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Abstract

Background: Prenatal exposure to increased androgens has been suggested as a risk factor for autism spectrum
disorder (ASD). This hypothesis has been examined by measurement of steroids in amniotic fluid, cord blood, saliva,
and blood with mixed results.

Methods: To provide an orthogonal measure of fetal exposure, this study used meconium, the first stool of a
newborn, to measure prenatal androgen exposure from infants in the Early Autism Risk Longitudinal Investigation
(EARLI). EARLI is a familial-enriched risk cohort that enrolled pregnant mothers who already had a child with an ASD
diagnosis. In the younger child, we investigated the association between meconium unconjugated (u) and total (t)
concentrations of major androgens testosterone (T), dehydroepiandrosterone (DHEA), and androstenedione (A4), and
ASD-related traits at 12 and 36 months of age. Traits were measured at 12 months with Autism Observation Scale for
Infants (AOSI) and at 36 months with total score on the Social Responsiveness Scale (SRS). One hundred and seventy
children had meconium and AOSI, 140 had meconium and SRS, and 137 had meconium and both AOSI and SRS.

Results: Separate robust linear regressions between each of the log-transformed androgens and log-transformed
SRS scores revealed three-way interaction between sex of the child, sex of the proband, and testosterone concen-
tration. In the adjusted analyses, t-T, u-A4, and u-DHEA (P <0.01) were positively associated with AOSI scores, while
u-T (P=0.004) and u-DHEA (P=0.007) were positively associated with SRS total score among females with female
probands (n=10). Additionally, higher concentrations of u-T (P=0.01) and t-T (P=0.01) predicted higher SRS total
score in males with male probands (n=63).

Limitations

Since we explored three-way interactions, this resulted in a limited sample size for some analyses. This study was from
an enriched-risk cohort which may limit generalizability, and this study used ASD-assessment scales as outcomes

instead of diagnostic categories. Additionally, the novel use of meconium in this study limits the ability to compare
the results in this cohort to others due to the paucity of research on meconium.

Conclusions: This study supports the utility of meconium for studies of endogenous fetal metabolism and suggests
the sex of older siblings with autism should be considered as a biological variable in relevant studies.
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Background

Autism spectrum disorder (ASD) has an estimated prev-
alence of 1 in 59 among 8-year-old children in the USA
[1-3]. Within this population level estimate, there is a
strong sex-dependent bias with a 4:1 male/female ratio,
with some groups observing a closer to 2:1 male-to-
female ratio [4, 5]. The mechanism underlying this sex
difference remains unknown but is of interest in under-
standing the etiology of ASD. Critically, it is unknown
whether female-specific protective factors, male-specific
risk factors, or both drive this difference.

The strong sex differential in ASD prevalence also
suggests that developmental processes of early sex-
differentiation interact with etiological events driving
developmental changes of ASD that manifest later in
life. Indeed, multiple studies implicate the fetal develop-
ment stage in the origin of this disorder and link genetic
influences, neuroanatomical changes, and environmental
influences such as steroid exposures to ASD outcome [3,
6—12]. Steroid hormones are crucial for sex-differentia-
tion of the human fetus and development of the central
nervous system in animals [13]; therefore, several studies
have suggested a potential link between abnormal steroid
hormone levels and ASD. Androgens, the sex steroids
that bind to the androgen receptor, have received the
most study. Previous studies measured androgen levels
in either amniotic fluid or cord blood to estimate fetal
exposure to androgens. In two separate studies, the same
group found a positive correlation between amniotic
fluid testosterone levels and autism assessment scales
[14, 15]. Other studies using either amniotic fluid or cord
blood reported mixed, but mostly null results [16—19].

To overcome the limitations of amniocentesis and cord
blood, we used meconium, the first stool of a newborn, to
estimate prenatal androgen exposure. Since formation of
meconium is thought to start around the 12—13th week
of gestation, meconium can be noninvasively collected
within 72 h of the birth of the child, and meconium has
the potential to capture cumulative prenatal exposure
[20, 21]. Previous studies have utilized meconium sam-
ples to examine prenatal exposure to both exogenous and
endogenous compounds [22-24], and we recently devel-
oped a robust method to quantify androgens in human
meconium [21]. Sampling of meconium therefore avoids
the invasive nature of amniocentesis and the restricted
time window of sampling cord blood at birth.

This study investigated the association between levels
of androgens, namely, testosterone (T) and its weakly
androgenic precursors, dehydroepiandrosterone (DHEA)

and androstenedione (A4), measured in meconium, and
autistic traits at 12 and 36 months of age. Since these
steroids exist in both unconjugated and glucuronide and/
or sulfate-conjugated forms, and previous research has
suggested glucuronidation may be different in autistic
individuals [25], we performed analysis on both unconju-
gated (u) and total (t) forms that include both conjugated
and unconjugated. Our study sample was drawn from the
Early Autism Risk Longitudinal Investigation (EARLI), an
enriched ASD risk pregnancy cohort where enrolled fam-
ilies had an older child (the study proband) with an ASD
diagnosis [26]. Park et al. also analyzed samples from the
EARLI cohort and did not find an association between
prenatal androgens measured in cord blood and ASD
phenotype; however, stratification by the proband’s sex
revealed a positive relationship between testosterone lev-
els and ASD phenotype among participants whose older,
affected sibling was a female [18]. Based on this previous
sub-group analysis, we examined effect modification by
sex of the child and sex of the proband.

