness 212 (39.6) 99 (18.8) 2.11 (1.72-2.59) !.001
Nausea 137 (25.6) 55 (10.4) 2.45 (1.84-3.28) !.001
Sleepiness 119 (22.2) 47 (8.9) 2.49 (1.82-3.42) !.001
Sweating 104 (19.4) 29 (5.5) 3.53 (2.38-5.24) !.001
Dizziness 83 (15.5) 37 (7.0) 2.21 (1.53-3.19) !.001
Blurred vision 38 (7.1) 16 (3.0) 2.34 (1.32-4.14) .003
Tachycardia (pulse rate of "160/min

or "20/min from baseline)
56 (10.5) 36 (6.8) 1.53 (1.03-2.29) .04

Respiratory depression (decrease
of "4/min from baseline)

54 (10.1) 51 (9.7) 1.04 (0.73-1.50) .82

Abbreviations: CI, confidence interval; RR, relative risk.
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major differences in the rates of blind-
ness, deafness, or delayed develop-
ment or in the mean scores for the PDI
or MDI between the treatment groups
(Table 5).

COMMENT
In our randomized controlled trial of
magnesium sulfate as a neuroprotec-
tive agent before very preterm birth, total
mortality, cerebral palsy, and the com-
bined outcome of mortality or cerebral
palsy were all lower in the magnesium
sulfate group, but differences were not
statistically significant. Despite the lack
of statistical significance, theaverage sizes
of the reductions in these adverse out-
comes are potentially clinically impor-
tant. There was a statistically signifi-
cant reduction in substantial motor
dysfunction among survivors in the mag-
nesium sulfate group and in the com-
bined outcome of death or substantial
motor dysfunction, both of which are
considered to be clinically important.

Since most preterm children with ce-
rebral palsy are not severely disabled,25

we considered it essential to find out if
the overall rates of neurosensory dis-
ability or motor dysfunction were low-
ered with maternal magnesium therapy
rather than solely determining the pres-
ence or absence of cerebral palsy at a cor-
rected age of 2 years. Moreover, the di-
agnosis of cerebral palsy is not 100%
accurate in early childhood,32 espe-
cially in preterm children, even when
only a few well-trained experts are in-
volved in the diagnosis.33 A limitation
of our study is that we did not have the
resources to train individual assessors or
to ensure that every child suspected of
having cerebral palsy was evaluated by
several well-trained independent ex-
perts, which would have improved the
diagnostic accuracy. However, the way
that cerebral palsy was diagnosed in this
study was reflective of usual clinical
practice. We did not find any substan-
tial differences between the groups when
neurosensory disability was deter-
mined solely by the presence and sever-
ity of specific neurosensory impair-
ments (cerebral palsy, blindness,
deafness, and developmental delay).

Table 4. Secondary Infant Outcomes Assessed Before Hospital Discharge*

Outcomes
Magnesium Sulfate

(n = 620)
Placebo
(n = 615) RR (95% CI)

P
Value

Cranial ultrasound, No. 596 586
IVH 165 (27.7) 148 (25.3) 1.10 (0.90-1.33) .36
Grade III or IV IVH 49 (8.2) 50 (8.5) 0.96 (0.65-1.43) .85
Periventricular leukomalacia 22 (3.7) 21 (3.6) 1.03 (0.57-1.87) .92

Secondary neonatal outcomes
Chronic lung disease

(receiving oxygen at 28 days)
280 (45.2) 260 (42.3) 1.07 (0.93-1.22) .34

Necrotizing enterocolitis 30 (4.8) 31 (5.0) 0.96 (0.59-1.57) .87
Mechanical ventilation 577 (93.1) 562 (91.4) 1.02 (0.98-1.05) .31
Length of stay, median (range), d 76 (61-94) 74 (59-95) .66

Abbreviations: CI, confidence interval; IVH, intraventricular hemorrhage; RR, relative risk.
*Data are number (percent) of infants unless otherwise indicated. Infant analyses are adjusted for clustering within mother.

