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Abstract

Objectives: Animal studies indicate a key role for vitamin D in brain development and
function, but observational studies in humans only suggests a borderline positive
association between prenatal vitamin D exposure and cognitive development in the
offspring. Knowledge gaps include insights in exposure time window and differences
by sex for the association. We aimed to investigate the association between blood
concentrations of serum 25-hydroxyvitamin D (25(OH)D) measured at four different
time points and IQ score at the age of seven years, including analyses spilt by child sex.
Methods: In Odense Child Cohort, we included 1,404 mother-child pairs with s-
25(OH)D data from early pregnancy to age seven years. Full-scale intelligence quotient
(FSIQ) was assessed with Wechsler Intelligence Scale for Children 5% edition (WISC-
V). Associations were adjusted for maternal education, pre-pregnancy body mass index,
gestational age, sex, and head circumference. Subanalyses stratified by sex were
performed.

Results: The median [IQR] s-25(OH)D in cord was 45.88 [31.15-61.08] nmol/L; early
pregnancy 66.45 [51.29-78.74]; late pregnancy 79.13 [59.69-97.31]; seven years 66.29
[53.45-80.23] nmol/L.

The mean (SD) FSIQ was 99.44 (11.98). In adjusted analyses, cord s-25(OH)D <50
nmol/L was associated with 2.2 points lower FSIQ compared to the reference (50-75

nmol/L) in boys, = -2.2 (95%C.1.-4.3;-0.1), p = 0.039. The same association to FSIQ
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was found for early pregnancy s-25(OH)D, 3 = -2.5 (-4.6;-0.3), p = 0.025, primarily
driven by an association in boys, B = -4.0 (-7.2;-0.8), p = 0.015; and for s-25(OH)D at
seven years in girls, p = -3.0 (-6.0;-0.1), p = 0.042.

Conclusion: In this cohort, s-25(OH)D <50 nmol/L in both early gestation and cord
blood in boys and current s-25(OH)D <50 nmol/L in girls were independent risk factors
for 2-4 points lower FSIQ at age seven. Vulnerability to hypovitaminosis D, especially

in pregnancy, may relate to child sex.

Keywords:
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Intelligence tests emerged around year 1900 to map cognitive capacities. The
intelligence quotient (IQ) is a stable measure and correlates highly with e.g. later
academic achievements and income (Watkins and Smith, 2013; Fergusson et al., 2005).
Factors known to correlate with child 1Q test performance includes parental education,
maternal intelligence, and child sex (Eriksen et al., 2013; Darlow et al., 2020). The first
and second trimester of pregnancy are the most critical periods for the developing
nervous system (Rice and Barone, 2000). In the third trimester and during childhood,
different cognitive functions develop and mature, while some of the higher cognitive
domains develop into adolescence and early adulthood (Thompson and Nelson, 2001;
Johnson, 2015). The first 1,000 days of foetal and early infancy life are especially
vulnerable to nutritional deficiencies, including vitamin D (Schwarzenberg and
Georgieff, 2018).

Hypovitaminosis D, defined as serum 25-hydroxy-vitamin D (s-25(OH)D) < 50 nmol/L,
is globally frequent in pregnancy and childhood (Munns et al., 2016; Hilger et al., 2014)
with potential consequences for the developing brain and child behaviour (Eyles et al.,
2011; Larqué et al., 2018; Mossin et al., 2017; Mutua et al., 2020; Khoshbakht et al.,
2018).

Animal studies indicate a key role for vitamin D in brain development and function. In
rats, vitamin D depletion in pregnancy causes profound alterations in the offspring’s

brain and causes behavioural dysfunction, including developmental milestones,
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memory, and learning capacities in early life and adulthood (Eyles et al., 2003; Becker
et al., 2005).

Recent randomized clinical trials (RCTs) found no beneficial effects of high-dose
vitamin Dj in late pregnancy, or in infancy, on cognitive development in the offspring
at the age of two years (Sass et al., 2020) (Tuovinen et al., 2021), suggesting that higher
than recommended supplementation doses have no effects on cognition. This does,
however, not exclude an impact of hypovitaminosis D.

In observational studies, the association between vitamin D status and cognitive
functioning has been examined in the past decade in both toddlers and children, but with
conflicting results. A recent meta-analysis of observational studies (Garcia-Serna and
Morales, 2020) found a borderline positive association between prenatal vitamin D
exposure and cognitive development in the offspring, Substantial heterogeneity was
detected across the studies.

