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Abstract

Epidemiologic studies link increased autism spectrum disorder (ASD) risk to obstetrical
conditions associated with inflammation and steroid dysregulation, referred to as prenatal
metabolic syndrome (PNMS). This pilot study measured steroid-related biomarkers in early
second trimester maternal serum collected during the First and Second Trimester Evaluation of
Risk study. ASD case and PNMS exposure status of index offspring were determined through
linkage with autism registries and birth certificate records. ASD case (A=53) and control (A=19)
groups were enriched for PNMS exposure. Higher estradiol and lower sex hormone binding
globulin (SHBG) were significantly associated with increased ASD risk. Study findings provide
preliminary evidence to link greater placental estradiol activity with ASD and support future
investigations of the prenatal steroid environment in ASD.
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Autism spectrum disorder (ASD) is a neurodevelopmental disorder characterized by deficits
in social/communication, restricted areas of interests, repetitive behaviors, and abnormal
responses to sensory input (American Psychiatric Association, 2013). ASD affects
approximately 2% of the population (Baio et al. 2018), and core ASD symptoms have no
proven pharmacologic intervention.
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Small studies that compared mean cortisol levels between groups of children with and
without ASD suggest the presence of abnormal hypothalamic-pituitary-adrenal (HPA) axis
functioning in this population (Corbett et al. 2006; Spratt et al. 2012; Taylor and Corbett,
2014; Tordjman et al. 2014; Zinke et al. 2010, Tomarken et al. 2015). Compared to typically
developing children (N=32), children with ASD and intellectual disability (N=55, mean
1Q=42) had higher salivary cortisol levels at each time point over a 24-hour period and lower
diurnal variation of these cortisol levels (Tordjman et al. 2014). The degree of HPA axis
dysregulation as measured by salivary cortisol also coincided with the severity of social and
communication impairment (Tordjman et al. 2014). Using a mock MRI scanner paradigm,
children with ASD (N=12, mean 1Q=77) demonstrated poor stress response habituation and
more day-to-day variability of their cortisol circadian rhythm when compared to typically
developing children (N=10, mean 1Q=114) (Corbett et al. 2006). One study of high
functioning children with ASD (N=36, mean 1Q=104) found that reduced cortisol variability
associated with ASD was primarily attributable to a subgroup (25%) of these children
(Tomarken et al. 2015). The nature and prevalence of HPA axis dysfunction among children
with ASD remain unclear and continue to be an area of active investigation.

The in utero steroid environment plays a critical role in fetal HPA axis development
(Howland et al. 2017; Moisiadis and Matthews, 2014; Montenegro et al. 2019; Reynolds,
2013). Steroid production during pregnancy is coordinated among each component of the
maternofetoplacental unit (i.e., mother, placenta, and fetus) (Kallen, 2004; Murphy et al.
2006). Under normal conditions, the fetal adrenal cortex does not acquire the capacity to
synthesize cortisol de novo until 23 to 24 weeks gestation. Instead, in early second trimester,
the fetal adrenal gland produces dehydroepiandrosterone (DHEA) in response to HPA axis
activation (Coulter and Jaffe, 1998; Ishimoto and Jaffe, 2011). Fetal DHEA, along with
maternal DHEA, subsequently serves as the substrate for placental estradiol production. In
turn, placental estradiol stimulates the fetal adrenal cortex to initiate de novo cortisol
synthesis (Albrecht and Pepe, 1999; Coulter and Jaffe, 1998; Watterberg, 2004).

