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Abstract

IMPORTANCE Repeated doses of antenatal betamethasone are recommended for women at less
than 32 weeks’ gestation with ongoing risk of preterm birth. However, concern that this therapy may
be associated with adverse neurocognitive effects in children with fetal growth restriction
(FGR) remains.

OBJECTIVE To determine the influence of FGR on the effects of repeated doses of antenatal
betamethasone on neurocognitive function in midchildhood.

DESIGN, SETTING, AND PARTICIPANTS This preplanned secondary analysis of data from the
multicenter Australasian Collaborative Trial of Repeat Doses of Corticosteroids (ACTORDS) included
women at less than 32 weeks’ gestation with ongoing risk of preterm birth (<32 weeks) at least 7 days
after an initial course of antenatal corticosteroids who were treated at 23 hospitals across Australia
and New Zealand from April 1, 1998, through July 20, 2004. Participants were randomized to
intramuscular betamethasone or saline placebo; treatment could be repeated weekly if the woman
was judged to be at continued risk of preterm birth. All surviving children were invited to a
midchildhood outcome study. Data for this study were collected from October 27, 2006, through
March 18, 2011, and analyzed from June 1 through 30, 2018.

INTERVENTIONS At 6 to 8 years of corrected age, children were assessed by a pediatrician and
psychologist for neurosensory and cognitive function, and parents completed standardized
questionnaires.

MAIN OUTCOMES AND MEASURES The prespecified primary outcomes were survival free of any
disability and death or survival with moderate to severe disability.

RESULTS Of 1059 eligible children, 988 (55.0% male; mean [SD] age at follow-up, 7.5 [1.1] years)
were assessed at midchildhood. The FGR rate was 139 of 493 children (28.2%) in the repeated
betamethasone treatment group and 122 of 495 (24.6%) in the placebo group (P = .20). Primary
outcome rates were similar between treatment groups for the FGR and non-FGR subgroups, with no
evidence of an interaction effect for survival free of any disability (FGR group, 108 of 144 [75.0%]
for repeated betamethasone treatment vs 91 of 126 [72.2%] for placebo groups [odds ratio [OR], 1.1;
95% CI, 0.6-1.9]; non-FGR group, 267 of 335 [79.7%] for repeated betamethasone vs 283 of 358
[79.0%] for placebo groups [OR, 1.0; 95% CI, 0.7-1.5]; P = .77) and death or moderate to severe
disability (FGR group, 21 of 144 [14.6%] for repeated betamethasone treatment vs 20 of 126 [15.9%]
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Abstract (continued)

for placebo groups [OR, 0.9; 95% CI, 0.4-1.9]; non-FGR group, 29 of 335 [8.6%] for repeated
betamethasone vs 36 of 358 [10.0%] for placebo [OR, 0.8; 95% CI, 0.4-1.3]; P = .84).

CONCLUSIONS AND RELEVANCE In this study, repeated antenatal betamethasone treatment
compared with placebo was not associated with adverse effects on neurocognitive function at 6 to 8
years of age, even in the presence of FGR. Physicians should use repeated doses of antenatal
corticosteroids when indicated before preterm birth, regardless of FGR, in view of the associated
neonatal benefits and absence of later adverse effects.

TRIAL REGISTRATION anzctr.org.au Identifier: ACTRN12606000318583
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Introduction

Antenatal corticosteroid therapy remains one of the most effective treatments for preterm infants,
and administration of a repeated dose or doses in women who are at ongoing risk of preterm birth at
least 7 days after an initial course results in additional neonatal benefits.1 These benefits include
reduced risk of preterm lung disease (especially severe disease), other combined serious neonatal
morbidity, and patent ductus arteriosus. The absolute benefits of repeated-dose therapy are similar
to those of an initial course.2 These clinical data are supported by studies in animals and human fetal
lung explants showing that optimal structural and functional maturation requires serial exposure of
fetal tissues to corticosteroids.3

However, animal studies have also revealed the potential for adverse long-term effects on organ
development with increasing fetal exposure to corticosteroids. This potential is of particular concern
for neural tissues with demonstration in different species that repeated or higher doses of
corticosteroids can result in reduced brain mass,4 compromised structural development and
neuronal maturation,5 diminished cellular proliferation and differentiation,6 reduced population of
hippocampal neurons,7,8 and adverse development of the hypothalamic-pituitary-adrenal axis.9

These findings have contributed to the cautious clinical recommendations on the use of repeated
doses of antenatal corticosteroids.10

Recent evidence from the Australasian Collaborative Trial of Repeat Doses of Corticosteroids
(ACTORDS) has shown that use of repeated doses of antenatal corticosteroids in humans is not
associated with adverse effects in offspring at midchildhood, including neurocognitive function,
learning, behavior, growth, lung function, and cardiometabolic function.11,12 Nevertheless, clinical
uptake of repeated doses of corticosteroids has been limited, and concern remains about the safety
of this therapy in the context of fetal growth restriction (FGR), which is commonly associated with
very preterm birth.13,14 Preterm-born children with FGR are at increased risk of adverse long-term
neurodevelopmental outcomes and behavioral dysfunction,15 but at present, no published data are
available from randomized clinical trials on the efficacy and safety of repeated-dose corticosteroid
therapy in this important clinical subgroup. Therefore, we undertook a secondary analysis of data
from the ACTORDS to determine the influence of FGR on the effects of repeated doses of antenatal
betamethasone on neurocognitive function and behavior in midchildhood.11

Methods

ACTORDS Trial
ACTORDS was a placebo-controlled, randomized clinical trial of repeated antenatal betamethasone
treatment conducted at 23 collaborating hospitals across Australia and New Zealand.2 The full trial
protocol appears in Supplement 1. Eligible women had a single, twin, or triplet pregnancy at less than
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32 weeks’ gestation, with an ongoing risk of preterm birth at least 7 days after an initial course of
antenatal corticosteroids. A total of 982 women (1146 fetuses) were randomized, via a central
telephone service, to an intramuscular dose of betamethasone (Celestone Chronodose, consisting of
7.8 mg of betamethasone sodium phosphate and 6 mg of betamethasone acetate) or saline placebo.
The treatment could be repeated each week if the woman was judged to be at continued risk of
preterm birth, until 32 weeks’ gestation.2 At 2 years of corrected age, neurodevelopment, growth,
and general health were similar between groups.16 Although the midchildhood assessment was not
part of the original trial protocol, this assessment was planned before the completion of the 2-year
follow-up owing to concerns about the potential for long-term adverse effects of fetal corticosteroid
exposure.11 Written informed consent was obtained from caregivers, and children provided assent
for assessment. The Midchildhood Outcomes Study was approved by the National Health and
Disability Ethics Committee in New Zealand and by regional Health Research Ethics Committees in
Australia. This report has been prepared according to the Consolidated Standards of Reporting Trials
(CONSORT) reporting guidelines for clinical trials.

Midchildhood Outcomes Study
All surviving children of mothers who had participated in ACTORDS were invited to partake in the
Midchildhood Outcomes Study of neurocognitive function and general health at 6 to 8 years of
corrected age.11 Children were assessed by a pediatrician and a psychologist who were blinded to
treatment allocation.11 The pediatric assessment included a physical and neurologic examination,
vision and hearing screening, and tests of fine and gross motor function using the Movement
Assessment Battery for Children, Second Edition (MABC-2).17 Several children underwent
assessment using the earlier edition of the MABC. Cerebral palsy was defined as a nonprogressive
loss of motor function with disordered muscle tone or tendon reflexes18 and was graded according to
gross motor function criteria of Palisano et al19 (mild, grade 1; moderate, grades 2-3; and severe,
grades 4-5). Blindness consisted of visual acuity of worse than 20/200 in the better eye. Deafness
consisted of hearing loss requiring hearing aids or worse.

The psychological assessment included the Wechsler Abbreviated Scale of Intelligence.20 The
full-scale IQ was derived from the Vocabulary, Similarities, Block Design, and Matrix Reasoning
subtests. Scores were age standardized with a normative mean (SD) of 100 (15). Intellectual
impairment was classified as mild (IQ of 1-2 SDs below the mean), moderate (IQ of >2 to 3 SDs below
the mean), and severe (IQ of >3 SDs below the mean). Children with severe intellectual impairment
who were unable to complete the Wechsler Abbreviated Scale of Intelligence were assigned an IQ
score of 40.

