Maternal vitamin D levels and the risk of offspring Attention Deficit/Hyperactivity

Disorder

Abstract

Objective: Recent evidence has highlighted the importance of vitamin D to the development
of the central nervous system. Some studies have shown an association between maternal
vitamin D deficiency during pregnancy and offspring Attention-deficit/hyperactivity disorder
(ADHD) symptoms based on parent- or teacher ratings. There are no previous studies on
early pregnancy 25-hydroxyvitamin D (25(OH)D) levels and the risk of diagnosed offspring
ADHD. Our aim was to examine maternal 25(OH)D levels in early pregnancy and offspring

ADHD.

Method: In this nationwide population-based case-control study, 1067 ADHD cases born
between 1998 and 1999 and diagnosed according to the International Classification of
Diseases and 1067 matched controls, were identified from Finnish registers. Maternal
25(OH)D levels were measured using quantitative immunoassay from maternal sera,
collected during the first trimester, and archived in the national biobank. Conditional logistic
regression was used to examine the association between maternal 25(OH)D and offspring

ADHD.

Results: There was a significant association between decreasing log-transformed maternal
25(OH)D levels and offspring ADHD both in the unadjusted analyses (OR 1.65, 95% CI
1.33-2.05, P<.001) as well as in the analyses adjusting for maternal socio-economic status
and age (OR 1.45, 95% CI 1.15-1.81, P=.002). Analyses by quintiles of maternal 25(OH)D
levels in the lowest versus highest quintile revealed an adjusted odds ratio for offspring

ADHD of 1.53 (95% CI1 1.11-2.12, P=.010).



Conclusion: This study demonstrated an association between low maternal 25(OH)D during
pregnancy and an elevated risk for offspring ADHD. If replicated in independent samples,

this finding may have significant public health implications.

Lay summary:

The study investigated maternal vitamin D levels during early pregnancy and the risk for
offspring ADHD. ADHD patients and matched controls were identified from Finnish
nationwide registers, and maternal vitamin D levels were measured from maternal sera,
collected during the first trimester, and archived in the national biobank. This study
demonstrated an association between low maternal vitamin D levels during pregnancy and an
elevated risk for offspring ADHD. This emphasizes the importance of adequate vitamin D

levels during pregnancy to ensure optimal neurodevelopment.



INTRODUCTION

Attention-deficit/hyperactivity disorder (ADHD) is a common neurodevelopmental disorder,
with an estimated worldwide prevalence of approximately 5 %.! The disorder is characterized
by symptoms of inattention, hyperactivity and impulsivity, and is associated with significant
functional impairment. The etiology of ADHD is thought to be multifactorial with a strong
genetic liability.> However, environmental risk factors>> appear to play a role in the

development of the disorder.®

Vitamin D has long been acknowledged for its essential role in bone health and development.
The discovery that most tissues and cells in the body have a vitamin D receptor has provided
new insights into its function.” Evidence is growing of the importance of vitamin D on many
extra-skeletal functions such as on the immune system, the central nervous system and on
mental health.®? Some studies have shown an association between vitamin D deficiency
during pregnancy and offspring autism and schizophrenia.!®!! Vitamin D, synthesized in the
skin and from dietary sources, is metabolized in the liver to 25-hydroxyvitamin D 25(OH)D,

which is used to determine a patient's vitamin D status.’

The studies examining the association of maternal 25(OH)D levels during pregnancy or those
measured at birth among children with ADHD symptoms, have yielded contradictory results.
Three studies'?'* have shown positive associations between lower maternal 25(OH)D levels
and ADHD symptoms, while three other studies'>"!” have found no association. Among these,
two studies found a positive finding between maternal vitamin D deficiency in early
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pregnancy and a higher level of ADHD symptoms in offspring based on teacher!? or paren

ratings.

