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ABSTRACT

Background: Though antenatal magnesium sulfate (MgSO4) is widely used for fetal 
neuroprotection, suspicions about the long-term neuroprotection of antenatal MgSO4 have 
been raised.
Methods: We investigated short- and long-term outcomes of antenatal MgSO4 use for 468 
infants weighing < 1,500 g with a gestational age of 24–31 weeks.
Results: Short-term morbidities and the risk of developmental delay, hearing loss, and 
cerebral palsy at a corrected age of 18–24 months and 3 years of age did not decrease in the 
MgSO4 group (infants who were exposed to MgSO4 for any purpose) or neuroprotection 
group (infants who were exposed to MgSO4 for fetal neuroprotection) compared with the 
control group (infants who were not exposed to MgSO4). The z-scores of weight, height, and 
head circumference did not increase in the MgSO4 group or neuroprotection group compared 
with the control group.
Conclusion: Antenatal MgSO4 including MgSO4 for neuroprotection did not have beneficial 
effects on long-term neurodevelopmental and growth outcomes.

Keywords: Magnesium Sulfate; Neuroprotection; Developmental Disabilities;  
Infant, Very Low Birth Weight; Infant, Premature

INTRODUCTION

Although there is controversy regarding the use of magnesium sulfate (MgSO4) as a tocolytic 
agent, MgSO4 has been widely used to treat preterm labor, preeclampsia, and eclampsia.1 
Recently, the fetal neuroprotective effect of antenatal MgSO4 has emerged, and several 
meta-analyses have emphasized this effect. In a meta-analysis of five randomized controlled 

J Korean Med Sci. 2023 Nov 13;38(44):e350
https://doi.org/10.3346/jkms.2023.38.e350
eISSN 1598-6357·pISSN 1011-8934

Original Article
Pediatrics

Received: May 10, 2023
Accepted: Aug 6, 2023
Published online: Oct 24, 2023

Address for Correspondence:
Suk-Joo Choi, MD, PhD
Department of Obstetrics and Gynecology, 
Samsung Medical Center, Sungkyunkwan 
University School of Medicine, 81 Irwon-ro, 
Gangnam-gu, Seoul 06351, Korea.
Email: drmaxmix.choi@samsung.com

Yun Sil Chang, MD, PhD
Department of Pediatrics, Samsung Medical 
Center, Sungkyunkwan University School of 
Medicine, 81 Irwon-ro, Gangnam-gu, Seoul 
06351, Korea.
Email: yschang@skku.edu

*Ga Won Jeon and So Yoon Ahn contributed 
equally to this study as co-first authors.

© 2023 The Korean Academy of Medical 
Sciences.
This is an Open Access article distributed 
under the terms of the Creative Commons 
Attribution Non-Commercial License (https://
creativecommons.org/licenses/by-nc/4.0/) 
which permits unrestricted non-commercial 
use, distribution, and reproduction in any 
medium, provided the original work is properly 
cited.

ORCID iDs
Ga Won Jeon 
https://orcid.org/0000-0002-8206-9727
So Yoon Ahn 
https://orcid.org/0000-0002-1821-3173
Su Min Kim 
https://orcid.org/0000-0002-0483-602X
Misun Yang 
https://orcid.org/0000-0003-1634-6623

Ga Won Jeon ,1* So Yoon Ahn ,2* Su Min Kim ,2,3 Misun Yang ,2 Se In Sung ,2 
Ji-Hee Sung ,4 Soo-young Oh ,4,5 Cheong-Rae Roh ,4 Suk-Joo Choi ,4 and  
Yun Sil Chang  2,3,5

1Department of Pediatrics, Inha University Hospital, Inha University College of Medicine, Incheon, Korea
2�Department of Pediatrics, Samsung Medical Center, Sungkyunkwan University School of Medicine, Seoul, 
Korea

3�Department of Clinical Research Design and Evaluation, Samsung Advanced Institute for Health Sciences 
& Technology (SAIHST), Sungkyunkwan University, Seoul, Korea

4�Department of Obstetrics and Gynecology, Samsung Medical Center, Sungkyunkwan University School of 
Medicine, Seoul, Korea

5�Department of Health Sciences and Technology, Samsung Advanced Institute for Health Sciences & 
Technology (SAIHST), Samsung Medical Center, Seoul, Korea

Antenatal Magnesium Sulfate Is Not 
Associated With Improved Long-Term 
Neurodevelopment and Growth in 
Very Low Birth Weight Infants

http://crossmark.crossref.org/dialog/?doi=10.3346/jkms.2023.38.e350&domain=pdf&date_stamp=2023-10-24
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-8206-9727
https://orcid.org/0000-0002-8206-9727
https://orcid.org/0000-0002-1821-3173
https://orcid.org/0000-0002-1821-3173
https://orcid.org/0000-0002-0483-602X
https://orcid.org/0000-0002-0483-602X
https://orcid.org/0000-0003-1634-6623
https://orcid.org/0000-0003-1634-6623
https://orcid.org/0000-0002-8206-9727
https://orcid.org/0000-0002-1821-3173
https://orcid.org/0000-0002-0483-602X
https://orcid.org/0000-0003-1634-6623
https://orcid.org/0000-0002-8717-6142
https://orcid.org/0000-0002-9658-2898
https://orcid.org/0000-0003-3002-0048
https://orcid.org/0000-0002-5266-6168
https://orcid.org/0000-0002-8946-4789
https://orcid.org/0000-0001-9201-2938


Se In Sung 
https://orcid.org/0000-0002-8717-6142
Ji-Hee Sung 
https://orcid.org/0000-0002-9658-2898
Soo-young Oh 
https://orcid.org/0000-0003-3002-0048
Cheong-Rae Roh 
https://orcid.org/0000-0002-5266-6168
Suk-Joo Choi 
https://orcid.org/0000-0002-8946-4789
Yun Sil Chang 
https://orcid.org/0000-0001-9201-2938

Funding
This work was supported by 2023 Inha 
University Research Grant.