Methods

Study population

This study used data and biosamples from the Early
Autism Risk Longitudinal Investigation (EARLI). EARLI
design and study population have been reported else-
where [26]. In short, the study included mothers of
children with ASD diagnoses: autistic disorder, Asper-
ger syndrome, or pervasive developmental disorder not
otherwise specified, who were pregnant at the time of
recruitment. Pregnant women were recruited by 28th
week of pregnancy and followed closely until their child
reached 3 years of age. In addition to having a biologi-
cal child with ASD diagnosis, and being no more than
28 weeks pregnant, women had to be of at least 18 years
of age, able to speak English or Spanish, and live within
2 h of a study site. Recruitment was performed by four
participating study centers: Drexel/Children’s Hospital of
Philadelphia, John’s Hopkins/Kennedy Krieger Institute,
UC Davis, and Northern California Kaiser Permanente,
which represented Southeast Pennsylvania, Northeast
Maryland, and Northern California.

The study staft provided mothers with meconium col-
lection kits prior to delivery and made arrangements
with birth delivery staff at the hospitals and birth cent-
ers to assist with sample collection and temporary stor-
age. Meconium was collected as soon as it was passed
and was stored in the hospital/birth center or at home in
the freezer until it was retrieved by the study staff. The
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study enrolled a total of 236 mothers with 8 mothers hav-
ing twins, which resulted in 244 children in total. One of
the twins in each twin pair was removed from the dataset
at random resulting in 236 children. Of these 236 chil-
dren, 62 lacked meconium, 29 lacked AOSI assessment at
12 months, and 65 lacked SRS assessment at 36 months
resulting in analytic sample size of 137 participants (61
females, 76 males). One hundred and seventy children
had steroids measurements with AOSI, while 140 chil-
dren had steroids measurements and SRS; therefore, we
performed parallel analyses among children who had
androgen measurements and AOSI score to ensure that
the results in the analytic sample are consistent with the
results in the sample with any available data. A flowchart
of included and excluded sample sizes is included in
Additional file 1: Fig. 1S.

Laboratory methods

Meconium androgens were quantified by liquid chroma-
tography—high resolution mass spectrometry (LC-MS/
HRMS) as previously developed and validated [27] and
then extended to meconium analysis [21]. Notably, this
previous work indicates that over the timescales relevant
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to home collection androgens were stable in meconium.
Briefly, both unconjugated (u) and total (t) (unconjugated
plus conjugated) androgen levels were measured. T, A4,
DHEA and internal standards (**C,;-T, 3C,-A4, and *H;-
DHEA) were extracted from approximately 50 mg of each
meconium sample by methanol, hexane/dicholorometh-
ane (3:2), followed by derivatization with Girard P rea-
gent and LC-MS/HRMS analysis as previously described.
Limit of Quantification (LOQ) was defined as 10 times
the lowest point on the calibration curve. LOQ was
2.4 ng/g for u-T, t-T, u-A4, and t-A4, and no samples fell
below LOQ for DHEA (12 ng/g). Measurements of T fell
below the limit of quantification defined at 2.4 ng/g for 7
participants (3 boys and 4 girls). For these participants,

we used values of T replaced by Lf/)—g.

Outcome assessment

Outcomes included autistic traits measured at 12 months
with the Autism Observation Scale for Infants (AOSI)
[28] and at 36 months with the caregiver reported Social
Responsiveness Scale (SRS), pre-school version [29].
AOSI is a semi-structured direct examiner-administered
observational measure intended to capture early signs
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Fig. 1 Relationship between meconium unconjugated testosterone (T) and 12- and 36-month outcomes by sex and further stratified by proband’s
sex. a Unconjugated testosterone levels versus score on the social responsiveness scale (SRS). b Autism Observation Scale for Infants (AOSI)
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of autism in children aged 6-18 months. AOSI con-
tains 18 items representing domains of behavior such as
emotional responses, eye contact, visual tracking, social
interest, motor and sensory behavior. Of these 18 items,
14 are assigned the score from 0 to 3, where O repre-
sents typical behavior and 3 represents a lack of behav-
ior. The other four items, which include assessment of
eye contact and atypical motor and sensory behavior, are
rated on a scale of 0 to 2. Total score on the AOSI scale
demonstrated high interrater reliability (unweighted
kappa=0.93) and acceptable test—retest reliability (intra-
class correlation=0.61) at 12 months with a score of 9
and greater was reported to be predictive of ASD diag-
nosis at 36 months [28]. EARLI study clinicians engaged
in regular exercises to maintain cross-site reliability in
AOSI administration as described previously [26].

SRS is a 65-item questionnaire completed by a car-
egiver at 36 months of age. Items on the SRS mainly
assess reciprocal social behavior (RCB), and whether
restricted or stereotypical behaviors and communicative
deficits impact the child’s ability for RCB [30, 31]. Each
item on the scale is assigned a score from 0 to 3, where 0
represents “never true” and 3 represents “almost always
true” The resulting total raw score ranges from 0 to 180,
and higher scores indicate more severe social deficit. SRS
has good psychometric properties and performs well
among the general population of children and in chil-
dren with older ASD-affected siblings [30—32]. Validation
of the scale against the Autism Diagnostic Interview-
Revised (ADI-R) showed high correlation between SRS
scores and ADI-R scores [30].