Epidemiologic studies have found associations between obstetrical conditions related to
steroid dysregulation and increased ASD risk. These conditions include pre-existing/
gestational diabetes, pre-existing/gestational hypertension, and eclampsia/pre-eclampsia
collectively referred to as prenatal metabolic syndrome (PNMS) (Hisle-Gorman et al. 2018;
Krakowiak et al. 2012; Nahum Sacks et al. 2016; Reynolds, 2013; Wang et al. 2017,
Watterberg, 2004). Additionally, pre-pregnancy obesity and weight gain during pregnancy
have been used as proxies for aberrant /n utero steroid hormone exposure in studies of
hormone-sensitive cancers affecting offspring (Petridou et al. 1992, Kinnunen et al. 2004,
Lumey, 1998). Pre-pregnancy obesity and increased pregnancy weight gain have also been
identified as risk factors for ASD (Bilder et al. 2013, Dodds et al. 2011; Hisle-Gorman et al.
2018; Nahum Sacks et al. 2016; Wang et al. 2017).

Between 1999 and 2002, Utah participated in the NIH-funded, multi-site First and Second
Trimester Evaluation of Risk (FASTER) study to compare obstetrical screening approaches
for aneuploidy in a large, prospectively-identified cohort (Malone et al. 2005). The Utah
FASTER study site collected medical information, maternal serum samples, and ultrasound
reports on over 12,000 pregnant women. FASTER’s timing and catchment area overlapped
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with ASD case ascertainment through Utah’s Registry of Autism and Developmental
Disabilities, providing the opportunity to identify maternal serum samples corresponding to
offspring with ASD. Linkage with birth certificate data allows for the identification of
offspring with PNMS exposure. The aims of this pilot study were to analyze early second
trimester maternal serum samples from the FASTER study to (1) characterize maternal
serum steroid-related biomarkers associated with ASD during this gestational period and (2)
explore how fetal steroidogenic activity may be influenced and reflected in these maternal
biomarkers. Case and control samples were enriched for PNMS exposure to examine a
potentially additive influence of PNMS on the prenatal steroid environment during
pregnancies of offspring with and without ASD.

METHODS

Approval for this study was obtained from the Utah Registry of Autism and Developmental
Disabilities (URADD) Oversight Committee, Utah State Office of Education, and
Institutional Review Boards of the University of Utah Intermountain Healthcare, Utah
Department of Health, and Resource for Genetic and Epidemiologic Research Review
Committee, which is an oversight body that regulates Utah Population Database access.

FASTER Parent Study

The FASTER Study was an obstetrical study that ascertained over 12,000 women with
singleton pregnancies living along Utah’s Wasatch Front from 1999 to 2002 (Malone et al.
2005). Supplementary consent was obtained from 10,849 Utah FASTER study participants
to allow their residual serum samples to be used for additional research studies. The Utah
Population Database is a unique, comprehensive medical research resource that accesses
many sets of high-quality, population-based, individual-level records (Smith, 2019).
Offspring of FASTER study participants who provided this additional consent were linked to
participants through birth certificate records resulting in 3,327 male and 3,114 female
FASTER offspring identified.

ASD Case Status

In 2016, multiple registries were linked within the Utah Population Database to identify
individuals with ASD to investigate ASD birth risk factors. URADD was the primary ASD
case source. URADD is administered through the University of Utah Department of
Psychiatry with oversight from the Utah Department of Health in cooperation with the Utah
State Board of Education. URADD classifies ASD cases using ASD diagnostic billing codes
and special education autism exceptionality status (Bakian et al., 2015a; Bakian et al.,
2015b). Two FASTER birth years (2000, 2002) overlapped with ASD case finding enhanced
through Utah’s participation in the Centers for Disease Control and Prevention’s Autism and
Developmental Disabilities Monitoring Network, which uses a record review methodology
that has been validated in Utah (Bakian et al. 2015a; CDC, 2007; Yeargin-Allsopp et al.
2003). Additional ASD cases were identified through diagnostic billing codes from the
University of Utah and Intermountain Healthcare Enterprise Data Warehouses and statewide
hospital discharge summaries housed in the Utah Population Database. Among FASTER
offspring who linked to birth certificate records, 168 were identified as ASD cases.
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Prenatal Metabolic Syndrome (PNMS) exposure and covariates