There are only two studies of maternal vitamin D deficiency and cases diagnosed with

ADHD.">!® A Danish study found no association between maternal 25(OH)D measured at



gestational week 30 and offspring ADHD.!> A Swedish case-control study also reported no
association between cord blood 25(OH)D at birth and ADHD.!¢ These studies are novel and
potentially important, though there are limitations. First, the previous two studies of vitamin
D and diagnosed ADHD included small to modest sample sizes (N=24'3 and N=202'® ADHD
cases) that may limit statistical power to show significant associations. Second, the 25(OH)D
measurements were based on samples taken in late pregnancy or at birth in the previous
studies with diagnosed ADHD cases. The ascertainment of 25(OH)D from maternal serum
collected during early pregnancy allows for examination of the effects of vitamin D
deficiency during a period when events including neuronal proliferation and migration are
taking place.'*!® Third, these previous studies offered limited adjustment for confounders,

with no information on parental psychiatric diagnoses.

The present study is the first to examine maternal 25(OH)D levels in early pregnancy and
diagnosed ADHD cases among the offspring in a large nationwide, population-based birth
cohort. The study offered availability of information on several potential confounding factors.
The data were collected from Finland, which is among the northernmost European countries
with very little sun light exposure during the winter, and prior to 2004, when the national
recommendation for vitamin D supplementation for pregnant women commenced. The
consequent vulnerability to vitamin D deficiency allowed for enrichment of the exposure,
further improving the power to investigate this association. Based on the previous findings on

early pregnancy vitamin D levels and parent or teacher rated ADHD symptom scores, !

we
hypothesized that low maternal 25(OH)D in early gestation is associated with increased odds

of offspring ADHD diagnosis.

METHODS



The Finnish Prenatal study of ADHD is a nested case-control study derived from all singleton
live births in Finland between 1991 and 2005 (N =870 695) and followed up for ADHD
diagnosis in the Care Register for Health Care (CRHC) until 2011. In the present study,
maternal vitamin D level assessments utilizing maternal serum samples were performed for
ADHD cases (F90) and matched controls born between 1998 and 1999 (see “Identification of

cases and controls” below).

Nationwide Registers

The data used in this study were derived from three national registers: the Care Register for
Health Care (CRHC), the Finnish Medical Birth Register (FMBR), and the Finnish Central

Population Register (FCPR), which were linked using the personal identity codes.

The CRHC includes all public and private inpatient diagnoses since January 1, 1967, and
outpatient diagnoses from specialized services since January 1, 1998. The diagnoses are
based on the International Classification of Diseases (ICD). The ICD-10 has been used since
1996,%° ICD-9 from 1987 to 1995,2! and ICD-8 from 1969 to 1986>. A previous diagnostic
validation study of the ADHD diagnoses in the CRHC, which are based on the ICD-criteria
for hyperkinetic disorder, showed that 88% of the subjects examined met the Diagnostic and
Statistical Manual of Mental Disorders, Fourth Edition (DSM-1V) diagnostic criteria for
ADHD.? The ICD-10 and DSM-IV criteria for hyperkinetic disorder / ADHD overlap, but

the DSM-IV criteria are generally broader and the ICD-criteria stricter.?#2%-26

The FMBR, established in 1987, contains comprehensive data on all newborns in Finland
during the neonatal period up to seven days of age. Data include demographic characteristics,

reproductive history, maternal health-related behaviors and perinatal events.



The FCPR is a digital national archive containing basic demographic information about
virtually all residents of Finland. The data include name, personal identification number,

address, citizenship, native language, relatives, and date of birth and death (if applicable).

Identification of Cases and Controls

The ADHD cases were identified from the CRHC by using the personal identification code.
In the present study the ADHD cases included singletons born in Finland between 1998 and
1999 and registered in the CRHC with the ICD-10 codes of hyperkinetic disorders F90.0,

F90.1, F90.8, or F90.9 by 2011.

The controls were singleton offspring born in Finland and without a diagnosis in the CRHC
of ADHD, conduct disorder (which could possibly be misdiagnosed ADHD), or severe
intellectual disability. The controls were matched 1:1 to the case subjects on sex, date and
place of birth. The controls were alive and residing in Finland at the date of diagnosis of the
matched case. Among the 1320 cases and controls identified, sufficient sera was available for
1067 case-controls pairs. This study was approved by the ethical committees of the Hospital
District of Southwest Finland, the data protection authorities at the National Institutes of

Health and Welfare, and the New York State Psychiatric Institute IRB.