Covariates

Variables previously associated with ASD-phenotype
were assessed for potential confounding: maternal age,
race, ethnicity, education, income, gestational age, inter-
pregnancy interval, number of previous pregnancies,
and caesarian delivery. Assessment of covariates was
performed in two steps. At first step, tests for independ-
ence were performed between each of the covariates
and both exposures and outcomes before the decision
was made to include them into the multivariable model.
If both exposures and each of the outcomes were differ-
ent between different levels of covariates irrespective of
the P value, they were carried on to the second step. If
the covariate was continuously measured, the correlation
coefficient with both the exposure and the outcome had
to be greater than 0.2 irrespective of the P value. As the
second step, due to a limited sample size, covariates were
incorporated into the model one at a time and change
in the effect of the exposure on the outcome was meas-
ured. If this change was greater than 20%, the covariate
was left in the model. Since sex of the child and sex of the
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proband were treated as effect modifiers, we performed
stratified analysis of the effect of each androgen on SRS
and AOSI: separate models were fit among female chil-
dren with female probands, female children with male
probands, male children with male probands, male chil-
dren with female probands. In such cases when there
were insufficient number of people in a level of a covari-
ate, for example only one person of Hispanic ethnicity
among girls with female probands, this covariate was not
included in the model to avoid overfitting and inflating
standard errors of the model coefficients. In cases when
removing a covariate from the model resulted in more
than 20% change in the effect estimate where the effect
estimate in both models (with and without this covariate)
was still close to zero and null according to the Wald’s t
test (such as slope=0.04 vs 0.02, with high P value), we
removed the covariate from the model. In cases where
two potential covariates (maternal and gestational age)
did not qualify for inclusion into the multiple regres-
sion, they were still included to facilitate comparability
with earlier published results on the same cohort [18].
Thus, final models in the entire sample were adjusted for
maternal age, gestational age, and sex of the child. Final
models stratified by proband’s sex were adjusted likewise:
for maternal age, gestational age, and sex of the child.
Models stratified by child’s sex, as well as models strati-
fied by child’s sex and proband’s sex, were adjusted by
maternal and gestational age.

Statistical analyses

Natural log transformation was used to transform the
distribution for symmetry of the meconium androgen
levels. Both AOSI and SRS was positively skewed; there-
fore, we used natural log transformation of AOSI+1
scores and SRS raw total score, respectively.

Separate robust linear regression models using multi-
stage (MM) estimation [33] were fit to assess the asso-
ciation between each of the In-transformed androgens
and In-transformed AOSI+1 and SRS scores. Since
sex of the child and proband’s sex were hypothesized
to be effect modifiers, we included a three-way interac-
tion term as well as all lower-level interactions between
the variables contained in the three-way term in all
the models. In particular, we included four interaction
terms in the models: (1) between an androgen and sex
of the child, (2) between an androgen and proband’s
sex, (3) between sex of the child and proband’s sex,
(4) and between an androgen, sex of the child, and
proband’s sex. We then conducted exploratory analyses
using separate robust regression models within each
stratum defined by child’s sex and sex of the proband:
female children with male probands (n=51), female
children with female probands (»=10), male children
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with male probands (n=63), and male children with
female probands (n=13). Additionally, we fit similar
models with untransformed outcomes: total AOSI and
total SRS, in order to facilitate more intuitive interpre-
tations. In later sections, we discuss the results of the
models with untransformed outcomes only if respective
results from the models with In-transformed outcomes
were significant at 0.05 level.

Detailed model diagnostics were performed on every
model, which included visual and quantitative analysis
of residuals, identification of points with high leverage,
and high influence. Multicollinearity of the multiple
regression models was assessed with variance inflation
factor using a threshold of 10, and heteroscedasticity
was assessed by plotting residuals versus predicted val-
ues. None of the computed regression models met that
threshold or displayed heteroscedasticity.

All analyses were performed in SAS version 9.4, and
all plots were made in RStudio version 1.0.143. All
study participants or their parents/guardians gave their
informed consent under the EARLI study approved by
the Institutional Review Board of Drexel University.

Results

Sample characteristics

Overall and sex-stratified characteristics of the 137 par-
ticipants (61 females, 76 males) with all available data
are shown in Table 1. Similar to the descriptive results
presented by Park et al. [18] but using a slightly differ-
ent analytic sample due to availability of cord blood
versus meconium samples, there were no sex differ-
ences in geometric mean of AOSI score at 12 months:
geometric mean (GM) =5.4, geometric standard devia-
tion (GSD)=2.2 among males compared to GM =4.9,
GSD=1.9 among females (P=0.46). However, boys
had on average higher SRS scores than girls: GM = 34.4
(GSD=2.0), GM=22.4 (GSD=1.7, P<0.0001). Male
and female participants had similar distributions of
maternal age, gestational age, inter-pregnancy inter-
val, number of pregnancies, proportion of children
delivered by cesarean section, maternal race and eth-
nicity, maternal education, and sex of the proband.
However, there were differences in income: girls’ fami-
lies were more likely to report lower income compared
to boys’ families within the middle brackets of income
(P=0.03).

AOSI in the analytic sample was correlated with
SRS score [Spearman correlation coefficient p=0.18
(P=0.038)]. When stratified by sex, correlation
was slightly higher among boys [Spearman p=0.29
(P=0.012)] and was null among girls [Spearman
p=—0.02 (P=0.88)].
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Meconium androgen measurements

Levels of u-T and u-A4 were positively correlated in the
entire sample, as well as among male and female par-
ticipants (Table 2). u-T was positively correlated with
u-DHEA among all participants and among girls. Simi-
larly, u-A4 and u-DHEA were positively correlated with
each other in the entire sample and among girls. Levels of
total androgens were correlated with each other among
all children, except for t-A4 with t-DHEA. In sex-strat-
ified analysis, total androgens were positively correlated
with each other, except for t-T with t-A4 and t-A4 with
t-DHEA, which were not correlated among girls.