Most studies have only measured s-25(OH)D at a one-time point, and they rarely argue
for the choice of exposure time. Studies remain to elucidate whether vitamin D status at
different time points in foetal and early life is associated with cognitive functioning in
search of a vulnerable time window in which vitamin D is most important. Knowledge
gaps further calls for analyses stratified by child sex.

In this prospective cohort study, we examined the association between blood

concentrations of 25(OH)D measured at four different time points (early pregnancy, late
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pregnancy, from the umbilical cord, and from the offspring at the age of seven years),

and IQ score at the age of seven years in analyses split by child sex.

Method

Study population

Odense Child Cohort (OCC) is an ongoing Danish population-based prospective cohort
consisting of mothers and their offspring. The OCC design and data collection have
previously been described in detail (Kyhl et al., 2015). In the present study, OCC
participants with available data on s-25(OH)D from one of the four-time points and
available IQ-score at seven years of age were included. Exclusion criteria were multiple
pregnancy, preterm birth below 32 weeks of gestational age (GA) and known diseases
or conditions with a high risk of neurodevelopmental impairment, e.g., Apgar score <4
at 5 minutes, neurodevelopmental syndromes, encephalitis, severe meningitis, severe

brain trauma, cerebral palsy, and severe epilepsy (Figure 1).
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Figure 1: Participant flowchart
OCC: Odense Child Cohort, s-25(0OH)D: Serum 25-hydroxyvitamin D

‘Women included in OCC
(n=2876)

Miscarriage (n=102)

Still born and infant dead (n=14)
Moved from Odense Municipality before
> birth (n=52)

Drop-outs before birth (n=105)
‘Withdrawn consent (n=1)

Twins (n=107)
Neurodevelopmental impairment or disease
(n=9)

Delivery before 32 weeks (n=8)

Eligible (n=2534)

Children with no available s-25(OH)D
> sample at any point
(n=288)

v

Children with available s-25(0OH)D
sample at any point
(n=2246)

.| Children with no available IQ score at age 7
g (n=842)

v

Children with available IQ score and s-
25(OH)D sample
(n=1404)
subgroups:

S-25(0H) early pregnancy, n=773
S-25(0OH) late pregnancy, n=860
S-25(0OH) cord blood, n=1255
S-25(0H) at age 7, n=861

Assessment of vitamin D status

Blood samples were collected for analysis of s-25(OH)D during early pregnancy (GA
<20 weeks), late pregnancy (GA =20 weeks), from the umbilical cord, and from the
children at the age of seven years using BD Vacutainers serum clot activator tubes, ref.
309032 (BD, Franklin Lakes, New Jersey, USA). Blood samples were kept at -80° C
until analysis by liquid chromatography-mass spectrometry (LC-MS/MS) as described
earlier (Andersen et al., 2013; Ngrgaard et al., 2021). The concentration relied on the

determination of both s-25(OH)D, and s-25(OH)D; and levels of s-25(OH)D were
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calculated as the sum of the two. Values of D,and D; were only considered if above 6.5
nmol/L. The accuracy of the method was validated with three levels of QC samples
(low, middle, high) using Standard Reference Material 972 “vitamin D in Human
Serum”, the National Institute of Standards and Technology. S-25(OH)D (Phinney,

2008).

Assessment of cognitive functions

All children were invited two weeks before their seventh birthday to participate in
cognitive testing. The tests were primarily performed at the child’s school, but children
attending a school outside the Municipality of Odense (20%) were offered to be tested
at home, or at OCC premises. Four psychologists performed the tests. Potential
interrater variability has previously been investigated in our group, where observed
differences between testers were explained by variation in characteristics in the children
(Beck et al., 2022). For the cognitive assessment, we used four subtests (vocabulary,
similarities, block design, and matrix reasoning) from the validated Danish version of
the Wechsler Intelligence Scale for Children - 5" edition (WISC-V) (Wechsler, 2017).
The four subtests were carefully selected as the best combination to estimate full-scale
intelligence quotient (FSIQ) with a correlation of 87% (Raiford, 2016; Wechsler, 2017).
All test results were standardized according to Danish age-adjusted norms (Wechsler,

2017).
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Assessment of covariates

Data including maternal age at delivery, parity, smoking during pregnancy, gestational
age at birth, birth season, child sex, birth weight, head circumference at birth, and Apgar
score at 5 minutes were all collected from medical records. Maternal pre-gestational
body mass index (BMI) was obtained from general practitioner’s files, and ethnicity
(western/non-western) was provided by the municipality. Self-reported data on alcohol
consumption during pregnancy, vitamin D supplementation, breastfeeding, and smoking
in the household were extracted from questionnaires collected twice during pregnancy,
at three months and 18 months of age. Information on both parent’s educational level
was obtained and categorized into three groups in accordance with standards from
Statistics Denmark and the Ministry of Children and Education: Lower educational
level (high school or less), intermediate educational level (high school +1-3 years), and
higher educational level (high school + 4 years or more) based on their highest achieved
education. Child weight, height, and head circumference were measured at seven years

of age child examination.

