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Abstract

Background
Neurodevelopmental disorders affect millions of children worldwide, yet their prenatal biological origins
remain unclear. Steroid hormones regulate key processes in fetal brain development, but the role of
maternal steroid metabolism during pregnancy on children's neurodevelopment remains poorly
understood.

Methods
We report the first comprehensive longitudinal analysis of maternal steroid metabolism in late
pregnancy in relation to offspring neurodevelopment. We quantified 50 maternal urinary steroid
metabolites and derived 40 indicators of steroid metabolism in third-trimester samples from two
Spanish birth cohorts (INMA-Sabadell, n = 500; BiSC, n = 556). In INMA-Sabadell, child cognition, motor
development, attention and behaviour were assessed repeatedly from 15 months to 15 years, and
associations were estimated using linear mixed-effects models, including sex-stratified analyses. As a
secondary analysis, we evaluated cross-cohort consistency by testing whether associations with early-
life cognitive and motor outcomes identified in INMA-Sabadell were also observed in BiSC at 18 months
using linear regression models.

Results
In INMA-Sabadell, higher maternal levels of the cortisol metabolite 20α-dihydrocortisol-glucuronide were
associated with poorer early cognitive abilities (estimate β = -2.05, 95% confidence interval (CI): [-3.08,
-1.02]), whereas indicators of enhanced cortisol inactivation were associated with better attention, as
reflected by lower variability in reaction time (β = -12.99, 95% CI: [-20.22, -5.76]). The association with
20α-dihydrocortisol-glucuronide was consistently observed in the BiSC cohort at 18 months (β = -0.29,
95% CI: -0.51, -0.06). Sex-stratified analyses revealed marked sexual dimorphism. Notably, indicators of
greater androgen bioavailability were associated with increased externalizing behaviour in females (β = 
0.23, 95% CI: [0.11, 0.35]) but better fluid intelligence in males (β = 4.76, 95% CI: [2.02, 7.52]).

Conclusions
These findings establish maternal steroid metabolism as a determinant of child neurodevelopment,
highlight the relevance of including metabolic transformation indicators, and identify both shared and
sex-specific in utero biomarkers of neurodevelopmental trajectories.

BACKGROUND
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Neurodevelopmental disorders are a major public health concern, affecting millions of children
worldwide [1, 2] and placing a heavy burden on families and societies. Increasing evidence suggests that
these conditions, such as autism spectrum disorder and behavioural disorders, may originate from early
metabolic disturbances, with pregnancy representing a particularly sensitive window. During this period
of profound maternal hormonal and metabolic changes, even subtle deviations in maternal physiology
may have lasting consequences for the child. Yet, the specific early biological processes that contribute
to neurodevelopmental vulnerability remain poorly understood, limiting opportunities for prevention.

Steroid hormones have emerged as central regulators of fetal brain development and potential in utero
biomarkers of early behavioural problems [3, 4]. Neuroactive steroids are synthesized either in the brain,
or peripherally and reach the brain through circulation. Some of these metabolites are highly produced by
the placenta and the fetus during pregnancy, influencing critical processes of fetal brain development,
and giving rise to the notion of placental-brain axis [5, 6]. For instance, allopregnanolone modulates
GABA-A (gamma-aminobutyric acid-A) receptors, enhancing central nervous system inhibition and
providing neuroprotection in late gestation [5]. Disruption of this pathway, through impaired synthesis or
preterm birth, has been associated with lasting brain injury and behavioural deficits [7, 8], supporting the
idea that neurosteroids act as endogenous neuroprotectants for the developing brain. Human case-
control studies further implicate prenatal steroidogenic activity in shaping neurodevelopment. Elevated
prenatal estrogens in amniotic fluid have been associated with increased likelihood of autism [3], while
distinct steroidogenic signatures in maternal serum have been identified in pregnancies of children later
diagnosed with autism [9]. Other studies highlight how steroid hormones contribute to sexual
differentiation of the brain and influence later behavioural traits such as play preferences and social
cognition [4, 10, 11].

Despite these advances, prior research has been limited by small sample sizes, lack of longitudinal
assessment of child neurodevelopment, and a focus on individual hormones rather than the broader
metabolic pathways that regulate steroid activity. This narrow focus is problematic because
steroidogenesis involves tightly interconnected biosynthetic pathways, and studying steroid hormones in
isolation risks overlooking the coordinated metabolic patterns and regulation dynamics that may
influence fetal brain development. In particular, prenatal phase II conjugation (glucuronidation or
sulfation), essential for steroid clearance and bioavailability, remains unexplored in relation to child
neurodevelopment.

We hypothesized that maternal steroid hormones and their metabolism in late pregnancy influence
offspring neurodevelopment, from infancy through adolescence.

