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Abstract

Low vitamin D level during pregnancy has been asged with adverse neurodevelopmental
outcomes such as autism spectrum disorders (ASEhildren. However, the underlying
neurobiological mechanism remains largely unknolims study investigated the association
between gestational 25-hydroxyvitamin D [25(OH)Dhcentration and brain morphology in
2597 children at the age of 10 years in the pojmratased Generation R Study. We studied
both 25(OH)D in maternal venous blood in mid-gestaéind in umbilical cord blood at delivery,
in relation to brain volumetric measures and s@fbased cortical metrics including cortical
thickness, surface area, and gyrification usingdnregressionWe found exposure to higher
maternal 25(OH)D concentrations in mid-gestatios associated with a larger cerebellar
volume in children (b=0.02, 95%CI 0.001 to 0.04wever this association did not remain after
correction for multiple comparisons. In additiohjldren exposed to persistently deficient (i.e.,
<25 nmol/L) 25(0OH)D concentration from mid-gestatio delivery showed less cerebral gray
matter and white matter volumes, as well as smaildiace area and less gyrification at 10 years
than those with persistently sufficient (i2.50 nmol/L) 25(OH)D concentration. These results
suggest temporal relationships between gestatiotaahin D concentration and brain

morphological development in children.

Keywords: epidemiology, neuroimaging, pregnancy, vitamin D
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1. Introduction

Vitamin D is an essential micronutrient that is nipisynthesized in the skin by exposure to
sunlight (Bendik et al., 2014). In fetal life, witgn D is mainly transported from mother to fetus
through the placenta in the form of 25-hydroxyvitam [25(OH)D] (McAree et al., 2013).
Maternal serum 25(OH)D concentration and that effdtus measured in cord blood are highly
correlated (Glorieux et al., 1981; Kimball et 2008), suggesting maternal vitamin D level is a

reliable indicator of fetal vitamin D status.

Vitamin D deficiency is prevalent worldwide, witlegple living in Europe, the Middle East, and
Asia at particular risk (Lips, 2007). It is alsodmn that women, especially those in pregnancy,
are more likely to be vitamin D deficient (Gellettal., 2017; Vinkhuyzen et al., 2016). Maternal
vitamin D deficiency has repeatedly been assochatttdadverse birth outcomes such as fetal
growth restriction and preterm birth (Bodnar et 2015; Leffelaar et al., 2010). In recent years,
emerging evidence also associates low maternahwit® level during pregnancy with long-
term cognitive and neuropsychiatric outcomes ofaffigring. For instance, Keim et al. (Keim

et al., 2014) found maternal vitamin D concentraiiomid and late gestation was positively
associated with child 1Q at age 7. Two neonatalisgireported an association of vitamin D
deficiency and the risk of schizophrenia (Eylealet2018; McGrath et al., 2010). In addition,
animal studies using rodents and epidemiologicaliss in humans showed that gestational
vitamin deficiency was associated with an increas#dof autism spectrum disorders (ASD) or
more autism-related phenotypes in offspring (Alakt2019; Chen et al., 2016; Magnusson et al.,
2016; Vuillermot et al., 2017), which has also beepported by the evidence from our present
cohort (Vinkhuyzen et al., 2018; Vinkhuyzen et 20]17). However, these relationships remain

inconclusive due to some inconsistent findings. é&s@mple, maternal vitamin D levels during
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pregnancy were not related to ASD symptoms in ofaidrom 5 to 18 years old in a Spanish
birth cohort (Lopez-Vicente et al., 2019), and seczaontrol study in Southern California, Unite
States reported no association between neonaaahivitD levels and ASD in childhood

(Windham et al., 2019).

Using neuroimaging techniques, clear associatiang been established between cognitive,
emotional, and behavioral phenotypes and brain hwogy. For instance, reduced brain
volumes and less gyrification are frequently repait children with poor cognitive outcomes or
ASD (Arhan et al., 2017; Blanken et al., 2015; Dwteal., 2018; Libero et al., 2014; Pangelinan
et al., 2011). To date, however, the evidencetigldarly life exposure to low vitamin D and
brain development remains scarce. There are arienahstudies showing that rats exposed to
vitamin D deficiency in gestation had a smallerifbrsolume and larger cerebral ventricles
(Eyles et al., 2003; Feron et al., 2005). Similaiystudies in older adults using a cross-sectiona
design, a lower vitamin D concentration was assediaith smaller brain volume and larger
cerebral ventricles (Annweiler et al., 2013; Hoosghiahet al., 2014). However, we know of no
study exploring maternal gestational vitamin Dssadnd brain morphology in children. Such
studies may further our understanding of the biiclignechanism underlying the established
association between gestational vitamin D and aieldrodevelopmental outcomes, and justify
interventions such as vitamin D supplementationndupregnancy. Therefore, we investigated
the association of maternal vitamin D concentratlaring pregnancy with offspring brain
morphology at age 10 years. Based on the existergiure, we hypothesized that low
gestational vitamin D level was associated wittbglalterations in brain morphology in

children.