Birth risk factors were obtained from Utah birth certificate records. PNMS exposure was
defined as the presence of gestational hypertension, gestational diabetes, pre-/eclampsia,
pre-existing diabetes and/or pre-existing hypertension. Birth certificates have historically
underestimated the rate of pregnancy complications (Dobie et al. 1998). However, the
prevalence of PNMS exposure among the FASTER sample approximated that of
epidemiologic studies for these conditions (Gillon et al. 2014, Lawrence et al. 2008). Pre-/
perinatal characteristics previously associated with ASD and/or PNMS were identified
including sex, maternal age, pre-pregnancy maternal body mass index (BMI), pregnancy
weight gain, gestational age at birth, and birth weight.

Prenatal maternal serum

Maternal blood samples were collected at 159-18% weeks gestation, between 1999 and 2002.
Blood samples were drawn in serum separator tubes, centrifuged within 30 minutes, stored
at 4°C, and shipped overnight to a central laboratory where initial FASTER serum studies
were performed. Residual serum samples were frozen at —80°C. In 2017, samples were
shipped overnight on dry ice, stored at —80°C, thawed on wet ice, and aliquoted into pre-
cooled tubes. In total, two thaw/refreeze cycles occurred prior to all of the current study’s
serum analyses which were performed in 2018.

Pilot study sample selection

As a pilot study, the sample size was determined based on feasibility and power given
funding availability. Because steroid dysregulation occurs more frequently in pregnancies
complicated by PNMS, both ASD case and control groups were enriched for PNMS
exposure (47% and 42%, respectively). This enrichment provided the opportunity to test a
hypothesis that maternal serum steroid biomarker concentrations would follow a dose-
response relationship with mean concentrations changing stepwise from the absence of ASD
and PNMS to the presence of ASD and PNMS. FASTER pregnancies were divided into the
following four groups based on offspring ASD case (ASD+/-) and PNMS exposure (PNMS
+/-) status: ASD-/PNMS-, ASD-/PNMS+, ASD+/PNMS- and ASD+/PNMS+. For the
ASD- control group, 12 PNMS+ offspring without ASD were randomly selected and
matched by sex and birth year to 12 PNMS- offspring without ASD. A larger number of
ASD+ case group participants (A=62) were selected relative to the ASD- control groups
(NV=24) to ensure that all available ASD+/PNMS+ samples were assayed together (A=31).
ASD+/PNMS+ participants were matched to ASD+/PNMS- samples (A=31) by sex and
birth year. Corresponding early second trimester serum samples (N=77) were located with
the following group distributions: 11 ASD-/PNMS-, 8 ASD-/PNMS+, 28 ASD+/PNMS-,
and 30 ASD+/PNMS+. Offspring born before 37 weeks gestation (A=5, all ASD+/PNMS+)
were removed from analyses to minimize confounding from complications resulting in or
arising from preterm birth. Table 1 describes participant characteristics (AMV=72).

Serum Analysis

Biomarkers assays were performed for androstenedione, 17-hydroxyprogesterone, DHEA,
dehydroepiandrosterone sulfate (DHEAS), free testosterone, total testosterone, sex hormone
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binding globulin (SHBG), and estradiol in a research laboratory. Serum steroid biomarkers
remained intact during extended frozen storage and repeated freeze/thaw cycles (Helzlsouer
et al. 1995; Holl et al. 2008). Steroids were measured in 96-well plates; plate loading was
conducted by an automated liquid handling system (Gilson Pipetmax). Commercially
available kits were used per manufacturer’s instructions, except where noted. Abcam
(Boston, MA) ELISA kits measured androstenedione, estradiol, progesterone, total
testosterone, and free testosterone. Diametra (Milan, ITA) and RayBiotech (Norcross, GA)
ELISA kits quantified DHEA/DHEAS and SHBG, respectively. Estradiol required a 1:2
dilution in assay buffer to ensure samples fell within the dynamic range of the standard
curve.