To test this, we characterized maternal steroid metabolism in urine, from samples collected in the third
trimester of pregnancy in two population-based birth cohorts, using targeted liquid chromatography-
tandem mass spectrometry (LC-MS/MS). This approach allows to simultaneously quantify a wide range
of steroid metabolites, including their conjugated forms, at very low concentrations [12–14]. Using
longitudinal neurodevelopmental assessments from these cohorts, we then evaluated associations
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between maternal steroid profiles and children’s cognitive, motor and behavioural outcomes from
infancy into adolescence.

Here, we present the first comprehensive longitudinal study of 90 maternal steroid metabolites and
derived indicators of steroid metabolism in the third trimester of pregnancy, in relation to offspring
neurodevelopmental outcomes in 1,056 mother-child pairs from two population-based birth cohorts. By
integrating high-resolution steroid metabolomics with longitudinal neurodevelopmental assessments,
our study moves beyond prior research focused on single hormones or small cross-sectional designs,
offering a unique opportunity to identify early-life biomarkers and biological pathways contributing to
neurodevelopmental vulnerability.

METHODS
Study design and populations

We analyzed data from two prospective population-based birth cohorts in Spain to investigate
associations between maternal steroid hormone concentrations in the third trimester of pregnancy and
neurodevelopmental outcomes in the offspring (Fig. 1).

The main discovery analysis was conducted in the INMA-Sabadell cohort, a regional cohort part of the
INfancia y Medio Ambiente (INMA) project. Between July 2004 and July 2006, 657 pregnant women
aged ≥ 16 years were recruited in their first-trimester ultrasound visit in the primary health centre of
Sabadell in Catalunya, Spain. Detailed recruitment and data collection protocols have been described
elsewhere [15]. Spot urine samples were collected during morning interviews during the third trimester
routine visit (mean gestational age = 34.3 weeks, SD (Standard Deviation) 1.6) and stored at − 20°C until
analysis.

As a secondary cross-cohort consistency analysis, we used data from the Barcelona Life Study Cohort
(BiSC), an independent birth cohort that recruited 1,080 pregnant women during the first routine prenatal
visit (11–15 weeks of gestation) at three hospitals in Barcelona in Catalunya, Spain, between October
2018 and April 2021. Recruitment, data collection, and follow-up procedures have been described
previously [16]. Pregnant women collected morning and bedtime urine samples from days 2–7 following
the baseline visit (mean gestational age 34.7 weeks, SD 1.5), storing them at home at approximately − 
20°C. On day 8, fieldworkers transported samples to ISGlobal-Campus Clínic (-20°C). For analysis, pooled
0.5 mL aliquots representing at least ten voids per participant were prepared, following the sample
collection and analytical protocol previously reported [17].

In both cohorts, all participating women provided informed consent, and ethics approval were obtained
from the relevant committees at each participating institution. For INMA-Sabadell, the study was
approved by the Ethical Committee of the Municipal Institute of Medical Investigation and by the Ethical
Committee of the Hospital of Sabadell. For BiSC, approvals were granted by the Clinical Research Ethics
Committee of Parc de Salut Mar (2018/8050/I), the Medical Research Committee of the Fundació de
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Gestió Sanitària del Hospital de la Santa Creu i Sant Pau de Barcelona (EC/18/206/5272), and the Ethics
Committee of the Fundació Sant Joan de Déu (PIC-27-18).

For the present study, we included mother-child pairs with available maternal urinary steroid hormone
measurements at the third trimester of pregnancy and at least one available neurodevelopmental
outcome: 500 from the INMA-Sabadell cohort and 556 from the BiSC cohort (Supplementary Table 1).

Maternal steroid hormone measurements and derived indicators

Urinary steroid hormone metabolites were quantified using validated targeted liquid chromatography-
tandem mass spectrometry (LC-MS/MS) methods [18]. Chromatographic separation was performed
using an Acquity UPLC system with a CSH C18 column. Mass spectrometric analysis was conducted on
a triple quadrupole (XEVO TQ-S) micro mass spectrometer using negative ionization mode with selective
reaction monitoring for quantification. Full chromatographic and mass spectrometric parameters are
described in a previous study [18]. Quality control included calibration curves and pooled quality control
samples in each of four analytical batches. Limits of detection (LODs) ranged from approximately 1-200
ng/mL, with most androgens and estrogens < 10 ng/mL and higher LODs for certain progestogens and
precursors. Values below the LOD were imputed using a left-censored approach after log2-
transformation [19].

We examined 50 individual metabolites of corticosteroids, androgens, estrogens and progestogens, and
derived three classes of metabolic indicators (detailed in Supplementary Tables 2 and 3). These
indicators were selected to capture functional aspects of steroidogenesis and hormone metabolism
beyond absolute metabolite concentrations:

(1) Hormone family or subfamily sums (p = 13) representing total output within specific biosynthetic
pathways.

