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Abstract
Introduction: Prenatal exposure to supraphysiological glucocorticoid (GC) levels may 
lead to long-lasting developmental changes in numerous biological systems. Our 
prior study identified an association between prenatal GC prophylaxis and reduced 
cognitive performance, electrocortical changes, and altered autonomic nervous sys-
tem (ANS) activity in children aged 8–9 years. This follow-up study aimed to examine 
whether these findings persisted into adolescence.
Material and Methods: Prospective observational follow-up study involving twenty-
one 14- to 15-year-old adolescents born to mothers who received betamethasone for 
induction of fetal lung maturation in threatened preterm birth, but who were born 
with a normal weight appropriate for their gestational age (median 37+4 gestational 
weeks). Thirty-five children not exposed to betamethasone served as the reference 
group (median 37+6 gestational weeks). The primary endpoint was cognitive perfor-
mance, measured by intelligence quotient (IQ). Key secondary endpoints included 
symptoms of attention-deficit/hyperactivity disorder (ADHD) and metabolic mark-
ers. Additionally, we determined electrocortical (electroencephalogram), hypothala-
mus–pituitary–adrenal axis (HPAA), and ANS activity in response to a standardized 
stress paradigm.
Results: No statistically significant group difference was observed in global IQ (ad-
justed mean: betamethasone 103.9 versus references 105.9, mean difference −2.0, 
95% confidence interval [CI]: −7.12 to 3.12, p = 0.44). Similarly, ADHD symptoms, 
metabolic markers, the overall and stress-induced activity of the HPAA and the ANS 
did not differ significantly between groups. However, the betamethasone group 
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1  |  INTRODUC TION

Fetal development is a precisely orchestrated process that follows 
a chronological sequence of cell differentiation and organogenesis. 
Glucocorticoids (GC) play a crucial role in this highly regulated pro-
cess by initiating the switch from tissue accretion to differentia-
tion. Thus, early disturbances in fetal GC homeostasis may result in 
lasting developmental modifications in various biological systems. 
These systems include the central nervous system, the autonomic 
nervous system (ANS), and the endocrine and neuro-endocrine sys-
tem, specifically the hypothalamus–pituitary–adrenal axis (HPAA).1,2 
Changes induced by GC in the fetal development of these systems 
are associated with a heightened risk of various cardiovascular, met-
abolic, and neuropsychiatric diseases later in life.2,3

There are two main factors that contribute to abnormal fetal 
GC homeostasis during human development, both of which result 
in excessive fetal GC exposure: maternal psychological stress or 
maternal treatment with synthetic GCs.4 To study the long-term 
effects of elevated fetal GC exposure, synthetic GCs are of special 
interest in human research as they allow to study GC effects in a 
quasi-experimental setting. Comparatively, maternal psychological 
stress is often difficult to objectify. Synthetic GCs are often used 
in obstetric practice to promote fetal lung maturation in cases of 
potential preterm birth, and most human studies are based on syn-
thetic GCs administered in this indication.5–9 However, this research 
approach has a notable limitation as most children in previous co-
horts were born prematurely, which could confound the effects of 
GCs on long-term development.10 Moreover, human outcome data 
on prenatal synthetic GC exposure in the long term is limited. For 
instance, a recent follow-up of a large randomized trial did not re-
veal an elevated rate of cardiovascular events or an increased prev-
alence of cardiovascular risk factors 50 years after exposure to GC 
prophylaxis for neonatal respiratory distress syndrome.11 However, 
the study was limited by a low follow-up rate and the absence of in-
person assessments.

Our group previously studied the effects of prenatal GC prophy-
laxis for respiratory distress syndrome on the stress system, cogni-
tion, and behavior in children aged 8–9 years.12 These children were 
at risk of preterm birth, but were eventually born at or near term 
with a weight appropriate for their gestational age. We found no 
significant differences in HPAA activity between children exposed 
to GC and those unexposed. However, GC-exposed children had a 
lower intelligence quotient (IQ) score (96.9 vs. 108.0) and presented 
more core symptoms of attention-deficit/hyperactivity disorder 
(ADHD). During a stress test, these children also exhibited higher 
parasympathetic tone in the ANS and elevated electrocortical ac-
tivity. It remains unclear, however, whether these observed effects 
continue into adolescence.