Table 5. Secondary Neurosensory Outcomes for Children Assessed at a Corrected Age of 2
Years*

Outcomes

No. (%) of Children

RR (95% CI)
P

Value

Magnesium
Sulfate

(n = 533)
Placebo
(n = 514)

Neurosensory disability assessed†
No. of children with data 504 483
None 311 (61.7) 296 (61.3) 1.01 (0.91 to 1.12) .90
Mild 104 (20.6) 109 (22.6) 0.91 (0.72 to 1.16) .47
Moderate 54 (10.7) 44 (9.1) 1.18 (0.79 to 1.76) .43
Severe 35 (6.9) 34 (7.0) 0.99 (0.61 to 1.61) .96

Severity of cerebral palsy
No. of children with data 533 513
Mild 21 (3.9) 21 (4.1) 0.96 (0.53 to 1.74) .90
Moderate 12 (2.3) 15 (2.9) 0.77 (0.36 to 1.62) .49
Severe 3 (0.6) 6 (1.2) 0.48 (0.12 to 1.92) .30

Bayley PDI
No. of children with data 482 461
Mean (SD) 88.9 (18.0) 90.2 (19.0) −1.3 (−3.9 to 1.3) .32

Bayley MDI
No. of children with data 483 466
Mean (SD) 89.0 (18.7) 90.4 (18.6) −1.3 (−3.9 to 1.2) .31

Delayed development†
No. of children with data 494 478
None 318 (64.4) 308 (64.4) 1.00 (0.90 to 1.10) .98
Mild 97 (19.6) 103 (21.5) 0.91 (0.71 to 1.18) .47
Moderate 47 (9.5) 34 (7.1) 1.34 (0.85 to 2.12) .21
Severe 32 (6.5) 33 (6.9) 0.94 (0.57 to 1.55) .80

Blind 1 (0.2) 1 (0.2) 0.96 (0.06 to 15.3) .98
Deaf 8 (1.5) 7 (1.4) 1.10 (0.40 to 3.02) .85
Gross motor dysfunction assessed

No. of children with data 529 513
None 427 (80.7) 406 (79.1) 1.02 (0.96 to 1.09) .55
Minimal 84 (15.9) 73 (14.2) 1.12 (0.82 to 1.51) .48
Substantial 18 (3.4) 34 (6.6) 0.51 (0.29 to 0.91) .02

Death or substantial gross motor
dysfunction

No. of children with data 616 620
No. of children affected 105 (17.0) 141 (22.7) 0.75 (0.59 to 0.96) .02

Abbreviations: CI, confidence interval; MDI, Mental Developmental Index; PDI, Psychomotor Developmental Index;
RR, relative risk.

*Child analyses are adjusted for clustering within mother.
†Includes a few children assessed with alternative psychometric tests.
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However, when we used the Gross Mo-
tor Classification System developed by
Palisano et al,28 we found a reduction in
substantial gross motor dysfunction in
the group treated with magnesium sul-
fate. Follow-up into school age will be
important to determine if magnesium
sulfate has any long-term beneficial cog-
nitive or other neurological effects.

The only other trial of which we are
aware that has reported on the use of
magnesium sulfate for prophylactic
neuroprotection, in the preventive
groups of the trial, randomly allocated
57 women in active labor who were
more than 4 cm dilated to either a 4-g
loading dose of magnesium sulfate or
isotonic sodium chloride solution.24 The
trial was stopped early because of con-
cerns of a higher total pediatric mor-
tality rate in the magnesium sulfate
group. Pediatric mortality was lower in
our trial. Childhood neurological out-
come from the trial by Mittendorf et
al25,26 showed that of the 43 survivors
assessed at 18 months of age, 3 (15%)
of 20 exposed to magnesium sulfate had
cerebral palsy compared with 0 of 23
exposed to saline. The small size of the
study, the follow-up rate of survivors
to 18 months of age (77%; 43/56), and
lack of reported methodological de-
tails make it difficult to compare the re-
sults with our findings.

Our study is the largest randomized
trial of magnesium sulfate used solely as
a neuroprotective agent before very pre-
term birth, but the benefit observed was
smaller than anticipated from the non-
randomized human studies, and the
event rates for total mortality and cere-
bral palsy were lower than originally pre-
dicted. Hence, our study was relatively
underpowered to detect smaller but still
clinically important differences than we
originally hypothesized.