Both u-T and t-T were higher in males: median
u-T=0.57 ng/g (IQR: 0.07-2.27) among boys compared
to 0.14 ng/g (IQR: 0.04-1.80) among girls (P=0.01)
and median total T=31.97 ng/g (IQR: 10.00-115.67)
among boys compared to 13.21 ng/g (IQR: 4.99-66.55)
among girls (P=0.02). Levels of meconium u-DHEA
were higher for girls (P=0.04): median=10.19 ng/g
(IQR: 7.86—17.96), compared to boys: median=8.68 ng/g
(IQR: 6.58-12.49). There were no significant differ-
ences between u- or t-A4, and t-DHEA between males
and females. All of these differences mirror the findings
within all participants with meconium samples in EARLI
as previously reported [21].

Associations of androgen levels and ASD-quantitative
phenotype at 12 and 36 months: results of correlation
analysis
There was no observed correlation between any of the
In-transformed androgens and 12-month AOSI scores
in the full sample; however, after stratification by sex of
the younger sibling, a weak negative correlation with
t-A4 was seen among females (Spearman p=-—0.32,
P=0.013) (Additional file 1: Table 1S). Further stratifi-
cation by proband’s sex revealed stronger positive, mar-
ginally significant correlation with t-DHEA (p=0.54,
P=0.058) among males with female probands. Among
females with male probands weak negative correlation
with t-A4 (p=—0.31, P=0.03) and weak negative corre-
lation with u-DHEA (o= —0.32, P=0.02) was observed.
Meanwhile, both In-transformed u-T (Fig. 1) and
t-T (Additional file 1: Fig. 2S) were positively associ-
ated with SRS in the entire sample (p=0.21, P=0.02
and p=0.18, P=0.03, respectively) (Additional file 1:
Table 2S). This relationship persisted among males, but
not among females. Further stratification by proband’s
sex revealed weak positive correlation among males with
male probands (p=0.24, P=0.06 and p=0.26, P=0.04
respectively). Negative correlation between In-trans-
formed t-T and SRS was seen among females with male
probands (p=-—0.30, P=0.03). Among females with
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Table 1 Study characteristics by sex of the child
Characteristic Total Female Male P
Mean SD Mean SD Mean SD
Maternal age 345 4.5 344 4.5 346 45 0.84
Gestational age at delivery (weeks)  39.3 1.7 393 1.8 393 15 0.96
Interpregnancy interval (days) 1671 968 1737 880 1617 1038 047
Total number of pregnancies 37 16 35 14 39 1.7 0.16
Androgen levels
In(u-T) -1.2 2.1 -1.7 20 -0.8 2.1 0.0083
In(t-T) 3.1 1.6 28 16 34 1.5 0018
In(u-A4) 29 0.6 29 0.6 28 0.5 0.30
In(t-A4) 53 0.6 54 0.7 52 0.5 0.17
In(u-DHEA) 24 0.8 25 08 23 0.7 0.051
In(t-DHEA) 7.2 13 7.2 14 7.2 1.3 0.71
Outcome scores
Total AOSI score® 52 2.1 49 1.9 54 2.2 046
Total SRS score? 284 20 224 1.7 344 20 <0.0001
Mean (median) SD (IQR) Mean (median) SD (IQR) Mean (median) SD (IQR)
Total AOSI score 55(5) 4.1 (3-8) 4.8 (4) 313-7) 6.0 (5) 48(25-85) 033°
Total SRS score 35.7 (28) 25.8(18-42) 25.6(22) 13.2(16-33) 43.8(35) 302 (21-65)  <0.001°
% n % n % n
Cesarean delivery
Yes 353 48 383 23 329 25 0.51
Maternal race
White 66.9 89 61.0 36 71.6 53 0.50
Black 9.8 13 13.6 8 6.8 5
Asian 12.0 16 136 8 10.8 8
Other 13 15 119 7 10.8 8
Maternal ethnicity
Hispanic 17.5 24 164 10 184 14 0.76
Maternal education
<9th 37 5 4.9 3 2.7 2 0.94
High school graduate 259 35 26.2 16 257 19
College 40.7 55 393 24 419 31
Graduate/professional degree 29.6 40 29.5 18 29.7 22
Income
<$29,999 84 11 6.9 4 9.6 7 0.03
$30,000-49,999 16.8 22 259 15 96 7
$50,000-74,999 153 20 155 15.1 11
$75,999-99,999 16.0 21 6.9 233 17
$100,000+ 435 57 448 26 42.5 31
Sex of the proband
Female 16.8 23 164 10 17.1 13 091
Male 832 114 83.6 51 829 63

@ Geometric mean and geometric standard deviation
b Two-sided P value for Mann-Whitney U test
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Table 2 Spearman rank correlation of unconjugated and total androgens in meconium
All subjects (n=137) Male (n=76) Female (n=61)
T-A4 A4-DHEA DHEA-T T-A4 A4-DHEA DHEA-T T-A4 A4-DHEA DHEA-T
Unconjugated 0.33** 0.31%* 0.17* 0.23* 0.15 0.09 0.50** 0.50** 0.39*%
Total 0.27* 0.16 0.45%* 0.40* 0.26* 047%* 0.18 0.02 045*
*P value <0.05
**P value <0.0001
Male probands Female probands
Female children, n=51 u-T - Female children, n=10 u-T -
tT - tT "
u-Ad & u-Ad
t-A4 = t-A4 _
u-DHEA - u-DHEA .
t-DHEA " t-DHEA -
Male children, n=63 u-T o Male children, n=13 u-T -
tT . T -
u-A4 . u-Ad .
t-Ad . t-A4 .
u-DHEA > u-DHEA *
t-DHEA - t-DHEA .
All children, n=114 u-T - All children, n=23 u-T -
tT . tT .
u-Ad o u-Ad .
t-A4 s t-A4 i
u-DHEA - u-DHEA -
t-DHEA . t-DHEA .
I T 1 I T T T T T 1
05 0 05 2 4 0 1 2 3 4
Fig. 2 Coefficients and associated 95% Confidence Intervals (Cls) of the In-transformed androgens from the adjusted robust linear regression
model predicting In-transformed AOSI score. The models were adjusted for maternal and gestational age

female probands strong positive correlation of SRS with
In-transformed u-T (p=0.70, P=0.03), t-T (p=0.82,
P=0.004), u-A4 (p=0.67, P=0.03), and u-DHEA
(p=0.77, P=0.01).