Estimated fetal DHEA (EF-DHEA) calculation

An approximate measure of the fetal adrenal gland’s contribution to placental estradiol
production was estimated (referred to as EF-DHEA) using an equation that was developed
for this study. This novel calculation (listed below) was based on the following components
of established midgestation maternofetoplacental endocrinology: (1) Maternal serum
estradiol is produced by the placenta, (2) placental estradiol production volume is
determined by the availability of its substrate DHEA, (3) DHEA is provided to the placenta
by both the mother and fetus, and (4) maternal DHEA exists primarily in its conjugated form
DHEAS (Cunningham, 2010; Mesiano and Jaffe, 1997; Resko et al. 1975; Simpson and
Macdonald, 1981; Walsh et al. 1979).

V4 + Z
DHEA DHEAS
EF —DHEA= ZEstradiol ~ 2 ’

where zEstradiol, zZDHEA, and zDHEAS are standardized scores of their respective maternal
serum levels. A visual representation of these relationships is depicted in Figure 1.

Statistical Analysis

The distributions of biomarkers were examined for extreme outliers; one extreme DHEA
value was observed and deleted. Distributions subsequently satisfied normality assumptions.
Pearson’s correlations were estimated to quantify the association among markers. Complete
data were available for all of the covariates except for gestational age at serum collection;
missing values (A=9) were imputed using hot-deck imputation (Andridge and Little, 2010).

A series of conditional logistic regression models were fit to measure the association
between individual marker concentrations (i.e., androstenedione, 17-hydroxyprogesterone,
DHEA, DHEAS, free testosterone, total testosterone, SHBG, and estradiol) and ASD in
offspring. As the samples were matched on PNMS status and not on ASD case/control
status, the logistic regression models were conditioned on PNMS status. Crude (unadjusted)
models were initially formulated, and adjusted models were subsequently fit by
incorporating additional covariates including sex, maternal age, pregnancy weight gain, pre-
preghancy BMI, and gestational age at sample collection. Finally, separate crude and
multiple conditional logistic regression models were formulated to examine the relationship
between EF-DHEA concentrations and ASD risk.
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To investigate EF-DHEA and select biomarkers’ predictive value for ASD in offspring,
receiver operating characteristic (ROC) curves were constructed. DHEA, estradiol, and
SHBG were selected based on their strength of association with ASD from the multiple
logistic regression analysis described above. Non-conditional crude and multiple logistic
regression models were then formulated for EF-DHEA, DHEA, estradiol, and SHBG and
included sex, maternal age, pregnancy weight gain, pre-pregnancy BMI, PNMS status, birth
year, and gestational age at sample as covariates. The area under the ROCs from these
predictive models were compared using the nonparametric approach of DeLong, Delong and
Clarke Pearson (1988).

Post hoc tests were used to investigate differences in biomarker concentrations (i.e.,
androstenedione, 17-hydroxyprogesterone, DHEA, DHEAS, free testosterone, total
testosterone, SHBG, and estradiol) between the ASD and non-ASD samples in the context
of PNMS exposure. A Multivariate Analysis of Variance (MANOVA) and a Multivariate
Analysis of Covariance (MANCOVA) were formulated to test for differences in all
biomarker concentrations in a single model in which the independent variable was a four-
level measure reflecting ASD and PNMS exposure status (i.e., ASD-/PNMS-, ASD-/PNMS
+, ASD+/PNMS-, and ASD+/PNMS+). The MANCOVA included additional covariates such
as sex, maternal age, pregnancy weight gain, pre-pregnancy BMI, and gestational age at
sample collection as covariates. After confirming the significance of the overall MANOVA
and MANCOVA models based on the F test, separate analysis of variance (ANOVA) and
analysis of covariance (ANCOVA) models for each individual steroid-related biomarker
were examined. Differences in standardized EF-DHEA concentrations across the four-level
ASD/PNMS exposure variable were tested separately using an ANCOVA. The family-wise
error rate was controlled for in the significant univariate ANCOVAs using the Scheffé
method for post hoc analyses (Falah et al. 2015).