Statistical analyses
Distribution of data was visualized in histograms and QQ-plots as well as QQ-plot over
the studentized residuals. Data were presented as means and standard deviations (SD)

for parametric data, median and interquartile range (IQR) for non-parametric data, and
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numbers (n), and percentage (%) for categorical data. ANOVA and Kruskal-Wallis test
were used to test differences between tertiles of cord s-25(OH)D for continuous
variables and Pearson’s 2-test for categorical variables. ANOVA was used to test the
descriptive characteristics of participants according to FSIQ.

Multiple linear regression was used to examine associations between s-25(OH)D and
FSIQ at age seven. The primary exposure was set to the level of s-25(OH)D in the
umbilical cord, while level of s-25(OH)D in early and late pregnancy as well as at seven
years of age were secondary exposures. FSIQ was the primary outcome in all analyses.
Concentrations of s-25(OH)D were used as a continuous variable, divided into clinical
cut-offs of s-25(OH)D (<50, 50-75, and >75 nmol/L) and due to a highly uneven
distribution of participants in groups into tertiles as well. The middle groups (tertile
group 2 and clinical cut-off group 50-75 nmol/L) were chosen as the reference group for
all categorical analyses. FSIQ was used as a continuous variable.

All regressions were adjusted for maternal education and child sex as well as maternal
pre-pregnancy BMI, GA, and head circumference of offspring at birth. The covariates
were chosen in accordance with current literature. Participants with missing data on one
of the covariates were excluded from all regression analyses to ensure a homogeneous
population. Paternal education was not included in the adjustment model due to strong

collinearity with maternal education. Data on duration of breastfeeding (exclusive or
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partial) and smoking in the household the first year of life were omitted due to a high
number of missing data but were included in subgroup sensitivity analyses.

All analyses were performed stratified by sex. Differences and potential interactions
between sex and continuous s-25(OH)D at all time points were investigated using two-
sample t-tests and interaction terms.

A longitudinal cohort analysis was performed for the subgroup of participants with
available s-25(OH)D data from all of the time points early pregnancy, late pregnancy,
and birth (cord blood). A longitudinal exposure two-stage model analysis was
furthermore performed to include all participants with s-25(OH)D from any of these
time points. Moreover, we tested for differences between included and non-included
participants using the two-sample t-test on normally distributed variables, the two-
sample Wilcoxon rank-sum (Mann—Whitney) test on non-normally distributed
variables, and Pearson’s %2 test on categorical variables. Data were analysed using
STATA/IC (version 17.0, StataCorp LP) and two-sided p-values < 0.05 were defined as

statistically significant.

Ethical considerations
The Region of Southern Denmark approved the present study (j.no. 20/58085). OCC
fulfilled the Helsinki II declaration and was approved by the Regional Scientific Ethical

Committees for Southern Denmark (j.no. S-20090130) and the Danish Data Protection
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Agency (j.no. 2008-58-0035) (Kyhl et al., 2015). Written consent for participation in the
OCC was obtained from all families. Participation was voluntary and consent could be

withdrawn at any time.

Results

Of the 2,876 participants in OCC, we included 1,404 children (746 boys) with available
FSIQ at age seven and a s-25(OH)D sample from either cord blood (n=1,225), early
pregnancy (n=773; GA median [IQR] 12 [10-15] weeks), late pregnancy (n=860; 29
[28-30] weeks), or from the child at the seven-year examination (n=861; age 7.09 [7.04-
7.13] years) (Figure 1). A sub-cohort with longitudinal s-25(OH)D data from both early
pregnancy, late pregnancy and cord blood consisted of 568 mother-child pairs.

The cord blood s-25(OH)D median [IQR] was 45.88 [31.15-61.08] nmol/L; for early
pregnancy 66.45 [51.29-78.4] nmol/L; for late pregnancy 79.13 [59.69-97.31] nmol/L
and at seven years of age 66.29 [53.45-80.23] nmol/L. Maternal and cord blood s-
25(0OH)D were highly correlated (early pregnancy and cord, Pearson r=0.267, p<0.001;
late pregnancy and cord, Pearson r=0.587, p<0.001). No interactions between sex and
s-25(OH)D were found in any of the associations (p >0.2 for all). S-25(OH)D did not
differ when stratifying for child sex, except in early pregnancy, where maternal s-

25(0OH)D was higher in mothers of boys (p=0.030).
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The median [IQR] child age at performed WISC test was 7.12 [7.04-7.22] years. The

mean (SD) FSIQ score was 99.44 (11.98).

