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Context Vitamin D has several effects on the immune system that might be of relevance for

the pathogenesis of type 1 diabetes (T1D).

Objective To evaluate whether umbilical cord serum concentrations of 25-hydroxy-vitamin D
(25[OH]D) differ in children developing either islet autoimmunity (IA) or overt T1D during

childhood and adolescence.

Design Umbilical cord serum samples from 764 children born 1994-2004 with HLA-DQB1
conferred risk for type 1 diabetes (T1D) participating in the Type 1 Diabetes Prediction and

Prevention Study (DIPP) were analyzed for 25(OH)D using an enzyme immunoassay.

Setting DIPP clinics in Turku, Oulu, and Tampere University Hospitals, Finland.

The participants comprised 250 case children who developed T1D diabetes at a median age
of 6.7 years (interquartile range [IQR] 4.0-10.1 years) and 132 additional case children who
developed IA, i.e. positivity for multiple islet autoantibodies. Cases were matched for date of
birth, sex and area of birth with 382 control children who remained autoantibody negative.

The median duration of follow-up was 9.8 years (IQR 5.7-13.1 years).

Main Outcome Measure The median 25(OH)D concentrations

Results The median 25(OH)D concentration in cord serum was low (31.1 nmol/L [IQR 24.0-

41.8]; 88% < 50 nmol/L), but not statistically different between children who developed T1D

or 1A and their control groups (P=0.70). The levels were associated mainly with geographical
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location, year and month of birth, age of the mother and maternal intake of vitamin D during

pregnancy.

Conclusions The 25(OH)D concentrations at birth are not associated with the development of

T1D during childhood.

Abbreviations

25(0OH)D, 25-hydroxyvitamin D; DIPP, Type 1 Diabetes Prediction and Prevention study;
GADA, glutamic acid decarboxylase autoantibody; HLA, human leukocyte antigen; IA, islet
autoimmunity; 1AA, insulin autoantibody; 1A-2A, autoantibody against the tyrosine
phosphatase-related 1A-2 protein; ICA, islet cell antibody; IQR, interquartile range; SNP,

single nucleotide polymorphism; T1D, type 1 diabetes

Précis
Cord serum samples were measured for 25[OH]D in 382 case children developing either islet
autoimmunity or T1D, and in 382 matched controls. The levels were low and not associated

with T1D.

Introduction

Vitamin D is one of the essential players in metabolic and physiological processes in the
human body. It has multiple effects on the immune system, and its role in the pathogenesis of
immune-mediated diseases has long been suspected. We noticed an increase in 25-
hydroxyvitamin D (25[OH]D) concentrations in Finnish children after year 2003, when
vitamin D fortification of milk started in Finland, which preceded the plateauing of the rapid

increase in type 1 diabetes (T1D) incidence that had continued for more than 50 years (1).
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However, we found no difference in median 25(OH)D concentration between children who
developed T1D and healthy matched control children when the children were observed from

the age of three months until the diagnosis of T1D (2).

T1D is an immune-mediated disease, which can manifest at any age (3). Diagnosis in early
childhood, before the age of four years, is quite common especially in Finland, where the
incidence is highest in the world (4) and some children develop T1D even before the age of
one year (5). The factors initiating or triggering the immune-mediated process leading to the
disease must be operative before that, perhaps already during fetal life. Some changes can be
seen early on and we have detected differences in the lipidomic profile in cord serum samples
in children who later progressed rapidly to T1D, but not in those developing islet

autoimmunity (1A) without progressing to overt disease (6).

Here we assessed the possible association of fetal vitamin D levels and the development of 1A
and progression to clinical T1D by measuring umbilical cord serum 25(OH)D concentration
in the DIPP birth cohort study. Further, we analyzed maternal intake of vitamin D during

pregnancy in a subcohort.

Materials and Methods

The study population comprised children (born 1994-2004), who participated in the Type 1
Diabetes Prediction and Prevention Study (DIPP) in Finland. The DIPP project is an ongoing
population-based prospective birth cohort study aimed at exploring means to predict and
prevent progression to clinical type 1 diabetes (T1D) (7). Briefly, newborn infants with HLA-
DQB1-conferred susceptibility to T1D are recruited from the University Hospitals in Turku (60

°N), Oulu (65 °N), and Tampere (61 °N), Finland. The children attend the study centers for
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follow-up visits at three to 12 month intervals and their serum samples are analyzed for T1D-
related autoantibodies. Islet cell antibodies (ICA) were used as the primary screening tool for
B-cell autoimmunity. If a child seroconverted to positivity for ICA, all the preceding and
subsequent samples of this child were analyzed for insulin autoantibodies (IAA), antibodies to
the 65 kDa isoform of glutamic acid decarboxylase (GADA) and to the tyrosine phosphatase-
related islet antigen 2 (IA-2A). Data from the autoantibody negative children participating in
the follow-up were collected until they were 15 years of age, or until the end-point of this study
(July 2016). Data from the autoantibody positive children were collected until the follow-up for
this study ended, or until they were diagnosed with T1D according to the World Health

Organization criteria, whichever came first.