Disclosure
The authors have no potential conflicts of 
interest to disclose.

Author Contributions
Conceptualization: Jeon GW, Ahn SY, Yang 
M, Sung SI, Sung JHI, Oh SY, Roh CR, Choi 
SJ, Chang YS. Data curation: Jeon GW, Ahn 
SY, Kim SM, Yang M, Sung SI, Sung JH, Oh SY, 
Roh CR, Choi SJ, Chang YS. Formal analysis: 
Jeon GW, Ahn SY, Kim SM, Yang M, Sung SI, 
Sung JH, Oh SY, Roh CR, Choi SJ, Chang YS. 
Funding acquisition: Jeon GW. Investigation: 
Chang YS. Methodology: Jeon GW, Ahn SY, 
Kim SM, Chang YS. Project administration: 
Chang YS. Resources: Jeon GW. Software: Kim 
SM. Validation: Kim SM. Writing - original draft: 
Jeon GW, Ahn SY, Kim SM, Yang M, Sung SI, 
Sung JH, Oh SY, Roh CR, Choi SJ, Chang YS. 
Writing - review & editing: Jeon GW, Ahn SY, 
Kim SM, Yang M, Sung SI, Sung JH, Oh SY, Roh 
CR, Choi SJ, Chang YS.

trials (RCTs), antenatal MgSO4 use was associated with a decreased risk of cerebral palsy and 
substantial gross motor dysfunction, defined as an inability to walk alone, although there was 
no significant effect on infant mortality.2 In another meta-analysis by Costantine et al.3 with 
six RCTs (five studies), antenatal MgSO4 decreased the risk of moderate-to-severe cerebral 
palsy without decreasing the incidence of death or cerebral palsy. Furthermore, in another 
meta-analysis by Conde-Agudelo and Romero.4 with the same six RCTs as Costantine et al.’s 
study,3 they concluded that antenatal MgSO4 was associated with a decreased risk of cerebral 
palsy, moderate-to-severe cerebral palsy, and substantial gross motor dysfunction, although 
cerebral palsy decreased in one RCT. Subsequently, in 2010, the American College of 
Obstetricians and Gynecologists (ACOG) encouraged the administration of antenatal MgSO4 
to reduce the risk of cerebral palsy in pregnant woman with imminent preterm birth at 
gestational age (GA) less than 32 weeks based on the results of several multicenter RCTs and 
the above-mentioned meta-analysis.5 In 2017, the ACOG reached a consensus that antenatal 
MgSO4 is recommended as early as GA 24–25 weeks, considered for GA 23 weeks, and not 
recommended for GA 20–22 weeks.6 In 2019, the Society of Obstetricians and Gynaecologists 
of Canada released a practice guideline that antenatal MgSO4 should be considered in 
pregnant women with imminent preterm birth at less than 34 weeks of GA without fear of 
overuse, for fetal neuroprotection.7

Suspicions about the long-term neuroprotective effect of antenatal MgSO4 have been raised 
after several years of use for neuroprotection. There were two school-age follow-up studies out 
of the above-mentioned studies of antenatal MgSO4 treatment, which could not find a benefit 
of antenatal MgSO4 treatment at school age. The enrolled preterm infants in a large multicenter 
RCT by Crowther et al.8 were followed up till school age of 6–11 years, and antenatal MgSO4 
was not found to be associated with improved cognitive, behavioral, growth, or functional 
outcomes at school age.9 Furthermore, in another follow-up study of a French RCT,10 there were 
no significant differences in motor impairment, cognitive impairment, behavioral disorder, or 
mortality between the MgSO4 and placebo groups at the school age of 7–14 years.11

Together with the discrepancy regarding long-term neuroprotective effects of antenatal 
MgSO4, there has been concerns regarding fetal and neonatal safety of antenatal MgSO4 with 
aggressive treatment by the recommendations of ACOG and other committees. Safety issues 
included decreased mesenteric blood flow and intestinal motility resulting in meconium-
related ileus, necrotizing enterocolitis (NEC) or spontaneous intestinal perforation.12 
Researchers suggested that suspicion of gastrointestinal complications in particular is 
required, especially in preterm infants with a GA < 26 weeks exposed to antenatal MgSO4 
until sturdy evidence of its association could be established.12 The protocol of administering 
antenatal MgSO4 for fetal neuroprotection was adopted in our institute in January 2014. 
However, although we have shown that there was no significant association between 
antenatal MgSO4 use and subsequent NEC development in preterm infants with GA of 24 
to 31 weeks13 there were gastrointestinal complications such as meconium-related ileus in 
extremely preterm infants with GA of ≤ 25 weeks, that lead to withdrawal of the protocol in 
March 2016. In our previous study, antenatal MgSO4 increased the risk of meconium-related 
ileus requiring surgical treatment in preterm infants with a GA of ≤ 25 weeks.14 Furthermore, 
antenatal MgSO4 did not have neuroprotective effects assessed at corrected age (CA) of 18–24 
months in infants with a GA of ≤ 25 weeks.14

Despite these concerns and debates, antenatal MgSO4 is already used worldwide, based 
on the recommendations of the ACOG and other committees for fetal neuroprotection. 
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Therefore, this study aimed to investigate whether antenatal MgSO4 for fetal neuroprotection 
was clearly associated with improved long-term neurodevelopmental and growth outcomes 
at CA of 18–24 months and 3 years of age without significant side effects in preterm infants 
with a GA of 24–31 weeks who are at great risk for long-term neurodevelopmental and 
growth impairment.