Description of Biobank

The Finnish Maternity Cohort (FMC) of the Northern Finland Biobank Borealis was
established in 1983 as a nationwide effort of the National Institute for Health and Welfare.
The FMC consists of approximately 2 million serum specimens collected during the first and
early second trimester of pregnancy (5th to 95th percentile: months 2—4 of pregnancy) from
over 950,000 women. The FMC covers virtually all pregnancies in Finland with archived

prenatal serum specimens drawn for routine screening for congenital infections. Following



informed consent, the remaining serum samples (one sample of 1-3 mLs for each pregnancy)
are stored at -25°C in a protected biorepository at the Northern Finland Biobank Borealis in
Oulu and are available for scientific research.!® All samples in the FMC can be linked with
offspring by a unique personal identification code, which has been assigned to each resident

of Finland since 1971.

Serum 25(OH)D Measurement

Maternal 25(OH)D measurements were carried out blind to case/control status. The
25(OH)D levels were measured in archived maternal serum using a chemiluminescence
microparticle immunoassay (CMIA) by an Architect i2000SR automatic analyzer (Abbott
Diagnostics) according to the manufacturer’s instructions. We used the CMIA after
evaluation of the assay by comparing the Architect 2000 method with high-performance
liquid chromatography (HPLC). Comparing the 25(OH)D results showed a high correlation
0f 0.922. Reproducibility of the CMIA was high (R=0.98). In addition, analysis of a set of
commercially available quality control samples (six different samples) showed that the

resulting levels of 25(OH)D were within the SD range of the reference results.

Coefficients of variation, derived from repeated quality control samples included in the assay
with the study samples, were calculated. In control samples with “high” 25(OH)D levels
(>100 nmol/L), the coefficient of variation (CV) were 3.2%, in samples with “medium”
25(OH)D levels (~80 nmol/L), the CV was 3.1%, and with “low” 25(OH)D levels (<40
nmol/L), the CV was 3.6%. In blinded quality control pairs in which 25(OH)D levels were

not known, the coefficients of variation were 1.1%.

Covariates



A number of potential confounding factors suggested as having an association with offspring
ADHD and maternal vitamin D levels were considered for inclusion in the analyses.**?7-3
We obtained information on the number of previous births, maternal socio-economic status
(SES), maternal age, self-reported smoking during pregnancy, gestational age (GA) and
weight for gestational age (WGA, based on national sex-specific growth curves)?’ from the
FMBR. The maternal SES categories were existing occupation-based national classifications
that are used in the FMBR: upper white collar workers, lower white collar workers, blue
collar workers and others (e.g. students and housewives) or missing (if the data was not
available). Information on maternal and paternal psychiatric diagnoses, ADHD diagnoses and
maternal diagnoses of substance use disorder, were obtained from the CRHC. Information on
maternal immigrant background was obtained from the FCPR and was included because
certain ethnic minorities have an elevated risk for vitamin D deficiency during pregnancy"'
and an increased likelihood of offspring ADHD diagnosis®’. Information on gestational week
and season of blood draw was obtained from the FMC. The seasons of blood collection were
defined as: winter (December to February), spring (March to May), summer (June to August)
and fall (September to November). As smokers are known to have lower 25(OH)D levels®?
and self-reported smoking is underreported,” we also included maternal cotinine, a
biomarker of nicotine, in the covariate testing. Maternal cotinine levels were measured using
quantitative immunoassays; a cotinine level of 20 ng/ml was used as a cut-point to define

biomarker-based smoking status.>” A more detailed description of all covariates are presented

in Tables 1 and 2.