Although the results of our trial sug-
gest that prenatal magnesium sulfate
given specifically for neuroprotection
has beneficial effects for the fetus ex-
pected to be born before 30 weeks’
gestation, we do not consider the evi-
dence currently strong enough to rec-
ommend widespread use of magne-
sium sulfate unless confirmed by other

randomized controlled trials in hu-
mans. We are aware of 2 such studies
currently in progress in the United
States and France.

Maternal adverse effects from magne-
sium sulfate therapy in obstetrics are well
known. It was no surprise to find higher
rates of minor adverse effects in women
receiving magnesium sulfate infusion in
our study, although in only a few women
were they severe enough for the infu-
sion to be stopped. We did not detect any
obvious harmful effects of magnesium
sulfate for either the fetus or infant.

Although there have been several re-
ports that maternal administration of
magnesium sulfate was associated with
a reduced risk of IVH in infants,9-12 there
was little evidence in our study of any
effect of magnesium sulfate on the rate
of IVH, including the more severe
grades, or on the rate of cystic periven-
tricular leukomalacia. Any neuropro-
tective effect of magnesium sulfate on
motor dysfunction might work through
other mechanisms, such as stabiliza-
tion of blood flow or ameliorating the
effects of hypoxic ischemic episodes,
free radicals, and infection, rather than
by reducing IVH or cystic periventricu-
lar leukomalacia.

In conclusion, the potential clini-
cally important improvement in pedi-
atric outcomes from magnesium sul-
fate given to women immediately before
very preterm birth for neuroprotec-
tion urgently needs confirmation in fur-
ther trials. Widespread use of prenatal
magnesium sulfate as a neuroprotec-
tive agent cannot be recommended
solely on the basis of the current study.
Although minor adverse effects are
common in women receiving magne-
sium sulfate, there do not appear to be
any serious harmful effects for the
women or their children.

Author Contributions: Dr Crowther had full access to
the data and takes responsibility for the integrity of
the data and the accuracy of the analyses.
Study concept and design: Crowther, Hiller, Doyle.
Acquisition of data: Crowther, Doyle, Haslam.
Analysis and interpretation of data: Crowther, Hiller,
Doyle, Haslam.
Drafting of the manuscript: Crowther, Hiller, Doyle.
Critical revision of the manuscript for important in-
tellectual content: Crowther, Hiller, Doyle, Haslam.
Statistical expertise: Hiller, Doyle.
Obtained funding: Crowther, Hiller, Doyle, Haslam.

