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Abstract

Background: There has been a growing interest in the association between maternal levels of vitamin D during
pregnancy and offspring autism. However, whether any associations reflect causal effects is still inconclusive.

Methods: We used data from a UK-based pregnancy cohort study (Avon Longitudinal Study of Parents and Children)
comprising 7689 births between 1991 and 1992 with maternal blood vitamin D levels recorded during pregnancy
and at least one recorded outcome measure, including autism diagnosis and autism-associated traits. The association
between each outcome with seasonal and gestational age-adjusted maternal serum 25-hydroxyvitamin D during
pregnancy was estimated using confounder-adjusted regression models. Multiple imputation was used to account for
missing data, and restricted cubic splines were used to investigate nonlinear associations. Mendelian randomization
was used to strengthen causal inference.

Results: No strong evidence of an association between maternal serum 25-hydroxyvitamin D during pregnancy
and any offspring autism-associated outcome was found using multivariable regression analysis (autism diagnosis:
adjusted OR=0.98, 95% Cl =0.90-1.06), including with multiple imputation (autism diagnosis: adjusted OR =10.99,
95% C1=0.93-1.06), and no evidence of a causal effect was suggested by Mendelian randomization (autism diagno-
sis: causal OR=1.08, 95% Cl=0.46-2.55). Some evidence of increased odds of autism-associated traits at lower levels
of maternal serum 25-hydroxyvitamin D was found using spline analysis.

Limitations: Our study was potentially limited by low power, particularly for diagnosed autism cases as an outcome.
The cohort may not have captured the extreme lows of the distribution of serum 25-hydroxyvitamin D, and our analy-
ses may have been biased by residual confounding and missing data.

Conclusions: The present study found no strong evidence of a causal link between maternal vitamin D levels in
pregnancy and offspring diagnosis or traits of autism.
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Background
The association between maternal vitamin D levels dur-
ing pregnancy and offspring risk of developing autism has
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of action. These include the involvement of increased
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vitamin D levels in the reduction in neuro-inflamma-
tion, upregulation of antioxidants and specific regulation
of serotonin in different regions of the brain. All of the
above have been suggested to be different between indi-
viduals with autism and the neurotypical population [1,
2]. Vitamin D is a neuroactive hormone, with evidence
accumulating to suggest it is involved in neurodevel-
opment more generally via pathways that include the
expression of genes influencing neuronal differentiation,
structure and metabolism, as well as the expression of
neurotrophic factor, cytokine regulation, neurotransmit-
ter synthesis and intracellular calcium signalling [7].

Systematic reviews of the available epidemiological evi-
dence [3-5] have collectively assessed 11 studies inves-
tigating an association between vitamin D in pregnancy
and offspring autism, seven of which measured vitamin
D using maternal serum 25-hydroxyvitamin D (25(OH)
D) [8-14], two using neonatal blood spots [15, 16], and
the remaining two using maternal lifetime diagnosis of
vitamin D deficiency [17] and maternal supplementation
[18], respectively. These studies were most often cohort
or case—control studies, frequently with low sample sizes.

Risk of bias was assessed in each of the reviews using
the Newcastle Ottawa Scale [19] which suggested that
most studies were of high quality, though there was disa-
greement between the reviews. It has been argued that
suitable control for confounding is not well defined in
the Newcastle Ottawa Scale [20]. Nine of the studies con-
trolled for all or most of the key confounders including
maternal socio-economic position, age, ethnicity, parity,
body mass index (BMI) and smoking in pregnancy [8—
14, 16, 17]; two studies made no adjustment [15, 18]. As
common with observational studies, there was the poten-
tial for residual or unmeasured confounding. To account
for this, two studies made use of exposure-discordant sib-
ling comparisons, concluding that associations could not
entirely be accounted for by confounding shared between
siblings [13, 15]. Several studies adjusted for post-expo-
sure variables, notably gestational age at birth and birth-
weight, which may lie on the causal pathway. Increased
odds of autism among those with lower levels of maternal
vitamin D were suggested by the two meta-analyses con-
ducted [3, 4]. Publication bias, whereby studies finding
null associations are less likely to be published [21, 22],
was not suggested to be driving the association.

Several other recent studies not included in these
reviews have been published. Sourander et al. used a
nested case—control study of singleton live births in Fin-
land from 1987 to 2004 to show that there were increased
adjusted odds of autism in lower quintiles of maternal
vitamin D levels as compared to the highest quintile [23].
Windham et al’s case—control study explored nonlinear
patterns and further investigated potentially vulnerable
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subgroups [24]. No strong evidence for an association
between vitamin D in pregnancy and offspring risk of
autism was found; however, this study did provide evi-
dence for interaction effects that suggested protective
effects of higher vitamin D levels in some subgroups
(non-Hispanic Whites, males). They further provided
evidence of a j-shape curve using restricted cubic splines
such that both low and high levels of vitamin D may
reduce the odds for autism, though the authors stated the
need for more evidence regarding nonlinear associations.
Finally, Guerini et al. compared the distribution of single
nucleotide polymorphisms (SNPs) for vitamin D recep-
tors among 100 Italian children with autism and their
siblings without autism [25]. They found a skew in the
distribution of the FoklI genotype among children with
autism as compared to their siblings without autism sug-
gesting a potential mechanism of action.