2. Material and methods
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2.1 Study design

This study is embedded in the Generation R Stuaywijihan et al., 2016), a population-based
prospective cohort in Rotterdam, the Netherlandsgfant women living in the study area with
an expected delivery date between April 2002 taadan2006 were recruited. In total 8879
mothers were enrolled in the study prenatally, \whaee birth to 8976 live-born children. The
study has been approved by the Medical Ethics Coteenof Erasmus Medical Center,

Rotterdam. Written informed consent was obtainedhfall participants.
2.2 Participants

Of the 8976 mother-child dyads, we excluded 96@euit any information on gestational

vitamin D concentration. This left 8010 childrewhich 6156 visited the research center at age
9-11 years and were invited for a magnetic resomamaging (MRI) assessment of the brain
(White et al., 2018); among the 3363 children tiraderwent brain MRI assessment, 2715
children had usable brain morphological data aftelity inspection. We also randomly

excluded 118 siblings to rule out potential clustedata (i.e., children born to the same mother
and thus exposed to shared genetic or environmiaatalrs shaping their brain development),
leaving 2597 children as the study population.f@ke children, 2427 had vitamin D
concentration information in mid-gestation, 170@ k@amin D concentration information at
delivery, and 1536 had information on both asseatsrisee Supplementary Figure S1 for the

flow diagram).
2.3 Vitamin D concentration

Maternal venous blood samples were collected duriitigpregnancy at a median gestational age

of 20.4 (range 18.1-24.9) weeks. Cord blood froemuimbilical vein was collected at delivery, at
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a median gestational age of 40.3 (range 27.6-484ks. Samples were analyzed using isotope
dilution liquid chromatography-tandem mass specétoyn(LC-MS/MS) at the Eyles Laboratory
of the Queensland Brain Institute, University ofé@asland, Australia. Vitamin D status was
assessed by measuring 25(OH)D, defined as the E@Biloydroxyvitamin B [25(0OH)D;] and
25-hydroxyvitamin @ [25(OH)D;] in serum (Eyles et al., 2009). Assay accuracy assessed
using certified reference materials purchased fiteenAustralian National Institute of Standards
and Technology (NIST SRM 972a Levels 1-4). Furthetails of the assay methodology have

been described elsewhere (Vinkhuyzen et al., 2016).
2.4 Structural neuroimaging

Prior to neuroimaging, all children were familia@zwith MRI scanning during a mock scanning
session. All images were acquired using the samgesee on the same scanner (3 Tesla GE MR
750w Discovery). Following a three-plane localigean, a high-resolution T1-weighted

inversion recovery fast spoiled gradient recallegieence was acquired. Detailed information on

the sequence and imaging procedure can be fouedtetse (White et al., 2018).

Volumetric segmentation and cortical reconstructi@ne performed with FreeSurfer v.6.0.0

(http://surfer.nmr.mgh.harvard.edu/). The standao®nstruction stream was applied, and

surface-based models of white matter and gray mattee generated. Thickness maps for each
subject were smoothed with a 10 mm full-width habiximum Gaussian kernel. Local
gyrification index (LGI) maps were smoothed using mm full-width half-maximum Gaussian
kernel. The quality of surface reconstruction wasially inspected, after which data with

insufficient quality were eliminated.

