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Abstract

Vitamin D deficiency has been increasing concurrently with prevalence of autism spectrum
disorders (ASD), and emerging evidence suggests vitamin D is involved in brain development.
Most prior studies of ASD examined vitamin D levels in children already diagnosed, but a few
examined levels during perinatal development, the more likely susceptibility period. Therefore, we
examined newborn vitamin D levels in a case-control study conducted among births in 2000-2003
in southern California. Children with ASD (N=563) or Intellectual Disability (ID) (N=190) were
identified from the Department of Developmental Services and compared to population controls
(N=436) identified from birth certificates. 25-hydroxyvitamin D (25(OH)D) was measured in
archived newborn dried blood spots by a sensitive assay, and corrected to sera equivalents. We
categorized 25(OH)D levels as deficient (<50nmol/L), insufficient (50-74 nmol/L), and sufficient
(=75 nmol/L), and also examined continuous levels, using logistic regression. The adjusted odds
ratios (AOR) and 95% confidence intervals (ClI) for ASD were 0.96 (0.64-1.4) for 25(OH)D
deficiency (14% of newborns) and 1.2 (0.86-1.6) for insufficiency (26% of newborns). The AORs
for continuous 25(OH)D (per 25nmol/L) were 1.0 (0.91-1.09) for ASD and 1.14 (1.0-1.30) for
ID. Thus, in this relatively large study of measured newborn vitamin D levels, our results do not
support the hypothesis of lower 25(OH)D being associated with higher risk of ASD (or ID),
although we observed suggestion of interactions with sex and race/ethnicity. 25(OH)D levels were
relatively high (median 84 nmol/L in controls) so results may differ in populations with higher
prevalence of low vitamin D levels.

Corresponding author is Gayle C. Windham, Environmental Health Investigations Branch/CDPH, 850 Marina Bay Parkway,
Richmond, CA 94804, gayle.windham@cdph.ca.gov.
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Abstract
Lay Summary:
We studied whether vitamin D levels measured at birth were related to whether a child later
developed autism (or low 1Q). Our results did not show that children with autism, or low 1Q,

overall had lower vitamin D levels at birth than children without autism. Vitamin D levels were
fairly high, on average, in these children born in Southern California.
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Introduction

Autism spectrum disorders (ASD) are serious developmental disabilities with lifelong
consequences. Despite a steady increase in prevalence to rates of 1-2% of school-aged
children in the U.S., the etiology is complex and not well-elucidated (Christensen et al.
2016; Lyall et al. 2017a). Recent research indicates environmental factors play a role in
ASD, potentially interacting with genetic susceptibilities (Grandjean and Landrigan 2014;
Lyall et al. 2017a). Further, maternal immune system aberrations have increasingly been
associated with ASD, including chronic inflammation, elevated pro-inflammatory cytokine
profiles during mid-gestation, the presence of fetal brain-reactive maternal autoantibodies,
and changes in immune cell function in affected children and mothers (Gesundheit et al.
2013; Lyall et al. 2014; Jones et al. 2017; Meltzer and Van de Water 2017).

Vitamin D deficiency or insufficiency has re-emerged as a serious public health concern in
the last 20 years because of documentation of more widespread occurrence (Centers for
Disease Control and Prevention 2012). Various definitions of deficiency are used, so
prevalence is difficult to compare. U.S. data (NHANES 2003-2006) showed that 11% of
women of childbearing age were deficient in vitamin D, while another 26% were insufficient
(Zhao et al. 2012), using a conservative definition (<12 and 12-<20 ng/ml, respectively,
which combined are defined as deficient in other studies, equivalent to 50 nmol/L). Higher
rates of deficiency have been reported in other studies including of pregnant women
(Hamilton et al. 2010; Marshall et al. 2016; Kiely et al. 2017). “Vitamin D” refers to a group
of steroid molecules, with formation of vitamin D3, the major circulating form, in the body
dependent on sunlight (UVB) exposure. Thus lower levels are typically found in individuals
that have darker-pigmented skin, who live at higher latitudes, avoid sun exposure (via use of
sunscreen, clothing, or indoor activities), or when measured in the winter (Holick 2007;
Humble et al. 2010). Levels may also vary by age, parity and obesity (Bodnar et al. 2007;
Dror et al. 2011). Other sources of vitamin D include supplements and a few foods, such as
fatty fish, mushrooms and eggs.