Triangulation of evidence across studies with different
key sources of bias can help improve causal understand-
ing [26, 27]. The current evidence base consists largely of
observational analyses and a small number of exposure-
discordant sibling studies. Other methods such as Men-
delian randomisation (MR), an instrumental variable
technique employing genetic variants as a proxy for the
exposure, will provide further evidence as to whether the
association reflects a causal effect. Further exploration of
nonlinear associations is also needed to explore whether
both extreme low and high levels of vitamin D dur-
ing pregnancy are associated with changes in the risk of
offspring autism. The current study aimed to i) perform
observational analyses of prospectively collected mater-
nal blood vitamin D during pregnancy and offspring
risk of autism diagnosis and autism-associated traits in
the Avon Longitudinal Study of Parents and Children
(ALSPAC) in order to replicate the findings of previous
studies and explore the potential for distinct aetiologies
of each autism-associated trait, ii) examine nonlinear
associations between vitamin D in pregnancy and the off-
spring outcomes using conventional observational anal-
yses and iii) use MR to improve causal inference of any
linear associations.

Methods

Participants

Data were taken from ALSPAC [28, 29] which recruited
14,541 pregnant women residents in Avon, UK, with
expected dates of delivery from 1 April 1991 to 31
December 1992. Eligibility criteria for this study were
being a singleton pregnancy, surviving to one year, and
not having withdrawn consent by the time of analy-
sis. Mother and singleton offspring pairs were eligible if
the mother had at least one valid measure of maternal
25(0OH)D concentrations in pregnancy and the offspring
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had at least one outcome measure available. This left
a total sample size of 7689 (see Fig. 1 for a flow chart of
exclusions).

MR analyses were restricted to individuals of European
ancestry to prevent bias from population stratification
[30]. To achieve this, we restricted the main sample to
individuals with genetic information available who were
of European ancestry as detected by a multidimensional
scaling analysis seeded with HapMap 2 individuals [31,
32]. This left a sample of 4718 individuals of European
ancestry.

Please note the ALSPAC study website contains details
of all the data that are available through a fully searchable
data dictionary (http://www.bristol.ac.uk/alspac/resea
rchers/our-data/).

Exposure—maternal vitamin D during pregnancy
Maternal circulating total 25(OH)D (measured in
nmol/L) in pregnancy, adjusted for gestational age and
season at measurement, was used as the exposure.
Serum samples could be from any stage of pregnancy. If
a woman had more than one result, we used the latest.
The procedure for sample extraction, storage, measure-
ment and derivation of the adjusted variable has been
described previously [33]. Briefly, our exposure was
derived by log transforming the measure of maternal
25(OH)D, modelling this value according to the date of
the blood sampling using linear regression with trigo-
nometric sine and cosine functions, and then taking the
residuals from this model. The model and its residuals
were then used to adjust the total serum 25(OH)D to a
pre-specified gestational age for each mother. A measure
was derived for the midpoint of each trimester (adjusted
to 7 weeks for trimester one, 20 weeks for trimester two
and 34 weeks for trimester three). We further derived
categorical variables for the exposure adjusted for sea-
son and to 20 weeks gestation, classifying <25 nmol/L as
deficient, 25-50 nmol/L as insufficient and >50 nmol/L
as sufficient.

Outcomes—autism diagnosis and autism-associated traits
Children with autism have previously been identified in
the ALSPAC cohort using a multi-source approach [34,
35]. This approach included a review of clinical records
of all children who had a multidisciplinary assessment
for a developmental disorder (validated against Interna-
tional Statistical Classification of Diseases, 10th Revision
[ICD-10] criteria by a consultant paediatrician [36]), edu-
cational records of special education support provided
for autism, and parental reports of an autism or Asper-
ger syndrome diagnosis [34]. The autism cases have been
cross-validated against autism-associated trait measures
[34, 37], and the variable is associated with a genetic risk
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score for autism derived from an independent GWAS
[35].

A measure of the broad autism phenotype, the autism
factor mean score, has also been derived in ALSPAC as
the mean of seven factors predictive of an autism diag-
nosis, produced by factor analysis [38]. This normally
distributed measure was inverted so that higher values
of the score reflected more autism-associated difficulties
and was then standardised.

Four separate autism-associated trait measures, identi-
fied by Steer and colleagues [38] as being the best of 93
trait measures to be independent predictors of autism
diagnosed using ICD-10 criteria, were also used as out-
comes. These traits consisted of: the social communi-
cation difficulties trait—assessed at age 7 years via the
Social Communication Disorder Checklist (SCDC) [39];
the speech coherence trait—assessed at age 9 years via a
subscale of the Children’s Communication Checklist [40];
the repetitive behaviour trait—assessed at age 5 years
via parental questionnaire response; and the sociabil-
ity temperament trait—low sociability was assessed at
age 3 years via a subscale of the Emotionality, Activity
and Sociability Temperament Scale [41]. Binary meas-
ures were derived to approximately reflect the top 15% of
scores on each trait, as has been described in detail previ-
ously [34].

Potential confounders

Potential confounders adjusted for in-analysis models
were selected a priori based on associations with both
exposure and outcome in the literature. These included
parity (0, 1, 2+4), maternal age, pre-pregnancy BMI,
maternal reported smoking status at 18 weeks gestation
(yes/no) and measures of socio-economic status. The
measures of socio-economic status were financial diffi-
culties during pregnancy (yes/no), maternal highest edu-
cation level (vocational/pre-age 16 schooling/post-age
16 schooling) and maternal occupational class (manual/
non-manual). Further details on the selection and deriva-
tion of confounders are presented in the additional file,
section 1.1.

In addition to these confounders, we also adjusted for
offspring biological sex at birth (male/female) as there are
reported strong sex differences in autism risk in child-
hood [42] and this adjustment could improve the statisti-
cal efficiency of our analyses.