Statistical analysis

We first examined the association of ADHD and maternal 25(OH)D defined as a continuous

variable. Due to the skewed distribution, 25(OH)D was log-transformed before analysis in



order to achieve a normal distribution. Second, we examined maternal 25(OH)D categorized
into quintiles. The cut-points for the quintiles of maternal 25(OH)D levels were based on the
distribution in the control group. We hypothesized that a significant association would be
observed for maternal 25(OH)D classified in the lowest quintile compared with the reference
group, which was defined as the highest quintile. In addition, we examined maternal
25(0OH)D as a three-class categorical variable based on clinical categories: deficient
(25(OH)D<30 nmol/L), insufficient (25(OH)D 30-49.9 nmol/L) and sufficient maternal
vitamin D levels (25(OH)D>50 nmol/L), where the sufficient category was used as the

reference group.

Categorically defined potential confounders were tested with Student’s t and F-tests for the
association with log-transformed maternal 25(OH)D among controls. For continuous
potential confounders we used linear regression to test for the association with maternal
25(OH)D among controls. Conditional logistic regression for matched sets was used to test
for the association between potential confounders and ADHD. In accord with the extant
epidemiologic literature, covariates were considered as potential confounders and were
included in the adjusted regression models if they were associated with both the exposure and
the outcome at P<0.10.%® We also tested the distribution of the covariates between the 1067

cases with available sera and the 253 cases lacking sera and thus excluded from the study.

Point and interval estimates of odds ratios were obtained by fitting conditional logistic
regression models for matched pairs. Statistical significance was based on P<0.05. All the

statistical analyses were performed with SAS software (SAS 9.4, SAS Institute, Cary, N.C.).

RESULTS

The mean age at ADHD diagnosis was 7.3 years (SD: 1.9; range: 2-13.7 years). The median

maternal 25(OH)D level among cases was 29.2 nmol/L (range: 8.9-115.6 nmol/L, Q1=21.5
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nmol/L, Q3=41.7 nmol/L) and 32.2 nmol/L (range: 7.5-132.5 nmol/L, Q1=23.2 nmol/L,
Q3=45.4 nmol/L) among controls. The mean gestational week of maternal blood draw was
10.7 (SD: 3.7) for cases and 10.6 (SD: 3.1) for controls. The gender distribution was 85.5 %
male and 14.5% female in cases and in controls. The distribution of maternal 25(OH)D by

case-control status in quintiles is presented in Figure 1.

Among the covariates, maternal age, SES, self-reported smoking, psychopathology,
substance abuse, ADHD diagnosis, immigrant status, number of previous births, and cotinine
levels; paternal psychopathology and ADHD diagnosis; and offspring GA and WGA were
associated with offspring ADHD with P<0.1 (Table 1). Maternal age, SES and season of
blood collection were associated with maternal 25(OH)D level with P<0.1 (Table 2).
Maternal SES and age were associated with both offspring ADHD and maternal 25(OH)D

level, and were thus adjusted for in the multivariate analyses.

The season of blood collection did not differ between the cases and the controls (P=.86). The
mean gestational week of maternal blood draw did not differ between the cases and the
controls (P=.54). The cases and the controls were originally also matched on the date (and

place) of birth hindering any potential effect of season.

The distribution of the covariates did not differ between the 1067 included cases and the 253

without available sera. (see Table S1, available online)

As shown in Table 3, there was a significant association between decreasing log-transformed
maternal 25(OH)D levels and increasing risk of offspring ADHD both in the unadjusted (OR
1.65, 95% CI 1.33-2.05, P<.001) and adjusted analyses (OR 1.45, 95% CI 1.15-1.81,
P=.002). To test for possible mediation by WGA or maternal cotinine levels, or for
confounding by maternal psychiatric history, we ran additional analyses with WGA, maternal

psychiatric history and maternal biomarker-based smoking-status added to the adjusted
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model. The associations remained significant in these analyses (see Table 3). Furthermore,
an additional analysis adjusting for maternal immigrant background (mother born / not born
in Finland) also did not change the results (OR 1.44, 95% CI 1.14-1.81, P=.002). For further
reassurance, we ran additional analyses adjusting also for the remaining covariates associated
with offspring ADHD and the results remained significant in all additional analyses (see

Table S2, available online)

Given the established differences in the risk of ADHD by sex, we tested for sex-by-25(OH)D
interaction and found no evidence of effect modification by sex on the relationship between
maternal 25(OH)D and ADHD (P=.84). In addition, we tested for a possible effect of the age
at diagnosis and found no interaction between the age at ADHD diagnosis and maternal

25(0OH)D levels (P=.78).