The objective of this study is to assess the consistency of pre-
viously observed outcomes in a subset of our children's cohort, 
now aged 14–15 years, with a focus on IQ. We hypothesized that 
the previously observed IQ discrepancies between children exposed 
and unexposed to GC would continue into their teenage years. Our 
hypothesis is based on longitudinal studies of children and adoles-
cents from uncomplicated pregnancies and low-birthweight preg-
nancies in which IQ shows high temporal stability.13–15 Additionally, 
we added an evaluation of insulin resistance to our previous study 
protocol because insulin resistance is considered a relevant risk fac-
tor for cardiovascular and metabolic diseases.16 While antenatal GC 

exhibited reduced electrocortical activity in the frontal brain region (spectral edge 
frequency–adjusted means: 16.0 Hz versus 17.8 Hz, mean difference −1.83 Hz, 95% 
CI: −3.21 to −0.45, p = 0.01).
Conclusions: In 14- to 15-year-old adolescents, prenatal GC exposure was not associ-
ated with differences in IQ scores or ANS activity compared to unexposed controls. 
However, decelerated electrocortical activity in the frontal region potentially reflects 
disturbances in the maturation of cortical and/or subcortical brain structures. The 
clinical significance of these changes remains unknown. Given the small sample size, 
selective participation/loss of follow-up and potential residual confounding, these 
findings should be interpreted cautiously. Further research is required to replicate 
these results in larger cohorts before drawing firm clinical conclusions.

K E Y W O R D S
fetal physiology, fetal programming, glucocorticoids, neurodevelopment, preterm birth

Key message

In our follow-up study on 14- to 15-years-olds prenatally 
exposed to glucocorticoid prophylaxis for respiratory dis-
tress syndrome, we found that earlier discrepancies in pre-
pubertal IQ scores and autonomic nervous system activity, 
in comparison to unexposed subjects, do not continue into 
adolescence.
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    |  3RAKERS et al.

expose has been correlated with impaired insulin resistance in ani-
mal experiments, limited human data are available on this subject.17

2  |  MATERIAL AND METHODS

2.1  |  Research design

We conducted a prospective observational study to evaluate the 
association between antenatal betamethasone (BM) exposure 
and cognitive performance, specifically IQ, in children aged 14 to 
15 years. We compared a group of children who were exposed (BM 
group) with those who were not (reference group). The children 
were born between September 1999 and September 2003 in either 
Jena University Hospital or the regional hospital in Gera, Germany. 
We assessed their outcomes in a single day at the Jena University 
Hospital.

2.2  |  Recruitment strategy and study participants

The recruitment strategy replicated the one used in our previous 
study, thoroughly detailed elsewhere.12 In brief, children in the BM 
group were chosen from a known cohort of mothers who had been 
risk-prone for preterm birth and had joined a randomized controlled 
trial contrasting two tocolytic treatments.18 As standard, all trial par-
ticipants received either one or multiple courses of 2 × 8 mg BM 24 h 

apart to promote fetal lung maturation. The children initially at risk 
of preterm birth but later delivered with normal birthweight after 
a minimum gestation of 238 days/34+0 weeks were identified. The 
reference group's children were selected from medical birth records 
and had the same gestational age as the BM group's children. The 
exclusion criteria, applicable to both groups, included a birthweight 
under the fifth reference percentile, severe perinatal complications 
necessitating intensive care, intrauterine exposure to maternal 
smoking, alcohol, drugs, and long-term GC treatment. The final co-
hort studied comprised 21 children from the BM group and 35 from 
the reference group (Figure 1). A total of 17 children from the BM 
group and 26 children from the reference group had also been previ-
ously assessed at the age of 8 to 9 years.12

2.3  |  Demographic and clinical baseline data

Socioeconomic status (SES) and other demographic variables were 
collected using a parent questionnaire. SES was calculated as a com-
posite score (range 3–21) based on the highest educational attain-
ment of parents, occupational status reflecting the social prestige 
of the occupation, and net household income, following the meth-
odology outlined in.19 Pregnancy and birth data were obtained from 
hospital records or the German maternity passport. The Zurich 
Life-Event List was used to quantify the frequency of positive and 
negative life events during the past 12 months before outcome 
assessment.20

F I G U R E  1  Flowchart of the study recruitment process. aSeventeen children of the betamethasone group and 26 children of the reference 
group were also previously assessed at the age of 8–9 years.
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2.4  |  Outcomes of interest

The primary outcome was cognitive performance, measured by IQ. 
The key secondary outcomes included (a) core symptoms of ADHD; 
(b) body mass index (BMI); and (c) the Homeostasis Model Assessment 
index used to estimate insulin resistance (HOMA-IR). In response to a 
standardized stress test, the Trier Social Stress Test in a version adapted 
for children (TSST), we also measured the following secondary out-
comes: (d) HPAA activity, which was measured through salivary-free 
cortisol; (e) ANS activity, which was determined by salivary α-amylase 
concentration and heart rate variability; and (f) electrocortical activity, 
which was measured through electroencephalogram (EEG) signals.