(2) Sulfate/Glucuronide (S/G) ratios (p = 9), reflecting the balance between conjugation pathways
(sulfation and glucuronidation). Since sulfated metabolites can be enzymatically reactivated, these
ratios provide insight into potential hormonal bioavailability [20], with a higher S/G ratio potentially
indicating a metabolic profile favoring hormonal reactivation.

(3) Steroidogenic enzymatic activity markers (p = 18), calculated as product-to-precursor molar
concentration ratios along specific steroid biosynthesis pathways, providing in vivo proxies for the
activity of key phase I enzymes [21, 22].

Urinary hormone concentrations (µmol/L) were adjusted for dilution by regressing out specific gravity
(SG), measured using a digital refractometer (ATAGO Co., Ltd); removing SG dependence separately for
each hormone rather than applying a common denominator, while preserving biological variation.
Concentrations and metabolic indicators were further adjusted for gestational age using the multiples of
the median approach, based on quantile regression, to express each value relative to the gestational-
age-specific median [23].
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3. Neurodevelopmental outcome assessments in children

Table 1: Description of neurodevelopmental outcomes and sample sizes in the INMA-Sabadell and
BiSC cohorts

INMA-Sabadell cohort
Early cognitive and psychomotor development was evaluated with the Bayley Scales of Infant
Development, first edition (BSID-I) at 15 months and the McCarthy Scales of Children’s Abilities (MCSA)
at 4–5 years of life. BSID yields two indices, the Mental Scale and the Psychomotor Scale. MCSA
provides a global score for general cognition and scores for five subscales (verbal, perceptive-
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performance, memory, quantitative and motor) [24]. For both tests, all raw scores were standardized for
child's age in days at the time of test administration. The resulting standardized residuals were then
scaled to have a mean of 100 and a standard deviation of 15. Early cognitive skills were derived by
compiling the BSID-I Mental Scale and the MSCA general cognition score, and early motor skills by
compiling the BSID-I Psychomotor Scale with the MSCA motor score.

Child's behaviour was evaluated using questionnaires filled by the parents, including the Child Behaviour
Checklist (CBCL) at 9 and 15 years, and the Conner rating scales for ADHD (Attention Deficit
Hyperactivity Disorder) symptoms at 7, 9 and 11 years [24, 25]. The 99-item CBCL/6–18 version for
school children was used to obtain standardized parent reports of children's problem behaviours. The
parents responded along a 3-point scale with the code of 0 if the item is not true of the child, 1 for
sometimes true, and 2 for often true. The internalizing score includes the subscales of emotionally
reactive and anxious/depressed symptoms, as well as somatic complaints and symptoms of being
withdrawn. The externalizing score includes attention problems and aggressive behaviours. In addition,
an ADHD index based on the short form of the Conners’ rating scales of 27 items provided information
on inattention and hyperactivity symptoms. The internal consistency (Cronbach's alpha) of each of the
study scales was > 0.80. All outcomes were analyzed as raw count scores, which were square root-
transformed and subsequently z-standardized.

Finally, trained fieldwork technicians measured two cognitive domains in children using a battery of
computer-based tests: fluid intelligence at 9 and 15 years (Raven Coloured Progressive Matrices Test
[CPM]) and attention function at 4, 7, 9 and 11 years (Attention Network Test [ANT]). The CPM comprised
a total of 36 items and we used the percentiles of the total number of correct responses as the outcome.
A higher CPM scoring indicates better fluid intelligence. Fluid intelligence is the ability to solve novel
reasoning problems and depends only minimally on prior learning. For ANT, we used the outcome of hit
reaction time standard error (HRT-SE), a measure of response speed consistency throughout the test. A
high HRT-SE indicates highly variable reaction time during the attention task and is considered a
measure of inattentiveness.

All examiners were previously trained following a standardized assessment protocol by the study expert
psychologist. Complete outcome descriptions are provided in previous publications [24].

BiSC cohort
Early neurodevelopmental assessment was conducted at 18 months by a trained neuropsychologist
using the Bayley Scales of Infant Development, third edition (BSID-III). The following direct subscale
scores were extracted for analysis: cognition, expressive and receptive communication, and fine and
gross motor skills. For comparability across domains, raw scores were standardized to a distribution
with a mean of 10 and a standard deviation of 3.
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All the time points and sample sizes for each neurodevelopmental outcome assessed in children of both
cohorts are provided in Table 1.