Table 1: Descriptive characteristics of participants according to tertiles of cord serum

25(OH)D concentration (n = 1,255)

Maternal characteristics
Maternal age at delivery, years
Parity, n (%)
1% child, n=677
20d child, n=439
34 child or more, n=139
Maternal pregestational BMI,
kg/m?, n=1,255
Smoking during pregnancy, n (%)
No, n=1,204
Yes, n=51
Alcohol during pregnancy, n (%)
No, n=862
Yes, n=115

Ethnicity, n (%)

Tertiles of cord s-250HD, nmol/L

T1

1.53-36.66

30.34 (4.38)*

194 (46.30%)**
171 (40.81%)**

54 (12.89%)**

23.71 [21.50-26.56]%

391 (93.32%)**

28 (6.68%)**

298 (88.17%)

40 (11.83%)

T2

36.67-55.17

30.66 (4.34)

245 (58.61%)**
128 (30.62%)**

45 (10.77%)**

2348 [21.26-25.95]

405 (96.89%)**

13 (3.11%)**

295 (86.76%)

45 (13.24%)

T3

55.23-133.34

30.30 (4.34)

238 (56.94%)**
140 (33.49%)**

40 (9.57%)**

23.04 [21.09-26.17]

408 (97.61%)**

10 (2.39%)**

269 (89.97%)

30 (10.03%)
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Western, n=1,217
Non-western, n=38
Vitamin D suppl. during
pregnancy, n (%)
< 10 pg/day, n=113
> 10ug/day, n=669
Maternal education’, n (%)
Low, n=326
Intermediate, n=631
High, n=279
Paternal characteristics
Paternal education®, n (%)
Low, n=336
Intermediate, n=370
High, n=261
Child characteristics
Gestational age at birth, weeks,
n=1.255
Birth season, n (%)
May — October, n=665
November — April, n=590
Child sex, n (%)
Female, n=593

Male, n=662

399 (95.23%)*

20 (4.77%)*

57 (22.01%)***

202 (77.99%)***

126 (30.81%)*
182 (44.50%)*

101 (24.69%)*

121 (36.23%)
128 (38.32%)

85 (25.45%)

40.14 [39.43-41.00]

131 (31.26%)***

288 (68.74%)***

194 (46.30%)

225 (53.70%)

406 (97.12%)*

12 (2.87%)*

30 (10.91%)***

245 (89.09%)***

102 (24.52%)*
223 (53.61%)*

91 (21.88%)*

105 (30.97%)
142 (41.89%)

92 (27.14%)

40.14 [39.14-41.00]

226 (54.07%)***

192 (45.93%)***

192 (45.93%)

226 (54.07%)

412 (98.56%)*

6 (1.44%)*

26 (10.48%)***

222 (89.52%)***

98 (23.84%)*
226 (54.99%)*

87 (21.17%)*

110 (37.41%)
100 (34.01%)

84 (28.57%)

40.29 [39.14-41.14]

308 (73.68%)***

110 (26.32%)***

207 (49.52%)

211 (50.48%)

Page 15 of 31




Birth weight, g, n=1,255 3607.04 (485.37)** 3488.38 (528.55)** 3586.39 (506.34)**

Head circumference at birth, cm,

35.17 (1.62) 34.94 (1.70) 35.13 (1.66)

n=1,246
APGAR 5 score, n (%)

<7,n=11 5(1.19%) 3 (0.72%) 3 (0.72%)

>7,n=1,244 414 (98.81%) 415 (99.28%) 415 (99.28%)
Duration of breastfeeding®, n (%)

<3 month, n=240 97 (30.70%)** 77 (23.05%)** 66 (19.47%)**

>3 month, n=749 219 (69.30%)** 257 (76 .95%)** 273 (80.53%)**
Smoking in the household first
year of life, n (%)

No, n=811 247 (81.79%) 271 (83.13%) 293 (87.99%)

Yes, n=150 55 (18.21%) 55 (16.87%) 40 (12.01%)
Height at 7-years, cm, n=967 126.40 [122.25-129.50] 125.90 [122.00-129.20] 125.9 [121.7-129.20]
Weight at 7-years, kg, n=953 24.30 [22.40-26.60] 24.20 [22.10-26.50] 24.15 (22.10-26.80]

Head circumference at 7-years,
52.10 [51.30-53.30] 52.20 [51.20-53.20] 52.10 [51.20-53.10]
cm, n=917

BMI: body mass index; suppl.: supplementation; s-25(OH)D: serum 25-hydroxyvitamin D
ANOVA One-way was used for comparing means of numerical, normally distributed variables.
Kruskal-Wallis was used for comparing medians of numerical not normally distributed variables.
Pearson %2 test was used for comparing distributions of categorical variables.