We analyzed the concentration of 25-hydroxyvitamin D (25[OH]D) in umbilical cord serum
samples from 764 DIPP study participants with a nested case-control design. There were 133
case-control pairs in the Turku cohort, 137 in the Oulu cohort and 112 in the Tampere cohort.
Case children comprised two groups; the majority of the cases (250 children) were diagnosed
with T1D by the end of July 2016 (T1D+) and the minority of cases (132 children) showed IA
testing positive for multiple (>2) autoantibodies, but not progressing to overt T1D by the end
of the study period (IA+). The cases were included based on the availability of samples and one
control subject was selected for each case child. All control subjects (T1D- and IA-) remained
autoantibody-negative and non-diabetic throughout the follow-up, and they were pairwise

matched for age (birth within 30 days), sex and study center.

Mixed arterial/venous umbilical cord blood was collected in the delivery room and these
samples were used for both serum extraction and genetic screening. Serum samples were

stored at -70 °C. All children were initially screened for HLA-DQB1 alleles (8). An extended
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six-scale HLA-DR/DQ genotype-based T1D risk classification (9) was available in 625 of the
764 children. The three groups with decreased or neutral risk were combined into a “non-
increased risk” group, as the number of children in these groups was small. One child (1A+)
carried a genotype conferring strongly decreased risk, six children (two IA-, and four T1D-)
had genotypes conferring slightly decreased risk and 28 children (seven 1A+, 10 IA-, two
T1D+, and nine T1D-) carried genotypes conferring neutral risk, so that the non-increased
risk group included 35 children, while there were 135 children (30 1A+, 28 IA-, 33 T1D+, and
44 T1D-) with slightly increased risk, 279 children (71 1A+, 29 1A-, 125 T1D+, and 54 T1D-)
with moderately increased risk, and 176 children (23 I1A+, 16 1A-, 89 T1D+, and 48 T1D-)

with genotypes conferring highly increased risk for T1D.

We were able to obtain maternal dietary data collected by a validated food frequency
questionnaire after the birth of the child. The mothers were asked for food consumption during
one month preceding the pregnancy leave i.e. the eighth month of pregnancy. Total energy
intake and vitamin D intake from food, supplements, and in total were used in the current study,
as described by Marjamaki et al. (10), from the mothers of 363 children in this study (63 1A+,

60 1A-, 121 T1D+ and 119 T1D-); 168 in the Oulu and 195 in the Tampere cohorts.

A commercial immunoassay kit (Immunodiagnostic Systems Ltd, Boldon, UK) was used for
the 25(0OH)D analyses, as previously described (1). The intra-assay coefficient of variation was
6.5% and the sensitivity was 5 nmol/L. The performance target set by the Vitamin D External

Quality Assessment Scheme Advisory Panel for 25(OH)D assays was met (11).

Statistical analyses were performed with JMP Pro 12.0.1 and SAS for Windows version 9.4

(SAS Institute, Cary, NC, USA) using multi-way analysis of variance and Fisher’s exact test
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for categorical variables. Season of birth and study center were used as adjusting factors in all
analysis. The value of P < 0.05 (two-tailed) was taken to indicate statistical significance. The
year was divided into seasons as in our previous studies (1,2), i.e. winter (Jan-Mar), spring
(Apr-Jun), summer (Jul-Sep) and fall (Oct-Dec). The 25(OH)D concentrations, energy intake
and vitamin D intake from food, supplements and in total, were log-transformed responses in
analyses requiring normal distribution. As zero values cannot be log transformed, 0.1 pg was
added to vitamin D intake values from supplements to enable the log transformation and
analysis. Possible confounding factors were controlled for by adding background variables to

the statistical models as described in the Results section.

The present study was conducted according to the guidelines of the Declaration of Helsinki,
and was approved by the Joint Commission on Ethics of Turku University and Turku University

Central Hospital. Written informed consent was obtained from all guardians of the subjects.

Results

Altogether, the study cohort included 382 case (250 T1D+, 132 IA+) and 382 control (250 T1D-
, 132 1A-) children, who were matched for age, sex and study center, as described in Subjects
and methods. Serum 25(OH)D concentrations were statistically significantly affected by month
of birth (Fig. 1) (P=0.002) and study center (P=0.03), so that the children of the Oulu center
(65°N) had significantly lower levels than the children in Turku (60°N) and Tampere (61°N)
centers, but not by sex (P=0.64). As dates of birth of cases and their controls were matched
within one month, the age difference between them was small, the median being 6.5 days (IQR
2-13 days) for T1D+ and T1D-, and 6 days (IQR 3-15) for IA+ and IA- participants. The
children were born rather evenly around the year. There were 210 children born in the winter

(62 T1D+, 63 T1D-, 44 IA+ and 41 IA-), 182 children born in the spring (64 T1D+, 61 T1D-,
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28 1A+ and 29 1A-), 187 born in the summer (59 T1D+, 62 T1D-, 33 IA+ and 33 IA-), and 185

born in the fall (65 T1D+, 64 T1D-, 27 IA+ and 29 IA-).

The basic characteristics were similar between the study groups T1D+, T1D-, IA+ and IA-
(Table 1). As expected (12), the T1D+ children seroconverted to autoantibody positivity at an
earlier age than 1A+ children, and the follow-up time was shorter in the T1D+ group due to the

design of the study.

Most importantly, there were no statistically significant differences in the median 25(0OH)D
concentrations in cord serum between the study groups (P=0.70). The 25(OH)D concentrations
of 675 cord serum samples were below 50 nmol/L and thus 88 % of the study children had
suboptimal (13) vitamin D levels. When months were combined to seasons of birth, its
significance on 25(OH)D concentrations increased (from P=0.002 to P<0.0001), with a peak

concentration during the summer months (Fig. 1).