4. Statistical analysis

INMA-Sabadell was selected as the primary cohort because of its longer follow-up period, repeated
outcome measurements, and extensive neurodevelopmental characterization, allowing robust
longitudinal analyses. The BiSC cohort served as a secondary independent cohort to conceptually
replicate associations for early cognitive and psychomotor development, measured at 18 months in 556
children. Although assessed with different tools, the same developmental domains were captured,
providing independent confirmation of findings while acknowledging differences in timing, and scoring
metrics.

Discovery analysis in the INMA-Sabadell cohort.

First, in the INMA-Sabadell cohort, we used linear mixed-effects models to examine associations
between each steroid hormone exposure and 8 neurodevelopmental outcomes measured repeatedly
across childhood and up to adolescence. For a given neurodevelopmental outcome, all available
measurements across timepoints were pooled and modeled jointly, with a random intercept for each
child to account for within-subject correlation.

Exposures included 50 individual steroid metabolites and the three classes of derived metabolic
indicators: (1) 13 hormone family and subfamily sums, (2) 9 S/G ratios, and (3) 18 steroidogenic
enzymatic activity indicators; for a total of 720 models. All exposures were log2-transformed prior to
analysis to improve normality.

All models were adjusted for potential confounders and precision variables: maternal age, maternal
education, maternal origin (European or Latin American country of birth), pre-pregnancy body mass
index (BMI), parity, active smoking and passive smoking during pregnancy, child sex, age of the child at
outcome assessment, and nursery attendance. Missing covariate data were imputed using the
missForest algorithm, a machine learning-based data imputation algorithm based on the random forest
method [26]. A sensitivity analysis was conducted by additionally adjusting for breastfeeding duration
(ranging from 0 weeks to more than 24 weeks). To explore potential sex-specific associations, all
analyses were also stratified by child sex, and models with an exposure-by-sex interaction term were
fitted to formally assess effect modification. Sex (male/female) was extracted from medical records;
gender identity was not assessed. All stratified analyses refer to sex assigned at birth.

The number of observations varied across models depending on the specific neurodevelopmental
outcome tested, ranging from 655 to 1,170. Exact numbers of participants and repeated outcome
measurements used in each analysis are reported in Table 1.

To address multiple testing while accounting for correlation among exposures, we applied the Effective
Number of Tests (ENT) correction [27, 28]. This approach accounts for the correlation structure among
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exposures by estimating the effective number of independent tests, thereby providing a less
conservative adjustment than Bonferroni. ENT values were estimated separately for each group of
exposures (individual metabolites, hormone sums, S/G ratios and enzymatic activity ratios), and
significance thresholds were calculated as: ,
resulting in corrected thresholds of 0.0003 for hormone metabolites, 0.0012 for hormone sums, 0.0014
for S/G ratios and 0.0006 for enzymatic activity ratios.

Cross-cohort consistency analysis
As a secondary analysis, we evaluated whether associations between prenatal hormone levels and early-
life cognitive and psychomotor outcomes that reached nominal statistical significance in INMA-Sabadell
(p-value < 0.05) were also observed in the second, independent birth cohort, BiSC. Although outcomes
were assessed using different tools (Bayley-I and MSCA in INMA-Sabadell vs. Bayley-III in BiSC), the core
neurodevelopmental domains were comparable. Accordingly, we focused on identifying consistent
patterns of association across cohorts, rather than attempting formal replication. We considered
findings to be consistent across cohorts when effect directions matched within the same developmental
domain (cognitive or motor) and both associations reached statistical significance (p-value < 0.05) in
INMA-Sabadell and BiSC. Given differences in instruments, timing, and scoring metrics, effect estimates
were not directly comparable in magnitude; therefore, we treated this as a conceptual (construct-level)
replication. To enhance comparability, we prespecified the same exposure definitions and covariate set
in both cohorts and mapped outcomes to comparable developmental domains (cognitive and motor).

In BiSC, we fitted linear regression models for each exposure-outcome pair, adjusting for maternal age,
maternal education, maternal ethnicity, maternal BMI at 12 weeks of gestation, parity, active and passive
smoking during pregnancy, child sex, age at Bayley test, and nursery attendance. Missing covariates
were imputed using missForest. The sample size ranged from 552 to 556 mother-child pairs, depending
on the domain assessed. The same ENT correction strategy was applied to account for multiple
comparisons; however, in this case, the correlation structure between outcomes was additionally
considered. The adjusted significance threshold was calculated as

, resulting in corrected thresholds of
0.0007 for hormone metabolites, 0.0026 for hormone sums, 0.0031 for S/G ratios and 0.0014 for
enzymatic activity ratios. All analyses were conducted in R (v4.3.3) using the lmerTest and stats
packages. All tests were two-tailed.