METHODS

Medical records of very low birth weight infants weighing less than 1,500 g with GA 24–31 
weeks who were admitted to the Samsung Medical Center neonatal intensive care unit 
(NICU) between January 2012 and March 2018 and were followed up at CA of 18–24 months 
(follow-up 1) or at 3 years of age (follow-up 2) were reviewed.

Patient characteristics and long-term neurodevelopmental and growth outcomes were 
compared between two groups. Infants who were exposed to antenatal MgSO4 for any 
purpose (MgSO4 group) were compared with infants who were not exposed to antenatal 
MgSO4 (control group). Additionally, infants who were exposed to antenatal MgSO4 for fetal 
neuroprotection (neuroprotection group) were compared with the control group.

Among the 609 preterm infants, 18 with congenital anomalies, 67 who died during 
hospitalization in the NICU, and 6 who died between discharge from the NICU and follow-up 
1 were excluded (Fig. 1). Among the surviving 518 eligible infants, 50 were not followed up at 
a CA of 18–24 months (follow-up 1); hence, a total of 468 infants were included at follow-up 
1. Among these 468 infants, 252 were not exposed to MgSO4 (control group) and 216 were 
exposed to MgSO4 (MgSO4 group) (100 infants for fetal neuroprotection [neuroprotection 
group], 69 infants to treat maternal preeclampsia or eclampsia, and 47 infants to treat 
maternal preterm labor). At 3 years of age (follow-up 2), among 468 infants who were 
included at follow-up 1, 78 were not followed up. None of the infants died during follow-
ups 1 and 2. Finally, 390 infants were included at follow-up 2. Among these 390 infants, 197 
were not exposed to MgSO4 (control group) and 193 were exposed to MgSO4 (MgSO4 group) 
(94 infants for fetal neuroprotection [neuroprotection group], 60 infants to treat maternal 
preeclampsia or eclampsia, and 39 infants to treat maternal preterm labor).

Antenatal MgSO4 for fetal neuroprotection was given to women with imminent preterm birth 
as a 4-g bolus followed by an infusion of 1 g of MgSO4 per hour for 24 hours. Maintenance 
dose was discontinued if delivery did not occur within 24 hours. MgSO4 for the treatment of 
preeclampsia and eclampsia was given as the same loading dose of 4-g bolus followed by an 
infusion of 1 g of MgSO4 per hour and discontinued at 24 hours after delivery. All women who 
received MgSO4 for tocolysis were transferred from another hospital because MgSO4 was not 
used as a tocolytic agent in our institute.

Maternal characteristics included maternal age, antenatal steroid therapy, antenatal MgSO4 
treatment, intent of MgSO4 treatment, mode of delivery, and histologic chorioamnionitis. 
Neonatal characteristics included GA, birth weight, sex, small for GA, Apgar scores at 1 and 
5 min, NEC (stage ≥ 2b),15 bronchopulmonary dysplasia (moderate-to-severe) according 
to the National Institute of Child Health and Human Development 2001 definition,16 
intraventricular hemorrhage (grade ≥ 3),17 periventricular leukomalacia, culture-proven 
sepsis, retinopathy of prematurity (stage ≥ 3),18 and patent ductus arteriosus.
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Long-term outcomes of neurodevelopment and growth were assessed at the follow-ups 
1 and 2. Mental developmental delay was defined as 1) a mental developmental index < 
70 on the Bayley Scales of Infant Development (BSID) II; 2) cognitive or language < 70 on 
the BSID III; or 3) cognition, language, or self-help score less than the cut-off value in the 
Korean Developmental Screening Test for Infants and Children (K-DST) in patients who 
were conducted K-DST without BSID.19 It has been shown that the results of the K-DST are 
well correlated with those of BSID data, supporting the reliability and validity of the K-DST 
for assessing neurodevelopmental disorders in Korean infants.20-22 Motor developmental 
delay was defined as 1) a psychomotor developmental index < 70 on the BSID II; 2) motor < 
70 on the BSID III; or 3) gross motor or fine motor score less than the cut-off value on the 
K-DST in patients who were conducted K-DST without BSID.19 Hearing loss was defined as 
sensorineural hearing loss requiring a hearing aid or cochlear implantation, as diagnosed 
by a pediatric otolaryngologist. Cerebral palsy was defined as a non-progressive movement 
disorder diagnosed by a physician specializing in pediatric rehabilitation medicine with 
Gross Motor Functional Classification System levels ≥ 2.23 Z-scores of weight, height, 
and head circumference according to the 2006 World Health Organization Child Growth 
Standards were compared.24
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GA 24–31 weeks, BWt < 1.5 kg
admitted to NICU

(N = 609)

Included at follow-up 1 (n = 468)
Control group (n = 252)
MgSO4 group (n = 216)

Neuroprotection group (n = 100); preeclampsia/eclampsia (n = 69); preterm labor (n = 47)

Included at follow-up 2 (n = 390)
Control group (n = 197)
MgSO4 group (n = 193)

Neuroprotection group (n = 94); preeclampsia/eclampsia (n = 60); preterm labor (n = 39)

Congenital anomalies (n = 18)
Died during hospitalization in the NICU (n = 67)
Died between discharge from the NICU and follow-up 1 (n = 6)