Attention was assessed using subtests from the Test of Everyday Attention for Children.21

Selective visual attention was assessed using the Sky Search subtest; sustained attention, the Score!
subtest; shifting attention, the Creature Counting subtest; and divided attention, the Sky Search Dual
Task subtest. Scores in the Sky Search, Score!, and Creature Counting subtests were age standardized
(test mean [SD], 10 [3]). Performance in the Sky Search Dual Task subtest was determined by the
mean of the proportion of visual targets correctly identified plus the proportion of correct auditory
counting games multiplied by 100.21 The range of possible values is 0 to 100, and although this
scoring procedure has no published norms, the mean (SD) score in a study of 173 control children at
8 years of age was 80.3 (16.5).22

Executive function was assessed using the Rey Complex Figure Test23 and the Fruit Stroop
Task.24 The Complex Figure Test assesses complex spatial organization; children’s copying of a
complex geometrical figure was scored for accuracy (maximum score of 36)23 and strategic
organization.25 The Fruit Stroop Task assessed impulse control, with performance determined by the
number of correct responses in 45 seconds (naming the true color of fruit that was presented in
conflicting colors).11 Academic skills were assessed using the word reading, spelling, and math
computation subtests of the Wide Range Achievement Test, fourth edition.26 Each scale is age
standardized with a normative mean (SD) of 100 (15).
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Caregivers completed questionnaires, including the Strengths and Difficulties Questionnaire to
assess general behavioral and emotional problems,27 the Behavior Rating Inventory of Executive
Function to assess behavioral manifestations of inattention and executive function,28 and the
Conners’ ADHD/DSM-IV Scales29 to assess for features of attention-deficit/hyperactivity disorder.
Neurosensory disability included cerebral palsy, intellectual impairment, or blindness or deafness and
was graded as mild (mild cerebral palsy or IQ of 70-84), moderate (deafness, moderate cerebral
palsy, or IQ of 55-69), or severe (blindness, severe cerebral palsy, or IQ of <55).

Study Hypothesis
Children who completed 1 or more of the neurocognitive tests at 6 to 8 years of corrected age were
included in this secondary analysis of data from the midchildhood assessments of the ACTORDS.11

The prespecified primary outcomes for this study were survival free of any neurosensory disability
and death or moderate to severe disability. To reduce the risk of type I error, the following secondary
outcomes were selected a priori as key indicators of function in the each neurocognitive domain: (1)
cognition using full-scale IQ and cognitive impairment (IQ <85); (2) motor using cerebral palsy and
low motor function (MABC total score <15th centile); (3) attention using Test of Everyday Attention
for Children subtest scores; (4) executive function using Rey Complex Figure Test accuracy and
organization scores and the number of correct Fruit Stroop Task responses (trial 4); (5) educational
achievement using Wide Range Achievement Test, edition 4, scores in reading, spelling, and
mathematics; and (6) behavior using the Strengths and Difficulties Questionnaire Total Difficulties
score (range, 0-40, with 14-16 indicating borderline and �17 abnormal),27 Behavior Rating Inventory
of Executive Function Global Executive Composite t score (mean [SD], 50 [10]), and Conners’
ADHD/DSM-IV Scales ADHD Index t score (mean [SD], 50 [10]).

We hypothesized that exposure to repeated antenatal betamethasone treatment, compared
with a single course of treatment, would have adverse effects on neurosensory function, general
cognition, attention, executive function, academic performance, and behavior at 6 to 8 years of
corrected age in children with FGR but not for those with normal prenatal growth. As previously
described,30 FGR was defined a priori as 1 or more of the following: obstetric diagnosis of FGR at trial
entry; cesarean delivery for FGR; or customized birth weight of no greater than the third centile
(GROW, version 6.7.8.3; Perinatal Institute). Although this definition includes postrandomization
factors, these were judged to be important because antenatal diagnosis of FGR substantially
underrepresents the true incidence of FGR in the preterm population.14 However, we used a
conservative birth weight threshold of the third centile. Customized centiles, which incorporate fetal
growth curves and account for normal maternal constraint on fetal growth, were used because these
have been shown to improve detection of FGR.31 Further, meta-analysis of randomized clinical trials
has shown that repeated doses of corticosteroids do not increase the risk of being small for
gestational age.1

Statistical Analysis
Analyses were performed using SAS software (version 9.4; SAS Institute, Inc). Data are presented as
number (percentage) or mean (SD). For all prespecified outcomes, treatment groups were compared
using generalized linear models with adjustment for gestational age at trial entry, preterm prelabor
rupture of membranes, antepartum hemorrhage, country of birth, and clustering of children from
multiple pregnancy by generalized estimating equations.2 The influence of FGR on treatment effect
was assessed by an interaction test. Treatment effects within the FGR and non-FGR subgroups are
reported as odds ratios (ORs) for binary outcomes or mean difference (MD) for continuous outcomes
with 95% CI. Two-tailed α < .05 was considered statistically significant.
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Results

Of the 1059 surviving children eligible for the Midchildhood Outcomes Study, 988 (445 [45.0%]
female and 543 [55.0%] male; mean [SD] age at follow-up, 7.5 [1.1] years) completed 1 or more tests
of neurocognitive function (repeated betamethasone treatment, 493 participants; placebo, 495
participants) (Figure).11 The rate of FGR was similar between those exposed to repeated
betamethasone therapy (139 of 493 [28.2%]) and placebo (122 of 495 [24.6%]) (P = .20).

The FGR subgroup, compared with the non-FGR subgroup, was characterized by older mean
maternal age (31.9 [5.8] vs 30.4 [5.9] years; P = .002), higher maternal parity (parity �4, 29 of 216
[13.4%] vs 54 of 673 [8.0%]; P = .02), and increased rates of multiple pregnancy (79 of 216 [36.6%]
vs 93 of 673 [13.8%]; P < .001) and preeclampsia (67 of 216 [31.0%] vs 27 of 673 [4.0%]; P < .001)
(Table 1). Fetal growth restriction was associated with lower rates of preterm prelabor rupture of
membranes (35 of 216 [16.2%] vs 248 of 673 [36.8%]; P < .001), cervical incompetence (11 of 216
[5.1%] vs 67 of 673 [10.0%]; P = .03), antepartum hemorrhage (34 of 216 [15.7%] vs 218 of 673
[32.4%]; P < .001), and shorter mean gestation (31.8 [3.1] vs 32.9 [4.0] weeks; P < .001) (Table 1).
Women in the FGR group were less likely to speak English at home (177 of /216 [81.9%] vs 594 of 673
[88.3%]; P = .02) (Table 1). Neonates with FGR had substantially reduced z scores for mean birth
weight (−1.2 [0.8] vs 0.1 [0.7]; P < .001) and head circumference (−0.9 [0.9] vs 0.2 [1.1]; P < .001) and
increased rates of mechanical ventilation (154 of 261 [59.0%] vs 344 of 727 [47.3%]; P = .002); and
serious neonatal morbidity (78 of 261 [29.9%] vs 132 of 727 [18.2%]; P < .001) (Table 1).