We further considered maternal ethnicity to be a con-
founder due to its association with both vitamin D levels
and risk of autism diagnosis [43]. Based on self-report,
87.9% of the sample mothers were White and 10.1% had
missing ethnicity. Adjusting for this variable would lead
to low or zero counts of the outcome in several strata. To
account for the potential for confounding by ethnicity, we
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Total ALSPAC cohort:

N = 15,645 (100%)
N with autism= 166 (100%)

N with SC = 1385 (100%)
N with CO = 1284 (100%)
N with RB = 2177 (100%)
N with ST = 1148 (100%)

e  Child not alive at 1 year

o N=
e Multiple birth
o N=
o N with autism =
o NwithSC=
o NwithCO=
o NwithRB=
o NwithST=

o N=
o N with autism =
o NwithSC=
_ o NwithCO=
" o NwithRB=
o NwithST=

o N=

Excluded for (not mutually exclusive categories):

777 (4.97%)

525 (3.36%)
6 (3.61%)
50 (3.61%)
28 (2.18%)
51 (2.34%)
33 (2.87%)

e No exposure information available

7725 (49.38%)
67 (40.36%)
581 (41.95%)
586 (45.64%)
896 (41.16%)
511 (44.51%)

o No information on any outcomes

960 (6.14%)

confounder or outcome information:
N missing any confounder data =
N with autism excluded from autism analysis =

v
Sample remaining after exclusions
(sample used for multiple
imputation analysis):
N = 7689 (49.15%)
N with autism= 93 (56.02%)
N with SC = 789 (56.97%)
N with CO = 683 (53.19%)
N with RB = 1251 (57.46%)
N with ST = 614 (53.48%)
>
v

N with SC excluded from SC analysis =
N with CO excluded from CO analysis =
N with RB excluded from RB analysis =
N with ST excluded from ST analysis =

Excluded from complete record analysis for missing

2674 (17.09%)
31 (18.67%)
226 (16.32%)
195 (15.19%)
329 (15.11%)
186 (16.20%)

N with complete confounder data=

N with autism included in autism analysis =
N with SCincluded in SC analysis =

N with CO included in CO analysis =

N with RB included in RB analysis =

N with ST included in ST analysis =

Sample remaining in complete record analysis:

5015 (32.05%)
62 (37.35%)
563 (40.65%)
488 (38.01%)
922 (42.35%)
428 (37.28%)

Fig. 1 Flow chart of cohort derivation. Legend: SC = social communication trait; CO=speech coherence trait; RB =repetitive behaviour trait;
ST =ssociability temperament trait; AFM = autism factor mean score. Denominators for percentages taken from total ALSPAC cohort (top left-hand

box)
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therefore repeated all primary analyses using the sample
restricted to individuals with European ancestry as used
in MR analyses.

Statistical analyses

Analyses were performed in Stata version 17. We cre-
ated quintiles of maternal 25(OH)D levels (adjusted to
20 weeks gestation) and assessed the prevalence of cat-
egorical covariates and the mean and standard deviation
of continuous covariates across these quintiles.

Missing data assessment

To assess associations with missing data and assess the
likelihood of bias we compared the prevalence/means
of exposure, outcome, confounders and auxiliary vari-
ables between those included in the sample and those
excluded. We further performed logistic regression of
being included in complete record analysis on each vari-
able without adjustment. Complete record analysis has
been shown to be biased when the probability of missing
data is jointly dependent on both the exposure and the
outcome for logistic regression while linear regression is
biased when the probability of missing data is dependent
on the outcome alone [44].

Primary analysis

We performed regression models of outcomes on sea-
sonal and gestational age-adjusted maternal 25(OH)
D as a continuous variable using complete records only.
All analyses were repeated for each of the outcomes and
for each exposure measure, adjusted to different weeks
of gestation. Linear regression was used where the out-
come was continuous (autism factor mean score) and
logistic regression was used for all binary outcomes (all
remaining outcomes). For each outcome, we ran models
(i) unadjusted, (ii) adjusted for offspring sex, (iii) adjusted
for financial difficulties, maternal education and maternal
occupational class, (iv) adjusted for parity, maternal age
at birth, pre-pregnancy BMI and smoking status during
pregnancy and (v) adjusted for all potential confound-
ers. The exposure was entered into the model such that
the output reflects the odds ratio/mean difference in
outcome per 10 nmol/L higher seasonal and gestational
age-adjusted 25(OH)D. Analyses were repeated using the
categorical version of the exposure variable.

To account for potential bias from missing data, we
performed multiple imputation [45, 46] with chained
equations [47] and 100 imputations. All imputed data
sets were created as part of the same procedure that
included all outcomes, exposures and confounders in
each prediction model. Auxiliary variables that were
predictive of missing values and the probability of hav-
ing a missing value were also included in all prediction
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models in order to meet the missing at random assump-
tion required by standard multiple imputation imple-
mentation. This assumption states that the probability
of missing data is not dependent on unobserved infor-
mation, conditional on the observed information. These
auxiliary variables included homeownership and marital
status, while each outcome acted as an auxiliary variable
for all other outcomes. Details of these auxiliary variables
can be found in the additional file, section 1.2.

Secondary analyses

To investigate a potential nonlinear association between
outcomes and 25(OH)D we used restricted cubic regres-
sion splines with five knots in regression models adjusted
for all potential confounders. This was repeated for each
outcome (logistic regression for binary outcomes and lin-
ear regression for continuous outcomes) for the measure
of 25(OH)D adjusted to 20-week gestation only. A refer-
ence value equal to the median of the adjusted 25(OH)
D distribution (58.7 nmol/L) was used. As the number
of knots is defined by the user and guidance on cubic
regression splines states that 5 or fewer knots is normally
appropriate [48], we tested the sensitivity of our conclu-
sions from the spline analyses by altering the number of
knots used.