The distribution of maternal 25(OH)D in quintiles by case-control status is presented in Table
4. The odds ratio for ADHD among offspring of mothers in the lowest vitamin D quintile
compared to the highest quintile was 1.83 (95% CI 1.34-2.51, P<.001) in the unadjusted
model and 1.53 (95% CI 1.11-2.12, P=.010) in the adjusted model (Table 4). In the additional
analyses when maternal 25(OH)D levels were classified into three clinical categories,
maternal vitamin D deficiency (25(OH)D<30 nmol/L) was associated with offspring ADHD
in the unadjusted analyses (OR 1.51, 95 % CI 1.15-1.99, P=.003) as well as when adjusted
for maternal age and SES (OR 1.34, 95% CI 1.008-1.78 P=.044). (See Table S3, available

online)

DISCUSSION

The present study is the first to demonstrate an association between low maternal 25(OH)D
level in early to mid-pregnancy and an elevated risk for diagnosed ADHD in the offspring in

a large nationwide, population-based sample. The association was observed both when
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vitamin D was analyzed as a linear and as a categorical variable. These findings are the
strongest evidence to date of a link between developmental vitamin D deficiency and
offspring ADHD. Our results are in accord with two studies showing associations between
lower maternal 25(OH)D levels in early pregnancy and higher levels of teacher'? or parent'?

rated offspring ADHD symptom:s.

There are biologically plausible explanations for the association between developmental
vitamin D deficiency and an increased risk of offspring ADHD. Early pregnancy is a critical
period for fetal brain development, which is a complex process influenced by the individual’s
genotype and the in utero environment.!!*? Low vitamin D levels result from inadequate sun
exposure, low vitamin D intake from diet as well as physiological risk factors such as obesity
and skin color.*® The present findings suggest that insufficient in utero vitamin D may
adversely influence fetal programming and expose the offspring to a suboptimal environment
resulting in possible ADHD. Vitamin D receptors are expressed in the brain, and research has
shown that vitamin D affects brain function through regulation of calcium signaling,
neurotrophic and neuroprotective actions, neuronal differentiation, maturation and

growth 3940

The present findings are supported by observations from animal studies, which have shown
that developmental vitamin D deficiency is associated with a range of persistent
neurochemical and behavioral outcomes.® Depleting vitamin D leads to changes in multiple
neurotransmitters in the brains of newborn rats.*! One finding among vitamin D deficient rats
has been altered dopamine signaling.® Early vitamin D deficiency may enhance
hyperlocomotion and increase activity among rats.** These mechanisms have previously been

linked to schizophrenia and autism, but may well have relevance to ADHD as well, notably
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alterations in ontogeny of dopamine systems, novelty-induced hyperlocomotion, and

disrupted latent inhibition, indicative of abnormal attentional processing.****

Despite the marked reduction in the prevalence of many nutritional deficiencies in the
developed world, vitamin D deficiency still remains common, and therefore the present study
could have significant public health implications.”* Vitamin D deficiency is especially
prevalent among pregnant women, and this results in low vitamin D levels in the fetus and
offspring in early life.*® A recent meta-analysis concluded that higher circulating prenatal
25(0OH)D levels may have positive effects on the offspring’s neurodevelopment and reduce
the risk of ADHD and autism-related traits.*’ Interestingly, another recent meta-analysis
showed that 25(OH)D serum concentrations were also lower among children and adolescents
with ADHD.*® Although a cconsensus has not been reached regarding the criteria of
sufficient concentrations of 25(OH)D for pregnant women, the Institute of Medicine, in their
updated report from 2011,* suggested that 25(OH)D concentrations of at least 30 nmol/L
would prevent deficiency with respect to bone health and that 50 nmol/L would be sufficient
in most people.>® The maternal 25(OH)D concentrations in our study were low with a median
value of 29.2 nmol/L among mothers of cases and 32.2 nmol/L among mothers of controls.
Of note, in the lowest quintile, which as reported above showed the strongest association with
ADHD, the maternal 25(OH)D concentrations were 7.5 to 21.9 nmol/ L. The overall low
vitamin D concentrations could be attributed to the fact that maternal sera were collected
from pregnancies between 1998 and 1999, long before vitamin D supplementation
recommendations for pregnant women in Finland began in 2004. In addition, Finland is
situated in Northern Europe in a far northern latitude (between 60° and 70°N) with long
periods of little exposure to sunlight throughout the year, limiting vitamin D synthesis in the