There is increasing evidence of associations of vitamin D deficiency with a wide range of
maternal and child health conditions in addition to the well-known effect on calcium
metabolism and bone mineralization (Holick 2007; Dror et al. 2011; Basit 2013; Marshall et
al. 2016). Vitamin D has been shown to play a role in brain development, leading to the
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suggestion of a possible association with ASD a decade ago (Cannell 2008). Further,

vitamin D plays a well-documented role in mediating immune function (Hayes et al. 2003;
Cantorna et al. 2004; Hewison 2012). Maternal vitamin D levels during pregnancy are of
particular concern because fetal and neonatal vitamin D status depends on them, with
neonatal levels typically measured in cord blood at 60-80% of maternal (Hollis et al. 2011;
Marshall et al. 2016; Kiely et al. 2017). Yet the optimal level of vitamin D to prevent adverse
pregnhancy outcomes is not clear and separate standards of intake for pregnant women are
not established, although there is movement towards supplementation of pregnant women
(ACOG Committee on Obstetric Practice 2011; Hollis et al. 2011; Urrutia and Thorp 2012).

Several studies examining the association between vitamin D and ASD were published
following Cannell’s hypothesis, however, many examined surrogates of vitamin D status,
such as latitude or season, or measured vitamin D levels after ASD diagnosis, so are likely to
reflect current lifestyle (Fernell et al. 2010; Humble et al. 2010; Meguid et al. 2010; Molloy
et al. 2010; Mostafa and Al-Ayadhi 2012; Du et al. 2015). Only recently have vitamin D
levels (typically as total 25-hydroxyvitamin D, e.g. 25(OH)D) been measured pre- or peri-
natally, a critical period for brain development; two small studies found lower 25(OH)D
levels among ASD cases compared with controls, but did not adjust for many other factors
(Fernell et al. 2015; Chen et al. 2016), as did a larger study from China (Wu et al. 2018) that
also reported increased ASD risk with neonatal vitamin D deficiency in a thoroughly
matched analysis. Other studies with measured perinatal 25(OH)D levels have examined
related neuro-behavioral metrics, with several finding adverse outcomes associated with
lower vitamin D levels (Morales et al. 2012; Whitehouse et al. 2012; Hanieh et al. 2014;
Darling et al. 2017; Vinkhuyzen et al. 2018). However, not all studies, including the one
U.S. study (Keim et al. 2014), observed associations of prenatal (maternal serum or cord
blood) 25(0OH)D levels with 1Q or other neurodevelopmental outcomes, especially when
assessments were done at older ages (Gale et al. 2008; Strom et al. 2014).

Therefore, our objective was to determine the association of newborn vitamin D levels and
ASD in an existing population-based study in the U.S. To evaluate the specificity of any
such associations, we also examined the association with intellectual disability (ID), and
studied interactions by sex and race/ethnicity.

Study population

We used data from the Early Markers for Autism (EMA) study, details of which have been
previously described (Croen et al. 2008). EMA is a population-based case control study
designed to identify biologic markers of autism using archived prenatal and newborn blood
samples from California state-wide genetic screening programs. The EMA study sample was
drawn from the population of children born in three counties from Southern California
(Orange, San Diego, and Imperial) in 2000-2003. Only mother-child pairs with live birth
records linked to banked prenatal and newborn specimens were eligible for inclusion in
EMA. Study activities were approved by the Institutional Review Board at Kaiser
Permanente and the State Committee for the Protection of Human Subjects.
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Case Ascertainment

Diagnostic information to identify cases in the defined study population was obtained from
the California Department of Developmental Services (DDS), which provides services to
individuals with substantial disabilities — including ASD and other developmental
disabilities (http://www.dds.ca.gov). DDS data were linked to eligible live birth records for
the study region and birth years to identify, based on DDS service codes: children with ASD
or children with intellectual disability (ID) without autism (originally: “mental retardation of
unknown etiology”, thus excluding Down Syndrome for example). General population (GP)
controls were identified by randomly sampling from eligible birth certificates, frequency
matched to original ASD cases by sex, birth month and birth year. Children who died in the
first year of life or became clients of DDS were excluded from the eligible control
population. At the time of data linkage in 2007 and 2009, children would have been between
4.5 and 9 years old; the majority of ASD cases were between 4.5 and 7 years old when
identified.