The association between 25(OH)D concentrations and group differences (T1D+, T1D-, 1A+,
IA-) was studied with multi-way analysis of variance (ANOVA). Also, these analyses were
adjusted by season and study center. All interactions between the independent explanatory
variables were evaluated and if they were non-significant they were removed from the final
model. In addition, the effect of year of birth, HLA-DQB1 group, HLA-DR/DQ group, number
of antibodies, ponderal index and nutritional factors with 25(OH)D concentration were
evaluated in separate models with the analysis method explained above. Differences between

the groups were non-significant in all the models reported below.
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The median age at the diagnosis of T1D was 6.7 years (IQR 4.0-10.9 years). The median age at
seroconversion to autoantibody positivity in the T1D+ group was 2.0 years (IQR 1.1-4.0)
(N=235, information was not available for 15 subjects) and 4.0 years (IQR 1.8-6.2) in the 1A+
group (N=132). The 25(OH)D concentrations were not associated with the age at T1D diagnosis

(P=0.53) nor with the age of seroconversion to autoantibody positivity (P=0.72).

During the follow-up there were 146 T1D+ and 31 1A+ children who tested positive for all four
autoantibodies, 64 T1D+ and 45 IA+ children positive for three autoantibodies, 22 T1D+ and
56 tested maximally positive for two autoantibodies, and additional six T1D+ children tested
positive for the maximum of one autoantibody in their sample series, and 12 T1D+ children
had unknown autoantibody status (i.e. incomplete set of samples available for antibody
analysis) before the diagnosis of T1D. There were no statistically significant differences in
25(0OH)D concentrations between these autoantibody groups (P=0.38). The situation was very
similar when only biochemical autoantibodies were considered as were the numbers of children
involved; there were 146 T1D+ and 31 IA+ children with three biochemical autoantibodies, 65
T1D+ and 46 A+ with two, 24 T1D+ and 55 IA+ children with one, and three T1D+ children
with only ICA, i.e. zero biochemical autoantibodies, all having similar 25(OH)D concentrations

(P=0.32).

There were 11 IA+ and 86 T1D+ children with IAA as the first appearing persistent biochemical
autoantibody. No differences were found in 25(OH)D concentrations (P=0.61) between the
groups of cases and their matched 97 controls in this subcohort. Similar results were obtained
in the 70 1A+ and 39 T1D+ children in whom GADA was the first appearing persistent

autoantibody; no differences were seen between the cases and their 109 controls (P=0.51).
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HLA-DQB1 group (moderate risk, high risk) was not associated 25(OH)D concentrations
(P=0.57), neither were the extended HLA-groups (non-increased risk, slightly increased risk,

moderately increased risk, and highly increased risk in HLA-DR/DQ) (P=0.46).

The age of the mother at the time of birth was positively associated with 25(OH)D concentration
(P=0.002) cord serum with higher concentration in older mothers. The median age of the mother
was 29.8 (IQR 26.6-33.6) years, and it was highest in Turku (30.2 [IQR 26.6-33.7] years) and
lowest in Oulu (29.4 [26.3-33.0] years). The ponderal index of the child, calculated as weight
in kg per height®, was inversely associated with 25(OH)D concentrations (P=0.031), but there
was no statistically significant association with either weight (P=0.29) or length (P=0.75) alone

to 25(OH)D. The ponderal index did not correlate with the age of the mother (P=0.16).

Almost 10% of the mothers had been smoking during pregnancy (70 smoking, 655 non-
smoking, 39 not known). There were mothers who had smoked in all groups: 20 were mothers
to T1D+ children, 26 to T1D- children, nine to A+ children and 15 to IA- children. Maternal
smoking (yes/no) during pregnancy was not associated with 25(OH)D concentration in cord
serum (P=0.40) and neither was the mode of delivery when all modes (vaginal delivery,
emergency C-section, planned C-section, or assisted delivery) were taken into account.

(P=0.17).

As some have found cord serum 25(OH)D concentration quartiles to be an important factor in
relation to T1D odds (14), we decided to analyze those as well. However, when we divided
the samples into quartiles based on the 25(OH)D concentration (Table 2), the overall

difference between the groups (T1D+, T1D-, IA+ and IA-) remained statistically non-
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significant (P=0.29), whereas study center and season remained statistically significant

(P=0.003 and P<0.001, respectively).

Nutrition during pregnancy

We were able to obtain nutritional information from the eighth month of pregnancy in almost
half (48%) of the study population, as 61% of the Oulu and 87% of the Tampere cohorts
participated in the DIPP Nutrition Study. The general characteristics of the subpopulation in

whom nutritional information was available are presented in Table 3.

Maternal intake of vitamin D during pregnancy showed a statistically significant association
with umbilical cord serum 25(OH)D concentrations in all forms, from food (P<0.0001), from
supplements (P<0.0001), and in total (P<0.0001). The energy intake was not associated with

25(0OH)D concentration (P=0.27).

The age of the mother had a statistically significant association with 25(OH)D concentration
also in this subpopulation (P=0.025), but age did not correlate with energy intake (P=0.64),
vitamin D intake from food (P=0.22), intake from supplements (P=0.51), nor with total vitamin
D intake (P=0.22). The median age of mothers was in the same range (29.3 years [IQR 26.4-

33.4]) in this subpopulation as it was in the entire study cohort (29.8 years [IQR 26.6-33.6]).