skin.
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The strengths of the present study include the large nationwide sample, assessment of
maternal 25(OH)D concentrations based on prospectively collected sera in the first and early
second trimesters, and control for a wide range of potential confounders including date of
birth, place of birth, maternal psychiatric history, immigration background, child’s weight for

gestational age and prenatal nicotine exposure.

There are several limitations that must be considered. First, the ADHD subjects in this study
included only those who had been referred to specialized services and likely represent the
more severe ADHD cases. Of note, the cases were diagnosed with the ICD-criteria for
hyperkinetic disorder that are generally stricter than the DSM-criteria for ADHD.?*?> The
validity of the ADHD diagnoses in the CRHC have been evaluated previously with 88% of
the register-diagnosed patients examined by telephone interviews meeting the DSM-IV
criteria for ADHD.? Second, the number of parents diagnosed with ADHD was low, possibly
because ADHD was not a widely used diagnosis in Finland in the parental generation. Third,
we were able to assess maternal 25(OH)D at only one time point of pregnancy. However, it is
likely that the mother’s 25(OH)D concentration was similar throughout pregnancy.*® Fourth,
it is possible that unmeasured factors confounded the association of vitamin D deficiency and
ADHD; unfortunately, maternal body mass index data were not available. Furthermore, lower
maternal 25(OH)D could be an indicator of other prenatal risk factors such as a poorer diet
(i.e. containing less beneficial fatty acids) or lack of compliance with general health
recommendations for prenatal care. However, our adjusted model did include maternal SES,
maternal age, and maternal psychiatric history, which are related to those factors.
Furthermore, our additional mediation analyses by child’s weight for gestational age and
maternal cotinine levels did not change the results. Fifth, we did not have data on maternal
medications with possible effects on maternal vitamin D levels. Sixth, the generalizability of

the findings to various ethnic groups with differing vulnerability to vitamin D deficiency is
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low due to the low number of immigrant mothers. Future studies with ethnically more diverse

samples are needed.

Conclusion

This is the first population-based study to demonstrate an association between low maternal
vitamin D level in early to mid-pregnancy and an increased risk for offspring ADHD
diagnosis. If these findings are replicated, they may have public health implications for
vitamin D supplementation and perhaps changing life-style behaviors during pregnancy to

ensure optimal maternal vitamin D levels.
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Figure legend

Figure 1. Distribution of Maternal 25(OH)D Levels by Offspring's ADHD Case-control
Status

Figure Footnote

? The cut-points for the quintiles are based on the distribution in the control group
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Table 1. Covariates in Relation to ADHD