RESULTS

Mother and child characteristics
A total of 500 mother-child pairs from the INMA-Sabadell cohort and 556 from the BiSC cohort with
urinary steroid hormone measurements and at least one available neurodevelopmental outcome were

PENT = 0.05/ (ENT exposures × n outcomes)

PENT = 0.05/ (ENT exposures × ENT outcomes)
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included in the analyses (Fig. 1, Supplementary Table 1). INMA-Sabadell (recruited in 2004–2006) was
used as the primary cohort due to longer follow-up period of the children, whereas BiSC (recruited in
2018–2021) served as the secondary one. Because these cohorts were established nearly two decades
apart, some differences in participant characteristics likely reflect the distinct social and historical
contexts in which recruitment took place.

Regarding maternal characteristics, the mean age at delivery was 30.0 years in INMA-Sabadell and 34.6
years in BiSC. Most participants in both cohorts were of European origin, although BiSC included a
higher proportion of Latin American mothers (20% vs. 7.3%). Smoking during pregnancy was more
common in the earlier cohort (14% in INMA-Sabadell vs. 7.1% in BiSC), while a university education was
more prevalent among BiSC mothers (74% vs. 32%). For child characteristics, the sex distribution was
similar across cohorts, with girls representing 48% in INMA-Sabadell and 53% in BiSC. Overall, despite
some sociodemographic differences, the two cohorts were broadly comparable. The exact number of
participants contributing to each analysis varies depending on the outcome assessed and is provided in
Table 1.

Main effect of prenatal steroid hormones on
neurodevelopment in the INMA-Sabadell cohort
Associations between 90 maternal steroid hormone metabolites and metabolic indicators and eight
neurodevelopmental outcomes (behavioural, cognitive and motor) in the offspring from 15 months to 15
years were estimated using linear mixed-effects models. Models were adjusted for relevant maternal
characteristics (age, education, country of origin, pre-pregnancy BMI, parity, and active and passive
smoking during pregnancy) and child characteristics (sex, age at outcome assessment, and nursery
attendance). Multiple testing was addressed using the Effective Number of Tests (ENT) method, which
accounts for both the number of outcomes and the correlation among exposures.

As shown in Figs. 2 and 3, 42 out of 720 associations tested, reached nominal statistical significance (p-
value < 0.05), with approximately half of these involving early-life cognitive and motor skills (assessed up
to 4 years old). After applying the ENT correction for multiple testing, three associations remained
statistically significant. Specifically, two cortisol-related variables, 20α-dihydrocortisol glucuronide
(20αDHF-G) (estimate β = -2.05, 95% confidence interval (CI): -3.08, -1.02) and 20α-reductase activity (β =
-2.16, 95% CI: -3.26, -1.05) were associated with lower early cognitive abilities. In addition, increased
activity of the combination of 5β-reductase and 3α-hydroxysteroid dehydrogenase was associated with
better attentional performance (repeatedly assessed from 4 to 11 years old), reflected by lower
variability in reaction time (β = -12.99, 95% CI: -20.22, -5.76). Residual plots for ENT-significant
associations (Fig. 4) illustrate the direction, strength, and linearity of these relationships after adjusting
for confounders. Similar results were obtained when breastfeeding duration was added to the models.

Cross-cohort consistency of prenatal steroid hormones on early-life
neurodevelopment in the BiSC cohort
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Then, to assess the consistency of findings across cohorts, we examined whether exposures nominally
associated with early-life cognitive or motor abilities in INMA-Sabadell showed similar patterns of
associations in the BiSC cohort.

Of the 16 exposures nominally associated with early cognitive or motor skills in INMA-Sabadell, one
replicated in BiSC with consistent direction and statistical significance: increased maternal cortisol
metabolite 20αDHF-G was associated with lower expressive communication scores (β = -0.29, 95% CI:
-0.51, -0.06) (Supplementary Table 4-G). This finding mirrors the association observed in INMA-Sabadell
between elevated 20αDHF-G and poorer early cognitive abilities (Figs. 2 and 4), strengthening evidence
for an inverse relationship between this cortisol metabolite and early cognitive functioning.

Sex-specific associations of prenatal steroid hormones on
neurodevelopment
We next conducted sex-stratified analyses to explore potential sex-specific associations in the INMA-
Sabadell cohort.

In female children, 93 associations reached nominal significance (p-value < 0.05), more than double the
number observed in male children (only 37). The associated outcomes also differed substantially
between sexes. In females, the vast majority of nominally significant associations (∼80%) involved
behavioural outcomes assessed via CBCL and ADHD symptom scales, compared with only 15% in males
(Fig. 3). Volcano plots (Fig. 5) further show that for behavioural outcomes in females, estimates were
predominantly positive, indicating higher symptom scores and suggesting a consistent pattern towards
increased behavioural problems. In contrast, associations in males tended to be closer to null or even
negative. This divergence was particularly clear when examining mean estimates across behavioural
domains. For example, mean estimates for the total problems scale were negative in males (-0.015) but
positive in females (0.052), and a similar pattern was observed for internalizing (male mean = -0.031 vs.
female mean = 0.050), externalizing (male mean = 0.011 vs. female mean = 0.038), and ADHD symptoms
(male mean = -0.028 vs. female mean = 0.038). After ENT correction, one association remained
significant in females: increased sulfate to glucuronide conjugation balance (S/G ratio) of androgens
was associated with increased externalizing behaviour scores (β = 0.23, 95% CI: 0.11, 0.35).