*p<0.05, **p<0.01, ***p<0.001

$ Mean (SD) (all such numbers)

% Median [IQR] (all such numbers)
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$ Educational level: Low = high school or less; intermediate = high school + 1-4 school years; high = high
school + > 4 school years.

% Exclusive or partial

Participant characteristics

Participant characteristics are presented according to cord s-25(OH)D tertiles (Table 1).
Compared to T3, mothers in T1 had lower education, higher parity, more frequent non-
western ethnicity, higher risk of smoking during pregnancy, poorer adherence to
recommended vitamin D supplementation, birth in the winter season, and shorter
duration of breastfeeding (< 3 months).

Likewise, the characteristics of the participants varied according to FSIQ (Table 2).
Higher child FSIQ was observed for mothers with lower pre-pregnancy BMI, western
ethnicity, and higher education; for fathers with higher education; for households
without smoking in the first year of life; for girls and for children breastfed >3 months

and with head circumference above the median at birth and seven years of age.
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Table 2: Descriptive characteristics of participants according to full-scale 1Q in mean (SD)

scores (n =1,404)

FSIQ
Mean (SD)

Maternal characteristics
Maternal age at delivery, years

<25, (n=109) 96.92 (13.39)

25-34.9, (n=1,036) 99.56 (11.94)

235, (n=259) 100.04 (11.43)
Parity

1, (n=744) 99.42 (12.26)

2, (n=504) 99.81 (11.60)

>3, (n=155) 98.51 (11.72)
Maternal pregestational BMI, kg/m?

<25, (n=799) 99.94 (11.77)**

25.0-29.9, (n=452) 99.46 (12.14)**

=30, (n=149) 96.65 (12.21)**
Smoking during pregnancy

No, (n=1,344) 99.52 (11.89)

Yes, (n=53) 96.98 (1370)
Alcohol during pregnancy

No, (n=862) 99.55 (11.73)

Yes, (n=115) 101.14 (12.57)

Child characteristics

FSIQ

Mean (SD)

Gestational age at birth, weeks

GA <36+6, (n=50)

GA 37+0-41+6, (n=0613)

GA =42+0, (n=739)
Birth season

May - October, (n=745)

97.48 (9.04)
99.35 (12.17)

99.67 (11.98)

99.25 (12.19)

November - April, (n=659) 99.66 (11.75)

Child sex
Female, (n=658)
Male, (n=746)
Birth weight (grams)
< Median, (n=705)

> Median, (n=697)

101.15 (11.60)%+*

97.93 (12.11)%**

99.77 (11.95)

99.14 (12.00)

Head circumference at birth, cm

< Median, (n=813)
> Median, (n=575)
APGAR 5 score

<7, (n=18)

98.92 (11.83)*

100.30 (12.15)*

101.17 (10.98)

Page 18 of 31




Ethnicity, n (%)
Western, (n=1,217)

Non-western, (n=38)

99.68 (11.97)**

93.61 (9.83)**

Vitamin D suppl. during pregnancy, n (%)

< 10 pg/day, (n=113)
> 10ug/day, (n=669)
Maternal education$
Low, (n=365)
Intermediate, (n=703)
High, (n=309)
Paternal characteristics
Paternal education®
Low, (n=365)
Intermediate, (n=414)

High, (n=281)

99.88 (12.30)

99.75 (11.95)

96.71 (12.62)***
99.82 (11.67)***

102.19 (11.04)%**

97.23 (12.63)***
9991 (11.64)***

102.63 (10.79)%+*

>7,(n=1,379)
Duration of breastfeeding”
=<3 month, (n=262)

>3 month, (n=840)

9941 (11.99)

97.44 (12.49)%**

100.44 (11.46)%%*

Smoking in the household first year of life

No, (n=909)

Yes, (n=164)
Height at 7-year, cm

< Median, (n=558)

> Median, (n=528)
Weight at 7-year, kg

< Median, (n=534)

> Median, (n=534)

100.23 (11.78)%*

97.48 (11.79)**

98.33 (12.07)

99.33 (11.78)

98.74 (12.05)

99.12 (11.81)

Head circumference at 7-year, cm

< Median, (n=535)

> Median, (n=495)

96.86 (11.47)***

100.28 (12.13)%*

FSIQ: full-scale 1Q; BMI: body mass index; suppl.: supplementation; s-25(OH)D: serum 25-hydroxyvitamin

Expressed as mean and standard deviation (Mean (SD)) for FSIQ-scores.