2.5 Covariates
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Possible confounders were chosen based on peaoatiire (Morales et al., 2015; Vinkhuyzen et
al., 2018; Whitehouse et al., 2012) and directgdlacgraphs (Shrier and Platt, 2008).
Information on maternal age at intake, ethnicitgrital status, education, household income,
smoking and alcohol use in pregnancy, and vitamppkEment use in pregnancy was collected
at enroliment of the study with questionnaire. Mia&t ethnicity was determined from the
country of birth of the parents according to thgést ethnic groups in our study population and
used to define broad categories based on simdauiiti skin color and/or cultural background
(Eilers et al., 2013; Voorburg/Heerlen, 2004a; \town et al., 2015). The categories were
Dutch, Non-Dutch Western (European, North Ameri@ard Oceanian); Turkish and Moroccan;
African (Cape Verdean, other African, Surinameseel&, and Dutch Antillean); and Other
(Asian, Surinamese-Hindu, Surinamese-unspecified South and Central American).
Educational level was categorized into primaryaw,lsecondary, and higher (Voorburg/Heerlen,
2004b). Household income in pregnancy was categpiizo less than €1200, €1200 to €2000,
and more than €2000 per month. Maternal smokingadewhol use in pregnancy were assessed
in each trimester of pregnancy. Maternal smoking eategorized into ‘never smoked in
pregnancy’, ‘smoked until pregnancy was known’, aiwhtinued to smoke in pregnancy’ (Roza
et al., 2007). Maternal alcohol use was categoriztd‘'never drank in pregnancy’, ‘drank until
pregnancy was known’, ‘continued to drink in pregoyaoccasionally’, and ‘continued to drink
in pregnancy frequently (defined as one or moregj\@eek for at least two trimesters)’. Child
date of birth and sex were obtained from medicabne at birth. Season of blood sampling was

recorded at the moment of blood sampling of 25(0CH)D

2.6 Statistical analysis
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Information on maternal or child characteristicgavpresented as mean (standard error) or
median (95% range) for continuous variables andbair{percentage) for categorical variables.
First, 25(OH)D concentration was studied as a ocoltis variable. Second, 25(0OH)D
concentration was categorized to ‘deficient’, ‘iffeiient’ and ‘sufficient’ groups using the cut-

off of 25 nmol/L and 50 nmol/L (Garcia et al., 2QX0%steoporosis, 2003; Vinkhuyzen et al.,
2018); the ‘sufficient’ group was set as the refieee For a region of interest (ROI) approach, we
used multiple linear regression to examine the@ason of 25(OH)D status in mid-gestation
and at delivery with child brain volumetric measjnacluding total brain volume, cerebral gray
matter volume, cerebral white matter volume, arréloedlar volume. Additionally, we

associated 25(OH)D status across the two assessmighthese measures to investigate
whether exposure to consistently low 25(OH)D levedsn mid-gestation to delivery was related
to brain volumes in children. In a supplementarglgsis, we also examined whether children
exposed to low 25(OH)D at one assessment and ienffi25(OH)D at the other assessment had
different brain volumes than those with suffici@d{OH)D levels as assessed in maternal blood
in mid-gestation and in umbilical cord blood. Weainvestigated 25(OH)D concentration in
relation to volumes of subcortical structures (itee thalamus, amygdala, hippocampus,
putamen, pallidum, caudate, and accumbens) andttral ventricles in secondary analyses. For
an exploratory surface-based brain analysis we liisear regression run in a custom-in-house

package (‘QdecRhttp://github.com/slamballais/QDECR) at each caiticertex to examine the

association of gestational 25(OH)D concentratiotihwortical thickness, surface area, and
gyrification. In the surface-based models for sngtamin D assessment, 25(0OH)D
concentration was introduced as a continuous Mariafly. Regression analyses were run in two

models. The first analyses (Model 1) were adjustedge at the neuroimaging assessment and
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sex of the child. In a second step, we further stdpi for other potential confounders (Model 2).
In particular, we adjusted for season of blood dargpn mid-gestation and season of blood
sampling at delivery simultaneously in the fullyjwsled model (Model 2) when investigating

25(0OH)D levels across the two assessments in@al&ti brain morphology.

We performed two sensitivity analyses to test tiristness of the primary analyses. First,
information on 25(OH)D concentration and covaridtesveen the participants and non-
participants was compared to apply inverse prolhvieighting (IPW). This approach
addresses selection bias and helps obtain resatts mpresentative for the initial population
(Forns et al., 2018; Nohr and Liew, 2018). Invessabability weights were calculated with
logistic regression. Second, using information frg@momic components (Medina-Gomez et al.,
2015), we re-ran analyses including only the 108Rien of European ancestry to eliminate

effect modification by ethnicity due to geneticdietary variations.