Administrative, technical, or material support:
Crowther, Hiller, Haslam.
Study supervision: Crowther, Hiller, Haslam.
ACTOMgSO4 Collaborative Group: Coordinating
committee: C.A. Crowther, FRANZCOG, J.E. Hiller,
PhD, L.W. Doyle, FRACP, R.R. Haslam, FRACP,
A. Thomas, DipEd, J. Marker, GradDipPH, E. Griffith,
BA, S. Russell, GradDip CompSc & IS, J. Paynter,
S. Gibbons, K. Willson, BSc(Hons), T.Y. Khong,
FRCPath, J.S. Robinson, FRANZCOG.
Data monitoring committee: J. Lumley (Chair)
FAFPHM, J. Carlin, PhD.
Collaboration by hospital; associate investigator on
the NHMRC project grant,* (total number of women
recruited):
Christchurch Women’s Hospital, New Zealand (15):
R. Reid, FRANZCOG, B. Darlow, FRACP, H. Liley,
FRACP, N. Mogridge, RN, D. Poad, FRANZCOG.
King Edward Memorial Hospital for Women, West-
ern Australia (65): J. Dickinson, FRANZCOG, N. French,
FRACP, M. Capitti, RN, J. Newnham, FRANZCOG.
King George V Hospital, New South Wales (113):
D. Henderson-Smart,* FRACP, A. Child, FRANZCOG,
B. Peat, FRANZCOG, H. Phipps, MPH, N. Evans,
MRCP, D. Osborn, FRACP, G. Malcolm, PhD, P. Beeby,
FRACP, H. Jeffrey, FRACP, I. Rieger, FRACP, C.
Wocadlo, PhD, S. Reid, RN.
Kirwan Hospital, Queensland (50): D. Watson,
FRANZCOG, A. Blair, FRACP, D. Gandini, FRACP,
K. Roberts, RN.
Monash Medical Centre, Victoria (51): C. Bessell,
FRANZCOG, V. Yu, FRACP, E. Carse, FRACP,
M. Hayes, GradDip MCH.
National Women’s Hospital, New Zealand (62):
D. Souter, FRANZCOG, L. McCowan, FRANZCOG,
J. Harding, FRACP, S. Aftimos, MD, D. Knight, MRCP,
P. Nobbs, FRACP, S. Rowley, FRACP, C. West,
MBChB, P. Stone, FRANZCOG, R. Taylor, MHSc,
G. Turner, FRANZCOG, M. Battin, FRACP, C. Karschel,
FRACP.
Royal Darwin Hospital, Northern Territory (3):
J. Mitchell, FRANZCOG, I. Bucens, FRACP.
Royal Hobart Hospital, Tasmania (17): G. Bury, FRACP,
G. Standen, FRANZCOG, S. Bacic, RM.
Royal Hospital for Women, New South Wales (42):
C. Fisher, FRANZCOG, D. Challis, FRANZCOG, K. Lui,
FRACP, L. Sutton, FRACP, K. Askill, MClinPsych,
D. Cameron, K. Dyer, RN, P. Garvey, FRACP, S.
Milner, DipPhysio.
Royal Women’s Hospital, Queensland (123): P. Cold-
itz,* FRACP, M. Pritchard, BA, J. Wilson, FRANZCOG,
J. Horn, RN, G. Hindmarsh, BA(Psych), W. Katterns,
MNursg.
The Canberra Hospital, Australian Capital Territory
(78): D. Ellwood, FRANZCOG, G. Reynolds, FRACP,
P. Hand, RM, C. Barreda-Hanson, PhD, R. Blake, RM.
The Mater Hospital, Queensland (95): P. Devenish-
Mears, FRANZCOG, F.-Y. Chan, FRANZCOG, D. Tu-
dehope, FRACP, P. Gray, FRACPI, V. Flenady,
MMedSc, J. Hegarty, RN, Y. Rogers.
Mercy Hospital for Women, Victoria (85): A. Wat-
kins,* FRACP, P. Wein, FRANZCOG, J. Keng, MHSc,
S. Fraser, FRACP, E. Kelly, MA(Hons), H. Woods, RN,
L. Horton, BSN, S. Walker, MD.
The Royal Women’s Hospital, Victoria (88): L. Korn-
man, FRANZCOG, L.W. Doyle, FRACP, S. Brennecke,
FRANZCOG, K. Callanan, RN, D. Rushford, SRM.
Waikato Hospital, New Zealand (22): N. Meher-
Homji, FRANZCOG, D. Bourchier, FRACP, P. Weston,
FRACP, D. Bruce, RM, S. Cole, RM, L. Hasan-Stein, MSc.
Women’s and Children’s Hospital, South Australia
(159): C. Crowther, FRANZCOG, J. Robinson,*
FRANZCOG, R. Haslam,* FRACP, A. McPhee, FRACP,*
J. Marker, GradDipPH, C. Smith, PhD, A. Thomas,
DipEd, J. Ramsay, GradDip CAFHN, M. Santich,
MPsychol, J. Coffey, BNursg.
Funding/Support: This research was funded by a 5-year
epidemiological project grant from the National Health

MAGNESIUM SULFATE AS NEUROPROTECTION IN PRETERM BIRTH

©2003 American Medical Association. All rights reserved. (Reprinted) JAMA, November 26, 2003—Vol 290, No. 20 2675

Downloaded From: http://jama.jamanetwork.com/ by a UNIVERSITY OF ADELAIDE LIBRARY User  on 01/20/2016



and Medical Research Council Australia, the Channel 7
Research Foundation of South Australia Inc, and the
Queen Victoria Hospital Research Foundation, Ad-
elaide, South Australia, and supported by the Depart-

ment of Obstetrics and Gynaecology at the University
of Adelaide, Adelaide, South Australia.
Role of the Sponsors: None of the funding bodies was
involved in the study design or conduct; collection,

analysis, or interpretation of the data; or preparation,
review, or approval of the manuscript.
Acknowledgment: We are indebted to the women and
their children who participated in this study.