Died between follow-ups 1 and 2 (n = 0)
Not followed-up (n = 78)

Not followed-up (n = 50)

Excluded

Excluded

Excluded

n = 518

Fig. 1. Patient flowchart. Among 609 preterm infants weighing < 1,500 g with GA 24–31 weeks who were admitted 
from January 2012 to March 2018, 18 with congenital anomalies, 67 who died during hospitalization, and 6 
who died between discharge from the neonatal intensive care unit and follow-up 1 were excluded. Among the 
surviving 518 eligible infants, 50 were not followed-up; hence, a total of 468 infants were included at corrected 
age of 18–24 months (follow-up 1). Among these 468 infants, 252 were not exposed to MgSO4 (control group) and 
216 were exposed to MgSO4 (MgSO4 group) (100 infants for fetal neuroprotection [neuroprotection group], 69 
infants to treat maternal preeclampsia or eclampsia, 47 infants to treat maternal preterm labor). At 3 years of age 
(follow-up 2), among 468 infants who were included at follow-up 1, 78 were not followed-up. None of the infants 
died between follow-ups 1 and 2. Finally, a total of 390 infants were included at follow-up 2. Among these 390 
infants, 197 were not exposed to MgSO4 (control group) and 193 were exposed to MgSO4 (MgSO4 group) (94 infants 
for fetal neuroprotection [neuroprotection group], 60 infants to treat maternal preeclampsia or eclampsia, and 
39 infants to treat maternal preterm labor). 
GA = gestational age, BWt = birth weight, NICU = neonatal intensive care unit, MgSO4 = magnesium sulfate.



Statistical analysis
The t-test or Mann-Whitney U test was performed for continuous variables with a normal 
distribution and homogeneous variance, and the χ2 test or Fisher’s exact test was performed 
for categorical variables, as appropriate. Odds ratios (ORs) for the MgSO4 group were 
adjusted for GA, birth weight, maternal histologic chorioamnionitis, and preeclampsia/
eclampsia, which differed between the MgSO4 and control groups and might have affected 
long-term neurodevelopmental and growth outcomes. ORs for the neuroprotection group 
were adjusted for GA, birth weight, and cesarean section, and were different between the 
neuroprotection and control groups. Adjusted OR and 95% confidence interval compared 
to the control group using multivariable logistic regression were presented to evaluate the 
risks of long-term neurodevelopmental impairment, or growth restriction. All statistical 
analyses were performed using STATA (version 16.0; StataCorp, College Station, TX, USA). 
Data are presented as mean ± standard deviation for continuous variables and as numbers 
(percentages) for categorical variables, and P values < 0.05 were considered significant.

Ethics statement
This study protocol was reviewed and approved by the Institutional Review Board of 
Samsung Medical Center (identification code:2022-08-080) in accordance with the 
Declaration of Helsinki. The Institutional Review Board waived the need for informed 
consent for this retrospective chart review.

RESULTS

Patient characteristics
A total of 468 and 390 infants were enrolled at follow-ups 1 (at CA of 18–24 months) and 2 (at 
3 years of age), respectively. The follow-up rates were 90.3% and 75.3% at follow-ups 1 and 2 
(468/518 and 390/518 at follow-ups 1 and 2, respectively).

Among infants enrolled at follow-up 1, maternal age or antenatal steroid therapy rate was 
not different between the study groups (Table 1). Fewer mothers delivered by cesarean 
section in the neuroprotection group than in the control group (72% in the neuroprotection 
group vs. 82.1% in the control group, P = 0.034). The rate of maternal chorioamnionitis was 
lower in the MgSO4 group than in the control group (36.1% in the MgSO4 group vs. 49.2% 
in the control group, P = 0.004). More mothers had preeclampsia/eclampsia in the MgSO4 
group than in the control group (29.6% in the MgSO4 group vs. 5.6% in the control group, 
P < 0.001). GA was lesser in neuroprotection group compared with control group (26.84 
± 2.01 weeks in the neuroprotection group vs. 27.39 ± 2.10 weeks in the control group, P = 
0.022). Birth weight was lower in the MgSO4 group than in the control group (950 ± 270 g 
in the MgSO4 group vs. 1,010 ± 250 g in the control group, P = 0.045). Apgar scores at 1 and 
5 minutes did not differ between the study groups. Morbidities at the NICU, such as NEC, 
bronchopulmonary dysplasia, intraventricular hemorrhage, periventricular leukomalacia, 
sepsis, retinopathy of prematurity, and patent ductus arteriosus, were similar between the 
groups. The characteristics of the patients enrolled at follow-up 2 are shown in Table 2. The 
characteristics of the patients enrolled at follow-ups 1 and 2, according to GA, are presented 
in Supplementary Tables 1 and 2.
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Long-term neurodevelopmental and growth outcomes at follow-up 1
The rate of performing neurodevelopmental assessment was 82.3% (385/468) at follow-up 
1 (79, only BSID; 51, only K-DST; and 255, both BSID and K-DST). In follow-up 1, out of the 
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Table 1. The characteristics of the patients enrolled at follow-up 1
Characteristics Control group (n = 252) MgSO4 group (n = 216) P valuea Neuroprotection group (n = 100) P valueb

Maternal characteristics
Age, yr 33.25 ± 3.60 33.68 ± 4.09 0.143 32.83 ± 4.23 0.584
Multiple pregnancy 93/252 (36.9) 72/216 (33.3) 0.420 31/100 (31.0) 0.296
Antenatal steroids therapy 230/252 (91.3) 197/216 (91.2) 0.980 90/100 (90.0) 0.709
Cesarean section 207/252 (82.1) 177/216 (81.9) 0.956 72/100 (72.0) 0.034*