Figure. CONSORT Diagram of Participant Randomization, Treatment, and Follow-up for Neurodevelopment
at Midchildhood

982 Women who participated in ACTORDS
(1146 live fetuses at trial entry)
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Table 1. Characteristics of Children and Their Mothers at Midchildhood Assessment

Characteristic

FGR Group Non-FGR Group

Total

Repeated-Dose
Betamethasone
Treatment Placebo Total

Repeated-Dose
Betamethasone
Treatment Placebo

Maternal Characteristics

No. of mothers 216 118 98 673 330 343

Age, mean (SD), y 31.9 (5.8)a 31.5 (6.0) 32.4 (5.4) 30.4 (5.9) 30.5 (5.9) 30.4 (5.9)

Parity, No. (%)

0 77 (35.6) 43 (36.4) 34 (34.7) 207 (30.8) 102 (30.9) 105 (30.6)

1-3 110 (50.9)a 58 (49.2) 52 (53.1) 412 (61.2) 204 (61.8) 208 (60.6)

≥4 29 (13.4)a 17 (14.4) 12 (12.2) 54 (8.0) 24 (7.3) 30 (8.7)

Multiple pregnancy, No. (%) 79 (36.6)a 39 (33.1) 40 (40.8) 93 (13.8) 48 (14.5) 45 (13.1)

Smoking during pregnancy, No. (%) 58 (26.9) 36 (30.5) 22 (22.4) 210 (31.2) 97 (29.4) 113 (32.9)

Gestational age at trial entry, mean (SD), wk 28.5 (2.1) 28.5 (2.1) 28.5 (2.1) 28.3 (2.2) 28.3 (2.3) 28.4 (2.2)

Main reasons for risk of preterm birth, No. (%)b

Preterm prelabor rupture of membranes, No. (%) 35 (16.2)a 19 (16.1) 16 (16.3) 248 (36.8) 108 (32.7)c 140 (40.8)

Preterm labor 34 (15.7)a 23 (19.5) 11 (11.2) 192 (28.5) 98 (29.7) 94 (27.4)

Severe FGR 46 (21.3)a 26 (22.0) 20 (20.4) NA NA NA

Preeclampsia 67 (31.0)a 32 (27.1) 35 (35.7) 27 (4.0) 16 (4.8) 11 (3.2)

Cervical incompetence 11 (5.1)a 5 (4.2) 6 (6.1) 67 (10.0) 38 (11.5) 29 (8.4)

Antepartum hemorrhage 34 (15.7)a 20 (16.9) 14 (14.3) 218 (32.4) 118 (35.8) 100 (29.2)

Multiple pregnancy 13 (6.0) 6 (5.1) 7 (7.1) 21 (3.1) 14 (4.2) 7 (2.0)

Other 63 (29.2)a 34 (28.8) 29 (29.6) 96 (14.3) 44 (13.3) 52 (15.2)

No. of trial treatments, No. (%)

1 92 (42.6) 47 (39.8) 45 (45.9) 274 (40.7) 130 (39.4) 144 (42.0)

2-3 72 (33.3) 33 (28.0) 39 (39.8) 245 (36.4) 118 (35.8) 127 (37.0)

≥4 52 (24.1) 38 (32.2)c 14 (14.3) 154 (22.9) 82 (24.8) 72 (21.0)

Speak only English at home, No. (%) 177 (81.9)a 96 (81.4) 81 (82.6) 594 (88.3) 293 (88.8) 301 (87.8)

Intact family, No. (%) 146 (67.6) 80 (67.8) 66 (67.3) 413 (61.4) 196 (59.4) 217 (63.3)

Occupation home duties only, No. (%) 66 (30.6) 41 (34.7) 25 (25.5) 186 (27.6) 87 (26.4) 99 (28.9)

Neonatal Characteristics

No. of infants 261 139 122 727 354 373

Female, No. (%) 126 (48.3) 74 (53.2) 52 (42.6) 319 (43.9) 144 (40.7) 175 (46.9)

Gestational age at birth, mean (SD), wk 31.8 (3.1)a 32.2 (3.2)c 31.2 (3.0) 32.9 (4.0) 32.9 (4.1) 33 (3.9)

Birth weight, mean (SD), g 1407 (525)a 1476 (519)c 1328 (521) 2095 (830) 2090 (867) 2100 (795)

Birth weight z score, mean (SD) −1.2 (0.8)a −1.3 (0.8) −1.2 (0.8) 0.1 (0.7) 0.1 (0.8) 0.2 (0.7)

Head circumference z score, mean (SD) −0.9 (0.9)a −0.9 (1.0) −0.9 (0.9) 0.2 (1.1) 0.1 (1.1) 0.2 (1.0)

Respiratory distress syndrome, No. (%)d 106 (40.6) 43 (30.9)c 63 (51.6) 245 (33.7) 107 (30.2) 138 (37.0)

Severity of neonatal lung disease, No. (%)e c c

Severe 40 (15.3) 11 (7.9) 29 (23.8) 85 (11.7) 29 (8.2) 56 (15.0)

Moderate 43 (16.5) 22 (15.8) 21 (17.2) 130 (17.9) 58 (16.4) 72 (19.3)

Mild 90 (34.5) 43 (30.9) 47 (38.5) 217 (29.8) 119 (33.6) 98 (26.3)

None 88 (33.7) 63 (45.3) 25 (20.5) 295 (40.6) 148 (41.8) 147 (39.4)

Mechanical ventilation, No. (%) 154 (59.0)a 67 (48.2)c 87 (71.3) 344 (47.3) 163 (46.0) 181 (48.5)

Oxygen therapy, No. (%) 159 (60.9) 73 (52.5)c 86 (70.5) 407 (56.0) 190 (53.7) 217 (58.2)

Surfactant, No. (%) 76 (29.1) 26 (18.7)c 50 (41.0) 182 (25.0) 81 (22.9) 101 (27.1)

Serious neonatal morbidity, No. (%)f 78 (29.9)a 31 (22.3)c 47 (38.5) 132 (18.2) 57 (16.1) 75 (20.1)

Abbreviations: FGR, fetal growth restriction; NA, not applicable.
a P < .05 for comparison between subgroups (Fisher exact test or unpaired, 2-tailed

t test).
b Indicates at trial entry; categories are not mutually exclusive.
c P < .05 for comparison between trial intervention groups within subgroup (Fisher

exact test or t test).
d Indicates clinical signs of respiratory distress syndrome and a ground-glass appearance

on chest radiograph.

e Mild indicates mean airway pressure (MAP) of less than 7 cm or fractional inspired
oxygen (FiO2) of less than 0.40; moderate, MAP of 7 to less than 10 cm H2O or FiO2

0.40 to 0.79; and severe, MAP of at least 10 cm or FiO2 of at least 0.80.
f Indicates air leak syndrome, patent ductus arteriosus, need for oxygen therapy at 36

weeks’ postmenstrual age, severe intraventricular hemorrhage (grade 3 or 4),
periventricular leukomalacia, proven necrotizing enterocolitis, and/or retinopathy of
prematurity.
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In the FGR subgroup, those exposed to repeated-dose betamethasone therapy were more likely
than those exposed to placebo to have received at least 4 trial treatments (38 of 118 [32.2%] vs 14 of
98 [14.3%]; P = .002) and to be born at a later mean gestational age (32.2 [3.2] vs 31.2 [3.0] weeks;
P � .001). Repeated betamethasone therapy reduced the incidence of respiratory distress
syndrome, the severity of neonatal lung disease, and serious neonatal morbidity, as well as the need
for mechanical ventilation, oxygen, and surfactant therapy (Table 1).

In the non-FGR subgroup, those exposed to repeated betamethasone treatment were less likely
than those exposed to placebo to have preterm prelabor rupture of membranes (108 of 330 [32.7%]
vs 140 of 343 [40.8%]; P = .03) as the main reason for being at risk of preterm birth. Repeated
betamethasone therapy significantly reduced the severity of neonatal lung disease (Table 1).

For the primary outcomes at 6 to 8 years of corrected age, rates were similar between
treatment groups in the FGR and non-FGR subgroups, with no evidence of an interaction effect for
survival free of any disability (FGR, 108 of 144 [75.0%] with repeated betamethasone vs 91 of 126
[72.2%] with placebo [odds ratio (OR), 1.1; 95% CI, 0.6-1.9]; non-FGR, 267 of 335 [79.7%] with
repeated betamethasone vs 283 of 358 [79.0%] with placebo [OR, 1.0; 95% CI, 0.7-1.5]; P = .77) or
for death or moderate to severe disability (FGR, 21 of 144 [14.6%] with repeated betamethasone vs
20 of 126 [15.9%] with placebo [OR, 0.9; 95% CI, 0.4-1.9]; non-FGR, 29 of 335 [8.6%] with repeated
betamethasone vs 36 of 358 [10.0%] with placebo [OR, 0.8; 95% CI, 0.4-1.3]; P = .84) (Table 2).