Mendelian randomization
We used one-sample MR [49-51] to explore evidence for
a linear effect of gestational 25(OH)D on offspring autism
diagnosis and associated traits. MR uses genotypes as
instrumental variables under three core assumptions:
(1) the instrument is robustly related and relevant to
the exposure (the relevance assumption), (2) there is no
confounding between the instrument and outcome (the
independence assumption) and (3) the instrument is not
associated with the outcome except through its associa-
tion with the exposure (the exclusion restriction criteria).
This analysis used a standardised maternal genetic risk
score (GRS) for higher 25(OH)D levels as an instrument
to estimate possible causal effects on offspring outcomes.
Genetic variants included in this GRS were selected from
the latest genome-wide association study (GWAS) of
serum 25(OH)D concentrations which included 401,460
White British men and women [52]. The GWAS identi-
fied 138 conditionally independent single nucleotide
polymorphisms (SNP) from 69 distinct loci that were
genome-wide significant (p < 5x107%). We removed 2 pal-
indromic SNPs with effect allele frequency between 0.4
and 0.6 to prevent the error from potentially using the
wrong DNA strand. Of the remaining 136 SNPs, 72 were
available in ALSPAC with minor allele frequency greater
than 0.01 (see Additional file 1: Table S1). The GRS was
then created as the weighted sum of the number of alleles
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an individual had (range 0-2) with weights based on the
GWAS summary statistics, equal to the effect estimate
divided by its standard error. The score was then stand-
ardised to mean 0 and variance 1. Further details of geno-
type information and derivation of the GRS are provided
in the additional file section 1.3.

For the autism factor mean score, we used two-stage
least squares regression (implemented using Stata’s ivre-
gress command) to produce an estimate of the causal
mean difference in outcome per 10 nmol/L increase in
adjusted maternal 25(OH)D. For all binary outcomes,
we used the logistic two-stage residual inclusion method
(described elsewhere as the control function estimator)
[53] to produce an estimate of the causal odds ratio per
10 nmol/L increase in adjusted maternal 25(OH)D. This
was estimated using the ivesri command from the ivone-
samplemr Stata package [54].

To explore the relevance of the GWAS-derived genetic
instrument with 25(OH)D in pregnancy we compared
the association of the GRS with 25(OH)D in pregnancy
in ALSPAC with the equivalent result from the GWAS.
The F-statistic and R* from a regression model of mater-
nal 25(OH)D (adjusted to 20-week gestation) against
maternal GRS were used as indicators of instrument
strength. Confounding of the genetic instrument—out-
come association can occur in the presence of population
stratification. We attempted to make the independence
assumption more plausible by restricting all MR analy-
ses to mothers with European ancestry, and we further
adjusted all analyses for 10 maternal genetic principal
components. The association of maternal genotype with
offspring genotype could violate the exclusion restric-
tion criteria. We therefore repeated analyses adjusting
for child GRS for 25(OH)D. To explore the presence of
horizontal pleiotropy, we investigated the association
between the maternal GRS and all risk factors for the
outcomes and planned to do multivariable MR to adjust
for the effect of any factors associated with it. A priori we
decided not to explore nonlinear effects using MR as we
did not feel we would have sufficient power.

Results
Descriptive statistics for the sample are presented in
Table 1, separated by quintiles of maternal adjusted
25(OH)D. The table shows that nulliparous mothers,
mothers who smoked and had manual jobs, were less
likely to be in the higher quintiles, while older mothers
and those with higher education were more likely to be
in the higher quintiles. There was no clear link between
maternal adjusted 25(OH)D in pregnancy and offspring
sex, BMI or financial difficulties.

We provide a plot of 25(OH)D against the date of
measurement in Additional file 1: Figure S1 (additional
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file section 2.1) to illustrate the seasonal adjustment
strategy. A histogram of adjusted maternal 25(OH)D can
be seen in Additional file 1: Figure S2. Maternal 25(OH)D
adjusted to 20-week gestation was below 25 nmol/L (defi-
cient) for 5.0% of the sample, between 25 and 50 nmol/L
(insufficient) for 32.1%, and greater than 50 nmol/L (suf-
ficient) for 62.8%.

Additional file 1: Table S2 (additional file section 2.2)
shows descriptive statistics for those who were excluded
vs included based on a priori inclusion/exclusion crite-
ria. Mothers who smoked had financial difficulties and
worked manual jobs were less likely to be included, while
those who were older were more likely to be included.
Higher maternal 25(0OH)D adjusted to each time point
was associated with increased odds of inclusion. Chil-
dren with difficulties in social communication, speech
coherence and sociability traits as well as higher autism
factor mean scores were associated with lower odds of
inclusion. The GRS for 25(OH)D was not associated with
odds of inclusion.

Missing data assessment

Descriptive statistics for the inclusion in complete record
analyses are presented in Additional file 1: Tables S3 and
S4 (additional file section 2.3). A 10 nmol/L increase in
exposure was associated with a small increase in the odds
of having a complete record for all outcomes. Autism
diagnosis was not associated with having a complete
record. Case status for all autism-associated traits and
higher autism factor mean score were associated with
reduced odds of having a complete record, meaning that
bias in complete record analyses for these outcomes is
likely. The GRS for 25(OH)D was not associated with
having a complete record. Regarding the auxiliary vari-
ables, home ownership and marital status both strongly
predicted the probability of having a complete record.
Those who did not own their own home were much less
likely to have complete records, while those who were
currently married were more likely to have complete
records.