2.5  |  Summary of study procedure, outcome 
assessment, and statistical analysis

In-depth methodological details are outlined in Appendix  S1. 
This study generally mirrors our previous research protocol.12 We 
evaluated overall cognitive performance (IQ) using the Reynolds 
Intellectual Assessment Scales (RIAS) IQ test.21 The RIAS consist of 
two subtests that measure verbal and non-verbal intelligence and 
produce a composite IQ score representing children's reasoning, 
problem-solving, and learning abilities. The FBB-ADHS question-
naire, a German parental ADHD rating scale, was used to identify 
core ADHD symptoms.22

BMI was determined through height and weight measure-
ments [body mass (kg)/height (m2)]. We calculated the HOMA-IR 
by multiplying the fasting plasma insulin concentration (mU/L) by 
the fasting plasma glucose concentration (mmol/L), then dividing 
by 22.5.

To assess the HPAA and ANS responsiveness to acute stress, chil-
dren participated in the TSST. This standardized stress test incorpo-
rated a preparation period, speech and mental arithmetic assignments 
in front of an audience, followed by a recovery period.23 During the 
TSST, we collected EEG, electrocardiogram, and blood pressure data. 
In addition, five saliva samples were obtained to measure the concen-
trations of salivary free cortisol and alpha-amylase. These biomarkers 
served as proxies for the activity of the HPAA and the ANS, respec-
tively. Heart rate variability frequency indices (mean heart rate, low-
frequency [LF] and high-frequency [HF] band power, LF/HF ratio) were 
used to further approximate ANS activity.24 Electrocortical activity 
was determined through power spectral analysis of EEG recordings. 
The electrocortical activity represents a physiological correlation of 
cortical and subcortical brain function.25 The spectral edge frequency 
(SEF) of the total band power (1.5–30 Hz) was calculated from the 
gathered EEG recordings and used as a secondary outcome parameter.

We aimed to enroll 35 children per group, which would have 
80% power to detect a standardized mean difference of 0.68, as 
observed in the cognitive performance (IQ) component of our ini-
tial study. We used linear models for single outcomes and mixed 
linear models for outcomes repeatedly measured. We determined 
the HPAA, ANS, and electrocortical activity during the entire TSST 

including baseline and recovery period (overall activity model) and 
the baseline adjusted stress-response during the acute stress phase 
(baseline-adjusted model). Results were reported as unadjusted 
and predefined covariate adjusted estimates (difference of means, 
ratio of geometric means) with corresponding 95% confidence in-
tervals. In the baseline-adjusted stress response model, a common 
baseline mean was additionally calculated, indicating whether the 
average outcome measurement increased or decreased in each 
group. A two-sided significance level of 0.05 was set. Analyses of 
secondary outcomes were exploratory, so we did not adjust the 
significance level for multiplicity as we aimed at searching for 
adverse signals.26 Post hoc, we investigated a dose–response re-
lationship for IQ and the two RIAS subscales. Furthermore, a sen-
sitivity analysis was conducted for the primary outcome IQ, which 
only included children who were previously assessed at the age of 
8 to 9 years.

3  |  RESULTS

3.1  |  Demographic and clinical baseline data and 
exposure characteristics

The study groups were evenly matched in terms of most demo-
graphic, pregnancy, and birth-related variables (Table  1). However, 
children in the BM group had undergone more adverse life events 
in the year before enrollment compared to the reference group. 
Furthermore, their parents had a lower SES. As per our recruitment 
strategy, all children in the BM group underwent tocolytic treatment 
compared to two children in the reference group. Ten children were 
exposed to a single course of BM and 11 children to multiple courses 
of BM (range: 2 to 5).

3.2  |  Outcomes

3.2.1  |  Cognitive performance (primary 
outcome) and behavior (secondary outcome)

Our study found no statistical difference in global IQ between the 
BM group and the reference group. On average, IQ scores in the BM 
group were 102.5 (standard deviation [SD] 9.63) compared to 106.4 
(SD 9.57) in the reference group and therefore 3.95 points lower (95% 
confidence interval [CI]: −9.26 to 1.36, p = 0.14). However, when ad-
justed for SES and sex, the gap was lessened to 2.0 points (95% CI: 
−7.12 to 3.12, p = 0.44) (Table 2). Similarly, for non-verbal IQ, the BM 
group scored 2.06 points less (95% CI: −7.03 to −2.92), and for verbal 
IQ, they scored 3.56 points less (95% CI: −8.77 to 1.67) compared 
to the reference group, after accounting for SES and sex. The BM 
group's non-verbal and verbal IQs were 102.2 and 103.4, respec-
tively, while those of the reference group were 104.3 and 107.0. A 
sensitivity analysis was conducted, which only considered children 
who had earlier assessments at ages 8 to 9 years. The results were 
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    |  5RAKERS et al.

similar, with no statistically significant differences in IQ observed 
among the groups.