Results of unadjusted and adjusted robust linear
regression models with AOSI score

The results of robust linear regression models between
androgen levels and AOSI score at 12 months are shown
in Fig. 2 and Additional file 1: Tables 1S (log—log model)
and Additional file 1: 2S (In(androgen) and total AOSI).
Scatterplots for each other androgen measured and total
SRS or total AOSI are shown in Additional file 1: Figs. 25—
6S. In the full sample, there was no observed association
between any of the androgen levels and AOSI. When we
stratified by sex of the child, we observed inverse associa-
tion between u-DHEA and t-A4 and AOSI among female
children: in the unadjusted analysis 25% increase in the
u-DHEA predicted 4.2% (1.257%1° = 0.958, P = 0.065)
and 6.1% (1.257928 =0.949, P = 0.006) decrease in
the AOSI score in the unadjusted analysis and adjusted
analyses, respectively, while 25% increase in t-A4 pre-
dicted 5.6% (1.2579%° =0.944, P =0.01) and 6.7%

(1257931 = 0.933, P = 0.002) decrease in AOSI in the
unadjusted and adjusted analyses, respectively.

Models with untransformed AOSI score provide a
more intuitive interpretation (Additional file 1: Table S2):
one unit increase in natural logarithm of u-DHEA pre-
dicted 1.01-unit decrease in AOSI (or 0.24 standard
deviation of standardized AOSI) in female children in
the adjusted model. In the same group, one unit increase
in natural logarithm of t-A4 was associated with 1.37
decrease in raw AOSI (or 0.33 standard deviation of
standardized AOSI). There was no association between
any of the androgens and AOSI among boys.

When stratified by proband’s sex, u-DHEA, t-A4, and
t-DHEA were associated with AOSI among children
with male probands: 25% increase in u-DHEA predicted
4.2% decrease in AOSI (1.257%1° =0.958, P = 0.03)
in the unadjusted model, and 5.2% decrease in
the model adjusted for maternal age, gestational
age, and childs sex (1.257%%* =0.948, P = 0.08).
Additionally, 25% increase in t-A4 was associated
with 4.2% (1.257%19 =0.958, P = 0.05) and 4.6%
(1.257921 = 0954, P = 0.031) decrease in AOSI in
the unadjusted and adjusted models, respectively, in
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this group. t-DHEA was not associated with AOSI in
the unadjusted analysis (slope = — 0.07, P = 0.16);
however, after adjusting for maternal age, gestational
age, and child’s sex, 25% increase in t-DHEA predicted
2.4% decrease in AOSI in children with male probands
(1.2579%11 = 0.976, P = 0.037).

The same adjusted models with AOSI outcome showed
that one unit increase in natural logarithm of u-DHEA
and t-A4 was associated with almost one-unit decrease
in AOSI score (or 0.24 standard deviation of standardized
AOSI), while one unit increase in natural logarithm of
t-DHEA predicted 0.32 decrease in AOSI (0.08 standard
deviation of standardized AOSI) in children with male
probands.

Among children with female probands, u-DHEA and
t-DHEA were positively associated with AOSI. Although
neither of these androgens were statistically signifi-
cantly associated with AOSI in the unadjusted analysis,
when adjusted for maternal age, gestational age, and
child’s sex, 25% increase in u-DHEA predicted 11.6%
increase in AOSI (1.25%4° = 1.116, P = 0.02), while 25%
increase in t-DHEA predicted 8.6% increase in AOSI
(1.25%37 = 1.086, P = 0.018).

According to the adjusted models with untransformed
AOSI in the same group, one unit increase in natu-
ral logarithm of u-DHEA was associated with 4.04-unit
increase in AOSI (or 0.97 standard deviation of standard-
ized AOSI), while one-unit increase in natural logarithm
of t-DHEA predicted 1.85 unit increase in AOSI score (or
0.45 standard deviation of standardized AOSI score).

When stratified by probands sex and sex of the
child, although no association between androgens
and AOSI among females with older affected female
siblings was evident in the unadjusted models, posi-
tive association was found between t-T, u-A4, and
u-DHEA and AOSI in this group after adjusting for
maternal and gestational age. In fact, the models pre-
dicted that with every 25% increase in the levels of total
T, unconjugated A4, and unconjugated DHEA, AOSI
would increase by 11% (1.25%48 =1.11, P = 0.014),
57% (1.25%02 = 1.57, P = 0.01), and 28%
(1.25109 = 1.28, P = 0.01), respectively. Same adjusted
models but with untransformed outcome showed that
AOSI will increase by 1.62 (or 0.39 standard deviation
of standardized AOSI) with one unit increase in natural
logarithm of total T, by 7 (1.69 standard deviations of
standardized AOSI) with every unit increase in natural
logarithm of unconjugated A4, and by 5.06 (1.22 stand-
ard deviations of standardized AOSI) with every unit
increase in natural logarithm of unconjugated DHEA
(Additional file 1: Table 2S).