Ponderal index of the baby was not associated with the 25(OH) concentration in this
subpopulation (P=0.097) but its correlation with the age of the mother was close to significant
(P=0.059). Ponderal index did not correlate with energy intake (P=0.34), vitamin D intake from
food (P=0.30), from supplements (P=0.52), nor with total vitamin D intake (P=0.93) of the

mother during pregnancy.

12
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When divided into the same quartiles based on 25(OH)D quarters as the entire data set (Table
4), there were no statistically significant differences in the proportion of children participating,
or in energy intake in each quartile, but there were differences in vitamin D intake from food

(P<0.001), from supplements (P<0.001) and in total (P<0.001).

The total vitamin D intake during pregnancy was quite low, as there were only 72 children
(20%) in this cohort whose mothers reported a total vitamin D intake during pregnancy > 10 ug
per day; 22 T1D+, 29 T1D-, 14 IA+ and 7 IA-. The median 25(OH)D concentration in these 72

serum samples was 39.1 (IQR 30.1-46.6) nmol/L.

The use of vitamin D supplementation during pregnancy was uncommon, with only 33 mothers
(9%) getting > 5 pg vitamin D from supplements.; 10 TID+, 13 T1D-, 6 IA+ and 4 IA-. The
supplement use was equally distributed between seasons; nine in winter, seven in spring, nine
in summer and eight in fall. As the nutritional information was based on the eighth month of

pregnancy, the season was mostly the same as the season of birth.

Discussion

Based on this study, fetal vitamin D status, reflected by umbilical cord serum 25(OH)D (15—
17), does not appear to have an association with islet autoimmunity or with progression to T1D.
The 25(OH)D concentrations of the pregnant mothers are significantly lower than in the
children in the upcoming months and years (2). The levels in cord serum or plasma seemed to

be low worldwide (18,19) up until recently (17).
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Vitamin D supplementation is recommended for the whole growth period for all children in
Finland and the parents comply well with this recommendation, at least for the first few years
of life (20). The conspicuous monthly variation and the overall low 25(OH)D concentrations
alone suggest that the pregnant women have not been taking commonly vitamin D
supplementation, and this was confirmed by the nutritional data available. Similarly, in an
earlier study of 1669 mothers from the same population cohort in Tampere and Oulu, the mean
maternal intake of vitamin D was 5.1 (SD 2.6) pug from food and 1.4 (SD 2.6) pg from
supplements, with only 32% of women taking vitamin D supplements during approximately the
same study period, i.e. years 1997-2001 (21). It is noteworthy that we found no seasonal
variation in vitamin D supplement usage, even though the recommendations advised pregnant
women to use supplements only during the winter months (22-24). Thus, it seems that most
Finnish mothers did not take care of their own vitamin D supplementation during pregnancy at

the time, but were very careful in supplementation of their children.

The major strength of the current study is that it includes a large number of children in matched
case-control pairs and there is abundant follow-up data on these children. Collecting samples

for over a decade is not an easy task to accomplish but it helps minimize annual fluctuations.

Some study limitations should also be considered. One is that the children were originally
selected for the DIPP study based on their HLA-DQB1 genotype and we did not have any
genetic information on the mothers. No association of HLA-DRB1 or HLA-DQB1 with
25(0OH)D concentrations has been reported to the best of our knowledge, but an association of
cord serum 25(OH)D concentrations and maternal HLA-B44 (25) and two single nucleotide
polymorphisms (SNPs), one for the vitamin D receptor gene and one for the group-specific

component gene (26), have been observed in Finnish studies. Furthermore, we did not have
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SNPs of the vitamin D pathway in the children, which might have been interesting to have, as
some of us, participating in a large international collaboration study, found that 25(OH)D levels
and vitamin D receptor polymorphism may have a combined role in the development of islet

autoimmunity in children at increased genetic risk for T1D (27).

It is noteworthy that the case children in this study were born evenly around the year in both
case groups, those who developed T1D and those remaining autoantibody positive. This alone
should indicate that the 25(OH)D concentration at birth may not be as important in the
development of T1D as previously suggested (14). In an updated analysis of the same
individuals of that previous Norwegian study, no association between first and second trimester
25(0OH)D concentrations and childhood risk of T1D was observed (28). By analyzing neonatal
blood spots, a small Italian study found no association between 25(OH)D levels and risk of
T1D, except in a subgroup of migrant babies (29). A Danish research group showed with a
larger cohort that that neonatal 25(OH)D status was not associated with a later risk of T1D (30).
We were able to verify those results and went further, as we showed for the first time that
25(0OH)D levels at birth were not associated with the progression to clinical T1D, the number

of islet autoantibodies, nor with which autoantibodies appear first.