REFERENCES

1. Pharoah PO, Cooke T, Cooke RW, Rosenbloom L.
Epidemiology of cerebral palsy in England and Scot-
land 1984-1989. Arch Dis Child Fetal Neonatal Ed.
1998;79:F21-F25.
2. Lorenz JM, Wooliever DE, Jetton JR, Paneth N. A
quantitative review of mortality and developmental
disability in extremely premature newborns. Arch Pe-
diatr Adolesc Med. 1998;152:425-435.
3. Drummond PM, Colver AF. Analysis by gesta-
tional age of cerebral palsy in singleton births in north-
east England 1970-94. Paediatr Perinat Epidemiol.
2002;16:172-180.
4. Stanley FJ, Watson L. Trends in perinatal mortal-
ity and cerebral palsy in Western Australia, 1967 to
1985. BMJ. 1992;304:1658-1663.
5. Hagberg B, Hagberg G, Beckung E, Uvebrant P.
Changing panorama of cerebral palsy in Sweden, VIII:
prevalence and origin in the birth year period 1991-
94. Acta Paediatr. 2001;90:271-277.
6. Vohr B, Allan WC, Scott DT, et al. Early-onset in-
traventricular hemorrhage in preterm neonates: inci-
dence of neurodevelopmental handicap. Semin Peri-
natol. 1999;23:212-217.
7. Vermeulen GM, Bruinse HW, de Vries LS. Perina-
tal risk factors for adverse neurodevelopmental out-
come after spontaneous preterm birth. Eur J Obstet
Gynecol Reprod Biol. 2001;99:207-212.
8. Robertson PA, Sniderman SH, Laros RK Jr, et al.
Neonatal morbidity according to gestational age and
birth weight from five tertiary care centers in the United
States, 1983 through 1986. Am J Obstet Gynecol.
1992;166:1629-1641.
9. Kuban KC, Leviton A, Pagano M, Fenton T, Stras-
sfeld R, Wolff M. Maternal toxemia is associated
with reduced incidence of germinal matrix hemor-
rhage in premature babies. J Child Neurol. 1992;7:
70-76.
10. Perlman J, Fermandez C, Gee J, LeVeno K, Risser
R. Magnesium sulphate administered to mothers with
pregnancy-induced hypertension is associated with a
reduction in periventricular-intraventricular hemor-
rhage [abstract]. Pediatr Res. 1994;37:231A.
11. Wiswell TE, Graziani LJ, Caddell JL, Vecchione N,
Stanley C, Spitzer AR. Maternally administered mag-
nesium sulphate protects against early brain injury and
long-term adverse neurodevelopmental outcomes in

preterm infants: a prospective study [abstract 1502].
Pediatr Res. 1996;39:253A.
12. FineSmith RB, Rocke K, Yellin PB, et al. Effect of
magnesium sulfate on the development of cystic peri-
ventricular leukomalacia in preterm infants. Am J Peri-
natol. 1997;14:303-307.
13. Nelson KB, Grether JK. Can magnesium sulfate
reduce the risk of cerebral palsy in very low birth-
weight infants? Pediatrics. 1995;95:263-269.
14. Hauth JC, Goldenberg RL, Nelson KG, DuBard MB,
Peralta MA, Gaudier FL. Reduction of cerebral palsy
with maternal MgSO4 treatment in newborns weigh-
ing 500-1000g [abstract]. Am J Obstet Gynecol. 1995;
172(1 pt 2):419.
15. Schendel DE, Berg CJ, Yeargin-Allsopp M, Boyle
CA, Decoufle P. Prenatal magnesium sulfate expo-
sure and the risk for cerebral palsy or mental retarda-
tion among very low-birth-weight children aged 3 to
5 years. JAMA. 1996;276:1805-1810.
16. Grether JK, Hoogstrate J, Selvin S, Nelson KB. Mag-
nesium sulfate tocolysis and risk of neonatal death.
Am J Obstet Gynecol. 1998;178:1-6.
17. Paneth N, Jetton J, Pinto-Martin J, Susser M, The
Neonatal Brain Hemorrhage Study Analysis Group.
Magnesium sulfate in labor and risk of neonatal brain
lesions and cerebral palsy in low birth weight infants.
Pediatrics. 1997;99:E1.
18. Canterino JC, Verma UL, Visintainer PF, Figueroa
R, Klein SA, Tejani NA. Maternal magnesium sulfate
and the development of neonatal periventricular leu-
comalacia and intraventricular hemorrhage. Obstet Gy-
necol. 1999;93:396-402.
19. Kimberlin DF, Hauth JC, Goldenberg RL, et al. The
effect of maternal magnesium sulfate treatment on
neonatal morbidity in ! or=1000-gram infants. Am
J Perinatol. 1998;15:635-641.
20. Weintraub Z, Solovechick M, Reichman B, et al.
Effect of maternal tocolysis on the incidence of se-
vere periventricular/intraventricular haemorrhage in
very low birthweight infants. Arch Dis Child Fetal Neo-
natal Ed. 2001;85:F13-F17.
21. O’Shea TM, Klinepeter KI, Dillard RG. Prenatal
events and the risk of cerebral palsy in very low birth
weight infants. Am J Epidemiol. 1998;147:362-369.
22. Boyle CA, Yeargin-Allsopp MM, Schendel DE,
Holmgreen P, Oakley GP. Tocolytic magnesium sul-