ANOVA One-way was used for comparing means of numerical, normally distributed variables.

*p<0.05, **p<0.01, ***p<0.001

$ Educational level: Low = high school or less; intermediate = high school + 1-4 school years; high = high school +

> 4 school years

% Exclusive or partial
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Participants versus non-participants

Compared to our participants, non-participating children from the OCC had lower birth
weight and head circumference at birth, they were less likely to have older siblings, and
they were more likely to be exposed to smoking during pregnancy and in the household
the first year of life. Non-participants’ parents had lower educational level and the
mothers were more likely to be younger and have non-western ethnicity. No difference
between the groups was seen on pregestational BMI, alcohol consumptions and
adherence to vitamin D supplementation recommendations during pregnancy, GA at
birth, birth season, distribution of sex, Apgar-score, duration of breastfeeding and

height, weight, and head circumference at the age of seven (Supplementary Table 1).

Associations between cord s-25(0OH)D and full-scale 1Q

In the primary association analysis, boys with cord blood s-25(OH)D <50 nmol/L had
2.18 points lower FSIQ compared to those with s-25(OH)D 50-75 nmol/L (p=0.039),
(Table 3). No significant associations were found in girls, or for all children, when
analysing s-25(OH)D as continuous scale or split into tertiles or clinical cut-offs.

In sensitivity analyses, further adjustment for breastfeeding duration (n=971), or
household smoking (n=943), gave largely similar results, but less significance when

splitting by routine cut-offs (Supplementary Table 2).
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Associations between prenatal s-25(OH)D and full-scale 1Q

In early pregnancy, children to mothers with s-25(OH)D <50 nmol/L had a lower FSIQ
score. The association was driven by boys (Table 3). In late pregnancy, s-25(OH)D
concentrations were generally high and no associations with FSIQ were detected (Table
3).

In the sub-cohort with longitudinal s-25(OH)D data from both early pregnancy, late
pregnancy, and cord blood, none of the significant findings from the total cohort were
detected, although the beta values were in the same direction (Supplemental Table 3).
Girls of mothers with late pregnancy s-25(OH)D in the 3™ tertile had 4.04 points lower
FSIQ compared to those in the middle tertile (p=0.026). The 3™ tertile ranges of s-
25(0OH)D were almost identical between the total and the longitudinal cohort (91.33-
171.51 nmol/L vs. 91.94-171.51 nmol/L), as was the medians (105.6 vs. 107.5 nmol/L).
In two-stage analyses including continuous s-25(OH)D from both early pregnancy, late
pregnancy, and cord blood, no associations with FSIQ were detected for all children
($=0.04 (-0.01;0.08), p=0.085); boys (f=0.04 (-0.01;0.10), p=0.113) or girls (f=0.03 (-
0.03;0.09), p=0.377).

Associations between current s-25(OH)D and full-scale 1Q

At seven years of age, s-25(OH)D <50 nmol/L showed a direct association with lower

FSIQ in girls. No associations were found in boys (Table 3).
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Table 3: Adjusted associations between early pregnancy, late pregnancy, umbilical cord, and seven-year-old s-

25(0OH)D and full-scale IQ at age seven

Early pregnancy®

Continuous s-25(OH)D

Tertiles of s-25(OH)D

Clinical cuts of s-25(OH)D

Late pregnancy”

Continuous s-25(OH)D

Tertiles of s-25(OH)D

Clinical cuts of s-25(OH)D

S-25(0H)D

(nmol/1)

T1 [8.47-57.17]
T3 [74.78-142.00]
<50, n=175

>75, n=245

T1 [16.46-66.97]
T3 [91.33-171.51]
<50, n=137

>75, n=484

Girls
L (95% CI)
n=354
0.04 (-0.02;0.10)
-0.44 (-3.17;2.29)
0.84 (-2.04;3.72)
-0.99 (-3.87;1.88)
0.85(-1.89;3.60)
n=405
-0.01 (-0.05;0.04)
0.11 (-2.72;2.94)
-0.82 (-3.69;2.06)
-0.39 (-3.91;3.13)

-0.38 (-2.98;2.21)