Analyses were conducted in SAS version 9.4 with an alpha of 0.05 selected to assess
statistical significance (Resnik et al. 1974).

Steroid-related maternal serum biomarkers and ASD risk

ASD case status was significantly associated with increasing estradiol (AOR=1.21 per 100
pg/ml, 95% CI:1.03-1.42, p=0.02) and decreasing SHBG (AOR=0.34 per 50 nmol/L, 95%
Cl: 0.17-0.69, p=0.003) (see Table 2) in the adjusted conditional logistic regression analysis.

EF-DHEA and ASD risk

An 8.0 fold increase in the odds of ASD was associated with every one standard deviation
change in EF-DHEA (AOR=8.02, 95% ClI: 2.36-27.29, p<0.001) based on the adjusted
conditional logistic regression model.

Predictive models of ASD for EF-DHEA and biomarkers

The adjusted multiple logistic regression model to predict ASD outcome measured an area
under the ROC of 0.91 (95% CI: 0.82-1.00) for EF-DHEA. Remaining area under the ROCs
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were 0.87 (95% ClI: 0.77-0.98; SHBG), 0.84 (95% CI: 0.72-0.96; estradiol), and 0.83 (95%
Cl: 0.69-0.98; DHEA) (Figure S1, Table S1). The areas under the ROCs did not differ
significantly among the steroid-related biomarkers (p=0.23).

Effects of PNMS exposure on ASD risk associated with biomarkers and EF-DHEA

Both the crude MANOVA and MANCOVA vyielded a significant overall main effect for
ASD/PNMS exposure on serum steroid-related biomarker concentrations (crude Wilks’
Lambda = 0.45, A24, 171.72) = 2.26, p=0.001; adjusted Wilks’ Lambda=0.44,
H24,157.22)=2.11, p=0.003). Adjusted univariate ANOVA models found significant
differences by ASD/PNMS exposure status for SHBG (overall model A8,63)=3.88 p
=0.0009; ASD/PNMS exposure (H3,63)=8.34, p<0.0001), and estradiol (overall model
F(8,62) =2.27, p=0.03; ASD/PNMS exposure A3, 62) = 3.28, p=0.03) (see Table S2).
Following correction for multiple comparisons, statistically significant differences remained
in the least square means of SHBG concentrations between ASD+/PNMS+ and ASD-/
PNMS- groups (mean difference = -=120.60, 95% Cl=-195.44 - -44.35, p=0.0004) and the
ASD+/PNMS- and ASD-/PNMS- groups (mean difference = -106.08, 95% Cl=-176.34 -
-35.82, adjusted p=0.0009) (Figure 2).

The ANCOVA model identified a significant main effect for ASD/PNMS exposure on EF-
DHEA concentrations (A8,62)=4.71, p=0.0002) and mean differences in EF-DHEA
concentrations by ASD/PNMS exposure status (A3,62)=9.87, p<0.0001). Following
corrections for multiple comparisons, statistically significant differences remained in the
least square means of EF-DHEA concentrations between ASD+ and ASD- groups regardless
of PNMS exposure status (Figure 3).

DISCUSSION

ASD among offspring was significantly associated with higher estradiol and lower SHBG
levels in early second trimester maternal serum. The collective association of higher
estradiol and lower SHBG (which binds biologically active estrogens) in maternal serum of
pregnancies with offspring affected by ASD suggests greater estradiol activity during this
gestational window (Hammond, 2011). Furthermore, as shown in Figure 2, increasing
estradiol levels coincided with decreasing SHBG levels in a dose-response manner
according to ASD/PNMS exposure whereby the ASD-/PNMS- group showed the least and
the ASD+/PNMS+ group showed the greatest divergence in SHBG versus estradiol least
square mean concentrations.