In males, nominally significant associations were more evenly distributed across domains, with a larger
proportion (46%) involving early cognitive and psychomotor development. Two associations survived
ENT correction (Fig. 5). First, cortisol 20αDHF-G again showed an association with poorer early cognitive
skills (β = -2.71, 95% CI: -4.09, -1.35), consistent with findings in the full INMA-Sabadell and BiSC cohorts.
Second, increased S/G ratio of testosterone was associated with better fluid intelligence (β = 4.76, 95%
CI: 2.02, 7.52).

Residual plots for ENT-significant associations (Fig. 6) depict exposure-residual relationships separately
for males and females, with independent regression lines and correlation coefficients, highlighting sex-
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dependent differences in association patterns.

To formally assess whether associations differed by sex, we tested exposure-by-sex interaction terms in
the models. While stratified analyses showed significant associations in both males and females,
interaction terms did not reach statistical significance after correction for multiple testing. Of the 720
interaction tests performed, 75 were nominally significant (p-value < 0.05), but none remained significant
after ENT correction. Specifically, for the ENT-significant associations identified in the sex-stratified
analyses, only the S/G ratio of androgens with externalizing behaviour showed a nominally significant
interaction with sex (p-value = 0.023), while the interaction terms for cortisol 20αDHF-G with early
cognitive skills (p-value = 0.217) and testosterone S/G ratio with fluid intelligence (p-value = 0.069) did
not.

Full model outputs, including estimates, standard errors, test statistics, p-values, and 95% confidence
intervals are provided in Supplementary Table 4.

Results from linear mixed-effects models are shown as signed −log10(p-value), where the sign reflects
the direction of the association (positive associations to the right of zero, negative ones to the left). The
black dashed line indicates the nominal significance threshold (p-value = 0.05), and the red dashed line
the threshold corrected for multiple testing using the Effective Number of Tests (ENT) method. ADHD:
Attention Deficit Hyperactivity Disorder; SE: Standard Error; DHEA: Dehydroepiandrosterone; SG ratio:
Sulfate/Glucuronide ratio

(p-value < 0.05) in INMA-Sabadell
Pie charts display the percentage of nominally significant associations attributed to each
neurodevelopmental outcome in the full population, and separately in sex-stratified analyses (females
and males). ADHD: Attention Deficit Hyperactivity Disorder; SE: Standard Error.

For exposure-outcome pairs passing the ENT-corrected significance threshold, residual plots show the
association between log2 transformed exposure levels and residuals from models adjusted for
covariates only (maternal characteristics: age, education, country of origin, pre-pregnancy body mass
index, parity, and active and passive smoking during pregnancy; child characteristics: sex, age at
outcome assessment, and nursery attendance). A linear regression line is overlaid, with Pearson’s
correlation coefficient (R) and p-value shown in the subtitle. SE: Standard Error.

Volcano plots show the results of the sex-stratified linear mixed models for each outcome, with
estimates plotted on the x-axis and -log10(p-values) on the y-axis. Red points represent associations in
females, blue in males. Labeled exposures indicate associations that pass the ENT-adjusted significance
threshold. ADHD: Attention Deficit Hyperactivity Disorder; SE: Standard Error; SG ratio:
Sulfate/Glucuronide ratio.
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For associations passing the ENT threshold in either males or females, residual plots display the
relationship between log2-transformed exposure levels and residuals from models adjusted for
covariates only (maternal characteristics: age, education, country of origin, pre-pregnancy body mass
index, parity, and active and passive smoking during pregnancy; child characteristics: age at outcome
assessment, and nursery attendance), computed separately by sex. Separate linear regression lines are
shown for males and females, with corresponding Pearson’s correlation coefficients (R) and p-values
indicated for each group. F: Females; M: Males; SG ratio: Sulfate/Glucuronide ratio.