In our exploratory post hoc analysis, we failed to identify a dose–
response relationship between BM exposure and cognitive perfor-
mance. The model-based average IQ, adjusted for sex and SES, was 
105.9 for children in the reference group, 101.4 for children in the 
BM group exposed to a single BM treatment course, and 106.1 for 
those exposed to multiple BM treatment courses.

There were no statistically significant differences between the 
groups on the core symptoms of ADHD (Table 2).

3.2.2  |  BMI and insulin resistance (secondary 
outcomes)

Our study found no statistically significant group differences in BMI 
and HOMA-IR reflecting insulin resistance (Table 2).

TA B L E  1  Cohort and exposure characteristics.

BM Refs

p Value(n = 21) (n = 35)

Demographic and socioeconomic data

Child

Age (year), mean 
(SD)

14.7 (0.60) 14.3 (0.64) 0.06

Female gender, 
n (%)

13 (62) 19 (54) 0.78

Living together 
with parents, 
n (%)

15 (71) 26 (74) 1.00

Only child, n (%) 1 (5) 5 (15) 0.39

More than one 
unpleasant life 
event (ZLEL), 
n (%)

16 (76) 16 (46) 0.03

Type of school 
currently 
attending, n (%)

0.41

High school 
(Gymnasium)

14 (67) 19 (54)

Secondary 
school or 
below

7 (33) 16 (46)

Parents

Maternal age 
[year], mean (SD)

43.8 (5.6) 43.6 (4.8) 0.87

Paternal age 
[year], mean (SD)

46.5 (6.6) 46.8 (6.3) 0.83

Maternal BMI 
[kg/m2], mean 
(SD)

24.7 (2.9) 25.0 (3.7) 0.75

Paternal BMI 
[kg/m2], mean 
(SD)

27.4 (5.3) 27.4 (4.6) 0.97

Socioeconomic 
status, mean (SD)

13.7 (4.9) 15.9 (4.3) 0.08

Pregnancy related data

Hyperemesis during 
pregnancy, n (%)

0 (0) 2 (6) 0.52

Abortus 
imminens, n (%)

3 (14) 2 (6) 0.35

Other bleeding 
during pregnancy, n 
(%)

1 (5) 0 (0) 0.38

Preeclampsia, n (%) 0 (0) 1 (3) 1.00

Tocolytic 
treatment, n (%)

21 (100) 2 (6) <0.01

Maternal age 
at birth [year], 
mean (SD)

29.6 (5.5) 29.8 (4.6) 0.85

Birth related data

Cesarean section, 
n (%)

4 (19) 6 (17) 1.00

Gestational age 
at birth [weeks], 
median (IQR)

37+4 (36+2–38+6) 37+6 (36+4–38+4) 0.85

BM Refs

p Value(n = 21) (n = 35)

Gestational age at 
birth, n (%)

0.20

<35 weeks 2 (10) 0 (0)

35 to <37 weeks 7 (33) 11 (31)

≥37 weeks 12 (57) 24 (69)

Birthweight [g], 
mean (SD)

3083 (543) 3104 (456) 0.88

Birth length [cm], 
mean (SD)

49.2 (3.7) 49.7 (2.4) 0.62

Head circumference 
[cm], mean (SD)

33.9 (2.0) 34.2 (1.2) 0.59

APGAR 10, median 
(IQR)

9 (9–10) 9 (9–10) 0.36

Neonatal 
monitoring, n (%)

4 (19) 6 (17) 1.00

Exposure characteristics

Single course of 
2 × 8 mg BM 24 h 
apart, n (%)

10 (48)

Multiple courses 
of 2 × 8 mg BM 24 h 
apart, n (%)

11 (52)

Number of BM 
courses, median 
(range)

2 (1–5)

Start of BM 
(gestational week), 
median (IQR)

32 (31–33)

Note: Missing data (BM/reference group): Living together with parents 
(0/1), only child (0/1), paternal age (1/2), maternal body mass index 
(2/1), paternal body mass index (3/9).
Abbreviations: BM, betamethasone; BMI, body mass index; IQR, 
interquartile range (25th–75th percentile); n, number of subjects; Refs, 
non BM-exposed reference group; SD, standard deviation; ZLEL, Zurich 
Life-Event List of unpleasant life events during the last 12 month before 
examination.