Estradiol in the maternal circulation is synthesized by the placenta; maternal estradiol levels
reflect placental estradiol production as most placental estradiol is shunted into the maternal
circulation. Placental estradiol plays important regulatory functions within the
maternofetoplacental unit, including the facilitation of fetal HPA axis maturation during the
second trimester (Pepe and Albrecht, 1995). Because differences in HPA axis functioning
have been found in children with ASD, estradiol’s influence on fetal HPA axis maturation
may be relevant to ASD.
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Fetal HPA axis maturation manifests as the emergence of fetal adrenal de novo cortisol
synthesis capacity (Pepe and Albrecht, 1995). Under normal conditions, fetal de novo
cortisol synthesis does not begin until 23-24 weeks gestation (Coulter and Jaffe, 1998;
Ishimoto and Jaffe, 2011). Small amounts of maternal cortisol in the fetal circulation
suppress fetal HPA axis activation through cortisol’s negative feedback on the fetal
hypothalamus and pituitary gland (Mesiano and Jaffe, 1997). Cortisol transfer from the
mother to the fetus is actively regulated by placental enzymes, which maintain a large
gradient between maternal and fetal compartments (Albrecht and Pepe, 1999; Ishimoto and
Jaffe, 2011). As term approaches, estradiol strengthens this maternal-fetal cortisol gradient
through its actions on these placental enzymes, thereby decreasing the amount of maternal
cortisol that transfers to the fetus (Albrecht and Pepe, 1999; Ishimoto and Jaffe, 2011). By
reducing maternal cortisol in the fetal circulation, estradiol lessens negative feedback
inhibition of the fetal HPA axis, which subsequently stimulates the fetal adrenal gland to
initiate de novo cortisol synthesis. De novo cortisol synthesis prepares vital organs for
extrauterine life (Albrecht and Pepe, 1999; Ng, 2000; Watterberg, 2004).

Beginning in early second trimester, elevated placental estradiol levels can accelerate de
novo cortisol synthesis by increasing the maternal-fetal cortisol gradient prematurely
(Albrecht and Pepe, 1999; Coulter and Jaffer, 1998; Pepe et al. 1990; Watterberg, 2004).
Therefore, high estradiol activity in early second trimester can facilitate premature
maturation of the fetal HPA axis. Because de novo cortisol synthesis stimulates the
development of the lungs, skin, and gut, early HPA axis maturation promotes premature
newborn survival (Ng, 2000; Watterberg, 2004; Watterberg et al. 1997). Early fetal HPA axis
maturation also occurs in the setting of chorioamnionitis, a severe obstetrical inflammatory
condition, as demonstrated by increased cortisol secretion and accelerated lung development
in exposed preterm newborns (Watterberg et al.1997). Interestingly, elevated
proinflammatory biomarkers have been measured in early- and midgestation maternal serum
from pregnancies of offspring with ASD (Brown et al. 2014; Goines et al. 2011; Jones et al.
2017, Zerbo et al. 2016). A concurrent investigation of prenatal inflammatory and steroid-
related biomarkers is merited to explore whether a pattern of steroid-related biomarkers
similar to current study results coincides with pro-inflammatory states during pregnancies
associated with ASD.