DISCUSSION
This prospective study integrated comprehensive prenatal steroid metabolomics with longitudinal
assessment of neurodevelopment from infancy through adolescence. We found consistent links
between maternal steroid metabolism during pregnancy and child neurodevelopment across two
independent cohorts. Most notably, increased maternal levels of the cortisol metabolite 20αDHF-G
during pregnancy were consistently associated with poorer early cognitive performance. Apparent
sexual dimorphism emerged in sex-stratified analyses. In females, increased androgens sulfate-to-
glucuronide ratio was associated with more externalizing behavioural problems. In contrast, in males,
increased testosterone sulfation-to-glucuronide balance was linked to better fluid intelligence. These
findings suggest that maternal steroid hormone metabolism influences offspring neurodevelopment
through both shared and sex-specific biological mechanisms, potentially mediated by differences in
placental steroidogenesis and fetal neuroendocrine sensitivity. The results also highlight the potential of
maternal steroid metabolism during pregnancy as an early biomarker framework to identify children at
risk for altered neurodevelopment and to inform preventive strategies.

Prenatal cortisol metabolism and cognition in the offspring
Cortisol during pregnancy plays a central role in fetal brain development, where it regulates neuronal
differentiation, synaptogenesis, myelination, and overall maturation of the central nervous system [29,
30]. Evidence from human studies shows mixed effects of prenatal cortisol and indicates that its
neurodevelopmental effects are dependent on the timing of exposure. Elevated maternal cortisol in late
pregnancy has been associated with enhanced child brain maturation and cognitive functioning, whereas
higher levels in early gestation have been linked to poorer language, inhibition and general cognitive
performance [31, 32]. In contrast, other evidence suggests a distinct pattern, with increased maternal
cortisol in the third trimester of pregnancy being associated with reduced cognitive skills in the offspring
[33]. These findings underscore the timing sensitivity of neurodevelopmental processes to
glucocorticoid exposure.

In this context, our study identified a consistent inverse association between the maternal cortisol
metabolite 20αDHF-G and child cognition across two independent cohorts. In INMA-Sabadell, both
increased 20αDHF-G and greater 20α-reductase activity were linked to poorer early-life cognitive abilities,
while in BiSC, increased 20αDHF-G was associated with reduced expressive communication. This
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concordance is biologically plausible since the 20α-reductase enzyme reduces cortisol into 20α-
dihydrocortisol, which is subsequently conjugated into 20αDHF-G. Thus, higher 20α-reductase activity
reflects increased production of 20αDHF-G. Although the biological activity of 20α-dihydrocortisol is not
fully established, its stereoisomer 20β-dihydrocortisol has been shown to act as a weak glucocorticoid
receptor agonist and a potent mineralocorticoid receptor agonist [34], raising the hypothesis that 20α-
dihydrocortisol could also be biologically active and potentially detrimental for early life cognition.

We also found that increased maternal activity of the 5β-reductase and 3α-hydroxysteroid
dehydrogenase (3α-HSD) complex was associated with better attentional performance in the offspring.
This enzyme complex mediates the irreversible inactivation and clearance of cortisol and cortisone,
reducing fetal exposure to active glucocorticoids [35, 36]. Although its role in pregnancy has been little
studied, our finding is consistent with evidence that excess prenatal glucocorticoid exposure can impair
neurodevelopment [32, 33], suggesting that effective maternal glucocorticoid clearance through the 5β-
reductase and 3α-HSD complex may protect fetal brain development.

Together these findings underscore that prenatal cortisol metabolism - the specific pathways through
which the hormone is processed and inactivated - rather than absolute cortisol levels alone, shapes
neurodevelopmental outcomes. Maternal cortisol metabolism is influenced by multiple factors, including
stress, genetic variation, body mass index and lifestyle or environmental exposures such as diet, and
tobacco or alcohol use [17], suggesting that it could act as a key mediator of the maternal exposome’s
impact on child neurodevelopment.

Conjugation balance of androgens and sex-specific
associations
The sex-stratified analyses revealed different patterns of associations between prenatal steroid
metabolome and neurodevelopment, particularly in the balance between androgens sulfation and
glucuronidation These S/G ratios are biologically meaningful and reflect steroid fate: sulfated hormones
can act as a circulating reservoir that can be locally desulfated back to bioactive steroids by steroid
sulfatase, while glucuronidation largely marks steroids for excretion [37]. Thus, a higher S/G ratio of
androgens may indicate greater bioavailability of reactivable androgen precursors to the developing
fetus during sensitive windows of brain development, and the associated neurodevelopmental
implications appear to be sex-specific.

In females, we observed that increased S/G ratio of androgens was associated with more externalizing
behavioural problems. In males, increased S/G ratio of testosterone was associated with better fluid
intelligence. These sex-specific patterns align with previous studies indicating that prenatal androgen
exposure affects males and females differently. Increased prenatal testosterone (inferred from 2D:4D
ratios) has been associated with higher hyperactive-impulsive ADHD symptoms in girls but not boys [38].
Similarly, girls with congenital adrenal hyperplasia, who experience excess prenatal androgen exposure,
exhibited higher aggression and activity levels [39]. Then, bioavailable testosterone from umbilical cord
blood at birth has also been shown to predict better attention scores in boys but more withdrawn
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behaviour in girls, though associations with total, internalizing, and externalizing behaviour scores were
not observed [40]. Together, these findings support the notion that female neurodevelopment may be
particularly sensitive to androgen exposure, consistent with our observation that increased androgens
S/G ratios in girls were linked to more externalizing behaviours. In contrast, the positive association of
testosterone S/G ratio with fluid intelligence in boys aligns with literature highlighting the importance of
prenatal testosterone in male brain development [10, 41].