Boys
£ (95% CI)
n=406
0.02 (-0.04;0.07)
-1.97 (-4.99;1.04)
-0.75 (3.62;2.12)
-3.99 (-7.19;-0.79)*
-1.20 (-3.84;1.45)
n=441
0.00 (-0.04;0.04)
1.30 (-1.51;4.12)
1.33 (-1.42;4.07)
0.83 (-2.87;4.54)

0.71 (-1.99;3.41)

All
B (95% CI)
n=760
0.03 (-0.01;0.07)
-1.22 (-3.25;0.81)
-0.04 (-2.06;1.99)
-2.46 (-4.61;-0.32)*
-0.27 (-2.16;1.63)
n=846
-0.00 (-0.03;0.03)
1.04 (-0.95;3.02)
0.56 (-1.41;2.54)
0.17 (-2.39;2.72)

0.11 (-1.77;1.98)
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Umbilical cord n=580 n=647

Continuous s-25(OH)D 0.00 (-0.04;0.05) 0.03 (-0.01;0.07)
Tertiles of s-25(OH)D T1[1.53-36.66] -0.73 (-3.02;1.56) -0.91 (-3.17;1.35)
T3 [55.23-133.34] -0.17 (-2.42;2.08) 1.28 (-0.98;3.54)
Clinical cuts of s-25(OH)D <50, n=724 -0.80 (-2.83;1.22) -2.18 (-4.25;-0.11)*
>75, n=136 -2.00 (-5.26;1.27) -1.44 (-4.67;1.79)
Age 7-years n=376 n=457
Continuous s-25(OH)D -0.00 (-0.06;0.05) -0.02 (-0.08;0.03)
Tertiles of s-25(OH)D T1[16.85-59.26] -2.61 (-5.31;0.10) -0.29 (-3.07;2.49)
T3 [75.05-166.68] -2.50 (-5.37; 0.37) -0.84 (-3.49;1.82)
Clinical cuts of s-25(OH)D <50, n=174 -3.04 (-5.95;-0.12)* 0.08 (-2.94;3.09)
>75, n=288 -2.06 (-4.73;0.61) -0.58 (-3.06;1.89)

n=1227
0.02 (-0.01;0.05)
-0.82 (-2.43;0.79)
0.52 (-1.07;2.12)
-1.36 (-2.81;0.09)
-1.48 (-3.78;0.82)
n=833
-0.01 (-0.05;0.03)
-1.48 (-3.42; 0.47)
-1.64 (-3.59;0.30)
-1.45 (-3.56:0.65)

-1.29 (-3.11;0.52)

s-25(OH)D: serum 25-hydroxyvitamin D; B: Beta Coefficient; CI: confidence interval.

Presented as Beta Coefficient (B) and 95% confidence interval (CI). A B-coefficient equal to 1 represents an improvement of 1 IQ

point.

Associations were calculated using multiple linear regression. All regression analyses were adjusted for maternal education

(low/intermediate/high), child sex (female/male), maternal pre-pregnancy BMI (kg/m2), head circumference at birth (cm), and

gestational age at birth (weeks).
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Participants with missing data on one of the variables were excluded from all regressions.

The middle groups (tertile group 2, T2, and clinical cut-off group 50-75 nmol/L s-25(OH)D) were chosen as the reference group for
all categorical analyses.

*p<0.05, **p<0.01, ***p<0.001

$ Early pregnancy: s-25(OH)D measured in blood samples drawn for analysis before week 20 of pregnancy.

% Late pregnancy: s-25(OH)D measured in blood samples drawn for analysis after week 20 of pregnancy.
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Discussion

In our cohort, boys with lower s-25(OH)D levels in the umbilical cord had lower FSIQ at seven
years of age. The same association was found in early pregnancy (all children and boys).

We did not identify a linear association between cord s-25(OH)D and FSIQ at seven years, neither
at other time points nor in the two-stage analysis. This does not, however, exclude the possibility of
an adverse effect of low vitamin D status during pregnancy. In our main analysis, a high s-25(OH)D
was not associated with higher IQ in the offspring, which is in accordance with the RCT, where no
effects of supplementation with high dose (2800 IU/d) vs. standard dose (400 IU/d) vitamin D from
GA 24 weeks were detected on the primary outcome Bayley III score at 2.5 years, or on other
neurodevelopmental outcomes (Sass et al., 2020). No adverse effects of high-dose vitamin D were
detected in the RCT, where the high-dose group reached a mean s-25(OH)D of 182.5 nmol/L. In
our longitudinal sub-cohort analysis, s-25(OH)D in the 3% tertile was associated with a lower
offspring 1Q, although the median s,25(OH)D only reached 107.5 nmol/L. This inverse association
was not identified in the total cohort and was interpreted to represent a chance finding.