For the secondary outcomes of Sky Search Dual Task (divided attention) and Fruit Stroop Task
(executive function), a significant interaction occurred for the effect of repeated antenatal
betamethasone therapy and FGR. In the FGR subgroup, children exposed to repeated
betamethasone performed better on the Sky Search Dual Task than those exposed to placebo; no
significant difference was seen between treatment groups in the non-FGR subgroup (FGR MD, 7.1
[95% CI, −0.8 to 15.2]; non-FGR MD, −3.5 [95% CI, −8.4 to 1.3]; P = .02 for interaction) (Table 2).
Conversely, in the non-FGR subgroup, children exposed to repeated betamethasone performed
worse on the Fruit Stroop Task than those exposed to placebo; no significant difference was seen
between treatment groups in the FGR subgroup for number correct (FGR MD, 1.0 [95% CI, −1.1 to 3.1];
non-FGR MD, −2.1 [95% CI, −3.5 to −0.8]; P = .02 for interaction) (Table 2). In post hoc analyses, these
interactions remained significant after adjustment for maternal parity and number of trial
treatments. For all other secondary outcomes, rates and scores were similar between the FGR and
non-FGR subgroups, with no evidence of an interaction (Table 2, Table 3, and Table 4).

Regardless of treatment exposure, children with compared with those without FGR had an
increased risk of death or moderate to severe disability (OR, 1.6; 95% CI, 1.1-1.4) and motor
impairment (MABC total score <15th centile: OR, 1.5 [95% CI, 1.2-1.8) and had lower IQ (MD, −3.3;
95% CI, −5.8 to −0.8) and lower scores for measures of attention, executive function, and reading
(eTable in Supplement 2).

Discussion

In this secondary analysis of data from the midchildhood assessments of the ACTORDS randomized
clinical trial,11 we found that exposure to repeated antenatal betamethasone treatment was not
associated with adverse effects on survival free of any disability or on death or moderate to severe
disability at 6 to 8 years of age, in children with and without FGR. Some evidence suggested a
differential effect for several secondary outcomes, with better scores for selective and divided
attention after exposure to repeated antenatal betamethasone in children with FGR, but poorer
scores for impulse control in children without FGR. These effects were small and of uncertain clinical
significance and may reflect type I error. For all other measures of neurocognitive function and
learning, exposure to repeated antenatal betamethasone treatment did not alter performance in
midchildhood, even in the presence of FGR.

For preterm- and term-born patients, FGR is associated with adverse neurodevelopmental
outcomes in childhood and adulthood, including neurosensory disability, cognitive impairments,
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executive dysfunction, and emotional and behavioral difficulties.15,32 Imaging studies indicate that
infants with FGR have abnormal structural and metabolic brain development,33-35 which may reflect
suboptimal intrauterine conditions, including hypoxia-ischemia, nutritional deprivation, and/or
perinatal injury. Preterm infants with FGR have decreased cortical growth36 and microstructural
complexity, especially in the basal ganglia, brainstem, cerebellum, and frontal lobes.37,38 Neonatal
morbidities such as chronic lung disease and necrotizing enterocolitis, which are more common in
preterm infants with FGR, may exacerbate these changes.39

Therefore, that infants with FGR exhibit abnormal neurodevelopment is not surprising. School-
aged children with FGR are reported to be more likely to have impaired social awareness, autistic
mannerisms, and psychosocial issues.40 Concurrent with our data, cohort studies and meta-analyses
have shown that children with FGR have significantly lower IQ scores and poorer overall educational
achievement compared with children without FGR.41 By adulthood, those with FGR tend to have

Table 2. Neurocognitive Function at Midchildhood of Children Exposed to Repeated-Dose Betamethasone Treatment or Placebo

Outcome Subgroup

Repeated-Dose Betamethasone
Treatment Group Placebo Group

Treatment Effect (95% CI)a

P Value
for
InteractionData Total No. Data Total No.

Survival free of any disability, No. (%)b FGR 108 (75.0) 144 91 (72.2) 126 OR, 1.1 (0.6 to 1.9)
.77

Non-FGR 267 (79.7) 335 283 (79.0) 358 OR, 1.0 (0.7 to 1.5)

Death or moderate to severe disability,
No. (%)b

FGR 21 (14.6) 144 20 (15.9) 126 OR, 0.9 (0.4 to 1.9)
.84

Non-FGR 29 (8.6) 335 36 (10.0) 358 OR, 0.8 (0.4 to 1.3)

Cognition

Full-scale IQ, mean (SD) FGR 97.3 (16.1) 130 97.5 (14.3) 111 MD, −0.3 (−4.5 to 3.9)
.83

Non-FGR 101.0 (16.1) 314 100.5 (16.2) 334 MD, 0.3 (−2.2 to 2.9)

Full-scale IQ <85, No. (%) FGR 20 (15.4) 130 15 (13.5) 111 OR, 1.1 (0.5 to 2.5)
.85

Non-FGR 40 (12.7) 314 41 (12.3) 334 OR, 1.0 (0.6 to 1.7)

Motor, No. (%)

Cerebral palsy FGR 6 (4.3) 139 5 (4.1) 122 OR, 1.0 (0.3 to 3.4)
.86

Non-FGR 13 (3.7) 354 15 (4.1) 372 OR, 0.9 (0.4 to 1.9)

Low movement, ABC total score <15th
centile

FGR 43 (33.3) 129 36 (33.3) 108 OR, 0.9 (0.5 to 1.7)
.86

Non-FGR 66 (21.8) 303 78 (23.9) 327 OR, 0.9 (0.6 to 1.4)

TEA-Ch subtest score, mean (SD)c

Selective attention: Sky Search FGR 9.3 (3.1) 125 8.6 (3.4) 108 MD, 0.7 (−0.1 to 1.5)
.05

Non-FGR 9.1 (3.1) 301 9.3 (3.2) 320 MD, −0.2 (−0.7 to 0.2)

Sustained attention: Score! FGR 8.7 (3.7) 123 9.0 (3.6) 103 MD, −0.2 (−1.2 to 0.7)
.68

Non-FGR 8.7 (3.4) 299 8.6 (3.6) 305 MD, 0.0 (−0.5 to 0.6)

Shifting attention: Creature Counting FGR 9.1 (3.6) 104 8.8 (3.7) 90 MD, 0.3 (−0.7 to 1.3)
.83

Non-FGR 9.8 (3.6) 273 9.6 (3.5) 280 MD, 0.1 (−0.4 to 0.7)

Divided attention: Sky Search Dual Task FGR 59.9 (26.9) 118 52.6 (30.2) 98 MD, 7.1 (−0.8 to 15.2)
.02

Non-FGR 58.4 (29.8) 290 62.2 (28.7) 292 MD, −3.5 (−8.4 to 1.3)

Executive function, mean (SD)

Rey Complex Figure Accuracy scored FGR 15.1 (7.1) 124 13.4 (7.4) 106 MD, 1.8 (−0.1 to 3.8)
.08

Non-FGR 15.6 (7.9) 302 15.9 (7.9) 316 MD, −0.4 (−1.7 to 0.8)

Rey Complex Figure Organization scoree FGR 3.6 (1.2) 124 3.4 (1.1) 106 MD, 0.3 (0.0 to 0.6)
.14

Non-FGR 3.7 (1.1) 300 3.6 (1.1) 315 MD, 0.0 (−0.2 to 0.1)

Fruit Stroop Task, No. correct (trial 4) FGR 20.0 (8.4) 119 19.2 (7.7) 106 MD, 1.0 (−1.1 to 3.1)
.02

Non-FGR 19.3 (8.2)e 294 21.3 (8.6) 310 MD, −2.1 (−3.5 to −0.8)

Abbreviations: ABC, Assessment Battery for Children; FGR, fetal growth restriction; MD,
mean difference; OR, odds ratio; TEA-Ch, Test of Everyday Attention for Children.
a Adjusted for potential confounders (gestational age at trial entry, antepartum

hemorrhage, preterm prelabor rupture of membranes, and country of birth) and
clustering of children from multiple pregnancy.

b Disability defined as any of cerebral palsy, blindness or deafness, or IQ of less than 85;
moderate or severe, deafness, moderate to severe cerebral palsy, or IQ of less than 70.

c Scores range from 0 to 20, with higher scores indicating better attention.
d Scores range from 0 to 36, with higher scores indicating better executive function.
e P < .05 for comparison between trial intervention groups within subgroup.
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lower incomes because they are less likely to have professional or skilled employment.42

Furthermore, they also have a greater risk of adverse psychological outcomes, including
schizophrenia, anxiety, and mood disorders.43

Although the benefits of repeated antenatal corticosteroid therapy are well established and
human studies have demonstrated long-term safety,11,44 concerns remain about the use of this
treatment in FGR, given reports from animal studies suggesting long-term adverse effects of
treatment on neurosensory function.4,45 For example, in FGR sheep, antenatal betamethasone
exposure was associated with significantly reduced expression of 5α-reductase and the subsequent
concentration of the endogenous neuroprotective steroid allopregnanolone.46 Animal studies4,5,7

have also reported adverse effects, including reduced brain growth, disrupted expression of
neuronal components involved with plasticity and apoptosis, and delayed glial cell maturation. Many
of these studies administered corticosteroids at gestations analogous to 23 to 34 weeks’ pregnancy,
a period in which severe FGR is common.14 On this basis, we hypothesized that repeated antenatal
corticosteroid treatment may compound the adverse effects already imposed by FGR.