Histologic chorioamnionitis 124/252 (49.2) 78/216 (36.1) 0.004* 52/100 (52.0) 0.636
Preeclampsia or eclampsia 14/252 (5.6) 64/216 (29.6) < 0.001* 1/100 (1.0) 0.077

Neonatal characteristics
GA, wk 27.39 ± 2.10 27.18 ± 2.18 0.276 26.84 ± 2.01 0.022*

Birth weight, g 1,010 ± 250 950 ± 270 0.045* 960 ± 260 0.467
Male 136/252 (54.0) 104/216 (48.1) 0.209 56/100 (56.0) 0.730
SGA 46/252 (18.3) 48/216 (22.2) 0.285 11/100 (11.0) 0.096
Apgar score at 1 min 5.55 ± 1.87 5.35 ± 1.77 0.220 5.26 ± 1.84 0.191
Apgar score at 5 min 7.68 ± 1.42 7.66 ± 1.26 0.418 7.51 ± 1.32 0.121
NEC (stage ≥ 2b) 8/252 (3.2) 7/216 (3.2) 0.968 6/100 (6.0) 0.221
BPD (moderate to severe) 66/252 (26.2) 59/215 (27.4) 0.761 27/100 (27.0) 0.877
IVH (grade ≥ 3) 13/252 (5.2) 12/216 (5.6) 0.849 4/100 (4.0) 0.787
PVL 21/252 (8.3) 11/216 (5.1) 0.166 5/100 (5.0) 0.281
Sepsis 25/252 (9.9) 20/216 (9.3) 0.809 11/100 (11.0) 0.763
ROP (stage ≥ 3) 45/252 (17.9) 41/216 (19.0) 0.754 17/100 (17.0) 0.849
PDA 153/252 (60.7) 144/216 (66.7) 0.182 70/100 (70.0) 0.103

Data are presented as mean ± standard deviation for continuous variables and as numbers (percentages) for categorical variables.
MgSO4 = magnesium sulfate, GA = gestational age, SGA = small for gestational age, NEC = necrotizing enterocolitis, BPD = bronchopulmonary dysplasia, IVH = 
intraventricular hemorrhage, PVL = periventricular leukomalacia, ROP = retinopathy of prematurity, PDA = patent ductus arteriosus.
aMgSO4 group vs. control group; bNeuroprotection group vs. control group.
*P < 0.05.

Table 2. The characteristics of the patients enrolled at follow-up 2
Characteristics Control group (n = 197) MgSO4 group (n = 193) P valuea Neuroprotection group (n = 94) P valueb

Maternal characteristics
Age, yr 33.45 ± 3.43 33.65 ± 4.18 0.514 32.85 ± 4.32 0.321
Multiple pregnancy 73/197 (37.1) 65/193 (33.7) 0.486 30/94 (31.9) 0.391
Antenatal steroid therapy 182/197 (92.4) 176/193 (91.2) 0.667 85/94 (90.4) 0.570
Cesarean section 161/197 (81.7) 162/193 (83.9) 0.563 71/94 (75.5) 0.219
Histologic chorioamnionitis 97/197 (49.2) 70/193 (36.3) 0.010* 47/94 (50.0) 0.903
Preeclampsia or eclampsia 12/197 (6.1) 56/193 (29.0) < 0.001* 1/94 (1.1) 0.068

Neonatal characteristics
GA, wk 27.36 ± 2.07 27.18 ± 2.18 0.376 26.72 ± 1.96 0.012*

Birth weight, g 990 ± 250 950 ± 270 0.198 970 ± 260 0.531
Male 105/197 (53.3) 94/193 (48.7) 0.364 41/94 (43.6) 0.621
SGA 38/197 (19.3) 44/193 (22.8) 0.395 11/94 (11.7) 0.106
Apgar score at 1 min 5.53 ± 1.82 5.37 ± 1.79 0.344 5.22 ± 1.86 0.181
Apgar score at 5 min 7.75 ± 1.38 7.67 ± 1.29 0.271 7.50 ± 1.36 0.059
NEC (stage ≥ 2b) 6/197 (3.0) 6/193 (3.1) 0.971 5/94 (5.3) 0.342
BPD (moderate to severe) 58/197 (29.4) 50/193 (25.9) 0.435 24/94 (25.5) 0.488
IVH (grade ≥ 3) 10/197 (5.1) 10/193 (5.2) 0.962 4/94 (4.3) 0.760
PVL 15/197 (7.6) 9/193 (4.7) 0.225 4/94 (4.3) 0.323
Sepsis 18/197 (9.1) 16/193 (8.3) 0.767 11/94 (11.7) 0.495
ROP (stage ≥ 3) 38/197 (19.3) 32/193 (16.6) 0.486 17/94 (18.1) 0.806
PDA 128/197 (65.0) 132/193 (68.4) 0.474 68/94 (72.3) 0.210

Data are presented as mean ± standard deviation for continuous variables and as numbers (percentages) for categorical variables.
MgSO4 = magnesium sulfate, GA = gestational age, SGA = small for gestational age, NEC = necrotizing enterocolitis, BPD = bronchopulmonary dysplasia, IVH = 
intraventricular hemorrhage, PVL = periventricular leukomalacia, ROP = retinopathy of prematurity, PDA = patent ductus arteriosus.
aMgSO4 group vs. control group; bNeuroprotection group vs. control group.
*P < 0.05.