This and the other studies where no differences regarding later risk of T1D was observed,
(10,11) had very low median 25(OH)D levels. It might be possible that a difference could be
detected in a more vitamin D sufficient population. However, in another autoimmune disease,
multiple sclerosis, it was the lower spectrum of levels where the risk of the disease was most
prominent (12). Accordingly it is unlikely that there is any detectable difference in relation to
T1D, which was further supported by our finding that no difference were seen even in the

highest 25(OH)D concentration quartile where the median levels were very close to normal.
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Cord serum 25(OH)D concentrations may have a long-term influence on later health and
associations have been reported with childhood metabolic profiles (31) and early childhood
growth together with neural development (32). Maternal vitamin D levels have been shown to
have more influence on cord serum 25(OH)D than the genetic factors of the offspring (16). As
we showed here, maternal intake of vitamin D during pregnancy has a clear impact on cord
serum 25(OH)D levels and quite surprisingly, vitamin D intake was not associated with energy
intake or maternal age. The factors behind the higher 25(OH)D concentrations in the cord serum
samples of older mothers, which has been reported also in other studies (33,34), would require

further research.

Acknowledgements

The authors thank Sirpa Anttila and Mia Nyblom for collecting the samples and the clinical
data of the Oulu and the Tampere cohorts, respectively, Hanna-Mari Takkinen for collecting
the nutritional data, Jari Hakalax and Mika Riikonen for data management and Annika Koivu
for practical assistance in 25(OH)D measurements. The authors are grateful to the DIPP

families and study personnel for their contribution.

References

1. Makinen M, Simell V, Mykkénen J, llonen J, Veijola R, Hyoty H, Knip M, Simell
O, Toppari J, Hermann R. An increase in serum 25-hydroxyvitamin D concentrations
preceded a plateau in type 1 diabetes incidence in Finnish children. J. Clin. Endocrinol.
Metab. 2014;99(11):E2353-2356.

2. Makinen M, Mykkanen J, Koskinen M, Simell V, Veijola R, Hy6ty H, llonen J,

Knip M, Simell O, Toppari J. Serum 25-hydroxyvitamin D concentrations in children

16



397 progressing to autoimmunity and clinical type 1 diabetes. J. Clin. Endocrinol. Metab.
398 2016;101(2):723-729.

399 3. Tuomilehto J. The emerging global epidemic of type 1 diabetes. Curr. Diab. Rep.
400 2013;13(6):795-804.

401 4. Harjutsalo V, Sjoberg L, Tuomilehto J. Time trends in the incidence of type 1

402 diabetes in Finnish children: a cohort study. Lancet 2008;371(9626):1777-1782.

403 5. Siljander HTA, Simell S, Hekkala A, Lahde J, Simell T, Vahasalo P, Veijola R,

404 llonen J, Simell O, Knip M. Predictive characteristics of diabetes-associated
405 autoantibodies among children with HLA-conferred disease susceptibility in the
406 general population. Diabetes 2009;58(12):2835-2842.

407 6. Oresi¢ M, Gopalacharyulu P, Mykkiinen J, Lietzen N, Mikinen M, Nygren H,

408 Simell S, Simell V, Hyéty H, Veijola R, llonen J, Sysi-Aho M, Knip M,
409 Hyotylainen T, Simell O. Cord serum lipidome in prediction of islet autoimmunity
410 and type 1 diabetes. Diabetes 2013;62(9):3268-3274.

411 7. Kupila A, Muona P, Simell T, Arvilommi P, Savolainen H, Hamaldinen AM,

412 Korhonen S, Kimpimaki T, Sjéroos M, llonen J, Knip M, Simell O. Feasibility of
413 genetic and immunological prediction of type | diabetes in a population-based birth
414 cohort. Diabetologia 2001;44(3):290-297.

415 8. Nejentsev S, Sjoroos M, Soukka T, Knip M, Simell O, Lévgren T, llonen J.

416 Population-based genetic screening for the estimation of Type 1 diabetes mellitus risk
417 in Finland: selective genotyping of markers in the HLA-DQB1, HLA-DQA1 and HLA-
418 DRBL loci. Diabet Med 1999;16(12):985-992.

419 O. Ilonen J, Kiviniemi M, Lempainen J, Simell O, Toppari J, Veijola R, Knip M.

420 Genetic susceptibility to type 1 diabetes in childhood — estimation of HLA class 11

421 associated disease risk and class Il effect in various phases of islet autoimmunity.

17



422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

440

441

442

443

444

445

446

10.

11.

12.

13.

14.

15.

16.

Pediatr Diabetes 2016;17(Suppl 22):8-16.

Marjamaki L, Niinistd S, Kenward MG, Uusitalo L, Uusitalo U, Ovaskainen ML,
Kronberg-Kippila C, Simell O, Veijola R, llonen J, Knip M, Virtanen SM.
Maternal intake of vitamin D during pregnancy and risk of advanced beta cell
autoimmunity and type 1 diabetes in offspring. Diabetologia 2010;53(8):1599-1607.
Carter GD, Berry JL, Gunter E, Jones G, Jones JC, Makin HLJ, Sufi S, Wheeler
MJ. Proficiency testing of 25-hydroxyvitamin D (25-OHD) assays. J. Steroid Biochem.
Mol. Biol. 2010;121(1-2):176-179.

Ziegler AG, Rewers M, Simell O, Simell T, Lempainen J, Steck A, Winkler C,
llonen J, Veijola R, Knip M, Bonifacio E, Eisenbarth GS. Seroconversion to
multiple islet autoantibodies and risk of progression to diabetes in children. JAMA
2013;309(23):2473-2479.

Lamberg-Allardt C, Brustad M, Meyer HE, Steingrimsdottir L. Vitamin D-a
systematic literature review for the 5th edition of the Nordic Nutrition
Recommendations. Food Nutr. Res. 2013;25(57):1-31.