Primary analysis

The results of the primary analysis are presented in
Table 2 for all binary outcomes. There was no strong
evidence for an association between any of the binary
outcomes and maternal 25(OH)D adjusted to 20-week
gestation in either unadjusted or adjusted multivari-
able regression models using complete record analysis
or multiple imputation. Table 3 presents the results for
the autism factor mean score. There was evidence for an
association between higher 25(OH)D levels adjusted to
20-week gestation and a lower autism factor mean score
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Table 1 Descriptive statistics for quintiles of seasonally and gestational age (20 weeks) adjusted maternal serum 25(0OH)D

Total Quintile of maternal serum 25(0OH)D adjusted for season and to p value?
20-week gestation

1 2 3 4 5

N=7689 N=1538 N=1538 N=1538 N=1538 N=1537

Covariates

Offspring male sex 4001 (52.0%) 791 (51.4%) 819(533%) 816(53.1%) 799 (520%) 776 (505%) 052
Parity <0.001
0 3242 (42.2%) 713 (464%) 677 (44.0%) 631 (41.0%) 607 (39.5%) 614 (39.9%)

1 2527 (32.9%) 458 (29.8%) 498 (32.4%) 511(33.2%) 531 (34.5%) 529 (34.4%)

24+ 1430 (18.6%) 247 (16.1%) 277 (18.0%) 293 (19.1%) 304 (19.8%) 309 (20.1%)

Missing 490 (6.4%) 120(7.8%) 86 (5.6%) 103 (6.7%) 96 (6.2%) 85 (5.5%)

Any maternal smoking at 18-week gestation 1935 (26.4%) 481 (33.2%) 432 (294%) 366 (252%) 330 (22.5%) 326(22.0%) <0.001
Maternal highest educational qualification 0.024
Vocational 702 (9.1%) 131 (8.5%) 49 (9.7%) 147 (9.6%) 137 (8.9%) 138 (9.0%)

CSE/O level 3824 (49.7%) 791 (51.4%) 773 (50.3%) 755(49.1%) 778 (50.6%) 727 (47.3%)

A level/degree 2435 (31.7%) 439 (28.5%) 462 (30 0%) 496 (322%) 489(31.8%) 549 (35.7%)

Missing 728 (9.5%) 177 (11.5%) 4 (10.0%) 40 (9.1%) 134 (8.7%) 123 (8.0%)

Financial difficulties in pregnancy 498 (7.3%) 94 (7.0%) 01 (7.4%) 2 (8.2%) 94 (6.8%) 97 (7.0%) 0.66
Maternal manualoccupation 1104 (19.5%) 223 (20.7%) 242 (21.7%) 210(182%) 212(185%) 217 (184%) 0.12
Maternal age at delivery 28.1 (4.8) 27.3 (5.0) 276 (4.9) 28.2 (4.9) 284 (4.7) 288 (4.7) <0.001
Maternal pre-pregnancy BMI 229(3.8) 229(4.0) 23.0(4.0) 23.1(3.9) 22.8(3.6) 227 (3.6) 0.13
Exposure

Maternal 25(OH)D (nMol/L) adjusted to 7 weeks b 64.1(320) 34.8(109) 506 (14.3) 61.5(18.6) 734 (23.4) 1003 (384)  <0.001
Maternal 25(0H)D (nMol/L) adjusted to 20 weeks b 646(31.7) 29.3 (6.4) 45.2 (4.0) 589 (4.2) 75.6 (5.9) 1(26.7) <0.001
Maternal 25(OH)D (nMol/L) adjusted to 34 weeks ®  69.8 (34.1) 373(125) 55.0(16.7) 67.9(22.2) 81.7 (27.6) 107.0(36.3)  <0.001
Maternal Standardised Genetic 25(OH)D score ° —0.0(1.0) —0.1(1.0) —0.0(1.0) —0.1(1.0) 0.1(1.0) 1(1.0) <0.001
Offspring Standardised Genetic 25(0H)D score ° 0.0 (1.0) —-0.1(1.0 —-0.1(1.0 0.0 (1.0) 0.1 (1.0) 1(1.0 0.010
Outcome

Diagnosed Autism 93 (1.2%) 18 (1.2%) 17 (1.1%) 22 (1.4%) 23 (1.5%) 13 (0.8%) 047
Social Communication Trait 789 (17.0%)  159(189%) 156 (17.0%) 164 (17.0%) 155(164%) 155(16.1%) 0.58
Speech Coherence Trait 683 (15.5%) 136(17.4%) 140(16.1%) 138(15.0%) 122(134%) 147 (157%) 021
Repetitive Behaviour Trait 1251 (27.6%) 258(30.7%) 247 (27.9%) 236 (25.6%) 268 (28.1%) 242 (262%) 0.14
Sociability Temperament Trait 614 (10.8%) 125(11.5%) 113(10.2%) 139(12.0%) 114 (9.7%) 123 (106%) 037
Autism factor mean score ° —0.0(1.0) 0.1(1.1) 0.0 (1.0) —0.0(0.9) —0.0(1.0) —0.0(1.0) 0.039
Auxiliary variables

Home ownership status <0.001
Owned/mortgaged 5406 (70.3%) 987 (64.2%) 1050 (68.3%) 1110(72.2%) 1113 (72.4%) 1146 (74.6%)

Council rented 1057 (13.7%) 255 (16.6%) 228(14.8%) 206(13.4%) 202 (13.1%) 166 (10.8%)

Privately rented 565 (7.3%) 138(9.0%) 141 (9.2%) 88 (5.7%) 98 (6.4%) 100 (6.5%)

Other 248 (3.2%) 56 (3.6%) 48 (3.1%) 59 (3.8%) 41 (2.7%) 44 (2.9%)