334 participants who underwent BSID, BSID II was administered to 311 individuals, while 
BSID III was conducted for 23 individuals. More infants in the neuroprotection group had 
delayed mental development than those in the control group at follow-up 1 (34.1% in the 
neuroprotection group vs. 21.3% in the control group, P = 0.021) (Table 3). The rates of motor 
developmental delay (19.1%, 18.7%, and 18.3% in the MgSO4, neuroprotection, and control 
groups, respectively) and the composite of mental or motor developmental delay (35.1%, 
38.5%, and 28.4% in the MgSO4, neuroprotection, and control groups, respectively) were not 
different between the study groups. The risk of mental developmental delay was higher in the 
neuroprotection group compared with the control group. The risk of motor developmental 
delay, or the composite of mental or motor developmental delay did not decrease in the MgSO4 
group or neuroprotection group compared with the control group at follow-up 1 (Table 4). The 
rates of hearing loss or cerebral palsy were also similar between the study groups at follow-up 1 
(Table 3), and the risk of hearing loss or cerebral palsy did not decrease in the MgSO4 group or 
neuroprotection group compared to the control group at follow-up 1 (Table 4).

The z-score of weight, height, or head circumference at follow-up 1 did not increase in 
the MgSO4 group or neuroprotection group compared with the control group (Table 3). 
Long-term neurodevelopmental and growth outcomes at follow-up 1, according to GA, are 
presented in Supplementary Tables 3 and 4.

Long-term neurodevelopmental and growth outcomes at follow-up 2
The rate of performing neurodevelopmental assessment was 75.6% (295/390) at follow-up 
2 (27, only BSID; 99, only K-DST; and 169, both BSID and K-DST). In follow-up 2, out of the 
196 participants who underwent BSID, BSID II was administered to 132 individuals, while 
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Table 3. Long-term neurodevelopmental and growth outcomes at follow-up 1
Characteristics Control group (n = 252) MgSO4 group (n = 216) P valuea Neuroprotection group (n = 100) P valueb

Mental developmental delay 42/197 (21.3) 54/188 (28.7) 0.093 31/91 (34.1) 0.021*

Motor developmental delay 36/197 (18.3) 36/188 (19.1) 0.826 17/91 (18.7) 0.934
Mental or motor developmental delay 56/197 (28.4) 66/188 (35.1) 0.159 35/91 (38.5) 0.089
Hearing loss 8/249 (3.2)  11/213 (5.2) 0.292 6/99 (6.1) 0.223
Cerebral palsy 19/248 (7.7) 14/211 (6.6) 0.671 3/98 (3.1) 0.144
Growth outcome

Weight (z-score) −0.47 ± 1.16 −0.60 ± 1.20 0.232 −0.58 ± 1.15 0.425
Height (z-score) −0.71 ± 1.17 −0.72 ± 1.35 0.908 −0.66 ± 1.27 0.941
Head circumference (z-score) −0.30 ± 1.26 −0.36 ± 1.24 0.487 −0.25 ± 1.32 0.921

Data are presented as mean ± standard deviation for continuous variables and as numbers (percentages) for categorical variables.
MgSO4 = magnesium sulfate.
aMgSO4 group vs. control group; bNeuroprotection group vs. control group.
*P < 0.05.

Table 4. The risks of long-term neurodevelopmental impairment compared to the control group at follow-up 1
Characteristics MgSO4 groupa P valueb Neuroprotection groupc P valued

Mental developmental delay 1.52 (0.92–2.51) 0.096 1.80 (1.01–3.18) 0.043*

Motor developmental delay 0.94 (0.54–1.64) 0.850 1.00 (0.52–1.93) 0.981
Mental or motor developmental delay 1.37 (0.86–2.18) 0.182 1.51 (0.88–2.60) 0.132
Hearing loss 1.88 (0.69–5.11) 0.211 2.06 (0.67–6.27) 0.201
Cerebral palsy 0.62 (0.28–1.37) 0.240 0.34 (0.10–1.21) 0.098
Data are presented as adjusted odds ratio (95% confidence interval).
MgSO4 = magnesium sulfate.
aOdds ratios of MgSO4 group vs. control group, adjusted for gestational age, birth weight, maternal histologic 
chorioamnionitis, and preeclampsia/eclampsia; bMgSO4 group vs. control group; cOdds ratios of neuroprotection 
group vs. control group, adjusted for gestational age, birth weight, and cesarean section; dNeuroprotection group 
vs. control group.
*P < 0.05.



BSID III was conducted for 64 individuals. The rates of mental developmental delay, motor 
developmental delay, and the composite of mental or motor developmental delay were 
similar between the study groups at follow-up 2 (Table 5). The risk of mental developmental 
delay, motor developmental delay, or the composite of mental or motor developmental delay 
did not decrease in the MgSO4 group or neuroprotection group compared with the control 
group at follow-up 2 (Table 6). The rates of hearing loss or cerebral palsy were also similar 
between the study groups at follow-up 2 (Table 5), and the risk of hearing loss or cerebral 
palsy did not decrease in the MgSO4 group or neuroprotection group compared to the control 
group at follow-up 2 (Table 6).

The z-score of weight, height, or head circumference at follow-up 2 did not increase in 
the MgSO4 group or neuroprotection group compared with the control group (Table 5). 
Long-term neurodevelopmental and growth outcomes at follow-up 2, according to GA, are 
presented in Supplementary Tables 5 and 6.