Sgrensen IM, Joner G, Jenum PA, Eskild A, Torjesen PA, Stene LC. Maternal
serum levels of 25-hydroxy-vitamin D during pregnancy and risk of type 1 diabetes in
the offspring. Diabetes 2012;61(1):175-178.

O’Callaghan KM, Hennessy A, Hull GLJ, Healy K, Ritz C, Kenny LC, Cashman
KD, Kiely ME. Estimation of the maternal Vitamin D intake that maintains circulating
25-hydroxyVitamin D in late gestation at a concentration sufficient to keep umbilical
cord sera >25-30 nmol/L: a dose-response, double-blind, randomized placebo-
controlled trial in pre. Am. J. Clin. Nutr. 2018;108(1):77-91.

Novakovic B, Galati JC, Chen A, Morley R, Craig JM, Saffery R. Maternal vitamin

D predominates over genetic factors in determining neonatal circulating vitamin D

18



447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

462

463

464

465

466

467

468

469

470

471

17.

18.

19.

20.

21.

22.

23.

24,

concentrations. Am J Clin Nutr 2012;96:188-195.

Hauta-Alus HH, Kajantie E, Holmlund-Suila EM, Rosendahl J, Valkama SM,
Enlund-Cerullo M, Helve OM, Hytinantti TK, Viljakainen H, Andersson S,
Makitie O. High Pregnancy, Cord Blood, and Infant Vitamin D Concentrations May
Predict Slower Infant Growth. J. Clin. Endocrinol. Metab. 2019;104(2):397-407.
Walker VP, Zhang X, Rastegar I, Liu PT, Hollis BW, Adams JS, Modlin RL. Cord
blood vitamin D status impacts innate immune responses. J. Clin. Endocrinol. Metab.
2011;96(6):1835-1843.

Bodnar LM, Simhan HN, Powers RW, Frank MP, Cooperstein E, Roberts JM.
High prevalence of vitamin D insufficiency in black and white pregnant women
residing in the northern United States and their neonates. J Nutr 2007;137(2):447-452.
Virtanen SM. Dietary factors in the development of type 1 diabetes. Pediatr Diabetes
2016;17(Suppl 22):49-55.

Erkkola M, Kaila M, Nwaru Bl, Kronberg-Kippila C, Ahonen S, Nevalainen J,
Veijola R, Pekkanen J, llonen J, Simell O, Knip M, Virtanen SM. Maternal vitamin
D intake during pregnancy is inversely associated with asthma and allergic rhinitis in
5-year-old children. Clin. Exp. Allergy 2009;39(6):875-882.

Lahti-Koski M. Ravitsemuskertomus 1998. Helsinki, Finland: Kansanterveyslaitos;
1999. Available at: /vwebv/holdingsinfo?bibld=768584.

Leppo K, Hasunen K. D-vitamiinivalmisteiden kayttosuositus. Kuntakirje
terveyskeskuksia ja sairaaloita yllapitaville kunnille ja kuntayhtymille 8.10.2003.;
2003.

Valtion ravitsemusneuvottelulautakunta. Suositukset kansanravitsemuksen
kehittdmiseksi - Rekommendationer till utvecklande av folknéringen. Helsinki, Finland:

Maa- ja metsatalousministerio; 1987.

19



472

473

474

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

25.

26.

217.

28.

29.

30.

Miettinen ME, Kinnunen L, Harjutsalo V, Aimonen K, Surcel H-M, Lamberg-
Allardt C, Tuomilehto J. Association of serum 25-hydroxyvitamin D concentration
with HLA-B, -DRB1 and -DQB1 genetic polymorphisms. Eur. J. Clin. Nutr.
2017;71(1):128-131.

Miettinen ME, Smart MC, Kinnunen L, Harjutsalo V, Reinert-Hartwall L,
Ylivinkka I, Surcel HM, Lamberg-Allardt C, Hitman GA, Tuomilehto J. Genetic
determinants of serum 25-hydroxyvitamin D concentration during pregnancy and type
1 diabetes in the child. PLoS One 2017;12(10):1-10 e0184942.

Norris JM, Lee H-S, Frederiksen B, Erlund I, Uusitalo U, Yang J, Lernmark A,
Simell O, Toppari J, Rewers M, Ziegler A-G, She J-X, Onengut-Gumuscu S, Chen
W-M, Rich SS, Sundvall J, Akolkar B, Krischer J, Virtanen SM, Hagopian W,
Et.al. Plasma 25-hydroxyvitamin D concentration and risk of islet autoimmunity.
Diabetes 2018;25(1):2-29.

Sgrensen IM, Joner G, Jenum PA, Eskild A, Brunborg C, Torjesen PA, Stene LC.
Vitamin D-binding protein and 25-hydroxyvitamin D during pregnancy in mothers
whose children later developed type 1 diabetes. Diabetes Metab Res Rev
2016;32(8):883-890.

Cadario F, Savastio S, Pagliardini V, Bagnati M, Vidali M, Cerutti F, Rabbone I,
Fontana F, Lera R, De Donno V, Valori A, Gruden G, Bona G, Bruno G. Vitamin
D levels at birth and risk of type 1 diabetes in childhood: a case-control study. Acta
Diabetol. 2015;52(6):1077-1081.