Missing 413 (5.4%) 102 (6.6%) 71 (4.6%) 75 (4.9%) 84 (5.5%) 81 (5.3%)

Marital status <0.001
Never married 1359 (17.7%) 334 (21.7%) 316(20.5%) 252 (164%) 231(15.0%) 226 (14.7%)

Previously married (currently unmarried) 429 (5.6%) 78 (5.1%) 96 (6.2%) 100 (6.5%) 72 (4.7%) 83 (5.4%)

1st marriage 5033 (65.5%) 940 (61.1%) 961 (62.5%) 1008 (65.5%) 1077 (70.0%) 1047 (68.1%)

2nd or 3rd marriage 475 (6.2%) 83 (5.4%) 93 (6.0%) 101 (6.6%) 82 (5.3%) 116 (7.5%)

Missing 393 (5.1%) 103 (6.7%) 72 (4.7%) 77 (5.0%) 76 (4.9%) 65 (4.2%)

2 p values produced using ANOVA for continuous variables and Pearson’s chi-squared test for binary and categorical variables
b Mean (SD)
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Table 2 Logistic regression of each outcome on maternal 25(0OH)D adjusted for season and 20-week gestation

Outcome Model Complete record analysis Multiple imputation
analysis
OR 95% Cl OR 95% ClI
Autism diagnosis Unadjusted 0.99 (0.91,1.07) 1.00 (0.94,1.07)
Adjusted 1 0.99 (0.91,1.07) 1.01 (0.94,1.07)
Adjusted 2 0.99 (0.91,1.07) 1.00 (0.94,1.07)
Adjusted 3 0.98 (0.90, 1.06) 0.99 (0.93,1.06)
Fully adjusted 0.98 (0.90, 1.06) 0.99 (0.93, 1.06)
Social communication trait Unadjusted 1.00 (097,1 3) 0.99 (0.97,1.02)
Adjusted 1 1.00 (0.97,1.02) 0.99 (0.97,1.02)
Adjusted 2 1.00 (0.97,1.03) 0.99 (0.97,1.02)
Adjusted 3 1.00 (0.97,1 03) 1.00 (0.98,1.03)
Fully adjusted 1.00 (0.97,1.03) 1.00 (0.98,1 3)
Speech coherence trait Unadjusted 0.99 (0.96,1.02) 1.00 (0.98,1.02)
Adjusted 1 0.99 (0.96,1.02) 1.00 (0.98,1.02)
Adjusted 2 0.99 (0.96, 1.02) 1.00 (0.98, 1 03)
Adjusted 3 0.99 (0.96,1.02) 1.00 (0.98,1.03)
Fully adjusted 0.99 (0.96, 1.02) 1.00 (0.98, 1.03)
Repetitive behaviour trait Unadjusted 0.99 (0.96,1.01) 098 (0.96, 1.00)
Adjusted 1 0.98 (0.96,1.01) 0.98 (0.96, 1.00)
Adjusted 2 0.99 (0.96,1.01) 0.98 (0.96, 1.00)
Adjusted 3 0.99 (0.96,1.01) 098 (0.96, 1.00)
Fully adjusted 0.99 (0.96,1.01) 0.98 (0.96, 1.00)
Sociability temperament trait Unadjusted 1.01 0.97,1 4) 0.99 (0.97,1.02)
Adjusted 1 1.00 (0.97,1.04) 1.00 (0.97,1.02)
Adjusted 2 1.01 (0.98, 1.04) 1.00 (0.97,1.02)
Adjusted 3 1.00 (0.97,1 04) 1.00 (0.97,1.02)
Fully adjusted 1.00 (0.97,1.04) 1.00 (0.97,1.02)

Odds ratios reflect a 10 nmol/L change in adjusted 25(0H)D
Adjusted 1=adjusted for offspring sex;

Adjusted 2 = adjusted for financial difficulties, maternal education, and maternal occupational class;

Adjusted 3 = adjusted for parity, maternal age at birth, pre-pregnancy BMI and smoking status during pregnancy;

Fully adjusted =adjusted for all variables in adjusted 1-3

Complete record analysis N= 5013 for autism diagnosis; 3526 for social communication trait; 3394 for speech coherence trait; 3464 for repetitive behaviour trait; 4209

for sociability temperament trait
Multiple imputation analysis N =7689 for all outcomes

in the unadjusted multiple imputation model; however,
the effect estimate was small.

Primary analyses using maternal 25(OH)D adjusted to
7-week gestation and 34-week gestation did not differ
substantially from the results adjusted to 20-week ges-
tation (see Additional file 1: Table S5 and S6; additional
file section 2.4). Similarly, results from analyses repeated
using a sample with European ancestry only did not differ
meaningfully from those in the full sample (Additional
file 1: Table S7 in section 2.5). Analyses repeated using a
categorical measure of the exposure adjusted to 20-week
gestation are displayed in Table 4. We found some evi-
dence of increased odds of the speech coherence trait and

the repetitive behaviour trait among offspring of mothers
with insufficient as compared to sufficient 25(OH)D lev-
els in complete record but not multiple imputation analy-
ses. No other associations were suggested.