The meta-analysis of observational studies showed a borderline positive association between
prenatal vitamin D exposure and cognitive development or global 1Q score in the offspring (pooled
=0.95, p=0.05) by use of different cut-offs for s-25(OH)D and with different outcome tests at
different ages (Garcia-Serna and Morales, 2020). When focusing on studies with WISC as the
outcome, our findings are consistent with results from a large and similar prospective cohort study
from the US, where a small positive association between both maternal (<26 weeks’ GA) and cord
s-25(OH)D with IQ at age seven was seen (Keim et al., 2014). Two studies found no association
between pregnancy or toddler s-25(OH)D and childhood WISC IQ (Darling et al., 2017;

Chowdhury et al., 2020).
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In our study, girls with current s-25(OH)D <50 nmol/L had lower FSIQ.

Studies on the association between current s-25(OH)D and cognition are generally missing. A
Chinese study (Liu et al., 2018) found a small, positive linear association between current s-
25(0OH)D and FSIQ in 7-12-y-old children, adjusting for age, child sex, and household income.

To our best knowledge, previous studies have not reported findings stratified by child’s sex nor
analysed s-25(OH)D data from more than two time points in the same cohort. Our finding of a
pregnancy/cord s-25(OH)D association primarily in boys is supported by the higher general
vulnerability in boys’ foetal cerebral development as suggested by others (McCarthy, 2016). Our
cohort had too few with s-25(OH)D < 25 nmol/L to study the impact of what may be referred to as
vitamin D deficiency. Vitamin D is thought to be important in human foetal brain development and
function, but the exact role is still unclear. Moreover, low vitamin D status has been linked to
several neurological and neuropsychiatric disorders as a potential risk factor (Eyles et al., 2011;
Harms et al., 2011; Larqué et al., 2018; Pet and Brouwer-Brolsma, 2016). Animal studies support
the effect of severe vitamin D deficiency as vitamin D depletion during pregnancy in rats has shown
significant changes in brain development of the offspring that were persistent into adulthood (Eyles
et al., 2003; Féron et al., 2005). Furthermore, various adverse effects have been seen, such as
impaired learning and memory functioning (Becker et al., 2005).

The association in our secondary analyses between current s-25(OH)D and cognitive function in
girls only seems to lack a plausible biological explanation, suggesting that s-25(OH)D was a marker
of unmeasured lifestyle differences, e.g., differences in sun exposure, if not a chance finding. Still,
our findings call for analyses stratified by child sex in future associations studies on vitamin D

exposure and cognition.
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Our repeated measures of s-25(OH)D during pregnancy and in cord blood did not lead to the
identification of a particularly vulnerable time window for low vitamin D status regarding offspring
cognitive function. We interpret the lack of association for late pregnancy s-25(OH)D as the result
of a generally high s-25(OH)D concentrations during that period owing to vitamin D
supplementation during pregnancy, and perhaps selection bias. In the OCC, more cord blood than
pregnancy samples were obtained. Moreover, pregnant women with s-25(OH)D <50 nmol/L in late
pregnancy accounted only for 15% (131/860) compared to 58% (705/1,225) in cord blood. This
large difference could not solely be ascribed to the well-known lowering of s-25(OH)D in cord
blood compared to maternal samples before birth, as also seen in OCC (Lykkedegn et al., 2017).
The size of the associations reached 2-4 1Q points in our cohort, a magnitude which is not
negligible, but has impact on a population level. For example, males and females experience a
1.93%, and 3.23%, decrement, respectively, in lifetime earnings for each 1Q point decrement
(Griffiths et al., 2007). If pregnancy and cord associations have a biological causality, vitamin D
supplementation should be encouraged as early as possible in pregnancy, or even prior to
conception.

In this study, we had access to a large, well-characterized, prospective population-based cohort of
mothers and infants with repeated s-25(OH)D measurements by gold-standard methods. However,
our study also had limitations, including the lack of parental IQ testing and other risks for residual
confounding; the use of a shortened WISC-V version, and the limitations in the external validity
given the participants/non-participants differences and the setting in a primarily white, middle-class
population.

In conclusion, our results suggest that prenatal hypovitaminosis D could be harmful to cognitive
development, especially for boys. If so, prevention with vitamin D supplementation earliest possible

or even before conception could improve cognitive performance at a population level. Future
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research should elaborate on sex differences and cultural differences that affect the vitamin D status
in foetuses and children. Further, causality will be an essential issue to investigate and discuss in the

future.
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