Final case status was determined by expert clinician review of diagnostic and clinical data
abstracted from DDS records, using an approach based on national surveillance
methodology (Yeargin-Allsopp et al. 2003; Christensen et al. 2016). A final diagnostic
classification of ASD was made if DSM-IV-TR criteria were considered met. In our sample
with vitamin D measurements, 427 children originally identified as ASD in DDS met these
diagnostic criteria. Additionally, a total of 136 individuals originally identified as 1D were
reclassified as ASD following expert review. Final classification of ID (intellectual disability
without ASD) was based on standardized test score results found in records (composite
developmental/cognitive score <70) in the absence of meeting ASD criteria, yielding 190
children in this sample. ASD cases were further qualified by presence/absence of co-
occurring ID. Case groups were compared to 436 GP controls.

Vitamin D measurements

After newborn screening assays were completed at the regional laboratory, residual newborn
dried blood spot cards were routinely freezer archived, as has been done statewide since
1982. For this research, newborn blood spots were requested from the freezer archive in
2015, with 1,190 specimens located, retrieved and shipped frozen to the laboratory at the
University of Queensland, Brisbane. An individual sample identification number was created
such that the lab did not have access to confidential data or case status. One 3.2mm punch
per individual was used for the vitamin D assay. On post hoc examination, there was good
representation of cases and controls on each assay plate.

“Vitamin D” is a general term that actually describes a family of steroid compounds that are
related structurally to cholesterol. The major circulating form, 25-hydroxyvitamin D
(25(CH)D), also known as 25-hydroxycholecalciferol, is a reliable indicator of cumulative
production and is therefore used clinically to measure vitamin D sufficiency. Total 25-
Hydroxyvitamin D (sum of 25(OH)D2 and 25(OH)D3, hereinafter referred to as 25(0H)D)
was measured by a sensitive isotope dilution liquid chromatography-tandem mass
spectrometry method (LC/MS/MS) for dried blood spots as previously described (Eyles et
al. 2009; Kvaskoff et al. 2016). One sample was mis-labelled so could not be linked; of the
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remaining 1189, 25(OH)D3 was detectable in all newborn blood spots, of which 82 samples
also had detectable 25(OH)D2, which is obtained from dietary sources or supplements.
Method limit of reporting was 1 and 10 nmol/L for 25(OH)D3 and 25(0OH)D2, respectively.
25(0OH)D is completely excluded from erythrocytes and therefore requires a hematocrit
correction to obtain sera equivalent values, e.g. “25(0OH)D x (1/(1-Hct))”, where Hct=0.61,
as a standard neonatal capillary hematocrit used by the lab. While there may be some small
variation in individual haematocrit values, corrected dried blood spot 25(OH)D levels have
been shown to be comparable to serum levels (Heath et al. 2014).

Covariate Data

Potential covariates were obtained from birth certificates, the CA Genetic Disease Screening
Program, and DDS, including demographics, pregnancy-related characteristics, and newborn
status. Potential covariates were selected on the basis of a priori associations with ASD
and/or vitamin D. Birth characteristics included the original matching variables; child sex,
birth year, and month categorized into seasons of Winter (Dec.-Feb.), Spring (March-May),
Summer (June-August), and Fall (Sept.-Nov) as 25(OH)D levels vary by season. Maternal
characteristics, all categorized, included race/ethnicity (non-Hispanic white; Hispanic white;
and Black, Asian or other/unknown), age, education, parity, and preterm delivery (<37
weeks). We also examined hours from birth to heel stick as longer times may less likely
reflect gestational 25(OH)D levels.

Statistical Analysis

These analyses included births with final case status and 25(OH)D measurements available.
We categorized vitamin D levels as deficient (<50nmol/L), insufficient (50-74 nmol/L) and
sufficient (=75 nmol/L), based on IOM recommendations (Institute of Medicine 2011), and
also examined continuous levels (reported per 25 nmol/L, as the distribution appeared
normal). Covariates were compared between the the ASD, 1D, and control groups by chi-
square tests. Geometric mean concentrations of total 25(OH)D and their 95% confidence
intervals (CI) were calculated and compared by case group and the potential confounders.
The categorical distribution of total 25(OH)D levels was also examined by covariates among
controls, and assessed by chi-square test.

Controls were originally matched to ASD cases, as noted, but a matched pair analysis was
not conducted in order to include the 1D reclassified to ASD cases. Logistic regression was
used to calculate crude and multivariable adjusted odds ratios (AOR) and 95% confidence
intervals (CI) for the association between 25(OH)D and ASD in comparison to GP controls.
The original matching variables and those associated with ASD and/or 25(0OH)D were
included in models singly and together to determine the change in the effect estimates. None
altered associations greatly but we retained most in fully adjusted models, including; child
sex, birth year, and birth season, maternal age (five categories), education (four categories),
race/ethnicity (three categories as above), parity (0, 1, =2), and hours until blood draw
(continuous). Models with a reduced set of covariates produced similar results for all the
primary analyses.