These divergent associations likely reflect not only sex-specific sensitivities to androgens but also the
sexually dimorphic nature of placental steroid metabolism. Human studies indicate that enzyme
expression and circulating steroid conjugates vary by fetal sex: for instance, pregnancies with female
fetuses show lower maternal dehydroepiandrosterone-sulfate (DHEA-S) alongside higher placental
expression of steroid sulfatase [42]. Such differences suggest that the balance between sulfation and
desulfation, and therefore the potential reactivation of sulfated androgens, may be modulated by fetal
sex, with indications of greater desulfation capacity in female pregnancies.

Overall, our findings suggest that the prenatal conjugation balance of androgens represents a
biologically meaningful axis with sex-specific effects on neurodevelopment, influencing cognitive and
behavioural outcomes in distinct ways. By regulating the availability of bioactive androgens during
sensitive windows of brain development, this balance may play a critical role in shaping these
neurodevelopmental trajectories.

Strengths, limitations and future directions
Strengths of this study include the use of two independent, well-characterized birth cohorts with
relatively large sample sizes. Comprehensive prenatal hormone profiling using highly sensitive LC-
MS/MS techniques allowed us to compute metabolic indicators and capture pathway-specific
information beyond absolute hormone concentrations.

Repeated neurodevelopmental assessments in INMA-Sabadell until adolescence, rigorous adjustment
for multiple confounders and cross-cohort consistency for key findings further strengthen the
robustness of our findings. Moreover, while cortisol excretion follows a pronounced diurnal rhythm,
peaking shortly after awakening and declining throughout the day, our findings were supported across
cohorts despite differences in sampling design: INMA-Sabadell relied mainly on single morning spot
urine samples, whereas BiSC collected repeated samples over a week, providing a more stable estimate
of average cortisol metabolite excretion. The consistent validation of one cortisol metabolite across
both cohorts reinforces confidence in the robustness of the association and supports its plausibility as a
causal link.

However, some limitations should be noted. Early-life neurodevelopmental assessments differed
between cohorts (different assessment tools of early cognitive and psychomotor development and
different ages at testing), limiting direct comparability and formal replication. Analyses of sex-
interactions were limited by the relatively small sample sizes and the reduced number of timepoints for
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each outcome, which may have reduced statistical power to detect meaningful differences between
males and females. Then, despite extensive covariate adjustment, unmeasured factors such as maternal
stress, fat composition or nutrition could influence both hormone levels and child neurodevelopment.
Finally, because hormone measurements were limited to the third trimester, earlier windows of
vulnerability, such as those critical for brain sexual differentiation, may have been missed.

Future research should extend hormone profiling across different gestational windows and biological
matrices, including maternal serum and placenta, to confirm the production and activity of 20α-
dihydrocortisol and its impact on early-life cognition. As children in BiSC continue to grow, it will also be
valuable to replicate and expand these analyses with more comprehensive neurodevelopmental
assessments at later ages, providing further insight into the mechanisms linking maternal steroid
metabolism to long-term neurodevelopmental outcomes.

CONCLUSIONS
Our findings show that prenatal maternal steroid metabolism associates with child cognitive and
behavioural development in a sex-specific manner. By moving beyond single hormone concentrations
and including indicators of metabolic pathways, we reveal mechanisms through which prenatal
endocrine regulation may contribute to neurodevelopmental vulnerabilities, with potential relevance for
early risk identification and preventive strategies. By linking maternal endocrine dynamics to long-term
child neurodevelopment, this study bridges endocrinology, neuroscience, and developmental
epidemiology, highlighting the importance of integrating hormonal pathways into life-course models of
neurodevelopmental health.
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Study Workflow

Figure 2

Associations between prenatal steroid hormone exposures and neurodevelopment in INMA-Sabadell

Figure 3
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Distribution of outcomes among nominally significant associations (p-value < 0.05) in INMA-Sabadell

Figure 4

Exposure-outcome residual associations for significant models in INMA-Sabadell

Figure 5

Sex-stratified associations with neurodevelopmental outcomes in INMA-Sabadell
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Figure 6

Residual plots for sex-stratified exposure–outcome pairs passing the ENT-corrected significance
threshold in INMA-Sabadell
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