TA B L E  1  (Continued)
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3.2.3  |  HPAA, ANS, and electrocortical activity 
during the TSST (secondary outcomes)

We found no statistically significant group difference in HPAA 
and ANS outcome parameters in our overall activity analysis 
comprising all phases of the TSST (Table  3). However, the elec-
trocortical activity in the frontal brain regions was lower in chil-
dren of the BM group compared to those in the reference group 
(SEF, 16.1 Hz vs. 17.9 Hz, p = 0.01). This difference remained sta-
tistically significant after making adjustments for confounding 
variables: Adjusted SEF 16.0 Hz versus 17.8 Hz, mean difference 
−1.83 Hz, 95% CI: −3.21 to −0.45 Hz, p = 0.01. No statistically 
significant group differences were found for the electrocortical 
activity in other brain regions.

We found no statistically significant group difference for HPAA, 
most ANS, and all electrocortical outcome parameters in our 
baseline-adjusted analysis of the acute stress response (Table  4). 
Even though children in the BM group revealed a smaller increase 
in salivary alpha-amylase compared to the reference group (42.2 U/
mL vs. 71.8 U/mL, p = 0.04), the ratio of the geometric means was no 
longer statistically significant after taking into account the predeter-
mined covariates SES and sex.

4  |  DISCUSSION

The present study examined the association between prenatal ex-
posure to BM, used to promote fetal lung maturation in threatened 
preterm birth, and cognitive performance in a group of term or near 
term born children at the age of 14–15 years. Contrary to our ini-
tial hypothesis, we found no statistically significant difference in IQ 
between the BM and the reference group, as demonstrated in our 
cohort 6 years earlier.12 This result was somewhat surprising given 
that cognitive abilities, including IQ scores, are generally stable from 
childhood through adolescence to adulthood, as multiple longitudi-
nal studies,14,15 including those involving low-birthweight children, 
have established.13 Biologically, considering the high plasticity of the 
brain, our findings might suggest that brain function compromised 
by GC either improves over time or that GC induced a developmen-
tal delay 6 years earlier, which has now been rectified. A longitudinal 
study of children born with very low birthweight previously dem-
onstrated the brain's principal ability for a developmental catch up: 
reading deficits at the age of 9 improved and were no longer de-
tectable at the age of 15.27 Consistent with our findings, follow-up 
studies of randomized controlled trials have not identified any link 
between antenatal GC prophylaxis for respiratory distress syndrome 

Estimated means
BM versus reference 
group

SDIF p ValueBM Refs DIF (95% CI)

Primary outcome

Cognitive performance (IQ)

Unadjusted 102.5 106.4 −3.95 (−9.26 to 1.36) 0.41 0.14

Adjusteda 103.9 105.9 −2.00 (−7.12 to 3.12) 0.22 0.44

Secondary outcomes

ADHD symptoms (DISYPS)

Unadjusted 101.0 102.4 −1.48 (−7.75 to 4.79) 0.13 0.64

Adjusteda 101.1 102.5 −1.37 (−7.96 to 5.22) 0.12 0.68

Body mass index [kg/m2]b

Unadjusted 21.7 20.2 1.53 (−0.60 to 3.65) 0.41 0.15

Adjustedc 21.3 20.3 1.01 (−1.04 to 3.07) 0.30 0.33

HOMA-IRd

Unadjusted 2.6 2.3 0.30 (−0.36 to 0.95) 0.26 0.37

Adjusteda 2.5 2.3 0.14 (−0.51 to 0.79) 0.12 0.68

Note: Arithmetic means and their differences were estimated by linear models. For better 
comparison, differences were standardized similar to Cohen's d.
Abbreviations: BM, betamethasone; CI, confidence interval; DIF, difference of means; SDIF, 
standardized difference of means; IQ, intelligence quotient; ADHD, attention-deficit/hyperactivity 
disorder; DISYPS, Diagnostic System for Psychiatric Disorders in Children and Adolescents; 
HOMA-IR, Homeostasis Model Assessment index; Refs, non BM-exposed reference group.
aAdjusted for socioeconomic status and sex.
b2 BM, 1 reference subjects excluded due to missing data for maternal BMI.
cAdjusted for socioeconomic status, sex, and maternal body mass index.
d1 BM, 3 reference subjects excluded due to missing data for fasting blood glucose.