24

Cases, n Controls, n
(N=1067) (N=1067) p value
Number of previous 0 505 (47.3%) 419 (39.3%) .002
births >1 562 (52.7%) 648 (60.7%)
Maternal smoking® No 731 (70.3) 900 (87.0) <.001
Yes 309 (29.7) 135 (13.0)
History of maternal No 794 (74.4%) 940 (88-1%) <.001
psychopathology® Yes 273 (25.6) 127 (11.9)
History of maternal No 1010 (94.7%) 1052 (98.6%) <.001
substance abuse® Yes 57 (5.3%) 15 (1.4%)
History of maternal No 1060 (99.3%) 1066 (99.9%) .07
ADHD diagnosis? Yes 7 (0.7%) 1 (0.1%)
History of paternal No 783 (75.4%) 920 (86.8%) <.001
psychopathology®' Yes 256 (24.6%) 140 (13.2%)
History of paternal No 1030 (99.1%) 1058 (99.8%) 0.03
ADHD diagnosis®" Yes 9 (0.9%) 2 (0.2%)
Gestational age (weeks)® <37 101 (9.5%) 42 (4.0 %) <.001
>37 962 (90.5%) 1020 (96.1%)
Maternal immigrant Born in Finland 1043 (97.8%) 1059 (99.3%) 0.004
status Not born in Finland 24 (2.3%) 8 (0.8%)
Maternal cotinine <20 770 (72.2%) 927 (87.0 %) <.001
(ng/ml) >20 297 (27.84) 139 (13.0%)
Maternal SES Upper white collar 73 (6:8%) 143 (13.4%) <.001
Lower white collar 466 (43.7%) 426 (39.9%)
Blue collar 219 (20.5%) 191 (17.9%)
Others 213 (20.0%) 165 (15.5%)
Missing 136 (12.8%) 102 (9.6%)
Birth weight for SGA (<-2SD) 57 (5.4%) 24 (2.3%)
gestational ageh AGA (-2SD to +2SD) 969 (91.2%) 999 (94.1%) <.001
LGA (> +2SD) 36 (3.4%) 39 (3.7%)
Season of blood Winter (Dec-Feb) 298 (27.9%) 288 (27.0%) 0.86
collection Spring (Mar-May) 291 (27.3%) 307 (28.8%)
Summer (Jun-Aug) 228 (21.4%) 220 (20.6%)
Autumn (Sep-Nov) 250 (23.4%) 252 (23.6%)
Mean (SE) Mean (SE)
Maternal age (years) 27.9 (0.18) 29.5(0.16) <.001
Gestational week of blood draw 10.7 (0.11) 10.6 (0.10) .54

Note: * Maternal smoking missing for 27 cases and 32 controls
> ICD-8 (291-308), ICD-9 (291-316) or ICD-10 (F10-99), excluding mental retardation (F70-79), ADHD

diagnosis (ICD-10: F90.X or ICD-9: 314.X) and substance abuse diagnosis (ICD-8: 291, 303, 304, ICD-9: 291,
292,303, 304, 305 or ICD-10: F10-19)

¢ICD-8 (291, 303, 304), ICD-9 (291, 292, 303, 304, 305) or ICD-10 (F10-19)

4ICD-10: F90.X or ICD-9: 314.X
¢ ICD-8 (291-308), ICD-9 (291-316) or ICD-10 (F10-99), excluding mental retardation (F70-79) and ADHD
diagnosis (ICD-10: F90.X or ICD-9: 314.X)

T Paternal psychopathology and paternal ADHD diagnosis missing for 28 cases and 7 controls

¢ Gestational age missing for 4 cases and 5 controls
h Birth weight for gestational age missing for 5 cases and 5 controls, SE=standard error



Table 2. Covariates in Relation to Maternal Serum 25- hydroxyvitamin D (25(OH)D)

among Controls

log-transformed maternal 25(OH)D

Mean SD p value

Number of previous 0 3.46 0.46 18
births >1 3.50 0.46
Maternal smoking * No 3.49 0.46 15

Yes 343 0.45
History of maternal No 3.49 0.46 18
psychopathology ® Yes 3.43 0.44
History of maternal No 3.49 0.46 Sl
substance abuse® Yes 341 0.38
History of maternal No 3.48 0.46 32
ADHD diagnosis? Yes 3.03 e
History of paternal No 3.49 0.45 23
psychopathology™ Yes 3.44 0.49
History of paternal No 3.48 0.46 .83
ADHD diagnosisd"g Yes 341 038
Gestational age (weeks)" <37 3.46 0.47 .66

>37 3.49 0.46
Maternal immigrant Born in Finland 3.48 0.46 57
status Not born in Finland 3.58 0.51
Maternal cotinine <20 3.48 0.46 0.87
ng/ml >20 3.48 0.46

least squares means SE

Maternal SES Upper white collar 3.54 0.04 016

Lower white collar 3.50 0.02

Blue collar 3.51 0.03

Others 342 0.04

Missing 3.38 0.05
Weight for gestational SGA (<-2SD) 3.57 0.09 Sl
age' AGA (-2SD to +2SD) 3.48 0.01