DISCUSSION

In the present study, antenatal MgSO4 including MgSO4 for neuroprotection was not associated 
with short-term morbidities in the NICU, namely, NEC, intraventricular hemorrhage, 
periventricular leukomalacia, retinopathy of prematurity, or sepsis. Furthermore, antenatal 
MgSO4 including MgSO4 for neuroprotection was not associated with improved long-term 
neurodevelopmental and growth outcomes at CA of 18–24 months and 3 years of age.

Although Crowther et al.8 recommended MgSO4 to improve outcomes in preterm infants, 
the total mortality of enrolled preterm infants with GA < 30 weeks, cerebral palsy at CA of 2 
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Table 5. Long-term neurodevelopmental and growth outcomes at follow-up 2
Characteristics Control group (n = 197) MgSO4 group (n = 193) P valuea Neuroprotection group (n = 94) P valueb

Mental developmental delay 26/145 (17.9) 39/150 (26.0) 0.095 21/76 (27.6) 0.094
Motor developmental delay 41/145 (28.3) 54/150 (36.0) 0.156 27/76 (35.5) 0.267
Mental or motor developmental delay 44/145 (30.3) 59/150 (39.3) 0.105 31/76 (40.8) 0.119
Hearing loss 8/196 (4.1) 9/192 (4.7) 0.771 5/93 (5.4) 0.762
Cerebral palsy 17/195 (8.7) 18/193 (9.3) 0.834 8/94 (8.5) 0.953
Growth outcome

Weight (z-score) −1.12 ± 1.13 −1.00 ± 1.26 0.331 −0.89 ± 1.21 0.126
Height (z-score) −1.43 ± 1.07 −1.29 ± 1.27 0.303 −1.30 ± 1.19 0.459
Head circumference (z-score) −0.69 ± 1.24 −0.71 ± 1.36 0.924 −0.60 ± 1.26 0.719

Data are presented as mean ± standard deviation for continuous variables and as numbers (percentages) for categorical variables.
MgSO4 = magnesium sulfate.
aMgSO4 group vs. control group; bNeuroprotection group vs. control group.

Table 6. The risks of long-term neurodevelopmental impairment compared to the control group at follow-up 2
Characteristics MgSO4 groupa P valueb Neuroprotection groupc P valued

Mental developmental delay 1.59 (0.88–2.87) 0.123 1.61 (0.82–3.16) 0.160
Motor developmental delay 1.35 (0.80–2.29) 0.256 1.26 (0.68–2.33) 0.443
Mental or motor developmental delay 1.48 (0.88–2.49) 0.133 1.47 (0.81–2.67) 0.198
Hearing loss 1.06 (0.36–3.08) 0.909 1.29 (0.39–4.23) 0.669
Cerebral palsy 0.82 (0.38–1.75) 0.612 0.84 (0.34–2.06) 0.706
Data are presented as adjusted odds ratio (95% confidence interval).
MgSO4 = magnesium sulfate.
aOdds ratios of MgSO4 group vs. control group, adjusted for gestational age, birth weight, maternal histologic 
chorioamnionitis, and preeclampsia/eclampsia; bMgSO4 group vs. control group; cOdds ratios of neuroprotection 
group vs. control group, adjusted for gestational age and birth weight; dNeuroprotection group vs. control group.



years in survivors, and combined death or cerebral palsy did not significantly decrease in the 
MgSO4 group compared to the placebo group by RCT at 16 tertiary hospitals in Australia and 
New Zealand. They reported that substantial gross motor dysfunction defined as an inability 
to walk alone and combined death or substantial gross motor dysfunction decreased.8

Further, in an RCT by Marret et al.10 (PREMAG trial) at 18 tertiary hospitals in France, there 
were no statistically significant differences in total mortality, severe white matter injury, and 
combined outcomes between the MgSO4 and placebo groups among preterm infants with GA 
< 33 weeks. In a 2-year follow-up of the PREMAG trial, cerebral palsy, death, and combined 
death and cerebral palsy did not decrease significantly in the MgSO4 group; however, death 
and gross motor dysfunction were significantly less frequent in the MgSO4 group than in the 
placebo group.25 In another multicenter trial in the US at 20 hospitals in Eunice Kennedy 
Shriver National Institute of Child Health and Human Development Maternal–Fetal Medicine 
Units Network, Rouse et al.26 found no statistical differences in long-term developmental 
outcomes measured by the BSID and mortality between the MgSO4 and placebo groups 
among preterm infants with GA 24–31 weeks. However, the authors concluded that moderate 
or severe cerebral palsy was less frequent in the MgSO4 group than in the placebo group, 
suggesting that MgSO4 may reduce the risk of cerebral palsy in preterm infants who are at a 
high risk for cerebral palsy, although there was no significant effect of MgSO4. In contrast, 
exposure to antenatal MgSO4 was associated with worse outcomes in infants; therefore, 
Mittendorf et al.27 recommended abandoning routine use of antenatal MgSO4 as a tocolytic 
agent. In a follow-up study of the Magpie Trial with 125 centers from 19 countries,28 there 
were no differences in death, blindness, deafness, severe cerebral palsy, or developmental 
delay at 18 months of age between infants who were antenatally exposed to MgSO4 and those 
who were not exposed.