Autism Res. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Windham et al.

Results

Page 6

We examined whether odds of ASD differed according to presence of co-occurring
intellectual disability by modeling ASD with and without ID separately. In parallel analyses,
we examined odds of ID (without ASD) relative to GP controls. We explored interactions of
25(0OH)D with child sex and with maternal race/ethnicity. Results for interaction analyses
are presented for continuous 25(0OH)D to maintain adequate sample size, with dichotomous
terms (e.g. male vs. female, and non-Hispanic White vs. all other groups), and p-values
<0.10 considered supportive of interactions.

We also conducted sensitivity analyses by limiting the sample to term singleton births
(excludes 96 ASD, 50 ID, and 62 controls), examining a stricter definition of vitamin D
deficiency (<37.5nmol/L), examining 25(OH)D3 only (25(0OH)D2 is usually obtained from
supplements), and examining non-linearity of continuous 25(OH)D using generalized
additive models. As there was not evidence for a non-linear pattern of association with total
25(0OH)D and the other sensitivity analysis results did not vary meaningfully from the
primary analyses, those data are not shown.

Table 1 provides characteristics of the study sample by final case status. Compared to
controls, ASD cases were more likely to have mothers who were older, more highly
educated, and nulliparous. Due to frequency matching, they were quite similar by child sex,
birth year and season, and further, did not vary by maternal race/ethnicity (although cases
were somewhat less likely to be Hispanic), preterm birth, or time to heel stick collection.
Children with ID were more likely than controls to be female and to be born in the winter
(as they were not matched), and to have mothers who were younger, less educated, of
Hispanic ethnicity, and delivered preterm.

Among controls (Supplemental Table S1), newborns with mothers of Black, Asian or other
race/ethnicity were most likely to be 25(OH)D-deficient (27%, compared to 7.5% among
non-Hispanic White mothers), as were children born in winter months (28% deficient). Time
to heel stick was weakly associated with 25(OH)D level, but not in a monotonic pattern.
Other variables were not strongly associated with 25(OH)D levels, although females were
slightly more likely to be deficient than males (21% vs. 14%, respectively, p=0.16). Total
25(0OH)D levels did not vary by case status (Table 2), either categorized (14% of ASD were
considered deficient compared to 12% of ID and 15% of controls), or by geometric mean
levels (81.5, 84.6 and 80.1 nmol/L, respectively).

Adjusting for covariates did not change the pattern of association for ASD; odds were
generally around the null for deficiency (AOR= 0.96, 95%CI 0.64-1.43) or insufficiency
(AOR=1.19, 95%CI 0.86-1.64), or for 25(OH)D levels on a continuous scale (AOR= 1.0,
95%CI 0.91-1.09, per 25 nmol/L increase) (Table 3). By presence of co-occurring 1D, no
real differences were seen for continuous 25(OH)D (Table 3) and although the direction of
association varied for 25(OH)D-deficiency, the confidence intervals were wide.

In contrast to ASD, odds for ID tended to be lower with vitamin D deficiency, especially
after adjustment for covariates (AOR=0.58, 95%CI 0.31-1.1), and odds for ID increased
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with increasing levels of 25(OH)D on the continuous scale (AOR=1.14, 95%CI 1.002-1.3),
per 25 nmol/L increase) (Table 3).

Examining interactions, results varied by child sex (p-value for interaction < 0.05 in fully
adjusted model). Among females, odds of ASD increased as 25(OH)D levels increased (per
25 nmol/L; AOR 1.18, 95%CI 0.97-1.43), but males had slightly lower odds (AOR=0.95,
95%CI 0.86-1.05) (Table 4a). This was also reflected as girls who were vitamin D deficient
at birth having statistically significantly lower odds of developing ASD than girls who had
sufficient levels (AOR=0.33, 95% CI=0.12-0.91). For ID, there were also sex-specific
differences in the same direction as for ASD (p-value for interaction = 0.08), e.g. with
increased risk among females as 25(OH)D levels increased (AOR=1.31, 95%CI 1.07- 1.62,
per 25 nmol/L), and no association among males (AOR=1.05, 95%CI 0.88 — 1.24, per 25
nmol/L).