However, contrary to our hypothesis, we did not find any evidence of adverse effects of
repeated-dose antenatal corticosteroid treatment on neurocognitive function in children with FGR.
One explanation for this might be that infants with FGR appeared to have greater benefit from
repeated antenatal corticosteroid therapy, with a nearly 2-fold reduction in serious neonatal
morbidity. Thus, the decrease in serious postnatal complications may have counteracted any
potential adverse effects of corticosteroid exposure. Cartwright et al30 have shown that exposure to
repeated-dose antenatal corticosteroid treatment was associated with improved postnatal linear
growth in children with FGR, which may have a positive influence on neurodevelopment. For

Table 3. Academic Skills at Midchildhood of Children Exposed to Repeated-Dose Betamethasone Treatment or Placebo

WRAT-4 Outcomea Subgroup

Repeated-Dose Betamethasone
Treatment Group Placebo Group

Treatment Effect,
MD (95% CI)b

P Value
for
InteractionMean (SD) Score Total No. Mean (SD) Score Total No.

Reading FGR 97.6 (14.7) 121 96.3 (17.9) 107 1.2 (−3.7 to 6.2)
.52

Non-FGR 99.7 (17.2) 306 100.1 (17.7) 324 −0.4 (−3.2 to 2.4)

Spelling FGR 98.8 (14.0) 119 98.1 (16.5) 107 0.6 (−4.1 to 5.4)
.48

Non-FGR 100.1 (16.0) 305 101.4 (16.9) 323 −1.2 (−4.0 to 1.4)

Mathematics FGR 94.7 (14.9) 120 95.2 (16.1) 107 −0.4 (−4.9 to 4.1)
.85

Non-FGR 97.5 (16.0) 303 97.0 (15.9) 323 0.2 (−2.3 to 2.9)

Abbreviations: FGR, fetal growth restriction; MD, mean difference; WRAT-4, Wide Range
Achievement Test, fourth edition.
a Scales were age standardized with a normative mean (SD) of 100 (15).

b Adjusted for potential confounders (gestational age at trial entry, antepartum
hemorrhage, preterm prelabor rupture of membranes, and country of birth) and
clustering of children from multiple pregnancy.

Table 4. Parental Rating of Behavior at Midchildhood of Children Exposed to Repeated-Dose Betamethasone Treatment or Placebo

Outcome Subgroup

Repeated-Dose Betamethasone
Treatment Group Placebo Group

Treatment Effect,
MD (95% CI)

P Value
for
InteractionaMean (SD) Score Total No. Mean (SD) Score Total No.

SDQ total difficulties scoreb FGR 11.4 (6.7) 121 10.4 (5.5) 108 1.0 (−0.6 to 2.7)
.36

Non-FGR 10.8 (6.9) 310 10.7 (6.7) 326 0.0 (−1.1 to 1.1)

BRIEF global executive composite t scorec FGR 52.1 (13.0) 120 51.8 (11.5) 106 0.3 (−3.2 to 3.7)
.98

Non-FGR 52.5 (13.0) 308 52.1 (12.8) 323 0.2 (−1.9 to 2.3)

CADS ADHD index t scorec FGR 50.9 (6.2) 122 51.7 (6.7) 109 −0.8 (−2.5 to 0.8)
.52

Non-FGR 51.1 (6.9) 310 51.3 (7.0) 326 −0.1 (−1.3 to 0.9)

Abbreviations: ADHD, attention-deficit/hyperactivity disorder; BRIEF, Behavior Rating
Inventory of Executive Function; CADS, Conners’ ADHD/DSM-IV Scales; FGR, fetal
growth restriction; MD, mean difference; SDQ, Strengths and Difficulty Questionnaire.
a Adjusted for potential confounders (gestational age at trial entry, antepartum

hemorrhage, preterm prelabor rupture of membranes, and country of birth) and
clustering of children from multiple pregnancy.

b Scores range from 0 to 40, with 14 to 16 indicating borderline and at least 17, abnormal.
c Mean (SD) score, 50 (10).
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example, low birth weight followed by rapid catch-up growth during infancy is associated with
improved neurodevelopment at 2 years of age.47 Further, height in late childhood and early
adulthood is positively associated with IQ,48 and improved linear growth during early childhood and
late adolescence is independently and positively associated with later cognitive ability and
educational attainment.49 Thus, several possible mechanisms may explain why effects on
neurodevelopment in human trials may be different than those of animal studies, as Cartwright
et al30 have shown for long-term cardiometabolic function.

One particular concern is whether use of repeated antenatal corticosteroids in FGR could
increase the risk of attention-deficit/hyperactivity disorder. Attention-deficit/hyperactivity disorder
is associated with altered concentration of neurotrophins, which regulate neuronal growth,
morphology, migration, and apoptosis,50-53 and evidence suggests that neurotrophin expression is
regulated by corticosteroids.54,55 Fetal growth restriction did not influence the parent-reported
attention-deficit/hyperactivity disorder scale, but repeated betamethasone treatment had a small,
positive association with the direct assessment of divided attention and possibly impulse control in
children with FGR. Although a type I error cannot be excluded, this raises the possibility that
treatment with antenatal corticosteroids could be neuroprotective in FGR. This possibility is
supported by the finding of higher umbilical cord blood neurotrophin concentrations, such as brain-
derived neurotrophic factor and neurotrophin-3, in infants exposed to antenatal corticosteroids.56

In infants with FGR, exposure to repeated-dose antenatal corticosteroid treatment was not
associated with a change in head circumference z score at birth.

Limitations
A key limitation of this study is the inherent risk of bias in subgroup analyses. Nevertheless, given the
high rates of FGR among preterm infants and the ongoing concerns around efficacy and safety of
repeated exposure to corticosteroid treatment in this subgroup, we believed that this exploratory
analysis was important, particularly because further trials of repeated exposure to antenatal
corticosteroid treatment are unlikely to be performed. Another potential source of bias in this study
is the inclusion of birth weight in the definition of FGR because subgroup analysis should strictly only
involve factors identified before randomization. However, we were concerned that the rate of FGR
reported at trial entry (5%) underrepresented the actual degree of FGR in this high-risk cohort and
could potentially obscure the effect of FGR on outcomes. We took a conservative approach, defining
FGR as a birth weight less than the third centile rather than the more commonly used 10th centile,
and used customized rather than population centiles because of the strong association between
preterm birth and FGR. The key strengths of our study include the high follow-up rate and
comprehensive assessment of participants.11

The findings of this study relate to single repeated doses of betamethasone and may not
necessarily apply to other repeated-dose corticosteroid regimens. The relative effect of repeated-
dose antenatal corticosteroid treatment at very early compared with later gestational ages, in the
short and long terms, is also not known.

Conclusions

Repeated antenatal betamethasone treatment was not associated with adverse effects on survival
free of any disability or on death or moderate to severe disability at 6 to 8 years of age, even in the
presence of FGR. Physicians should use repeated doses of antenatal corticosteroids when indicated
before preterm birth, regardless of FGR, in view of the associated neonatal benefits and absence of
later adverse effects.