Higher estradiol activity in pregnancies associated with ASD may indicate a compensatory,
rather than pathologic, mechanism because estradiol protects fetal viability during /in utero
stress (Palmer et al. 1992). Estradiol suppresses inflammation and promotes nutrient and
oxygen supply to the fetus by signaling uterine artery dilatation (Magness and Rosenfeld,
1989). The uterine artery experiences its most rapid diameter rise between 10 and 20 weeks
gestation (Palmer et al. 1992). This time window overlaps with the period in which the
current study’s maternal serum samples were drawn. Low maternal serum estradiol levels
have been associated with adverse obstetrical outcomes including the presence and severity
of pre-eclampsia, which is a significant cause of placental insufficiency and preterm birth
(Jobe et al. 2013; Shin et al. 2018). However, the current study only included term infants,
and birthweights between ASD case and control groups were comparable. Repeating this
study in offspring born prematurely could elucidate whether higher estradiol continues to be
associated with increased ASD risk in the context of greater obstetrical adversity.
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To our knowledge, only one prior study has investigated steroid-related ASD biomarkers in
midgestation maternal serum. Windham et al. studied a large Californian cohort of
pregnancies of offspring with (A=2586) and without (A=600,103) ASD (2016). Windham et
al. found a significant, inverse relationship between ASD risk and unconjugated estriol
concentrations (Windham et al. 2016). Estriol, the estrogen studied by Windam et al., is used
extensively as a component of multiple-marker screening tests for aneuploidy risk
stratification. Low estriol, in combination with other biomarker abnormalities, indicates
increased aneuploidy risk (Malone et al. 2005; Martin and Cowen, 1990). Historically,
obstetrical research and clinical practice have focused on estriol, rather than estradiol, as the
estrogen of interest (Martin and Cowen, 1990). As an indicator of fetal steroidogenic
activity, estriol’s substrate 16a-Hydroxy-DHEA is almost entirely derived from the fetus
while estradiol’s precursor DHEA has both maternal and fetal sources (Cunningham, 2010;
Strauss and Barbieri, 2018). Subsequently, maternal serum estriol was proven superior to
estradiol in detecting fetal demise as a stand-alone marker (Tulchinsky and Korenman,
1971).

Estradiol was selected as this study’s estrogen of interest because of its advantages over
estriol in depicting the /n utero environment when measured as one of multiple steroid-
related maternal serum biomarkers. Maternal estradiol serum levels exceed those of
unconjugated estriol despite higher placental estriol synthesis because estriol is rapidly
conjugated and cleared from the maternal circulation (Falah et al. 2015; Goebelsmann and
Jaffe, 1971; Guller et al. 1984; Tulchinsky and Hobel, 1973; Tulchinsky and Korenman,
1971). Maternal estradiol levels also capture placental estrogen activity more accurately than
estriol because estradiol has significantly higher potency and longer binding duration to
estrogen receptors (Andersen et al. 1975; Resnik et al. 1974). Elevated estradiol levels have
also demonstrated the capacity to accelerate fetal HPA axis maturation. Considering the
strengths and contrasts of these two estrogens, the addition of estriol to the current study’s
biomarkers would have provided a valuable context in which to interpret results. Estriol’s
exclusion is subsequently a limitation of this study.

Measuring maternal serum steroid biomarkers may feasibly provide the opportunity to
explore fetal steroidogenic activity. The placenta produces estradiol from DHEA of both
maternal and fetal origin. Based on the established steroid relationships within the
maternofetoplacental unit during early 2" trimester (See Figure 1), the degree to which
placental estradiol is produced from fetal DHEA, rather than maternal DHEA, reflects fetal
adrenal steroidogenic activity. The inverse relationship between maternal serum DHEA and
ASD risk found in the current study suggests that higher maternal serum estradiol levels in
pregnancies associated with ASD originate from excess fetal, rather than maternal, DHEA
production. Maternal serum estradiol and maternal DHEA substrate availability were used to
estimate relative DHEA production by the fetal adrenal gland (i.e., EF-DHEA).
Interestingly, EF-DHEA’s predictive value (AUC) for ASD among offspring exceeded,
although not statistically significantly, the predictive value of the individual maternal serum
steroid-related biomarkers measured in this study. Although EF-DHEA findings are
intriguing, this exploration of fetal steroidogenic activity is quite speculative. Scrutiny from
fetal endocrinology experts is needed before drawing conclusions from EF-DHEA results.
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Higher fetal steroidogenic activity has previously been linked to ASD using early second
trimester amniotic fluid samples (Baron-Cohen, et al. 2015). While elevated levels of A4 sex
steroid pathway components (i.e., testosterone, progesterone, 17a-hydroxyprogesterone,
androstenedione) and cortisol were identified, neither estradiol nor estriol were measured.
Increased A4 sex steroid pathway activity was attributed to fetal production based on sex
differences found in amniotic testosterone levels, which do not occur in maternal serum
(Baron-Cohen et al. 2015; van de Beek et al. 2004). However, authors did not speculate
specifically on the origin of higher amniotic cortisol levels.