There were suggestive differences by maternal race/ethnicity. For children whose mothers
were non-Hispanic White, odds of ASD were slightly attenuated as 25(OH)D level increased
(AOR=0.92, 95%CI 0.81-1.05, per 25 nmol/L), but odds were slightly increased among
children of all other race/ethnic groups combined (AOR=1.07, 95%CI 0.95-1.22, per 25
nmol/L) (p-value for interaction=0.096) (Table 4b). The overall increase in odds of ID
(without ASD) with increasing 25(OH)D was apparent in the other race/ethnic group
(AOR=1.25, 95%CI 1.05-1.48, per 25 nmol/L), but not in the non-Hispanic White group
(AOR=1.03, 95%CI 0.84-1.27, per 25 nmol/L) (p-interaction=0.17, based on smaller sample
sizes of ID than ASD).

Discussion

This study adds to the sparse literature on vitamin D levels measured during the perinatal
period and risk of ASD or ID. Our results did not confirm the hypothesized protective effect
of vitamin D overall, but suggested such an effect among non-Hispanic whites, who
typically (and in this study) have higher mean levels of vitamin D than non-white race/ethnic
groups. However, the range of vitamin D levels was similar in these two groups in our study.
Surprisingly, our results showed an increasing risk of ID as vitamin D levels increased,
despite adjusting for several variables. This may partly reflect the interaction with sex that
we observed for both ASD and ID that has not previously been examined or reported.
Among the 1D group, there was a larger proportion of girls than in the group with ASD and
their matched controls.

Comparing to prior literature, initial evidence of a link between vitamin D and ASD was
somewhat circumstantial, based on reports indicating higher prevalence of ASD in dark-
skinned immigrants to northern climates and with births or conceptions in winter or at high
latitudes (Cannell 2008; Kocovska et al. 2012). Subsequent studies, some limited by small
sample size, examined serum 25(OH)D or levels in children with ASD, or in their mothers,
with several finding lower levels (Fernell et al. 2010; Meguid et al. 2010; Mostafa and Al-
Ayadhi 2012; Kocovska et al. 2014; Du et al. 2015), but not all (Molloy et al. 2010;
Hashemzadeh et al. 2015), compared to controls. However, all these measured 25(OH)D
levels after ASD diagnosis, which may reflect differences in lifestyle (and thus sun
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exposure) between children with and without ASD. Further, the prenatal period, or very
early life, is considered to be the most likely period of susceptibility for development of
ASD (Rodier 2000; Lyall et al. 2017a).

Relatively recently a few studies with measured neonatal, or prenatal (maternal), vitamin D
status in relation to ASD were published, generally reporting an inverse association,
including two small studies (<75 cases) based on newborn blood spots (Fernell et al. 2015)
or first trimester maternal serum (Chen et al. 2016), that did not adjust for many other
factors. A cohort study in the Netherlands with a similar small number of cases (n=68), but
adjustment for multiple confounders, showed a twofold increased risk of ASD with maternal
25(0OH)D deficiency (defined as <25nmol/L) mid-pregnancy (Vinkhuyzen et al. 2017).
Interestingly there was no association with 25(OH)D deficiency in cord blood, despite a
higher proportion of deficiency, or examining 25(0OH)D continuously. A larger study from
China (Wu et al. 2018) also reported increased risk of ASD with 25(OH)D3 deficiency, with
some suggestion of a non-linear pattern with continuous levels. Median (or mean) 25(OH)D
levels were lower in these studies compared to ours, perhaps contributing to differences in
findings, e.g. 32-60 nmol/L (in control samples where specified) versus 84 nmol/L in our
study.

Two studies examined ASD-like traits; an additional analysis from the Generation R study in
the Netherlands (Vinkhuyzen et al. 2018), based on a subset of items from the Social
Responsiveness Scale (SRS), showed higher scores (indicative of greater degree of autistic
traits) among 6 year-old children with 25(OH)D deficiency (<25nmol/L) in mid-pregnancy
or in cord blood. The authors also noted inverse associations with continuous 25(OH)D
levels at either time point. The other study examined ASD-like traits in adults (Whitehouse
et al. 2013), with results suggesting that those whose mothers had low 25(OH)D levels
during early pregnancy (<49nmol/L) were at increased risk for attention deficits as measured
by the Autism-Spectrum Quotient.