Missing covariate data (proportions ranging fro®24 to 15.1%) were accounted for by

multiple imputation with the ‘Mice’ package (misgiat random indicated by Little’s test) (van
Buuren and Groothuis-Oudshoorn, 2011). A total®friputed datasets were generated with 10
iterations. Only pooled results are reportgtistical significance was set@s 0.05 (2-sided).
Furthermore, a false discovery rate (FDR) correctias applied to the two primary and two
secondary analyses separately to minimize falsgiym$findings due to multiple testing
(Benjamini and Hochberg, 1995). For the surfaceethdsain analyses, correction for multiple
testing was performed using built-in Gaussian Md@aelo Simulations (Hagler et al., 2006).
Cluster-wise p-values were Bonferroni-correctedifay hemispheres (p<0.025), and a cluster
forming threshold (CFT) of p=0.001 was selectedsfgnificance testing because it has shown

high correspondence with actual permutation tesdtrte smoothing kernels used (Greve and
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Fischl, 2018; Muetzel et al., 2019). All analyse=revrun using the R statistical software

(version 3.5.1).
3. Results
3.1 Descriptive statistics

Table 1 shows the demographic information of tlielgpopulation. Children (49.5% boys)
were scanned at an average age of 10.1 yearshaWerf them (57.3%) were of Dutch national
origin. The median 25(OH)D concentration in midgirancy was 53.8 nmol/L, and the median
25(OH)D concentration at delivery was 31.0 nmo25(OH)D concentration at delivery was

significantly correlated with 25(OH)D concentrationmid-pregnancy (r=0.56).
3.2 Gestational 25(OH)D concentration and childrovalumes

25(0OH)D concentration in mid-gestation was poslyivassociated with child total brain volume
at 10 years [b=0.49, representing 0.4 difference (larger) in total brain volume per laith
increase of 25(OH)D concentration, 95% CI 0.37.610p<0.001] in Model 1. However, after
adjusting for the additional covariates, this asgam did not remain (b=0.06, 95% CI -0.08 to
0.21, p=0.39). Higher 25(0OH)D concentration in rpiggnancy was also associated with larger
volumes of cerebral gray matter, cerebral whitetenaand the cerebellum in children when
correcting for age at the neuroimaging assessnmeh$ex, but only the association with
cerebellar volume remained after adjustment, as/shio Table 2. However, this association did
not survive after correcting for multiple testingkewise, 25(OH)D concentration at delivery
was associated with child total brain volumes (83095% CI 0.52 to 0.94, p<0.001) in Model 1,

but not in Model 2 (b=0.06, 95% CI -0.20 to 0.320®5). A similar pattern was observed for

10
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the associations of 25(OH)D concentration at dejivath volumes of cerebral gray and white

matter, and cerebellar volume.

Next we tested the associations of categories @HRYD levels with brain volumetric measures.
There was no evidence suggesting brain volumerdiifees in children exposed to ‘deficient’ or
‘insufficient’ 25(OH)D concentration in gestationropared to those exposed to ‘sufficient’

25(0OH)D concentration after taking into accountarates and multiple testing.

Of the 1536 children with 25(OH)D concentrationadat both assessments, using the same cut-
offs as above, 230 were defined as exposed toistensly deficient’ 25(OH)D concentration.
Likewise, 168 were determined as ‘consistentlyfingent’ and 291 were determined as
‘consistently sufficient’. Table 3 shows the adggsaind unadjusted results, here we focus on the
adjusted results only. Children exposed in utereaasistently insufficient’ 25(OH)D
concentration had a smaller total brain volume 1820, 95% CI -35.81 to -0.59, p=0.04) and a
smaller cerebral gray matter volume than the refsggroup [i.e., the 291 children exposed to
‘consistently sufficient’ 25(OH)D concentration fromid-gestation to delivery]. Also children
exposed to ‘consistently deficient’ 25(OH)D concation showed a smaller total brain volume
(b=-36.47, 95% CI -62.83 t0 -10.12, p=0.007), amaléer cerebral gray and white matter
volumes at 10 years of age than the reference giftgr FDR correction most association
remained, only the difference in total brain volubaween the ‘consistently insufficient’ group
and the reference group disappeared. No associaisrfound between 25(0OH)D status from
mid-gestation to delivery and cerebellar volumeadidition, no brain volumetric differences
were observed between children exposed to low 2504 one assessment only (n=606) and

those with ‘consistently sufficient’ 25(OH)D condeation (data not shown).