Jacobsen R, Thorsen SU, Cohen AS, Lundqvist M, Frederiksen P, Pipper CB,
Pociot F, Thygesen LC, Ascherio A, Svensson J, Heitmann BL. Neonatal vitamin D
status is not associated with later risk of type 1 diabetes: results from two large Danish

population-based studies. Diabetologia 2016;59(9):1871-1881.

20



497

498

499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

31.

32.

33.

34.

Blighe K, Chawes BL, Kelly RS, Mirzakhani H, McGeachie M, Litonjua AA,
Weiss ST, Lasky-Su JA. Vitamin D prenatal programming of childhood metabolomics
profiles at age 3 y. Am. J. Clin. Nutr. 2017;106(4):1092-1099.

Gould JF, Anderson AJ, Yelland LN, Smithers LG, Skeaff CM, Zhou SJ, Gibson
RA, Makrides M. Association of cord blood vitamin D with early childhood growth
and neurodevelopment. J. Paediatr. Child Health 2017;53(1):75-83.

Josefson JL, Feinglass J, Rademaker AW, Metzger BE, Zeiss DM, Price HE,
Langman CB. Maternal Obesity and Vitamin D Sufficiency Are Associated with Cord
Blood Vitamin D Insufficiency. Endocr. Care 2013;98(1):114-119.

Josefson JL, Reisetter A, Scholtens DM, Price HE, Metzger BE, Langman CB.
Maternal BMI Associations with Maternal and Cord Blood Vitamin D Levels in a
North American Subset of Hyperglycemia and Adverse Pregnancy Outcome (HAPO)

Study Participants. PLoS One 2016;11(3):e0150221.

Legends for figures and tables

Table 1: General characteristics of the study population, values are median (IQR). The value

of P < 0.05 (two-tailed) was taken to indicate statistical significance and is marked in bold.

Figure 1: Monthly distribution of median 25(OH) D concentrations in cord serum samples were

similar in the four groups. There were no statistically significant differences between T1D+

(solid black line) and T1D- (dashed black line) children (P=0.39) or between IA+ (dashed grey

line) and IA- (short-dashed grey line) children (P=0.63). Serum 25(OH)D concentrations were

statistically significantly affected by month of birth (P=0.002).
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Table 2: Subjects divided into quarters based on 25(OH)D concentration. The value of P <

0.05 (two-tailed) was taken to indicate statistical significance and is marked in bold.

Table 3: General characteristics of the subpopulation participating in nutritional study during

pregnancy. The value of P < 0.05 (two-tailed) was taken to indicate statistical significance.

Table 4: Nutritional data during the eighth month of pregnancy when divided into the same

25(0OH)D concentration quarters as the entire data set in Table 2. The value of P < 0.05 (two-

tailed) was taken to indicate statistical significance and is marked in bold.
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of P < 0.05 (two-tailed) was taken to indicate statistical significance and is marked in bold.

Table 1: General characteristics of the study population, values are median (IQR). The value

T1D+ T1D- IA+ IA- P-value
N=250 N=250 N=132 N=132

25(0H)D in 30.7 (22.9- |31.1(245- [30.7(23.3- |31.2(25.2- |0.70

nmol/L 43.3) 39.8) 41.8) 40.5)

Weight in kg 3.50 (3.26- |3.65(3.30- |3.64(3.26- |3.63(3.33- |0.76
3.90) 3.97) 3.97) 3.90)

Height in cm 50 (49-52) | 51(49-52) |51(49-52) |50 (49-52) |0.58

Seroconversion | 2.0 (1.1-4.0) | N.A. 4.0(1.8-6.2) | N.A. <0.001

age in years

Age at T1ID 6.7 (4.0- N.A. N.A. N.A.

diagnosis in 10.1)

years

Gestational age | 39.9(38.7- | 40.1(39.0- |39.9(38.7- |40(38.9-41) |0.32

in weeks 40.7) 40.9) 40.7)

Age of mother 30.1(26.9- |29.2(26.4- |29.8(26.0- |29.8(26.8- |0.45

in years 33.9) 32.7) 34.8) 33.7)

Time of follow- | 6.2 (3.4-9.3) | 105(6.9- |126(9.1- |12.0(8.4- |<0.001

up in years 14.3) 14.8) 14.7)
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Figure 1: Monthly distribution of median 25(OH) D concentrations in cord serum samples were
similar in the four groups. There were no statistically significant differences between T1D+
(solid black line) and T1D- (dashed black line) children (P=0.39) or between 1A+ (dashed grey
line) and 1A- (short-dashed grey line) children (P=0.63). Serum 25(OH)D concentrations were

statistically significantly affected by month of birth (P=0.002)
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Table 2: Subjects divided into quarters based on 25(OH)D concentration. The value of P <

0.05 (two-tailed) was taken to indicate statistical significance and is marked in bold.