Relative to studies of ASD, a greater number of studies have examined associations with
perinatal vitamin D levels (primarily maternal) and broader child development outcomes,
producing somewhat inconsistent results. Some studies reported positive associations of
increasing 25(0OH)D level (or associations of adverse outcomes with 25(OH)D-deficiency)
with higher scores on Bayley mental and psychomotor domains, and other measures of
language and social development at various ages (Morales et al. 2012; Whitehouse et al.
2012; Hanieh et al. 2014; Darling et al. 2017). Although the recent study from the ALSPAC
cohort in the UK found detrimental effects of maternal 25(OH)D deficiency on early
developmental assessments there was no association at later assessments, nor with 1Q at age
8y (Darling et al. 2017), consistent with an earlier study from the UK that found no
association with 1Q at age 9y (Gale et al. 2008). A study of cognitive outcomes in Danish
adolescents in grade 9 also concluded that there was little evidence of beneficial effects of
gestational 25(OH)D levels, with similar levels as our study, e.g. median of 76 nmol/L
(Strom et al. 2014). An Australian study found no effects of gestational 25(OH)D levels on
behavior/emotional problems measured by the Child Behavior Checklist at any of several
child follow-ups up to age 17, despite some effects on language impairment at ages 5 and 10
(Whitehouse et al. 2012). The one study conducted in the U.S., from the Collaborative
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Perinatal Project, concluded there was little or no association with maternal or cord blood
25(0OH)D levels and a number of child development and behavior metrics assessed at ages 4
and 7, after adjustment (Keim et al. 2014). Thus, further work is needed to clarify whether
potential associations with vitamin D levels may be specific to ASD-related outcomes or
relate to neurodevelopment more broadly and whether this may vary by time point in
development or specific vitamin D levels.

Our results indicated potential race/ethnic differences, with the hypothesized protective
associations of higher 25(OH)D levels on ASD suggested only among non-Hispanic whites.
Many of the studies of perinatal 25(OH)D were conducted in less racially diverse
populations than California, primarily European or Australian, although some were
conducted in Asian countries or included darker-skinned immigrants. Typically, non-white
race/ethnic groups have lower vitamin D levels, in part due to more melanin in the skin
reducing sunlight-induced production of the pre-vitamin D precursor. As far as we are
aware, none of the epidemiologic studies examined an interaction of vitamin D with race/
ethnicity, so further studies should pursue possible differences.

Our results also indicated an interaction of 25(OH)D with child sex, with lower risks of ASD
at higher 25(OH)D levels suggested in males, but the opposite in females, not previously
reported. A small study of Faorese aged 15-24 years (Kocovska et al. 2014) reported lower
25(0OH)D3 levels in males compared to females, but this was true in both ASD cases and
unaffected siblings, so there was no interaction. In contrast, NHANES data from the U.S.
(Centers for Disease Control and Prevention 2012) show slightly lower vitamin D levels in
females than males, as did our data from neonates. Vitamin D metabolites are considered
neurosteroid hormones, similar structurally to other hormones such as estrogen and
testosterone. It has been reported that estrogen may protect against vitamin D deficiency and
that immune-modulatory effects of vitamin D vary by sex, leading to the suggestion that
males may be more susceptible to effects of vitamin D deficiency (Correale et al. 2010;
Cannell 2017; Ali et al. 2018). An Australian study (Wilson et al. 2018) reported an
interaction of fetal sex and gestational 25(OH)D on gestational diabetes mellitus, with
female “pregnancies” showing an association in the unexpected direction, similar to our
findings by sex. Other studies of environmental risk factors and ASD suggest sex-specific
effects (Roberts et al. 2013; Schaafsma and Pfaff 2014; Kern et al. 2017; Lyall et al. 2017b),
but small numbers of affected females often limit the ability to study sex differences in ASD
etiology.

Strengths of our study include it being one of the few large studies to have documented
autism diagnoses, another neurodevelopmental endpoint (ID), and vitamin D measured in an
appropriate susceptibility window reflecting in utero development (vs. later during
childhood). Another strength is the ability to control for a number of possible confounders
and to examine interactions. Potential limitations include having higher average vitamin D
levels than some other studies, and a smaller proportion considered vitamin D deficient,
perhaps limiting our ability to detect an effect, especially if driven by severe deficiency. The
California studies, or others with similarly high 25(OH)D levels, may help discern the upper
limits of observable effects. There may also be residual confounding from factors that we
did not have the ability to adjust for, such as other dietary factors, medications or maternal
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BMI. Further, genetic susceptibilities, i.e. variation in genes involved in vitamin D
metabolism or related to ASD, may play a role and therefore should be examined in the
future.