11
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Figure 1 shows the results of the subcortical stines. After adjusting for covariates, although a
marginal positive association between 25(OH)D cotra¢ion in mid-gestation and the volume
of the pallidum was observed, gestational 25(OH)Bcentration was not associated with the
volume of any subcortical structures in childretea€orrecting for multiple testingve found

no association between gestational 25(OH)D conagaitr and lateral ventricle volume.
25(0OH)D status from mid-gestation to delivery was associated with the volume of the

subcortical structures or the lateral ventriclegddaot shown).
3.3 Gestational 25(OH)D concentration and childasig-based brain morphometry

In the analyses only adjusted for child age aniagroimaging assessment and sex, 25(OH)D
concentration in mid-gestation and at delivery wassociated with widespread differences in
cortical thickness, surface area, and gyrificatroboth hemispheres. However, after full
adjustment for confounding variables, no assoaiatemnained. Compared to children exposed to
‘consistently sufficient’ 25 (OH)D concentratiorofn mid-gestation to delivery, those exposed
to ‘consistently insufficient’ 25 (OH)D concentrati showed smaller surface area in the
temporal region in the right hemisphere, and treogmsed to ‘consistently deficient’ 25(OH)D
concentration showed smaller surface area in thedt and occipital region in the right
hemisphere, as well as less gyrification in theperal region in the left hemisphere after

adjustment for all covariates (Figure 2).
3.4 Sensitivity analyses

As shown in Table S1 and Table S2, results frorense probability weighted regression were
generally consistent with the main analyses. T&838lend Table S4 demonstrate that there were

no associations between gestational 25(OH)D coretét and brain volumes at 10 years in

12
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children of European ancestry. However, the samigks of these analyses were considerably

smaller.
4. Discussion

In this population-based study, we found that eyp®$o persistently low vitamin D levels was
associated with a smaller brain (specially lesslwed gray and white matter volumes) and
differed surface-based cortical metrics such aseerarea and gyrification in children, using
repeated assessment of 25(OH)D concentration fraygestation to delivery. Also there was a
positive association between mid-gestational 25(@e&t)ncentration and offspring cerebellar

volume, but this did not survive multiple comparismrrection.

Research on gestational vitamin D status and lnaiphology is scarce. In animal studies, rats
born to vitamin R-deficient mothers showed smaller cortical voluraed larger lateral ventricle
volumes than controls (Eyles et al., 2003; Fercal.e2005). Similarly, in cross-sectional human
studies, low vitamin D concentrations have been@ated with a smaller total brain volume and
a larger lateral ventricle volume in adults andélderly, though these findings are inconsistent
(Annweiler et al., 2012; Annweiler et al., 2013y&dinov et al., 2013). In our study, we found
an association between gestational 25(OH)D conaigmitrand the offspring total brain only if
we studied persistent vitamin insufficiency. In ey study no association between 25 (OH)D
concentration and bilateral amygdala or hippocanvolisme was found (Annweiler et al., 2010),
which is in line with the current study. Howevérese studies are not comparable in terms of
study design and subjects. Further, one studyatelicthat mothers with lower 25(0OH)D
concentration during pregnancy had offspring wittaler head circumference (as a marker for
brain development) from the second trimester dmtih (Miliku et al., 2016), while in a recent

study no association was found between gestats(@H)D concentration and infant head

13
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circumference at the age of 6 or 12 months (Hautes-At al., 2019). Several explanations for

the discrepancy with previous findings must be uksed.

First, as an important neurosteriod, vitamin D inggortant functions in the proliferation and
differentiation of neurons, calcium signaling witlthe brain, neurotrophic and neuroprotective
actions, and may alter neurotransmission and siynplaisticity (Cui et al., 2017; Groves et al.,
2014). An emerging concept suggests that vitamiicidacy may weaken the integrity of
perineuronal nets (PNNSs), thereby neural-circuitction is disturbed and cognitive processes
such as learning and memory are impeded (Mayn®amk, 2019). These mechanisms may
function at such a micro level that brain morphaagmeasures are not modalities with
adequate sensitivity to capture any arising difiees. Interestingly, we observed an association
between maternal vitamin D concentration in midtgigsn and child cerebellar volume. This
association remained when accounting for seledtias in the sensitivity analysis. Recent
longitudinal studies suggested that deficient nmatlevitamin D status in pregnancy is associated
with adverse motor and social development in chitdn early childhood (Darling et al., 2017,
Dhamayanti et al., 2019), which may be explainethieyreduction in cerebellar volume because
smaller cerebellum has been associated with wooderrand cognitive performance
(D'Ambrosio et al., 2017). Moreover, emerging ewicke shows that cerebellum involves in the
complex neural underpinnings of autism spectrurardesr (Becker and Stoodley, 2013),
suggesting a potential mediating role of cerebelilitme association of gestational vitamin D
status and child autistic traits (Vinkhuyzen et 2018). Further studies exploring such a

mediation pathway are warranted.