Quarter (N) Q1 (N=191) Q2 (N=191) Q3 (N=191) Q4 (N=191) P-value
Median 25(OH)D 20.14 (9.40- 27.75 (24.00- 34,95 (31.06- | 49.27 (41.76-
(range) in nmol/L | 24.00) 31.06) 41.72) 135.1)
N T1D+/T1D-/ 74/55/35/ 52/69/34/ 55/70/30/ 69/56/33/ 0.29
A+ / |A- 27 36 36 33
N Turku / Oulu / 51/91/49 64 /69 /58 74 /62 /55 77/52/62 0.003
Tampere
N Season (Jan- 74/53/10/ 65/54/22/ 54/46/43/ 17/29/112/ | <0.001
Mar)/ (Apr-Jun)/ | 54 50 48 33
(Jul-Sep) / (Oct-
Dec)
N girls / boys 82 /109 70/121 81/110 77 /114 0.58
N old HLA 50/ 141 68 /123 64 /127 64 /127 0.20
high/moderate
N new HLA 34/9/ 27/8/ 51/11/ 26/7/ 0.027
(NA/non-incr. 40/70/37 33/80/43 29/52/48 33/77/48
slight/mod/high)
Median ponderal | 27.84 (26.31- | 27.71(26.37- | 27.59(25.88- | 27.55(25.71- | 0.12
index in kg/m3 29.60) 29.44) 29.11) 29.10)
(IQR)
Median weightin | 3.61 (3.28- 3.68 (3.36- 3.63 (3.28- 3.53 (3.27- 0.28
kg (IQR) 3.95) 3.97) 3.93) 3.90)
Median heightin | 51 (49-52) 51 (49-52) 51 (49-52) 50 (49-52) 0.77
cm (IQR)
N mothers 160/21/10 163/15/10 170/17 /4 162 /14 /15 0.70
non-smoking/
smoking / NA

N of cases with 31/26 28 /31 34 /19 30/33 0.25

IAA /GAD

appearing first

N of children with | 81/2/20/ 105/1/23/ 106/2/16/ 88/1/19/ | 0.37
0/1/2/3/4 28 /55 22 /38 26 /40 33/44

autoantibodies
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Table 3: General characteristics of the subpopulation participating in nutritional study during

pregnancy. The value of P < 0.05 (two-tailed) was taken to indicate statistical significance.

Group T1D+ T1D- IA+ 1A-

N=121 N=119 N=63 N=60 P-value
N 51/70 49/70 35/28 33/27 0.11
Oulu/Tampere
N mother of a 54 /67 52 /67 26 /37 24/ 36 0.94
boy/qirl
Age of mother | 29.6 (26.5- | 29.3(26.7- |28.4(25.2- |29.1(26.8- |0.76
in years 34.2) 33.2) 32.7) 33.0)
(median [IQR])
Birth weightin | 3.5 (3.2-3.9) | 3.7 (3.3-4.0) | 3.6 (3.2-3.9) | 3.6 (3.3-4.0) | 0.56
kg (median
[IQR])
Birth heightin | 0.50 (0.49- | 0.51(0.49- |0.51(0.49- |0.50(0.49- |0.81
m (median 0.52) 0.52) 0.52) 0.52)
[IQR])
Ponderal index | 27.9 (26.4- |28.3(26.3- |27.7(26.1- |27.7(26.4- |0.34
in kg/m3 29.5) 29.5) 28.7) 29.6)
(median [IQR])
Energy intake 10876 10876 11364 11354 0.38
per day in kJ (8842- (9808- (9666- (9364-
(median [IQR]) | 13062) 13094) 12976) 12656)
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Vitamin D
intake per day
from food in pg

(median [IQR])

4.92 (3.47-

6.69)

5.24 (3.75-

7.74)

5.22 (3.45-

7.01)

4.71 (2.94-

6.51)

0.21

Vitamin D
intake per day
from
supplements in

Kg (median
[IQR])

0 (0-2.11)

0 (0-1.5)

0 (0-2.39)

0 (0-0.76)

0.85

Total vitamin D
intake per day
in ug (median

[IQR])

5.84 (3.91-

8.96)

6.53 (4.06-

9.84)

5.96 (4.09-

9.29)

6.53 (4.06-

9.84)

0.38
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Table 4: Nutritional data during the eighth month of pregnancy when divided into the same

25(0OH)D concentration quarters as the entire data set in Table 2. The value of P < 0.05 (two-

tailed) was taken to indicate statistical significance and is marked in bold.

day in kJ (median
[IQR])

12976)

13789)

13298)

13490)

Quarter Q1 Q2 Q3 Q4 P-value
Original median 20.14 (9.40- 27.75 (24.00- | 34.95(31.06- | 49.27 (41.76-
25(OH)D (range) | 24.00) 31.06) 41.72) 135.1)
in nmol/L
Median 25(0OH)D | 20.53 (9.40- 27.76 (24.00- 35.12(31.11- | 50.06 (41.76-
(range) in nmol/L | 24.00) 31.06) 41.72) 105.1)
of subcohort
N of children with | 103 87 88 85 0.23
nutritional data
during pregnancy
Vitamin D intake | 4.25 (2.95- 4.83 (3.54- 4.94 (3.58- 6.43 (4.29- 0.007
from food per 5.86) 6.84) 6.95) 9.25)
day in pg (median
[IQR])
Vitamin D intake | 0 (0-0) 0 (0-1.50) 0 (0-3.99) 0(0-2.97) <0.001
from
supplements per
day in pg (median
[IQR])
Total vitamin D 4.76 (3.15- 5.91 (3.72- 7.26 (4.16- 8.43 (5.09- <0.001
intake per dayin | 6.10) 8.62) 9.17) 12.00)
pg (median [IQR])
Energy intake per | 11107 (9424- 11051 (8922- 11220 (8905- 11617 (10000- 0.71
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