TA B L E  2  Primary and secondary 
outcome(s) representing cognitive 
performance, behavior and metabolic 
markers.
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and cognitive performance in individuals aged 20–31 years.6,28 
However, our results may be affected by some selection bias. 
Children in the BM group who were lost to follow-up showed lower 
IQ scores than those who also participated in the current study (91.6 
vs. 99.9).12 In contrast, in the reference group, this difference was 

in the opposite direction (111.2 vs. 106.6). Thus, varied participa-
tion rates, especially among children with IQ scores at the extreme 
ends, could have produced an overestimated group difference in IQ 
at the 8–9 year follow-up or masked a group difference in the pre-
sent study. Selective attrition related to IQ is a common occurrence 

TA B L E  3  Neuroendocrinological, autonomous, and electrocortical outcome parameters covering all phases of the Trier Social Stress Test 
(overall activity model).

Outcome measures

Estimated means BM versus reference group

SDIF p ValueBM Refs. DIF or ratio (95% CI)

HPAA

Saliva cortisol (nmol/L)

Unadjusted 2.37a 2.26a 1.05b (0.76 to 1.44) 0.08c 0.78

Adjustedd 2.31a 2.25a 1.03b (0.74 to 1.42) 0.05c 0.88

Autonomic nervous system

Saliva α-amylase (U/mL)

Unadjusted 49.2a 46.4a 1.06b (0.46 to 2.43) 0.04c 0.89

Adjustedd 54.8a 43.3a 1.27b (0.55 to 2.90) 0.16c 0.57

Mean heart rate (1/min)

Unadjusted 89.0 91.0 −1.91 (−8.72 to 4.90) 0.16 0.58

Adjustedd 88.7 90.8 −2.10 (−9.17 to 4.98) 0.17 0.55

LF band power (ms2/Hz)

Unadjusted 1118a 1018a 1.10b (0.73 to 1.65) 0.13c 0.65

Adjustedd 1207a 1028a 1.17b (0.78 to 1.76) 0.23c 0.43

HF band power (ms2/Hz)

Unadjusted 611a 541a 1.13b (0.64 to 2.00) 0.12c 0.67

Adjustedd 636a 544a 1.17b (0.64 to 2.12) 0.15c 0.60

LF/HF

Unadjusted 1.83a 1.88a 0.97b (0.71 to 1.33) 0.05c 0.85

Adjustedd 1.90a 1.89a 1.00b (0.73 to 1.39) 0.01c 0.98

Electrocortical activity

SEF frontal (Hz)

Unadjusted 16.1 17.9 −1.80 (−3.13 to −0.48) 0.76 0.01

Adjustede 16.0 17.8 −1.83 (−3.21 to −0.45) 0.76 0.01

SEF temporal (Hz)

Unadjusted 21.2 20.9 0.37 (−1.63 to 2.36) 0.10 0.71

Adjustede 21.0 20.8 0.12 (−1.87 to 2.11) 0.03 0.91

SEF parietal (Hz)

Unadjusted 17.2 17.3 −0.16 (−1.50 to 1.18) 0.07 0.81

Adjustede 17.0 17.2 −0.25 (−1.54 to 1.03) 0.11 0.70

SEF occipital (Hz)

Unadjusted 18.7 18.2 0.55 (−1.28 to 2.39) 0.17 0.55

Adjustede 18.5 18.1 0.42 (−1.37 to 2.21) 0.13 0.64

Note: Excluded subjects due to missing data (BM/Refs.): Cortisol (1/0), α-amylase (1/0), Autonomous nervous system (0/1), Electrocortical activity 
(0/1). Excluded subjects due to implausible data (BM/control): α-amylase (0/1). Estimated by mixed linear models: Arithmetic means and their 
difference or geometric means (a) and their ratio (b) after transforming back results of logarithmic scaled variables to the original scale. For better 
comparison, differences were standardized similar to Cohen's d. cStandardized differences based on logarithmic scale. dAdjusted for socioeconomic 
status and sex. eAdjusted for side of electroencephalogram electrodes, socioeconomic status, and sex.
Abbreviations: BM, betamethasone; CI, confidence interval; DIF, difference; HF, high frequency; HPAA, hypothalamus–pituitary–adrenal axis; LF, low 
frequency, SDIF, standardized difference; SEF, spectral edge frequency.
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in longitudinal studies, with those having lower IQs more prone to 
drop out than their higher IQ counterparts.29 The reason for selec-
tive dropout among children with higher IQ in the reference group, 
however, remains unclear.