Secondary analysis

Figure 2 shows the results of the spline analysis. There
was some suggestion of increased odds of meeting case
criteria on the social communication and speech coher-
ence measures and having a higher score on the mean
autism factor measure with values of maternal 25(OH)D
that were lower or higher than the median for the sam-
ple. Strong evidence was only found for the autism factor



Madley-Dowd et al. Molecular Autism (2022) 13:44

Page 9 of 14

Table 3 Autism factor mean score regression on maternal 25(0OH)D adjusted for season and 20-week gestation

Analysis Model Complete record analysis Multiple imputation analysis
Mean difference*  95% Cl Mean difference  95% Cl
Observational® Unadjusted —0.01 (—0.01, 0.00) —0.01 (—0.02, —0.00)
Adjusted 1 —0.01 (—=0.01, 0.00) —0.01 (—0.01,0.00)
Adjusted 2 0.00 (=0.01,0.00) —0.01 (=0.01,0.00)
Adjusted 3 —0.01 (—0.01, 0.00) —0.01 (—0.01, 0.00)
Fully adjusted —0.01 (=0.01,000)  —0.01 (=0.01,0.00)
Mendelian randomization® Adjusted for 10 principal components —0.04 (—0.13,0.04) - -
Adjusted for 10 principal components —0.05 (—=0.20,0.09) - -

and offspring risk score for 25(0H)D

# Mean difference in autism factor mean score per 10 nmol/L change in adjusted 25(0OH)D

b Mean difference in autism factor mean score per 10 nmol/L change in adjusted 25(OH)D per unit increase in standardised maternal 25(0OH)D genetic score

" Causal mean difference for Mendelian randomization

Adjusted 1 = adjusted for offspring sex;

Adjusted 2 =adjusted for financial difficulties, maternal education, and maternal occupational class;

Adjusted 3 =adjusted for parity, maternal age at birth, pre-pregnancy BMI and smoking status during pregnancy;

Fully adjusted =adjusted for all variables in adjusted 1-3
Complete record analysis N=4913; multiple imputation analysis N=7689
Mendelian randomization analysis, unadjusted N =4462, adjusted N=2937

mean score, and only for lower levels of maternal 25(OH)
D. We considered the possibility that this was an artefact
related to splitting the data into fifths and having limited
power within each fifth. Sensitivity analyses that split the
data into a smaller number of groups (quarters or thirds)
provided stronger evidence for associations between low,
but not high, levels of maternal 25(OH)D and higher
odds of offspring speech coherence and higher autism
factor mean scores when the data were split into thirds
(see Additional file 1: Figures S3 and S4 in section 2.6).

Mendelian randomization analysis

The maternal GRS predicted 1.05% of the variance in
maternal 25(OH)D scores adjusted to 20-week gesta-
tion (mean difference in 25(OH)D per unit change in the
risk score =3.24 nmol/L; 95% CI=2.34—4.14) and had
an F-statistic of 50.26. This is less than the 3.2% of vari-
ance explained by common variants found by Manousaki
et al. [52] suggesting the SNPs are a weaker predictor of
25(OH)D in women and/or during pregnancy than in
non-pregnant women and men. The maternal GRS was
not associated with any of the measured risk factors for
the outcome providing evidence against the presence of
horizontal pleiotropy (see Additional file 1: Table S8 in
section 2.7). We therefore did not undertake multivari-
able MR.

Results of the MR analyses are presented in Fig. 3 for all
binary outcomes and Table 3 for the autism factor mean
score. The MR analyses provided estimates further from
the null but with less precision than the observational

estimates. There was no strong evidence for an effect of
25(OH)D during pregnancy on any of the offspring out-
comes. The conclusions from these analyses were not
substantially changed by adjusting for the offspring GRS
for 25(OH)D.

Discussion

The results of the current study did not provide evidence
for an association between maternal circulating 25(OH)
D during pregnancy and autism diagnosis or any autism-
associated trait. There was no strong evidence of an asso-
ciation when the exposure was entered as a continuous
measure or categorised into levels of sufficiency once
missing data had been accounted for. There was some
evidence of increased odds of the social communica-
tion trait and speech coherence trait and evidence of an
increased autism factor mean score using spline mod-
els; however, these analyses did not account for missing
data. The MR analyses did not provide any evidence for
a causal effect of maternal genetically proxied levels of
25(OH)D on offspring autism outcomes, though power
was limited.

The results estimated in the ALSPAC cohort conflict
with findings of meta-analyses of previous observational
studies which suggested an increased risk of autism diag-
noses and autism-associated traits among offspring of
mothers with lower levels of 25(OH)D during pregnancy
[3, 4]. The discrepancy is unlikely to be due to differ-
ent timings of exposure measurement between studies
because results in the current study were consistent
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Table 4 Primary analyses repeated using categorical measures of maternal circulating total 25(0OH)D (nmol/L) in pregnancy

Outcome Vitamin D group Complete record analysis Multiple imputation analysis
Effect estimate 95% Cl Effect estimate 95% Cl

Autism diagnosis Unadjusted

Deficient 0.76 (0.18,3.17) 093 (0.37,2.33)

Insufficient 1.20 (0.71,2.04) 0.94 (0.36,2.43)

Fully adjusted

Deficient 091 (0.22,3.83) 0.79 (0.31,1.99)

Insufficient 1.28 (0.75,2.19) 0.85 (033,2.22)
Social communication trait @ Unadjusted

Deficient 118 (0.76, 1.82) 0.93 (0.66,1.32)

Insufficient 1.1 (0.91,1.35) 1.01 (0.71,1.42)

Fully adjusted

Deficient 1.14 (0.73,1.78) 1.00 (0.70,1.41)

Insufficient 1.08 (0.88,1.31) 1.02 (0.72,1.45)
Speech coherence trait ? Unadjusted

Deficient 1.15 (0.71,1.88) 0.95 (0.67,1.34)

Insufficient 131 (1.06, 1.60) 1.07 (0.76,1.51)

Fully adjusted

Deficient 117 (0.71,1.92) 0.96 (0.68,1.36)