The ACOG committee opinion in 2010 was mainly based on the aforementioned large 
multicenter trials by Crowther et al.,8 Marret et al.,10,25 Rouse et al.,26 and Mittendorf et al.27 
although the results of these RCTs were inconclusive or even negative. Moreover, systematic 
reviews and meta-analyses2-4 which the ACOG committee opinion is based on, overlap, 
and include the same clinical trials. Furthermore, the ACOG committee recognized that 
none of the included individual studies found a benefit in terms of the primary outcome. 
Nonetheless, the ACOG committee’s opinion of antenatal MgSO4 for neuroprotection 
was released, and antenatal MgSO4 is already being used worldwide according to the 
recommendations of the ACOG and other committees.5,7

Since antenatal MgSO4 was aggressively administered according to the recommendations 
of the ACOG and other committees, there have been concerns about the long-term 
neuroprotective effect of antenatal MgSO4 and fetal and neonatal safety. In the present 
study, antenatal MgSO4 including MgSO4 for neuroprotection did not reduce the risk of 
neurodevelopmental impairment, hearing loss, or cerebral palsy at CA of 18–24 months 
and 3 years of age. Rather, more infants had delayed mental development at CA of 18–24 
months who were exposed to antenatal MgSO4 for neuroprotection than those who were not 
exposed to antenatal MgSO4. In a recent meta-analysis of 11 studies (six RCTs and five cohort 
studies), antenatal MgSO4 did not reduce the risk of cerebral palsy, death, long-term gross 
motor dysfunction, blindness, deafness, or developmental delay, which reduced the risk of 
moderate to severe cerebral palsy.29 In a cohort study of preterm infants born with GA ≥ 30 
weeks exposed to antenatal MgSO4, it did not seem to promote white matter microstructure 
development, which affects motor or cognitive functions.30 Furthermore, NEC was more 
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frequent without statistical significance in infants with the primary intent of MgSO4 being 
fetal neuroprotection in the present study. In a recent meta-analysis of five studies, NEC was 
more frequent without statistical significance, and developmental delay and gross motor 
dysfunction did not decrease in the MgSO4 group, which is consistent with our results.31 The 
authors found that combined death or cerebral palsy decreased in infants with the primary 
intent of MgSO4 being fetal neuroprotection, and the risk of cerebral palsy decreased in 
infants with GA < 28 weeks.31

In contrast, our previous study with antenatal MgSO4 for fetal neuroprotection was not 
associated with NEC or mortality in preterm infants with GA 24–31 weeks.13 In another meta-
analysis of six trials, antenatal MgSO4 administration decreased the risk of cerebral palsy without 
increasing the risk of mortality.32 In a 9-year prospective study, the prevalence of cerebral palsy 
at 2 years of age in preterm infants with GA < 33 weeks decreased after (2010–2015) the adoption 
of MgSO4 for fetal neuroprotection compared to before (2007–2009).33 However, in that study 
by Chollat et al.,33 the prevalence of cerebral palsy was not analyzed by direct comparison of 
infants exposed to antenatal MgSO4 or not. In addition, the decreased prevalence of cerebral 
palsy may be related to improvements in NICU care. Therefore, caution must be exercised when 
interpreting the relationship between antenatal MgSO4 use and cerebral palsy.

Finally, most of the recent studies regarding the neuroprotective effect of antenatal MgSO4 
in preterm infants are inconclusive; therefore, these studies are unpersuasive. Despite this, 
the neuroprotective effect of antenatal MgSO4 administration in preterm infants has been 
highlighted. Further rigorous research with a multicenter large cohort is needed to determine 
the safety and long-term neuroprotective effects of antenatal MgSO4.

The present study has certain limitations. Firstly, the risk of mental developmental delay 
was higher in the neuroprotection group compared to the control group. Furthermore, the 
risk of developmental delay was higher in both the MgSO4 group and the neuroprotection 
group among infants with a GA age of 28 weeks or more (Supplementary Tables 5 and 6). 
Nevertheless, it is not fully explained due to the limitations of a retrospective single-center 
study and the lack of complete follow-up for all infants. Second, we utilized multiple tools 
for developmental testing, namely BSID II and BSID III as a confirmatory test, and K-DST 
as a screening test for developmental delay. It is important to note that BSID II and III differ 
in their assessment methods and scoring systems, which introduces a potential source of 
error in our study. Despite our efforts to develop composite data in order to maximize the 
utilization of available data and minimize variability and selection bias, it is important to 
acknowledge that bias may still be present due to the inherent inter-test variability. Third, 
we applied the same cut-off value for both BSID II and BSID III as other researchers.14,19,34,35 
However, there is still ongoing debate as different studies have used varying cut-off 
values.36-38 Therefore, this remains a topic of controversy.

However, the strength of this study is the validity of maternal and neonatal data with good 
data management by blinding chart reviewers. Furthermore, the treatment policy and 
assessment of neurodevelopment by the attending physician were uniform and consistent 
without inter-center variability, with the benefit of a single-center study. In addition, follow-
up rates were higher with 90.3% (at follow-up 1) and 75.3% (at follow-up 2) compared with 
multicenter nationwide studies with those of 74.6% (at follow-up 1) and 57.7% (at follow-
up 2) by the Korean Neonatal Network, including > 70 NICUs.39,40 In addition, the rate of 
neurodevelopmental assessments was high in this study. A total of 82.3% (385/468) and 
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75.6% (295/390) of the enrolled preterm infants underwent the BSID II, BSID III, or K-DST at 
follow-ups 1 and 2, respectively.

In conclusion, this study found no beneficial effects of antenatal MgSO4, including MgSO4 for 
neuroprotection, on short-term outcomes in preterm infants weighing < 1,500 g with GA 24–
31 weeks. Furthermore, it showed no beneficial effects on long-term neurodevelopmental and 
growth outcomes at CA of 18–24 months and 3 years of age, contrary to previous findings.

SUPPLEMENTARY MATERIALS
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