Second, it is feasible that more prolonged exposuxgamin D in gestation may exert a

cumulative effect on child brain development, whigmot evident with more transient prenatal

14
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exposures. Exposure to persistent vitamin D defoyydrom mid-gestation to delivery has been
associated with more severe autism-related tmaibsir previous study (Vinkhuyzen et al., 2018).
Our analysis suggests that exposure to persistéetigient or insufficient 25(OH)D
concentration from mid-gestation onwards is alsmaiated with smaller brain volumes, which
may be accounted for by reduced regional surfae® l@ther than cortical thickness. Difference
in brain volumes were reported in children with avithout ASD at 10 years (Lange et al.,
2015), but such unspecific neurological findings aetso be indicative of a higher risk for other
child problems such as early onset schizophrenian@o et al., 2012). In contrast to our finding
from the mid-gestational assessment, these resuggest that the cerebrum and not the
cerebellum is most sensitive to vitamin D, and thattiple assessments are needed to reliably
identify vitamin deficiency. In addition, thesediimgs were not found when we analyzed only
European children. This could possibly be explainga reduced ability to detect small
differences in far fewer subjects (in particulag tbonsistently deficient’ group), but also an
effect modification by ethnicity. Possibly, morgpiented children in the Netherlands are
affected more by persistently low gestational vitai status (partly this could simply reflect
less misclassification). Besides, interestinglyldten exposed to persistent vitamin D
deficiency and those with more autistic traits bstilbowed decreased gyrification in the frontal,
superior temporal and inferior parietal corticeshiea left hemisphere when the same covariates
were adjusted for (Blanken et al., 2015), sugggdtiat gyrification in these regions may play a

role in the relationship between gestational vita@ideficiency and autistic traits in childhood.

Third, gestational vitamin D concentration at bafisessments was significantly associated with
brain volumes and cortical metrics when only claifge at the neuroimaging assessment and sex

were adjusted for, while no significances remaiwben adjusting for all covariates. It has been
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suggested that education and income are both iandrtdicators of family social economic

status (SES) that relates to child development (@dirDoulabi et al., 2017). Moreover, SES has
been suggested as a determinant of smoking, alcglechnd vitamin supplement use in pregnant
women (Najman et al., 1998; Skagerstrom et al.1281llivan et al., 2009).Therefore it is

possible that less rigorous control for confoundemglains some of the previous findings.

The strengths of our study were the longitudinatigtdesign to examine the temporal
association of gestational vitamin D exposure Within morphology, the inclusion of large
sample size enabling us to detect small effects tla@ implementation of IPW in the sensitivity
analyses to reduce selection bias. Several liitatihowever, should also be mentioned. First,
vitamin D concentration in blood fluctuates witledand sun exposure, and the half-life of
vitamin D is relatively short, thus the assessddesat a specific time point may not be
substantially representative for the average level the target period. Additionally, as
previously reported (Wegienka et al., 2016), vitaidiconcentration measured in child cord
blood was significantly lower than that of the matim mid-gestation and no specific cut-offs
have been established. Second, we measured 25(GdfiE&ntration only in mid-gestation and
at delivery. The period of early pregnancy, whiahn be critical in terms of brain development,
could not be investigated. Also, the possible ierfice of child 25(OH)D level at 10 years cannot
be ruled out. Third, child brain morphology wasyassessed once in preadolescence, thus
whether any observed association is transientstini and whether gestational vitamin D
concentration is associated with brain morpholaoggther developmental phases cannot be

determined.