Regarding our secondary outcomes, we found that children in 
the BM group exhibited slower electrocortical activity in the fron-
tal brain regions, as evidenced by a lower SEF in these areas. The 
SEF represents an effective estimate of the frequency content 

TA B L E  4  Baseline-adjusted neuroendocrinological, autonomous and electrocortical outcome parameters covering the active phases of 
the Trier Social Stress Test (stress response model).

Outcome measures

Estimated means BM versus reference group

SDIF p ValueBaseline BM Refs DIF or ratio (95% CI)

HPAA

Saliva cortisol (nmol/L) 1.68a

Baseline adjusted 2.28a 2.55a 0.89b (0.64 to 1.24) 0.21c 0.49

Further adjustedd 2.18a 2.58a 0.85b (0.61 to 1.18) 0.31c 0.32

Autonomic nervous system

Saliva α-amylase (U/mL) 38.2a

Baseline adjusted 42.2a 71.8a 0.59b (0.35 to 0.98) 0.61c 0.04

Further adjustedd 43.8a 71.1a 0.62b (0.36 to 1.05) 0.54c 0.07

Mean heart rate (1/min) 80.7

Baseline adjusted 97.0 96.1 0.94 (−6.35 to 8.22) 0.07 0.80

Further adjustedd 96.9 95.3 1.57 (−5.81 to 8.95) 0.12 0.67

LF band power (ms2/Hz) 1033a

Baseline adjusted 892a 977a 0.91b (0.65 to 1.28) 0.15c 0.59

Further adjustedd 939a 975a 0.96b (0.68 to 1.37) 0.06c 0.83

HF band power (ms2/Hz) 590a

Baseline adjusted 486a 564a 0.86b (0.53 to 1.39) 0.18c 0.53

Further adjustedd 500a 585a 0.85b (0.53 to 1.39) 0.19c 0.52

LF/HF 1.75a

Baseline adjusted 1.81a 1.75a 1.03b (0.75 to 1.41) 0.06c 0.84

Further adjustedd 1.85a 1.70a 1.09b (0.79 to 1.50) 0.15c 0.61

Electrocortical activity

SEF frontal (Hz) 16.7

Baseline adjusted 17.0 18.0 −0.98 (−2.23 to 0.27) 0.47 0.12

Further adjustede 17.1 17.9 −0.80 (−2.09 to 0.50) 0.36 0.22

SEF temporal (Hz) 18.6

Baseline adjusted 21.5 22.0 −0.46 (−2.27 to 1.34) 0.14 0.61

Further adjustede 21.5 22.0 −0.53 (−2.42 to 1.36) 0.16 0.57

SEF parietal (Hz) 16.9

Baseline adjusted 17.3 17.4 −0.13 (−0.93 to 0.67) 0.09 0.74

Further adjustede 17.3 17.4 −0.06 (−0.88 to 0.77) 0.04 0.89

SEF occipital (Hz) 17.7

Baseline adjusted 18.7 18.5 0.23 (−0.86 to 1.31) 0.12 0.68

Further adjustede 18.7 18.5 0.21 (−0.93 to 1.34) 0.10 0.72

Note: Excluded subjects due to missing data (BM/Refs.): Cortisol (1/3), α-amylase (1/3), Autonomous nervous system (0/1), Electrocortical activity 
(0/1). Excluded subjects due to implausible data (BM/control): α-amylase (0/1). Estimated by linear (α-amylase) or mixed linear models: Baseline 
adjusted arithmetic means and their difference or geometric means (a) and their ratio (b) after transforming back results of logarithmic scaled 
variables to the original scale. For better comparison, differences were standardized similar to Cohen's d. Standardized differences (c) based on 
logarithmic scale. dFurther adjusted for socioeconomic status and sex. eFurther adjusted for side of electroencephalogram electrodes, socioeconomic 
status and sex.
Abbreviations: BM, betamethasone; CI, confidence interval; DIF, difference; HF, high frequency; HPAA, hypothalamus–pituitary–adrenal axis; LF, low 
frequency; Refs, non BM-exposed reference group; SDIF, standardized difference; SEF, spectral edge frequency.
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of the EEG power spectrum generated by thalamo-cortical and 
cortico-cortical networks.25,30 Changes in SEF were also noted 
in children exposed to BM during our earlier assessment, even 
though the pattern of changes differed between the two time-
points.12 Unlike cognitive performance, the SEF is unlikely to be 
affected by self-selection bias. Thus, it is reasonable to suggest 
that BM is associated with maturational changes of cortical and/or 
subcortical brain structures. Similarly, an MRI study that included 
infants exposed to antenatal GC prophylaxis showed significant 
differences in cortical brain maturation in comparison to controls 
not exposed to GC.31 Slower frequencies of the frontal EEG have 
been regularly related to adolescent ADHD32,33 and to a lower 
cognitive performance in children34 and adolescents.35 However, 
the debate if EEG frequencies and intelligence are positively linked 
is still ongoing.36