In conclusion, given continued reports of widespread vitamin D deficiency and insufficiency
and potential benefits of vitamin D supplementation, it is important to determine
corresponding health effects, especially for pregnant women. While our findings on vitamin
D measured in newborns did not support the prevailing hypothesis of a protective effect of
higher levels on ASD, there is suggestion of such an effect for ASD among non-Hispanic
whites only. Furthermore, an interaction with sex was found that indicates girls with higher
vitamin D levels at birth are at higher risk of ASD or 1D, which should be examined further
in larger studies or by pooling data across studies. More studies on ASD are needed that
measure vitamin D in the perinatal period, potentially at different time points to address
specific susceptibility windows, and that are large enough to allow examination of sub-
groups of ASD, including by sex and phenotype. Further, possible mechanisms could be
addressed by examining genotypes and gestational immune or endocrine markers.
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Table 1.

Demographic Characteristics by Case Status in the Early Markers for Autism (EMA) Study, Vitamin D
Analysis

ASD§ ID§ GP§ Controls
Characteristic (N=562) (N=190) (N=436)
N  Percent (%) N Percent (%) N Percent (%) P-valuef P-value’t
Birth Year
2000 106 18.9 45 23.7 81 18.6 0.99 0.18
2001 149 26.5 56 29.5 113 25.9
2002 221 39.3 69 36.3 176 404
2003 86 153 20 10.5 66 15.1
Birth Season
Winter (Dec-Feb) 113 20.1 53 27.9 78 17.9 0.85 0.03
Spring (Mar-May) 168 29.9 52 27.4 135 30.9
Summer (Jun-Aug) 149 26.5 41 21.6 119 27.3
Fall (Sep-Nov) 132 235 44 23.2 104 23.9
Child Gender
Male 461 82.0 109 57.4 360 82.6 0.83  <0.0001
Female 101 18.0 81 42.6 76 17.4
Maternal Race/ethnicity
non-Hispanic white 196 34.9 36 19.0 146 335 0.12  <0.0001
White Hispanic 225 40.0 128 67.4 200 45.9
Black, Asian, Other, unknown 141 25.1 26 13.7 90 20.6
Maternal Age (years)
<20 17 3.0 26 13.7 24 55 0.03 0.0003
20-24 85 15.1 44 23.2 73 16.7
25-29 152 27.0 52 27.4 132 30.3
30-34 203 36.1 44 23.2 150 34.4
=35 105 18.7 24 12.6 57 12.1
Maternal Education
< High School 99 17.8 80 42.6 107 24.8 0.001  <0.0001
High School Grad 122 220 48 255 119 27.6
College 230 414 49 26.1 147 34.0
Postgraduate 104 18.7 11 5.9 59 13.7
Parity
0 262 46.6 66 34.7 169 38.8 <0.0001 0.55
1 217 38.6 60 31.6 137 31.4
=2 83 14.8 64 33.7 130 29.8

Preterm Delivery
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Characteristic
Yes (<37 weeks)
No (Term)

Hours from birth to blood draw
8-24
>24-36
>36-48
>48

90
472

163
208

83
101

ASD
(N=562)

16.0
84.0

29.4
37.5
15.0
18.2

49
141

40
58
25
61

ID
(N=190)

25.8
74.2

21.7
315
13.6
33.2

GP§ Controls
(N=436)

59 135 0.28
377 86.5
122 28,5 0.33
164 38.3

78 18.2

64 15.0

0.0002

<0.0001

fP—vaIue for the Chi-square test of Association for ASD vs GP controls; first 3 were matching variables.

17tP-vaIue for the Chi-square test of Association for ID vs GP controls

§

ASD=autism spectrum disorders, ID=intellectual disability, GP=general population
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Distribution of Newborn Vitamin D Levels by Case Status, Early Markers for Autism (EMA) Study

Table 2:

Total 25(0H)D" ASD Cases’ o'
Variable (nmol/L) (n=562) (n=190) Controls(n=436)
Continuous:
oM 7‘(95%C| 7‘) 815 78.4-847 846 79.4-90.1 80.1 76.4-84.0
Median (IQR f) 85.1 47.6 88.9 53.3 84.3 54.0
Categorized’t: N Percent (%) N Percent (%) N Percent (%)
Deficient (<50) 77 13.7 22 11.6 66 15.1
Insufficient (50 to <75) 151 26.9 55 29.0 108 24.8
Sufficient (=75) 334 59.4 113 59.5 262 60.1