Insufficient 131 (1.06,1.61) 1.07 (0.75,1.51)
Repetitive behaviours trait® Unadjusted

Deficient 132 (0.92,1.91) 0.83 (0.64, 1.09)

Insufficient 118 (1.00,1.39) 0.97 (0.74,1.28)

Fully adjusted

Deficient 1.30 (0.90, 1.88) 0.86 (0.66,1.13)

Insufficient 117 (0.99,1.38) 097 (0.74,1.28)
Sociability temperament trait® Unadjusted

Deficient 0.60 (032,1.11) 1.14 (0.75,1.72)

Insufficient 112 (0.91,1.39) 123 (0.80, 1.87)

Fully adjusted

Deficient 061 (0.32,1.14) 1.14 (0.75,1.72)

Insufficient 115 (0.93,143) 1.23 (0.80, 1.88)
Autism factor mean score® Unadjusted

Deficient 0.03 (=0.10,0.16) —0.08 (—=0.19,0.03)

Insufficient 0.10 (0.04,0.15) 0.00 (—0.12,0.11)

Fully adjusted

Deficient 0.05 (—0.08,0.17) —0.09 (—0.19,0.02)

Insufficient 0.09 (0.04,0.15) —0.02 (=0.13,0.09)

Deficient: <25 nmol/L; insufficient: 25-50 nmol/L; sufficient:>50 nmol/L
All estimates relative to sufficient vitamin D

Fully adjusted = adjusted for offspring sex, financial difficulties, maternal education, and maternal occupational class, parity, maternal age at birth, pre-pregnancy BMI
and smoking status during pregnancy

2 Effect estimate = odds ratio
b Effect estimate = mean difference

between analyses that used measures of 25(OH)D  association using either form of the exposure once miss-
adjusted to the predicted value at three separate time ing data had been accounted for.

points of gestation. The difference is also unlikely to be ALSPAC had fewer participants classified as hav-
the result of using a continuous measure of the expo- ing deficient levels of 25(OH)D during pregnancy (5%
sure versus categorising as no evidence was found for an  predicted to be deficient at 20-week gestation) than
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some other studies, such as Generation R where 16%
of mothers were deficient at 21-week gestation [12]
and the Stockholm Youth Cohort where 8.6% of moth-
ers were predicted to be deficient at 11-week gestation
[13]. ALSPAC may therefore not adequately capture the
extreme lows of the distribution of 25(OH)D, poten-
tially as a result of the disproportionately affluent and
White European population contained within the
cohort as compared to the rest of the UK population
[29].

Strengths of the current study include the use of mul-
tiple methods to assess the research question applied
to the same data set. To our knowledge, this is the first
time that MR has been applied to examine the associa-
tion between 25(OH)D levels in pregnancy and offspring
autism. Future work employing MR with larger sample
sizes could help with triangulation as to whether a causal
effect is likely to exist. Further, we were able to validate
that our genetic score, derived from a general population
GWAS, was predictive of 25(OH)D levels during preg-
nancy. Our use of seasonal and gestational age-adjusted
measures of 25(OH)D helped to account for differences

in the timing of exposure measurement, thereby remov-
ing this as a source of bias.

Limitations

Our study had a relatively small sample size which may
have resulted in low power to detect effects, particularly
for all analyses involving diagnosed autism as an out-
come. While counts for diagnosed cases of autism were
low in our sample, they were representative of the preva-
lence in the UK population [55]. The power to detect a
1.5-fold increase in odds of autism diagnoses with the full
sample (ignoring missing data in any variable) at the 0.05
alpha level was 53% for insufficient vs sufficient 25(OH)D
levels and 22% for deficient vs sufficient levels. The power
for all other binary outcomes was greater than 99% for
insufficient 25(OH)D and ranged from 66 to 86% for defi-
cient 25(OH)D.

Further limitations of the observational analyses
include the possibility of residual confounding due to
misreporting of smoking, which is common in preg-
nancy, and due to BMI being calculated using a maternal
retrospective report of pre-pregnancy weight and height.
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There was potential for bias from missing data where the
outcome and exposure were predictive of the probability
of being excluded from complete record analyses [44].
We used MI with auxiliary variables to make the miss-
ing at random assumption more plausible and reduce any
potential bias from missing data [45, 46].

Power was also likely to be low for MR estimates and
our instrument explained a low proportion of variance
in maternal 25(OH)D scores, challenging the relevance
assumption of MR analyses. This is an issue common to
most MR analyses, where instruments often explain only
a small proportion of the variance in the exposure. To
make the assumptions of the MR analyses more plausible,
we used the latest and largest GWAS of 25(OH)D lev-
els, conducted sensitivity analyses to test the instrument
strength (F-statistic > 10) and adjusted for principal com-
ponents and offspring GRS for 25(OH)D.

Adjustment for child 25(OH)D GRS in MR analy-
ses reduced the likelihood of violating the exclusion
restriction criteria; however, it may also have induced
collider bias and opened a pathway via paternal

genetics. It has been shown that any bias from paternal
genetics is likely to be minor [51]. Dynastic effects and
assortative mating may also have confounded the GRS—
outcome association [30]. Such effects can be addressed
using within-family analyses; however, data on sibling
exposure, outcome and genetics were not available in
ALSPAC [56].

Conclusion

We have not found any evidence for an association
between maternal 25(OH)D during pregnancy and off-
spring risk of autism or autism-associated traits using
the ALSPAC cohort. This suggests that we should treat
the emerging evidence for an association with caution.
Few previous studies have applied causal inference
techniques to this question. Triangulation of findings
from causal inference analyses will be an important
step in establishing whether 25(OH)D during preg-
nancy has a causal role in the origins of autism.
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