To the best of our knowledge, this is the firstgibadinal study to investigate the association

between gestational vitamin D status and brain malggical development in children. We
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found limited evidence for associations betweenagesnal vitamin D level at single
assessments and child brain morphology at 10 yeatsbserved differed brain volumes and
cortical morphometry in children exposed to peesily low vitamin D levels from mid-

gestation to delivery. Further studies are needetertain the possible alterations in cerebellar
volume and the more generalized gray and whiteanektanges, and explore how these findings

are related to child neurodevelopment.
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Table 1. Demogr aphics of participants (n=2597)

M aternal char acteristics

Ethnicity, N (%)
Dutch
Non-Dutch Western
Turkish and Moroccan
African
Other
Age at intake, mean (SD), years
Marital status (with partner), N (%)
Education level, N (%)
Primary or low
Secondary
Higher
Household income per month, N (%)
<€1200
€1200-2000
> €2000
Smoking, N (%)
Never smoked in pregnancy
Smoked until pregnancy was known
Continued to smoke in pregnancy
Alcohol use, N (%)
Never drank in pregnancy
Drank until pregnancy was known
Continued to drink in pregnancy occasionally
Continued to drink in pregnancy frequently
Vitamin supplement use in pregnancy (Yes), N (%)
25(0OH)D concentration (n=2427), median (95% rangeiol/L
Season of blood sampling (n=2427), N (%)

1489 (57.3)
208 (8.0)
307 (11.8)
278 (10.7)
315 (12.1)
30.8 (4.8)
2292 (88.3)

189 (7.3)
1084 (41.7)
1324 (51.0)

429 (16.5)
455 (17.5)
1713 (66.0)

1983 (76.4)
243 (9.4)
371 (14.3)

1046 (40.3)
366 (14.1)
£56.9)
227 (8.7)

3 @81.0)

53.8 (11.2, 110.7)

Spring 669 (27.6)
Summer 468 (19.3)
Autumn 621 (25.6)
Winter 669 (27.6)
Child characteristics
Age at the neuroimaging assessment, mean (SD} year 10.1 (0.6)
Gender (boys), N (%) 1286 (49.5)

25(0OH)D concentration in cold blood (n=1706), madiga5% range), nmol/L
Season of cord blood sampling (h=1706), N (%)

Spring

Summer

Autumn

Winter

31.0 (7.3, 72.5)

500 (29.3)
496 (29.1)
317 (18.6)
393 (23.0)

Imputed data were shown (except for 25(OH)D corre¢ioh and season of blood sample collection).



Table 2. Gestational 25(OH)D concentration and child brain volumeat 10 years

25(0OH)D concentration in

Cerebral Gray Matter (cm®)

Cerebral WhiteMatter (cm®)

Cerebellar Volume (cm®)

mid-gestation (N=2427) B 95% CI p-value B 95% ClI p-value B 95% ClI p-value
Model 1
Continuous 0.27 0.20, 0.33 <0.001 0.16 0.10,0.21 0.061 0.06 0.05, 0.08 <0.001
Categorical
Sufficient (n=1316) reference - - reference - - eference - -
Insufficient (n=630) -9.99 -14.66, -5.31 <0.001 6.08 -10.11, -2.06 0.003 -2.64 -3.77,-1.51 <0.001
Deficient (n=481) -23.58 -28.71, -18.45 <0.001 5.6¥ -20.09, -11.26 <0.001 -5.07 -6.31, -3.82 <0.00
Model 2
Continuous 0.02 -0.06, 0.10 0.65 0.03 -0.04,0.10 450 0.02 0.001, 0.04 0.04
Categorical
Sufficient (n=1316) reference - - reference - - eference - -
Insufficient (n=630) -1.35 -6.17, 3.48 0.58 -1.97  -6.22,2.28 0.36 -1.11 -2.31, 0.08 0.07
Deficient (n=481) -3.24 -9.81, 3.34 0.33 -5.98 1.7», -0.23 0.04 -1.34 -2.95, 0.27 0.10
25(0OH)D concentration at Cerebral Gray Matter (cm?) Cerebral WhiteMatter (cm®) Cerebellar Volume (cm?)
delivery (N=1706) B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
Model 1
Continuous 0.39 0.28, 0.50 <0.001 0.24 0.14,0.33 0.061 0.10 0.08, 0.13 <0.001
Categorical
Sufficient (n=376) reference - - reference - - ference - -
Insufficient (n=656) -9.88 -16.15, -3.60 0.002 .98 -14.33, -3.63 0.001 -2.10 -3.59, -0.61 0.006
Deficient (n=674) -22.78 -29.03, -16.54 <0.001 4.9B -20.31, -9.66 <0.001 -5.64 -7.12,-4.16 <0.001
Model 2
Continuous 0.01 -0.12, 0.15 0.83 0.02 -0.10,0.14  .790 0.03 -0.004, 0.06 0.08
Categorical
Sufficient (n=376) reference - - reference - - ference - -
Insufficient (n=656) -3.95 -10.27, 2.38 0.22 5.3 -10.87, 0.17 0.06 -0.96 -2.49, 0.56 0.22
Deficient (n=674) -3.24 -10.88, 4.39 0.40 -3.65 10.31, 3.00 0.28 -1.75 -3.59, 0.09 0.06