Inverse associations between levels of some andro-
gens and quantitative ASD phenotype were found
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among females with older affected male siblings.
Specifically, AOSI was negatively associated with
u-DHEA: the unadjusted model predicted 6% decrease
in AOSI with 25% increase in unconjugated DHEA
(1.257926 =094, P = 0.01), while adjusted model
predicted 8% decrease in AOSI with 25% increase in
DHEA (1.2579% =0.92, P =0.001). Similar adjusted
model but with untransformed AOSI predicted 1.13-
point decrease in AOSI (0.27 standard deviation of
standardized AOSI) with one unit increase in In-trans-
formed DHEA. Meanwhile, 25% increase in the lev-
els of t-A4 predicted on average decrease of 5% and
6% in AOSI, according to unadjusted and adjusted
models respectively (1.257%2%> =0.95, P =0.01, and
1.25792% = 0.94, P = 0.003). According to the adjusted
model with total AOSI as an outcome, one unit increase
in In-transformed t-A4 will result in 1.19-point decrease
in AOSI, which is 0.29 standard deviation of standardized
AOSL

In the group of male children with older affected male
siblings, the regression analyses did not find associa-
tions between any of the androgens and the AOSI score.
Similarly, no associations were found between any of the
androgen concentrations and AOSI among males with
female probands.

Results of unadjusted and adjusted robust linear
regression models with SRS score

The results of robust linear regression models between
androgen levels and SRS score at 12 months are shown
in Fig. 3 and Additional file 1: Tables 3S (log—log model)
and Additional file 1: 4S (In(androgen) and total SRS).

In the sample of all children u-T and t-DHEA
were weakly associated with SRS: 25% increase in
both u-T and t-DHEA levels predicted almost 2.0%
increase in SRS in both adjusted and unadjusted
models (1.25%0% =1.018, P =0.01, for u-T, and
1.25%08 = 1,018, P = 0.08 for t-DHEA in the unadjusted
model, and 1.25%%° = 1.02, P = 0.049 for t-DHEA in the
adjusted model). In the adjusted models with SRS, one
unit increase in the natural logarithm of u-T was associ-
ated with 1.31-unit increase in SRS score (0.05 standard
deviation of standardized SRS), while one-unit increase
in natural logarithm of t-DHEA was associated with 1.78-
unit increase in SRS (0.07 standard deviation of standard-
ized SRS).

When stratified by sex of the child, none of the
androgens were statistically significantly  asso-
ciated with SRS among female children. How-
ever, among boys 25% increase in u-T, t-T, and
t-DHEA predicted 2.5% (1.25%!1 =1.025, P = 0.01),
3.6% (1.25%16 = 1.036, P = 0.01), and 3.6%
(1.25%16 = 1,036, P = 0.03) increase in SRS in the
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Fig. 3 Coefficients and associated 95% Confidence Intervals (Cls) of the In-transformed androgens from the adjusted robust linear regression
models predicting In-transformed SRS score. The models were adjusted for maternal and gestational age

unadjusted models, respectively. In the adjusted
models, 25% increase in u-T, tT, and DHEA
predicted 2.5% (1.25%1 = 1,025, P = 0.02),

36%  (1.25%16=1.036, P=001), and  3.4%
(1.25%15 = 1.034, P = 0.048) increase in SRS score,
respectively. According to the same adjusted models with
raw SRS, one unit increase in natural logarithm of u-T,
t-T, and t-DHEA was associated with 3.11, 4.65, and 5.23-
unit increase in SRS, respectively (0.12, 0.18, and 0.20
standard deviation of standardized SRS).

When stratified by sex of the proband, in children
with female probands, 25% increase in u-T was associ-
ated with 3.6% increase in SRS in the unadjusted model,
(1.25%16 = 1,036, P = 0.036); however, after adjust-
ment for maternal and gestation age and sex of the
child, the relationship was no longer statistically signifi-
cant (slope=0.09, P = 0.17). Similarly, in children with
female probands 25% increase in t-T predicted 6.2%
increase in SRS (1.25%%7 = 1.062, P = 0.014); however,
the relationship was only marginally statistically signifi-
cant after adjustment for potential confounding factors:
25% increase in t-T was associated with 4.6% increase
in SRS (1.25%20 = 1.046, P = 0.07). In contrast, none of
the androgens were associated with SRS in children with
male probands in unadjusted or adjusted models.

When stratified by sex of the child and sex of the
proband, in the group of female children with older
affected female siblings, the robust regression mod-
els revealed positive associations between u-T and
SRS in both unadjusted and adjusted analyses (Fig. 3
and Additional file 1: Tables 3S and 4S): 6% and 5%
increase in SRS with 25% increase in u-T, respectively
(1.2592, P < 0.001, and 1.25%22, P =0.004). Similar
adjusted model with untransformed SRS showed that