JAMA Network Open | Pediatrics Fetal Growth Restriction and Neurocognitive Function After Repeated Antenatal Betamethasone Treatment

JAMA Network Open. 2019;2(2):e187636. doi:10.1001/jamanetworkopen.2018.7636 (Reprinted) February 1, 2019 10/14

Downloaded from jamanetwork.com by University of Auckland user on 02/04/2019



ARTICLE INFORMATION
Accepted for Publication: December 10, 2018.

Published: February 1, 2019. doi:10.1001/jamanetworkopen.2018.7636

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2019 Cartwright
RD et al. JAMA Network Open.

Corresponding Author: Christopher J. D. McKinlay, PhD, Liggins Institute, University of Auckland, Private Bag
92019, Victoria Street West, Auckland 1142, New Zealand (c.mckinlay@auckland.ac.nz).

Author Affiliations: Liggins Institute, University of Auckland, Auckland, New Zealand (Cartwright, Crowther,
Harding, McKinlay); Discipline of Obstetrics and Gynaecology, School of Medicine, University of Adelaide,
Adelaide, Australia (Crowther); Monash Institute of Cognitive and Clinical Neurosciences, Monash University,
Melbourne, Australia (Anderson); Clinical Sciences, Murdoch Children’s Research Institute, Parkville, Australia
(Anderson, Doyle); Department of Paediatrics, University of Melbourne, Parkville, Australia (Doyle); Department
of Obstetrics and Gynaecology, The Royal Women’s Hospital, University of Melbourne, Parkville, Australia (Doyle);
Department of Paediatrics: Child and Youth Health, University of Auckland, Auckland, New Zealand (McKinlay);
Kidz First Neonatal Care, Counties Manukau Health, Auckland, New Zealand (McKinlay).

Author Contributions: Mr Cartwright and Dr McKinlay had full access to all the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.

Concept and design: Doyle, McKinlay.

Acquisition, analysis, or interpretation of data: All authors.

Drafting of the manuscript: Cartwright, McKinlay.

Critical revision of the manuscript for important intellectual content: All authors.

Statistical analysis: Cartwright, McKinlay.

Obtained funding: Crowther, Harding.

Administrative, technical, or material support: Crowther, McKinlay.

Supervision: Anderson, Doyle, McKinlay.

Conflict of Interest Disclosures: Dr Doyle reported receiving grants from National Health and Medical Research
Council of Australia during the conduct of the study. Dr McKinlay reported receiving grants from the Auckland
Medical Research Foundation during the conduct of the study. No other disclosures were reported.

Funding/Support: This study was supported by the National Health Medical Research Council of Australia, the
Health Research Council of New Zealand, and the Auckland Medical Research Foundation.

Role of the Funder/Sponsor: The sponsors had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Additional Contributions: We thank all the women and their children who participated in this study. Pat Ashwood,
BSc, University of Adelaide, served as the study coordinator. Kristyn Willson, BSc, University of Adelaide, served
as the trial biostatistician. Neither individual was financially compensated for these contributions.

REFERENCES
1. McKinlay CJD, Crowther CA, Middleton P, Harding JE. Repeat antenatal glucocorticoids for women at risk of
preterm birth: a Cochrane Systematic Review. Am J Obstet Gynecol. 2012;206(3):187-194. doi:10.1016/j.ajog.
2011.07.042

2. Crowther CA, Haslam RR, Hiller JE, Doyle LW, Robinson JS; Australasian Collaborative Trial of Repeat Doses of
Steroids (ACTORDS) Study Group. Neonatal respiratory distress syndrome after repeat exposure to antenatal
corticosteroids: a randomised controlled trial. Lancet. 2006;367(9526):1913-1919. doi:10.1016/S0140-6736(06)
68846-6

3. McKinlay CJD, Dalziel SR, Harding JE. Antenatal glucocorticoids: where are we after forty years? J Dev Orig
Health Dis. 2015;6(2):127-142. doi:10.1017/S2040174414000579

4. Moss TJ, Doherty DA, Nitsos I, Sloboda DM, Harding R, Newnham JP. Effects into adulthood of single or
repeated antenatal corticosteroids in sheep. Am J Obstet Gynecol. 2005;192(1):146-152. doi:10.1016/j.ajog.2004.
06.065

5. Antonow-Schlorke I, Schwab M, Li C, Nathanielsz PW. Glucocorticoid exposure at the dose used clinically alters
cytoskeletal proteins and presynaptic terminals in the fetal baboon brain. J Physiol. 2003;547(pt 1):117-123. doi:10.
1113/jphysiol.2002.025700

JAMA Network Open | Pediatrics Fetal Growth Restriction and Neurocognitive Function After Repeated Antenatal Betamethasone Treatment

JAMA Network Open. 2019;2(2):e187636. doi:10.1001/jamanetworkopen.2018.7636 (Reprinted) February 1, 2019 11/14

Downloaded from jamanetwork.com by University of Auckland user on 02/04/2019

https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2018.7636&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2018.7636
https://jamanetwork.com/journals/jamanetworkopen/pages/instructions-for-authors#SecOpenAccess/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2018.7636
mailto:c.mckinlay@auckland.ac.nz
https://dx.doi.org/10.1016/j.ajog.2011.07.042
https://dx.doi.org/10.1016/j.ajog.2011.07.042
https://dx.doi.org/10.1016/S0140-6736(06)68846-6
https://dx.doi.org/10.1016/S0140-6736(06)68846-6
https://dx.doi.org/10.1017/S2040174414000579
https://dx.doi.org/10.1016/j.ajog.2004.06.065
https://dx.doi.org/10.1016/j.ajog.2004.06.065
https://dx.doi.org/10.1113/jphysiol.2002.025700
https://dx.doi.org/10.1113/jphysiol.2002.025700


6. Huang WL, Beazley LD, Quinlivan JA, Evans SF, Newnham JP, Dunlop SA. Effect of corticosteroids on brain
growth in fetal sheep. Obstet Gynecol. 1999;94(2):213-218.

7. Uno H, Lohmiller L, Thieme C, et al. Brain damage induced by prenatal exposure to dexamethasone in fetal
rhesus macaques, I: hippocampus. Brain Res Dev Brain Res. 1990;53(2):157-167. doi:10.1016/0165-3806(90)
90002-G

8. Uno H, Eisele S, Sakai A, et al. Neurotoxicity of glucocorticoids in the primate brain. Horm Behav. 1994;28(4):
336-348. doi:10.1006/hbeh.1994.1030

9. Sloboda DM, Moss TJ, Gurrin LC, Newnham JP, Challis JR. The effect of prenatal betamethasone administration
on postnatal ovine hypothalamic-pituitary-adrenal function. J Endocrinol. 2002;172(1):71-81. doi:10.1677/joe.0.
1720071

10. American College of Obstetricians and Gynecologists. Antenatal corticosteroid therapy for fetal maturation.
https://www.acog.org/Clinical-Guidance-and-Publications/Committee-Opinions/Committee-on-Obstetric-
Practice/Antenatal-Corticosteroid-Therapy-for-Fetal-Maturation. August 2017. Accessed July 1, 2018.

11. Crowther CA, Anderson PJ, McKinlay CJD, et al; ACTORDS Follow-up Group. Mid-childhood outcomes of repeat
antenatal corticosteroids: a randomized controlled trial. Pediatrics. 2016;138(4):e20160947. doi:10.1542/peds.
2016-0947

12. McKinlay CJD, Cutfield WS, Battin MR, Dalziel SR, Crowther CA, Harding JE; ACTORDS Study Group.
Cardiovascular risk factors in children after repeat doses of antenatal glucocorticoids: an RCT. Pediatrics. 2015;135
(2):e405-e415. doi:10.1542/peds.2014-2408

13. Zeitlin J, Bonamy AE, Piedvache A, et al; EPICE Research Group. Variation in term birthweight across European
countries affects the prevalence of small for gestational age among very preterm infants. Acta Paediatr. 2017;106
(9):1447-1455. doi:10.1111/apa.13899

14. Cooke RWI. Conventional birth weight standards obscure fetal growth restriction in preterm infants. Arch Dis
Child Fetal Neonatal Ed. 2007;92(3):F189-F192. doi:10.1136/adc.2005.089698

15. Geva R, Eshel R, Leitner Y, Valevski AF, Harel S. Neuropsychological outcome of children with intrauterine
growth restriction: a 9-year prospective study. Pediatrics. 2006;118(1):91-100. doi:10.1542/peds.2005-2343

16. Crowther CA, Doyle LW, Haslam RR, Hiller JE, Harding JE, Robinson JS; ACTORDS Study Group. Outcomes at 2
years of age after repeat doses of antenatal corticosteroids. N Engl J Med. 2007;357(12):1179-1189. doi:10.1056/
NEJMoa071152

17. Henderson S, Sugden D, Barnett A. Movement Assessment Battery for Children. 2nd ed. Sidcup, Kent: Harcourt
Assessment; 2007.