Exposure to intrauterine BM did not show any statistically signif-
icant association with insulin resistance or BMI as primary markers 
of the metabolic syndrome, despite the fact that the BMI of BM-
exposed children was 1 kg/m2 higher than in the reference group. 
In animals, antenatal exposure to synthetic GCs has been regularly 
linked to markers of the metabolic syndrome such as enhanced fat 
deposition and decreased insulin sensitivity.17 Similarly, a long-term 
follow-up of a large clinical trial reported that adult subjects who 
were antenatally exposed to BM displayed a heightened insulin re-
sponse to an oral glucose test compared to a placebo group.6 This 
trial also indicated a possible dose-dependent effect. In contrast, ex-
posure to repeated courses of antenatal BM compared with a single 
course of BM did not increase cardiometabolic risk factors in early 
school-aged children.37 It is possible that changes in cardiometabolic 
risk factors induced by GC, including alterations in glucose metabo-
lism, may not be detectable at early ages but may develop over time.

In agreement with our previous assessment 6 years earlier, but 
in contrast to the findings of Alexander et al.'s follow-up studies of 
children and adolescents who were antenatally exposed to GC pro-
phylaxis with BM,9,38 HPAA activity during the TSST was not asso-
ciated with prenatal BM-exposure. As previously discussed,12 this 
difference may be attributed to the different dosing regimens of BM 
used in our cohort compared to Alexander's cohort. We further did 
not detect any significant increase in ADHD core symptoms after 
antenatal GC exposure, in contrast to our previous assessment. This 
result aligns with the general observation from large birth cohorts 
reporting that ADHD symptoms in children and adolescence de-
crease over time.39,40

There are certain limitations to our study.12 We cannot rule out 
the possibility that the reduced sample size and statistical power 
in this study led to a type II error. However, a small difference in 
IQ scores within the observed range may not necessarily reflect 
meaningful differences in cognitive ability or real-world functioning. 
Moreover, selection bias could arise from both selective participa-
tion and loss of follow-up.41 Due to loss of follow-up, the current 
sample does not fully match the 8- to 9-year-old sample which was 
susceptible to selective participation bias. However, 43 of 56 children 
(77%) participated in both examinations. Our sensitivity analysis of 

the primary outcome IQ revealed similar results when the analysis 
was restricted to this subgroup. Maternal psychosocial stress asso-
ciated with preterm birth may have modified our outcomes.1 Future 
studies may add a separate control group with comparable maternal 
stress elicited for example by adverse life events to overcome this 
issue. Additionally, our study included approximately one-third of 
adolescents born late preterm, a factor that has been independently 
linked to adverse neurocognitive outcomes. While control subjects 
were similar by gestational age, it cannot be ruled out that specific 
pre-conditions which prevented late preterm controls from BM ex-
posure may have had an impact on the outcomes. We cannot rule 
out an independent effect of the tocolytic treatment on our results. 
However, because two pharmacologically different tocolytics were 
used in a balanced manner, a significant bias is unlikely. Given the 
complex and long-lasting nature of neurodevelopment, residual con-
founding is likely. We did not adjust the level of significance for mul-
tiple comparisons, which potentially raises the risk of false-positive 
results. Lastly, we cannot establish a causal relationship between 
antenatal exposure to BM and the outcomes explored due to the 
observational nature of our study.

5  |  CONCLUSION

In our follow-up study of individuals aged 14 to 15 years, prenatal 
exposure to GC prophylaxis for respiratory distress syndrome was 
not associated with changes in IQ scores and ANS activity compared 
to an unexposed reference group. In contrast, GC exposed adoles-
cents demonstrated a decelerated electrocortical activity which may 
indicate aberrations in functional brain development with currently 
unknown clinical significance. Furthermore, antenatal GC exposure 
was not associated with primary markers of the metabolic syndrome. 
Due to the small sample size of our cohort and the lower participa-
tion rates especially of children with IQ scores at the extreme ends 
compared to the first examination 6 years before, it is important to 
interpret our results with caution. Our findings will need to be repli-
cated in a larger sample before firm clinical conclusions can be drawn.
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