SRS will increase by 5.76 points (0.22 standard devia-
tion of standardized SRS) with every unit increase in
In-transformed u-T. In the same group, positive asso-
ciation between t-T and SRS was present in the unad-
justed model (7% increase in SRS with 25% increase in
t-T: 1.25%31, P = 0.003), but lost statistical significance
in the multivariable model (7% increase in SRS with 25%
increase in t-T: 1.25%31, P = 0.10). In the adjusted model
with untransformed SRS, one unit increase in natu-
ral logarithm of t-T predicted 7.3-point increase in SRS
(0.28 standard deviation of standardized SRS). Similarly,
u-A4 was positively associated with SRS in girls with
female probands in the unadjusted analysis predicting
36% increase in SRS with 25% increase in the androgen
level (1.25137 = 1.36, P = 0.002); however, the relation-
ship was only marginally statistically significant in the
adjusted analysis (1.25!1¢ = 1.30, P = 0.07). The adjusted
model with total SRS as an outcome predicted that one
unit increase in natural logarithm of u-A4 will result in
29.71-point increase in SRS (or 1.15 standard deviations
of standardized SRS). In the same group, u-DHEA was
associated with SRS in both unadjusted and adjusted
analyses: the models predicted 23% and 21% increase
in SRS with 25% increase in u-DHEA, respectively
(1.25%%2 = 1.23, P =0.001, and 12598 =121, P=
0.007). In the similar adjusted model but with untrans-
formed outcome, one unit increase in natural logarithm
of u-DHEA predicted 41.95-point increase in SRS (1.63
standard deviations of standardized SRS) (Additional
file 1: Table 4S).

u-T and t-T were associated with SRS in both sin-
gle and multiple regression models in the group
of male children with older affected male siblings.
Both wunadjusted and adjusted models predicted
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3% increase in SRS score with 25% increase in u-T
(1.25%12 = 1,03, P=0.02, and P =0.01, respec-
tively), while 25% increase in t-T will result in 3 and
4% increase in SRS according to the unadjusted and
adjusted models, respectively (1.25%!> = 1.03, P = 0.04,
and 1.25%17 = 1.04, P = 0.01). Adjusted models with
untransformed SRS showed that one unit increase in
natural logarithm of u-T will result in 3.66-point increase
in SRS, which translates into 0.14 standard deviation of
standardized SRS, while one unit increase in natural
logarithm of t-T will result in 4.41-point increase in SRS
(or 0.17 standard deviation of standardized SRS in this
group).

Consistent with AOSI results in female children with
older affected male siblings, SRS was negatively associated
with total testosterone in this group: both unadjusted and
adjusted models predicted an average 2% decrease in SRS
with 25% increase in total T (1.257%9%° = 0.98, P = 0.06,
and 1.257%11 =0.976, P = 0.02, respectively). Mean-
while, adjusted model with untransformed SRS pre-
dicted 2.43 decrease in total SRS (0.09 standard deviation
of standardized SRS) with one unit increase in natural
logarithm of t-T. In contrast, we found no associations
between any of the androgen concentrations and SRS
among males with female probands.

Discussion
This study investigated the correlations between meco-
nium androgen concentrations and ASD traits, as meas-
ured by AOSI at 12 months and SRS at 36 months,
among children whose older sibling was diagnosed with
ASD. We built upon previous analysis by including strati-
fication by proband sex and by including both unconju-
gated and conjugated forms of androgens in meconium.
When comparing both the 12 month AOSI scores and
the 36 month SRS scores, the positive associations were
observed more frequently between meconium androgens
and SRS. Specifically, unconjugated T and total DHEA
were positively associated with SRS among all children.
This broadly agrees with studies on unconjugated T,
amniotic fluid, and ASD-related traits during this time
window [14, 34]. These positive associations are consist-
ent with Auyeung and colleagues who reported the asso-
ciation between fetal T and ASD-assessment scales in
the combined analyses as well as among boys and girls.
However, our results are not consistent with Park et al.,
Whitehouse et al., and Jamnadass et al. who reported
null results in both combined and sex-stratified analyses
[16, 17, 19]. As we noted in the introduction, part of the
discrepancy in these findings could be attributed to sam-
pling of amniotic fluid versus cord blood across studies.
When stratified by sex of the child, unconjugated T,
total T, and total DHEA were positively associated with
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SRS among male children, and when further stratified by
proband’s sex, unconjugated and total T were positively
associated with SRS among male children with male
probands, but not female children with male probands,
while positive association was observed between uncon-
jugated T and SRS among female children with female
probands but not among male children with female
probands. The models with AOSI outcome revealed posi-
tive associations, when proband was female: total DHEA
was associated with AOSI among all children with female
probands, while total T and unconjugated DHEA were
associated with AOSI among female children with female
probands. The trend of positive correlations between T
and SRS in male children is again consistent with litera-
ture on amniotic fluid androgens. The trend of positive
associations occurring when the proband is a female
agrees with a previous study completed with this same
EARLI cohort where the strata with a female proband
was observed in a secondary analysis to be the only strata
with a detectable association between cord blood uncon-
jugated testosterone and SRS [18]. In meconium from
this female proband stratum, associations became appar-
ent and statistically significant that often were not seen
in the entire sample or in the strata defined only by sex.
Interestingly, robust linear regression models with SRS
among female children with female probands frequently
estimated high 72 values even in the crude analysis, indi-
cating that the exposure variable (meconium andro-
gen levels) alone could explain a substantial amount of
variability in the ASD-assessment scores in this group.
When SRS was the outcome, we observed relatively
strong, statistically significant associations with high r2
in the adjusted and unadjusted analyses in the models
with unconjugated T and unconjugated DHEA. While
associations between SRS and unconjugated A4, total T,
and total DHEA were not statistically significant in this
group, they were positive with high r? values.
Furthermore, our study reported a series of negative
relationships, all of which occurred in children whose
older affected sibling was male. u-DHEA was nega-
tively associated with AOSI in the sample of all female
children. When further stratified by proband’s sex, this
relationship persisted among female children with male
probands but became positive in female children with
female probands. Similarly, negative relationship between
total A4 and AOSI was detected among female children;
however, after stratification by proband’s sex it persisted
only among female children with male probands. Total
DHEA was negative associated with AOSI among chil-
dren with male probands. Additionally, and counter to
the trend in male children with male probands, total T
was inversely associated with SRS in female children with
male probands. The negative correlation we observed of
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T and SRS among females with a male proband has not
been reported to our knowledge.