18. Kitchen WH, Doyle LW, Ford GW, Rickards AL, Lissenden JV, Ryan MM. Cerebral palsy in very low birthweight
infants surviving to 2 years with modern perinatal intensive care. Am J Perinatol. 1987;4(1):29-35. doi:10.1055/s-
2007-999733

19. 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(4):214-223. doi:10.1111/
j.1469-8749.1997.tb07414.x

20. Wechsler D. Wechsler Abbreviated Scale of Intelligence. San Antonio, TX: Psychological Corp; 1999.

21. Manly T, Robertson I, Anderson V, Nimmo-Smith I. The Test of Everyday Attention for Children. Suffolk, United
Kingdom: Thames Valley Test Co; 1999.

22. Anderson PJ, De Luca CR, Hutchinson E, Spencer-Smith MM, Roberts G, Doyle LW; Victorian Infant
Collaborative Study Group. Attention problems in a representative sample of extremely preterm/extremely low
birth weight children. Dev Neuropsychol. 2011;36(1):57-73. doi:10.1080/87565641.2011.540538

23. Osterrieth P; Corwin J, Bylsma FW, trans. The Complex Figure Copy Test. Clin Neuropsychol. 1993;7(1):3-21. doi:10.
1080/13854049308401883

24. Archibald SJ, Kerns KA. Identification and description of new tests of executive functioning in children. Child
Neuropsychol. 1999;5(2):115-129. doi:10.1076/chin.5.2.115.3167

25. Anderson P, Anderson V, Garth J. Assessment and development of organizational ability: the Rey Complex
Figure Organizational Strategy Score (RCF-OSS). Clin Neuropsychol. 2001;15(1):81-94. doi:10.1076/clin.15.1.81.1905

26. Wilkinson G, Robertson G. Wide Range Achievement Test, 4th Edition (WRAT-4). Wilmington, DE: Pearson;
2005.

27. Goodman R. The strengths and difficulties questionnaire: a research note. J Child Psychol Psychiatry. 1997;38
(5):581-586. doi:10.1111/j.1469-7610.1997.tb01545.x

JAMA Network Open | Pediatrics Fetal Growth Restriction and Neurocognitive Function After Repeated Antenatal Betamethasone Treatment

JAMA Network Open. 2019;2(2):e187636. doi:10.1001/jamanetworkopen.2018.7636 (Reprinted) February 1, 2019 12/14

Downloaded from jamanetwork.com by University of Auckland user on 02/04/2019

https://www.ncbi.nlm.nih.gov/pubmed/10432130
https://dx.doi.org/10.1016/0165-3806(90)90002-G
https://dx.doi.org/10.1016/0165-3806(90)90002-G
https://dx.doi.org/10.1006/hbeh.1994.1030
https://dx.doi.org/10.1677/joe.0.1720071
https://dx.doi.org/10.1677/joe.0.1720071
https://www.acog.org/Clinical-Guidance-and-Publications/Committee-Opinions/Committee-on-Obstetric-Practice/Antenatal-Corticosteroid-Therapy-for-Fetal-Maturation
https://www.acog.org/Clinical-Guidance-and-Publications/Committee-Opinions/Committee-on-Obstetric-Practice/Antenatal-Corticosteroid-Therapy-for-Fetal-Maturation
https://dx.doi.org/10.1542/peds.2016-0947
https://dx.doi.org/10.1542/peds.2016-0947
https://dx.doi.org/10.1542/peds.2014-2408
https://dx.doi.org/10.1111/apa.13899
https://dx.doi.org/10.1136/adc.2005.089698
https://dx.doi.org/10.1542/peds.2005-2343
https://dx.doi.org/10.1056/NEJMoa071152
https://dx.doi.org/10.1056/NEJMoa071152
https://dx.doi.org/10.1055/s-2007-999733
https://dx.doi.org/10.1055/s-2007-999733
https://dx.doi.org/10.1111/j.1469-8749.1997.tb07414.x
https://dx.doi.org/10.1111/j.1469-8749.1997.tb07414.x
https://dx.doi.org/10.1080/87565641.2011.540538
https://dx.doi.org/10.1080/13854049308401883
https://dx.doi.org/10.1080/13854049308401883
https://dx.doi.org/10.1076/chin.5.2.115.3167
https://dx.doi.org/10.1076/clin.15.1.81.1905
https://dx.doi.org/10.1111/j.1469-7610.1997.tb01545.x


28. Gioia G, Guy S, Isquith P, Kenworthy L. Behavior Rating Inventory of Executive Function Professional Manual.
Odessa, FL: Psychological Assessment Resources; 2000.

29. Conners C. Conners’ ADHD/DSM-IV Scales. North Tonowanda, NY: Multi-Health Systems; 1997.

30. Cartwright RD, Harding JE, Crowther CA, et al; ACTORDS Follow-up Group. Repeat antenatal betamethasone
and cardiometabolic outcomes. Pediatrics. 2018;142(1):e20180522S. doi:10.1542/peds.2018-0522

31. Mongelli M, Gardosi J. Reduction of false-positive diagnosis of fetal growth restriction by application of
customized fetal growth standards. Obstet Gynecol. 1996;88(5):844-848. doi:10.1016/0029-7844(96)00285-2

32. Guellec I, Lapillonne A, Renolleau S, et al; EPIPAGE Study Group. Neurologic outcomes at school age in very
preterm infants born with severe or mild growth restriction. Pediatrics. 2011;127(4):e883-e891. doi:10.1542/peds.
2010-2442

33. Tolsa CB, Zimine S, Warfield SK, et al. Early alteration of structural and functional brain development in
premature infants born with intrauterine growth restriction. Pediatr Res. 2004;56(1):132-138. doi:10.1203/01.PDR.
0000128983.54614.7E

34. Sanz-Cortés M, Figueras F, Bargalló N, Padilla N, Amat-Roldan I, Gratacós E. Abnormal brain microstructure
and metabolism in small-for-gestational-age term fetuses with normal umbilical artery Doppler. Ultrasound Obstet
Gynecol. 2010;36(2):159-165. doi:10.1002/uog.7724

35. Story L, Damodaram MS, Allsop JM, et al. Brain metabolism in fetal intrauterine growth restriction: a proton
magnetic resonance spectroscopy study. Am J Obstet Gynecol. 2011;205(5):483.e1-483.e8. doi:10.1016/j.ajog.
2011.06.032

36. Samuelsen GB, Pakkenberg B, Bogdanović N, et al. Severe cell reduction in the future brain cortex in human
growth-restricted fetuses and infants. Am J Obstet Gynecol. 2007;197(1):56.e1-56.e7. doi:10.1016/j.ajog.2007.
02.011

37. Padilla N, Junqué C, Figueras F, et al. Differential vulnerability of gray matter and white matter to intrauterine
growth restriction in preterm infants at 12 months corrected age. Brain Res. 2014;1545:1-11. doi:10.1016/j.brainres.
2013.12.007

38. Sanz-Cortés M, Figueras F, Bonet-Carne E, et al. Fetal brain MRI texture analysis identifies different
microstructural patterns in adequate and small for gestational age fetuses at term. Fetal Diagn Ther. 2013;33(2):
122-129. doi:10.1159/000346566

39. Novak CM, Ozen M, Burd I. Perinatal brain injury: mechanisms, prevention, and outcomes. Clin Perinatol.
2018;45(2):357-375. doi:10.1016/j.clp.2018.01.015

40. Korzeniewski SJ, Allred EN, Joseph RM, et al; ELGAN Study Investigators. Neurodevelopment at age 10 years
of children born <28 weeks with fetal growth restriction. Pediatrics. 2017;140(5):e20170697. doi:10.1542/peds.
2017-0697

41. Hollo O, Rautava P, Korhonen T, Helenius H, Kero P, Sillanpää M. Academic achievement of small-for-
gestational-age children at age 10 years. Arch Pediatr Adolesc Med. 2002;156(2):179-187. doi:10.1001/archpedi.
156.2.179

42. Strauss RS. Adult functional outcome of those born small for gestational age: twenty-six-year follow-up of the
1970 British Birth Cohort. JAMA. 2000;283(5):625-632. doi:10.1001/jama.283.5.625

43. Schlotz W, Phillips DI. Fetal origins of mental health: evidence and mechanisms. Brain Behav Immun. 2009;23
(7):905-916. doi:10.1016/j.bbi.2009.02.001

44. Roberts D, Brown J, Medley N, Dalziel SR. Antenatal corticosteroids for accelerating fetal lung maturation for
women at risk of preterm birth. Cochrane Database Syst Rev. 2017;3(3):CD004454.