phate exposure and risk of cerebral palsy among chil-
dren with birth weights less than 1,750 grams. Am J
Epidemiol. 2000;152:120-124.
23. Grether JK, Hoogstrate J, Walsh-Greene E, Nel-
son KB. Magnesium sulfate for tocolysis and risk of
spastic cerebral palsy in premature children born to
women without preeclampsia. Am J Obstet Gyne-
col. 2000;183:717-725.
24. Mittendorf R, Covert R, Boman J, Khoshnood B,
Lee KS, Siegler M. Is tocolytic magnesium sulphate as-
sociated with increased total paediatric mortality? Lan-
cet. 1997;350:1517-1518.
25. Mittendorf R, Bentz L, Borg M, Ruizen N. Does
exposure to antenatal magnesium sulphate prevent
cerebral palsy? Am J Obstet Gynecol. 2000;182:S20-
S21.
26. Mittendorf R, Dambrosia J, Pryde P, et al. Asso-
ciation between the use of antenatal magnesium sul-
fate in preterm labor and adverse health outcomes in
infants. Am J Obstet Gynecol. 2002;186:1111-
1118.
27. Kitchen WH, Doyle LW, Ford GW, Rickards AL,
Lissenden JV, Ryan MM. Cerebral palsy in very low
birth weight infants surviving to 2 years with modern
perinatal intensive care. Am J Perinatol. 1987;4:29-
35.
28. Palisano R, Rosenbaum P, Walter S, Russell D,
Wood E, Galuppi B. Development and reliability of a
system to classify gross motor function in children with
cerebral palsy. Dev Med Child Neurol. 1997;39:214-
223.
29. Bayley N. Bayley Scales of Infant Development.
2nd ed. San Antonio, Tex: The Psychological Corp;
1993.
30. McCullagh P, Nelder JA. Generalized Linear Mod-
els. 2nd ed. London, England: Chapman & Hall; 1989.
31. Lee J, Chia K. Use of the prevalence ratio versus
the prevalence odds ratio as a measure of risk in cross
sectional studies. Occup Environ Med. 1994;51:841.
32. Stanley FJ. Using cerebral palsy data in the evalu-
ation of neonatal intensive care: a warning. Dev Med
Child Neurol. 1982;24:93-94.
33. Ford GW, Kitchen WH, Doyle LW, Rickards AL,
Kelly E. Changing diagnosis of cerebral palsy in very
low birthweight children. Am J Perinatol. 1990;7:178-
181.

MAGNESIUM SULFATE AS NEUROPROTECTION IN PRETERM BIRTH

2676 JAMA, November 26, 2003—Vol 290, No. 20 (Reprinted) ©2003 American Medical Association. All rights reserved.

Downloaded From: http://jama.jamanetwork.com/ by a UNIVERSITY OF ADELAIDE LIBRARY User  on 01/20/2016