This pilot study has several inherent limitations. The generalizability of study results is
limited by the small sample size and relative racial and ethnic homogeneity of Utah’s
population. Although sufficiently powered to detect differences in steroid concentrations by
ASD case status, the confidence intervals for several statistically significant findings were
quite broad. The use of immunoassays requires caution regarding the absolute values of
steroids measured. However, all samples were measured within a single batch and values
were normalized for statistical analysis to account for this potential limitation. As a pilot
study, ASD case and control samples were enriched for PNMS exposure to investigate
signals of steroid dysregulation in a relatively modest sample size. This analysis included all
available ASD+/PNMS+ samples, matched to ASD+/PNMS- samples so that differences
between these two ASD+ groups could be examined within one batch. The small ASD-
groups (AV=11 ASD-/PNMS-; A=8 ASD-/PNMS+) limits this study’s power to consider the
influence of PNMS exposure on steroid-related biomarkers in isolation. This study’s PNMS
definition reflected the simplistic assumption that ASD risk associated with component
conditions is conferred by physiologic elements that are common across these conditions
(e.g., inflammation and steroid dysregulation). By collapsing heterogeneous conditions into
the dichotomous PNMS exposure category, the differential effect of a single condition or
groups of conditions (e.g., hypertension versus diabetes, pre-existing versus gestational
onset) could not be determined.

This study’s strengths are derived from Utah’s unique combination of extensive data
resources, large obstetrical research cohorts, and strong community support for ASD
research. Stakeholders across state, education, and research institutions provided the
necessary permissions to identify ASD cases and PNMS exposure among offspring of over
6,000 FASTER study participants. The Utah Population Database provided a trusted site
through which linkage could occur between FASTER study participants, birth certificate
records, and multiple sources of ASD case ascertainment.

CONCLUSION

Although results require replication in a larger and more diverse population, this study
identified prenatal maternal steroid-related biomarkers associated with ASD in a subset of
affected offspring enriched for PNMS exposure. The pattern of biomarkers associated with
increased ASD risk suggests that higher placental estradiol activity occurred in the early
second trimester of these pregnancies. Because elevated estradiol activity during this
gestational window may influence fetal HPA axis development, pilot study findings justify
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future investigations into the /n utero steroid environment and fetal HPA axis maturation
associated with ASD.
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Figure 1.
The placenta produces estradiol from DHEA of both maternal and fetal origin and shunts

over 90% of estradiol into the maternal circulation. The volume of DHEA substrate
determines placental estradiol production and subsequently maternal serum estradiol levels.
DHEA exists primarily in its conjugated form DHEAS.
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Figure2.
Least square mean concentrations (+ 95% confidence intervals) of SHBG and estradiol in

maternal serum by ASD/PNMS exposure status: ASD-/PNMS-, ASD-/PNMS+, ASD+/
PNMS-, ASD+/PNMS+. Least square mean steroid-related biomarker concentrations
sharing a letter are significantly different following Scheffé adjustment for multiple
comparisons.
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Figure 3.

Least square mean concentrations (+ 95% confidence intervals) of EF-DHEA by ASD/

PNMS exposure status: ASD-/PNMS-, ASD-/PNMS+, ASD+/PNMS-, ASD+/PNMS+.

Least square mean concentrations sharing a letter are significantly different following
Scheffé adjustment for multiple comparisons.
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