LGA (>+2SD) 3.54 0.07
Season of blood Winter (Dec-Feb) 3.32 0.02 <.001
collection Spring (Mar-May) 3.28 0.02

Summer (Jun-Aug) 3.84 0.03

Autumn (Sep-Nov) 3.61 0.03

parameter estimate’ SE p value

Maternal age (years) 1.15 0.35 .001
Gestational week of blood draw -0.31 0.21 13

Note: * Maternal smoking missing for 27 cases and 32 controls
> ICD-8 (291-308), ICD-9 (291-316) or ICD-10 (F10-99), excluding intellectual disability (F70-79), ADHD
diagnosis (ICD-10: F90.X or ICD-9: 314.X) and substance abuse diagnosis (ICD-8: 291, 303, 304, ICD-9: 291,
292, 303,304,305 or ICD-10: F10-19)
¢ICD-8 (291, 303, 304), ICD-9 (291, 292, 303,304,305) or ICD-10 (F10-19)
4ICD-10: F90.X or ICD-9: 314.X
FICD-8 (291-308), ICD-9 (291-316) or ICD-10 (F10-99), excluding intellectual disability (F70-79) and ADHD
diagnosis (ICD-10: F90.X or ICD-9: 314.X)

¢ Paternal psychopathology and paternal ADHD diagnosis missing for 7 controls

h Gestational age missing for 5 controls, ! Birth weight for gestational age missing for 5 controls
¢only one observation, ! regression analysis, SE=standard error
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Table 3. Association Between Maternal Serum 25-hydroxyvitamin D (25[OH]D) and ADHD in Offspring

Median (interquartile range)
29.20 (21.47-41.68)

Maternal 25(OH)D level
(nmol/L)

Cases N=1067

Controls N=1067

Median (interquartile range)
32.20 (23.21-45.43)

Association with maternal serum 25(OH)D level

Log-transformed analysis? Odds Ratio 95% CI p-value
Unadjusted 1.65 1.33-2.05 <.001
Adjusted model A® 1.45 1.15-1.81 .002
Adjusted model B¢ 1.40 1.11-1.77 005
Adjusted model CY 1.46 1.16-1.83 .001
Adjusted model D¢ 1.35 1.07-1.71 011

Note: * For one unit decrease, continuous model

® Adjusted for maternal SES and maternal age
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¢ Adjusted for maternal SES, maternal age and maternal psychiatric history (ICD-8 (291-308), ICD-9 (291-316) or ICD-10 (F10-99), excluding mental retardation (F70-79),

ADHD diagnosis (ICD-10: F90.X or ICD-9: 314.X) and substance abuse diagnosis (ICD-8: 291, 303, 304, ICD-9: 291, 292, 303,304,305 or ICD-10: F10-19)

4 Adjusted for maternal SES, maternal age and child’s weight for gestational age

¢ Adjusted for maternal SES, maternal age and maternal cotinine (<20 or >20 ng/ml)



Table 4. Association Between Maternal Serum 25-hydroxivitamin D (25[OH]D) Categorized into Quintiles and Offspring ADHD

Maternal Range of Cases Controls Unadjusted OR P-Value Adjusted® OR  P-Value
25(OH)D by 25(OH)D (N=1067) (N=1067) 95% CI) 95% CI)

quintiles® in nmol/L n n

0-19% 7.5-21.9 277 210 1.83 (1.34-2.51) <.001 1.53 (1.11-2.12) 010
20%-39% 22.0-27.6 213 208 1.36 (1.01-1.89) .046 1.30 (0.94-1.79) A1
40%-59% 27.7-36.4 221 221 1.30 (0.97-1.76) .08 1.21 (0.89-1.65) 23
60%-79% 36.5-49.4 172 214 1.00 (0.75-1.33) >.99 0.99 (0.73-1.33) 92
80%-100% 49.5-132.5 184 214 Reference Reference

Note: *Adjusted for maternal age and maternal SES