Effect modification of the association between andro-
gens and ASD-phenotype by sex of the participants was
shown in multiple studies , including the ones that dem-
onstrated that girls are more susceptible to the effect of
abnormal fetal testosterone levels than boys [35-39].
Effect modification of the association by probands’ sex
was reported by Park et al. using the same EARLI study
sample as this study [27], where unconjugated fetal tes-
tosterone measured in cord blood was associated with
increase in both AOSI and SRS among siblings of ASD-
affected females. In addition, there was a marginally sig-
nificant association between A4 and SRS in the analysis
stratified by proband’s sex and adjusted for child’s sex.
Thus, within EARLI in both cord blood and meconium,
we detect triple interaction between sex steroids, child’s
sex, and proband’s sex where the interaction between
androgens and sex is different by probands’ sex. The
consistency of positive correlation across different
androgens, different outcomes in this group, and differ-
ent biosamples reflecting different windows of prenatal
metabolism is worth highlighting. It is now important to
replicate these findings using other cohorts, and future
studies would benefit from including proband sex as a
consideration in study design.

Finally, the analysis of both unconjugated and conju-
gated androgens in meconium introduces some possi-
ble alternative explanations of trends in the data. Since
meconium is a unique fecal specimen and constitutes
a compartment within the fetus that may have lim-
ited recycling back to fetal circulation [40], sequestra-
tion of androgens in the meconium may indicate less
fetal exposure. Conjugation of steroids may increase
this sequestration, explaining protective effects (nega-
tive correlations) in meconium androgens and ASD-
related traits. Although adult fecal excretion of steroids
is minor and predominated by conjugated steroids, pos-
sibly attributable to enterohepatic recycling, this pattern
of clearance is neither true in pregnancy or in newborns
[41]. Within the fetal compartment, where urinary clear-
ance results in recycling, meconium becomes even more
unique as a sequestered depot of bioactive molecules.

Limitations

Our study had several limitations. Limited sample sizes,
especially in the group of female children with female
probands add substantial uncertainty to the findings.
Many of the positive associations found among girls with
female older affected siblings, as well as associations
found in other strata could have been due to chance. Fur-
thermore, this study analyzed the associations between
six androgens and two outcomes in four strata, which
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presents a multiple testing problem. Since we were inter-
ested in attempting to replicate the sub-group analysis
of Park et al.,, and our limited sample size for these levels
of stratification, we did not use multiplicity correction.
Therefore, the authors consider this study to be explor-
atory in nature and we warn the reader to consider the
results with caution in the view of data scarcity and the
compounded multiple testing problem induced by exam-
ining sex as a biological variable in the context of a famil-
ial enriched risk cohort.

Another limitation of this study is considerable vari-
ability of the meconium androgen measurements, even
after In-transformation of the exposure variables. Due to
limited sample size, and the fact that since this was the
first quantitative study of meconium androgens, we used
robust regression models rather than removal of outliers
where normal biological variability was unknown. Since
this decision may have a strong effect on our results, we
presented full scatterplots of the analyzed data to pro-
vide a comprehensive view of the reported relationships.
The limited number of studies to date on endogenous
metabolites in meconium limits our ability to compare
the measures in this cohort versus others. Likewise, the
physiological distinction between unconjugated and con-
jugated steroids in meconium is unclear. Although ana-
lyzing both forms of steroids inflated the potential for
type I error via multiple comparisons, we thought this
was necessitated by the fact that both pools of metabo-
lites were consistently quantifiable within meconium.
Similarly, because of the paucity of data on meconium,
we did not analyze other steroids, including estrogens, in
meconium. This may be important in understanding the
correlations between fetal steroids and ASD outcomes
have implicated maternal steroids and estrogens in ASD
[42, 43]. Future work including validation of bioanalytical
assay of other hormones and their stability in meconium
is needed.

Additionally, this study used ASD-assessment scales as
outcomes instead of diagnostic categories. While scales,
such as AOSI or SRS, provide a continuous measure of
ASD-related phenotype, hence increased power for the
statistical analysis, the relationship between higher scores
on these scales and ASD diagnoses is not unequivocal
[44]. However, some studies showed that relationships
between certain genetic and environmental exposures
and ASD have similar magnitudes irrespective of using
ASD diagnoses or continuous scale, suggesting that both
higher scores on ASD-assessment scales and ASD diag-
nosis reflect a similar outcome [45, 46].

Finally, our findings must be considered within the
constraints of the enriched-risk cohort design, mean-
ing that the risk of ASD in this cohort was higher than
in the general population by design. If the effect of fetal
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steroids on ASD phenotype is modified by genetic archi-
tecture enriched in this cohort, or severity by selection
on the proband, the findings could be attenuated in the
broader population of people without family history of
ASD. Thus, replication of our findings in studies utilizing
samples from a general population may provide evidence
supporting generalizability of the results of this study.

Conclusions

Using a prospective pregnancy cohort enriched for
autism risk, we investigated prenatal androgen exposure
measured from meconium as a risk factor for autism-
related traits. Several meconium androgens were posi-
tively correlated with autism-related traits. In addition,
we found a strong positive association between autism
traits in the sub-group of individuals with an older
female sibling with autism, extending a previous finding
based on cord blood measures in the same cohort. This
study supports the utility of meconium for studies of
endogenous fetal metabolism and suggests the sex of the
proband should be considered as a biological variable in
relevant studies.
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