Model 1 was adjusted for child age at time of teamimaging assessment and sex; Model 2 was adliycadjusted for maternal ethnicity, marital st
education, age at intake, household income, smakidgalcohol use in pregnancy, vitamin supplemsatin pregnancy, and season of blood sampling.
Deficient is 25(OH)D concentration < 25 nmol/L; ifiscient is 25(OH)D concentration 25 to < 50 nnholgufficient is 25(OH)D concentration50 nmol/L.



Table 3. 25(0OH)D status from mid-gestation to delivery in relation to child brain volume at 10 year s (n=689)

25(0OH)D status from mid- Cerebral Gray Matter (cm?) Cerebral WhiteMatter (cm®) Cerebellar Volume (cm?)
gestation to delivery B 95% ClI p-value B 95% ClI p-value B 95% ClI p-value
Model 1

Consistently sufficient reference - - reference - - reference - -
Consistently insufficient -10.73 -19.69, -1.76 0.02 -10.47 -18.25, -2.68 0.008 -2.17 -4.32, -0.02 0.05
Consistently deficient -29.48 -37.64, -21.32 <0.001 -18.53 -25.61, -11.44 <0.001 -7.24 -9.20, -5.28 .08
Model 2

Consistently sufficient reference - - reference - - reference - -
Consistently insufficient -7.02 -16.42, 2.38 0.14 10.09 -18.43, -1.75 0.62 -1.09 -3.38,1.21 0.35
Consistently deficient -18.77 -32.90, -4.64 0009 -14.77 -27.23,-2.32 0.62 -2.84 -6.25, 0.56 0.10

Model 1 was adjusted for child age at time of teamimaging assessment and sex; Model 2 was addlityaadjusted for maternal ethnicity, marital et
education, age at intake, household income, smakidgalcohol use in pregnancy, vitamin supplemsatin pregnancy, season of blood sampling in mid-
gestation and season of blood sampling at deliver230 for ‘consistently deficient’ group; n=16& fconsistently insufficient’ group; and n=291 for
‘consistently sufficient’ group. Deficient is 25(QBl concentration < 25 nmol/L; insufficient is 25(¢IHconcentration 25 to < 50 nmol/L; sufficient is
25(0OH)D concentratiog= 50 nmol/L.

a These p-values survived FDR correction for midtipsting.



Figure 1. Gestational 25(OH)D concentration and volume of subcortical structuresin children at 10 years
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Models were adjusted for child age at time of tharnimaging assessment and sex, maternal ethragiéyat intake, marital status, education, smo&irdy
alcohol use in pregnancy, vitamin supplement uggegnancy, household income, season of blood $agnind intracranial volume. n=2427 for 25(OH)D
concentration in mid-gestation, and n=1706 for 2%(D concentration at delivery.



Figure 2. 25(OH)D status from mid-gestation to delivery in relation to surface-based
cortical metricsin children at 10 years
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Compared to children with ‘consistently sufficieB8(OH)D concentration (as assessed in maternatibfomid-
gestation and in umbilical cord blood, n=288), thesposed to ‘consistently insufficient’ 25 (OH)Bncentration
(n=165) had significantly smaller surface areaim ¢olored regions (section A); those exposeddosistently
deficient’ 25(OH)D concentration (n=229) showed#figantly smaller surface area and less gyrifimatin the
colored regions (section B, C). These associatiemained if corrected for multiple comparisons. Mo was
adjusted for child age at time of the neuroimagiegessment and sex; Model 2 was additionally atjdsr
maternal ethnicity, marital status, education, @getake, household income, smoking and alcohelinis
pregnancy, vitamin supplement use in pregnancyoseaf blood sampling in mid-gestation and seaddrond
sampling at delivery. Deficient is 25(OH)D conceaititbn < 25 nmol/L; insufficient is 25(OH)D conceation 25 to
< 50 nmol/L; sufficient is 25(OH)D concentratierb0 nmol/L. LH=left hemisphere; RH=right hemisphere