45. McKendry AA, Palliser HK, Yates DM, Walker DW, Hirst JJ. The effect of betamethasone treatment on
neuroactive steroid synthesis in a foetal Guinea pig model of growth restriction. J Neuroendocrinol. 2010;22(3):
166-174. doi:10.1111/j.1365-2826.2009.01949.x

46. Yawno T, Mortale M, Sutherland AE, et al. The effects of betamethasone on allopregnanolone concentrations
and brain development in preterm fetal sheep. Neuropharmacology. 2014;85:342-348. doi:10.1016/j.neuropharm.
2014.05.031

47. Latal-Hajnal B, von Siebenthal K, Kovari H, Bucher HU, Largo RH. Postnatal growth in VLBW infants: significant
association with neurodevelopmental outcome. J Pediatr. 2003;143(2):163-170. doi:10.1067/S0022-3476(03)
00243-9

48. Pearce MS, Deary IJ, Young AH, Parker L. Growth in early life and childhood IQ at age 11 years: the Newcastle
Thousand Families Study. Int J Epidemiol. 2005;34(3):673-677. doi:10.1093/ije/dyi038

JAMA Network Open | Pediatrics Fetal Growth Restriction and Neurocognitive Function After Repeated Antenatal Betamethasone Treatment

JAMA Network Open. 2019;2(2):e187636. doi:10.1001/jamanetworkopen.2018.7636 (Reprinted) February 1, 2019 13/14

Downloaded from jamanetwork.com by University of Auckland user on 02/04/2019

https://dx.doi.org/10.1542/peds.2018-0522
https://dx.doi.org/10.1016/0029-7844(96)00285-2
https://dx.doi.org/10.1542/peds.2010-2442
https://dx.doi.org/10.1542/peds.2010-2442
https://dx.doi.org/10.1203/01.PDR.0000128983.54614.7E
https://dx.doi.org/10.1203/01.PDR.0000128983.54614.7E
https://dx.doi.org/10.1002/uog.7724
https://dx.doi.org/10.1016/j.ajog.2011.06.032
https://dx.doi.org/10.1016/j.ajog.2011.06.032
https://dx.doi.org/10.1016/j.ajog.2007.02.011
https://dx.doi.org/10.1016/j.ajog.2007.02.011
https://dx.doi.org/10.1016/j.brainres.2013.12.007
https://dx.doi.org/10.1016/j.brainres.2013.12.007
https://dx.doi.org/10.1159/000346566
https://dx.doi.org/10.1016/j.clp.2018.01.015
https://dx.doi.org/10.1542/peds.2017-0697
https://dx.doi.org/10.1542/peds.2017-0697
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpedi.156.2.179&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2018.7636
https://jama.jamanetwork.com/article.aspx?doi=10.1001/archpedi.156.2.179&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2018.7636
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jama.283.5.625&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2018.7636
https://dx.doi.org/10.1016/j.bbi.2009.02.001
https://www.ncbi.nlm.nih.gov/pubmed/28321847
https://dx.doi.org/10.1111/j.1365-2826.2009.01949.x
https://dx.doi.org/10.1016/j.neuropharm.2014.05.031
https://dx.doi.org/10.1016/j.neuropharm.2014.05.031
https://dx.doi.org/10.1067/S0022-3476(03)00243-9
https://dx.doi.org/10.1067/S0022-3476(03)00243-9
https://dx.doi.org/10.1093/ije/dyi038


49. Richards M, Hardy R, Kuh D, Wadsworth ME. Birthweight, postnatal growth and cognitive function in a
national UK birth cohort. Int J Epidemiol. 2002;31(2):342-348. doi:10.1093/intjepid/31.2.342

50. Schwartz PM, Borghesani PR, Levy RL, Pomeroy SL, Segal RA. Abnormal cerebellar development and foliation
in BDNF−/− mice reveals a role for neurotrophins in CNS patterning. Neuron. 1997;19(2):269-281. doi:10.1016/
S0896-6273(00)80938-1

51. Mertz K, Koscheck T, Schilling K. Brain-derived neurotrophic factor modulates dendritic morphology of
cerebellar basket and stellate cells: an in vitro study. Neuroscience. 2000;97(2):303-310. doi:10.1016/S0306-
4522(99)00585-0

52. Segal RA, Takahashi H, McKay RD. Changes in neurotrophin responsiveness during the development of
cerebellar granule neurons. Neuron. 1992;9(6):1041-1052. doi:10.1016/0896-6273(92)90064-K

53. Lindholm D, Carroll P, Tzimagiorgis G, Thoenen H. Autocrine-paracrine regulation of hippocampal neuron
survival by IGF-1 and the neurotrophins BDNF, NT-3 and NT-4. Eur J Neurosci. 1996;8(7):1452-1460. doi:10.1111/j.
1460-9568.1996.tb01607.x

54. Vellucci SV, Parrott RF, Mimmack ML. Down-regulation of BDNF mRNA, with no effect on trkB or
glucocorticoid receptor mRNAs, in the porcine hippocampus after acute dexamethasone treatment. Res Vet Sci.
2001;70(2):157-162. doi:10.1053/rvsc.2001.0456

55. Suri D, Vaidya VA. Glucocorticoid regulation of brain-derived neurotrophic factor: relevance to hippocampal
structural and functional plasticity. Neuroscience. 2013;239:196-213. doi:10.1016/j.neuroscience.2012.08.065

56. Chouthai NS, Sampers J, Desai N, Smith GM. Changes in neurotrophin levels in umbilical cord blood from
infants with different gestational ages and clinical conditions. Pediatr Res. 2003;53(6):965-969. doi:10.1203/01.
PDR.0000061588.39652.26

SUPPLEMENT 1.
Trial Protocol

SUPPLEMENT 2.
eTable. Primary and Secondary Neurocognitive Outcomes at Midchildhood of Children With and Without Fetal
Growth Restriction (FGR)

JAMA Network Open | Pediatrics Fetal Growth Restriction and Neurocognitive Function After Repeated Antenatal Betamethasone Treatment

JAMA Network Open. 2019;2(2):e187636. doi:10.1001/jamanetworkopen.2018.7636 (Reprinted) February 1, 2019 14/14

Downloaded from jamanetwork.com by University of Auckland user on 02/04/2019

https://dx.doi.org/10.1093/intjepid/31.2.342
https://dx.doi.org/10.1016/S0896-6273(00)80938-1
https://dx.doi.org/10.1016/S0896-6273(00)80938-1
https://dx.doi.org/10.1016/S0306-4522(99)00585-0
https://dx.doi.org/10.1016/S0306-4522(99)00585-0
https://dx.doi.org/10.1016/0896-6273(92)90064-K
https://dx.doi.org/10.1111/j.1460-9568.1996.tb01607.x
https://dx.doi.org/10.1111/j.1460-9568.1996.tb01607.x
https://dx.doi.org/10.1053/rvsc.2001.0456
https://dx.doi.org/10.1016/j.neuroscience.2012.08.065
https://dx.doi.org/10.1203/01.PDR.0000061588.39652.26
https://dx.doi.org/10.1203/01.PDR.0000061588.39652.26