Page 16

7‘ASD:autism spectrum disorders, ID=intellectual disability, 25(OH)D=25hydroxyvitamin D, GM=geometric mean, Cl=confidence interval,

IQR=interquartile range

1ZLChi—squaLre p-values =0.67 for ASD and 0.35 for ID.
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Risk of Autism Spectrum Disorder (ASD) or Intellectual Disability (ID) Compared to Controls, by Newborn

Vitamin D
Deficient 250HD Insufficient 250HD Total 250HD
(<50 nmol/L)" (50-<75 nmoly)!  (Rer25 nmol/L)
Model or"  wwct  or'  wwca OR %B%C
ASD (N=562)
Unadjusted 092 (0.63-1.32) 110 (0.82-147) 10  (0.93-1.09)
Adjusted” 096 (0.65-143) 119 (086-164) 10 (091-109)
ASD W/ ID
(N=292)
Model
Unadjusted 122 (0.81-1.86) 128 (0.91-181) 096  (0.88-1.05)
Adjusted” 117 (0.74-186) 132 (091-193) 098  (088-109)
ASD w/o ID
(N=232)
Unadjusted 065 (0.39-1.08) 101 (0.69-146) 105  (0.95-1.16)
Adiusted” 072 (0.42-126) 111 (0.73-168) 01 (090-114)
1D only
(N=190)
Unadjusted 077 (0.46-1.31) 118 (0.80-175) 105  (0.95-1.16)
Adiusted” 058 (0.31-1.09) 103 (0.66-167) 4 (1.002-1.30)

fCompared to sufficient (25(OH)D = 75 nmol/L)

IAdjusted for birth year (2000=ref, 2001, 2002, 2003), birth season (Winter (Dec-Feb)=ref, Spring (Mar-May), Summer (Jun-Aug), Fall (Sep-

Nov)), child sex (male=ref, female), maternal age (<20, 20-24, 25-29=ref, 30-34, =35) , maternal education (HS or less, HS=ref, some college,
postgraduate), maternal race/ethnicity (Non-Hispanic White=ref; White Hispanic; Black, Asian, Other, and Unknown), parity (0=ref,1, >2), and
hours until blood draw (continuous).
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Table 4.

Interactions for Continuous Vitamin D (per 25 nmol/L) and Autism Spectrum Disorder (ASD) or Intellectual
Disability (ID); with Child Sex or Maternal Race/ethnicity

4a. By Child SexJr
Males Females
Interaction
Model OR 5% Cl OR 5% Cl P-Value
ASD

Unadjusted  0.97 (0.89,1.06) 1.16 (0.97,1.38) 0.08

Adiusted® 095 (0.86,1.05) 118 (0.97,1.43) 0.049

ID
Unadjusted 0.96 (0.83,1.10) 1.23 (1.02, 1.48) 0.03

Adjusted® 105 (088,124) 131 (107,162) 008

4b. By Maternal Race/ethnicityi
non-Hispanic White  Other race/ethnicity

Interaction
Model OR 5% Cl OR 5% Cl P-Value
ASD
Unadjusted 0.92  (0.82,1.04) 1.07 (0.95,1.20) 0.08

Adiusted® 092  (081,1.05) 107 (095,122) 0.096

ID
Unadjusted  1.03  (0.85,1.24) 124  (1.07,1.43) 0.13

Adjusted§ 103 (0.84,1.27) 125 (1.05,1.48) 0.17

fN for males is 801 in adjusted ASD model, 453 in ID; for females is 171 in ASD and 153 in 1D models.

’tN for non-Hispanic white is 337 in ASD and 178 in ID, adjusted models; for Others is 635 in ASD and 428 in ID, adjusted models. “Other race/
ethnicity” includes Hispanic whites, Blacks, Asians, others or unknown

§Adjusted for birth year (2000=ref, 2001, 2002, 2003), birth season (Winter (Dec-Feb)=ref, Spring (Mar-May), Summer (Jun-Aug), Fall (Sep-
Nov)), maternal age (<20, 20-24, 25-29=ref, 30-34, =35) , maternal education (HS or less, HS=ref, some college, postgraduate), parity (O=ref,1,
22), and hours until blood draw (continuous); as well as maternal race/ethnicity (Non-Hispanic White=ref; White Hispanic; Black, Asian, Other,
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Unknown) or child sex (male=ref, female) in 4a and 4b, respectively.
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