
Citation: Gaml-Sørensen, A.; Brix, N.;

Lunddorf, L.L.H.; Ernst, A.; Høyer,

B.B.; Toft, G.; Henriksen, T.B.;

Ramlau-Hansen, C.H. Maternal

Intake of Vitamin D Supplements

during Pregnancy and Pubertal

Timing in Children: A

Population-Based Follow-Up Study.

Nutrients 2023, 15, 4039. https://

doi.org/10.3390/nu15184039

Academic Editor: Ann Anderson

Berry

Received: 24 August 2023

Revised: 14 September 2023

Accepted: 15 September 2023

Published: 18 September 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

nutrients

Article

Maternal Intake of Vitamin D Supplements during Pregnancy
and Pubertal Timing in Children: A Population-Based
Follow-Up Study
Anne Gaml-Sørensen 1,* , Nis Brix 1,2, Lea Lykke Harrits Lunddorf 1, Andreas Ernst 1,3, Birgit Bjerre Høyer 4,
Gunnar Toft 5, Tine Brink Henriksen 6,7 and Cecilia Høst Ramlau-Hansen 1

1 Department of Public Health, Research Unit for Epidemiology, Aarhus University, Bartholins Alle 2,
8000 Aarhus C, Denmark

2 Department of Clinical Genetics, Aarhus University Hospital, 8200 Aarhus N, Denmark
3 Department of Urology, Aarhus University Hospital, 8200 Aarhus N, Denmark
4 Open Patient Data Explorative Network, Odense University Hospital, 5000 Odense, Denmark
5 Steno Diabetes Center Aarhus, Aarhus University Hospital, 8200 Aarhus N, Denmark
6 Department of Clinical Medicine, Aarhus University, 8200 Aarhus N, Denmark
7 Department of Paediatrics and Adolescent Medicine, Aarhus University Hospital, 8200 Aarhus N, Denmark
* Correspondence: ags@ph.au.dk; Tel.: +45-40868183

Abstract: Maternal vitamin D may be important for several organ systems in the offspring, including
the reproductive system. In this population-based follow-up study of 12,991 Danish boys and girls
born 2000–2003, we investigated if maternal intake of vitamin D supplements during pregnancy
was associated with pubertal timing in boys and girls. Information on maternal intake of vitamin
D supplements was obtained by self-report in mid-pregnancy. Self-reported information on the
current status of various pubertal milestones was obtained every six months throughout puberty.
Mean differences in months at attaining each pubertal milestone and an average estimate for the
mean difference in attaining all pubertal milestones were estimated according to maternal intake of
vitamin D supplements using multivariable interval-censored regression models. Lower maternal
intake of vitamin D supplements was associated with later pubertal timing in boys. For the average
estimate, boys had 0.5 months (95% CI 0.1; 0.9) later pubertal timing per 5 µg/day lower maternal
vitamin D supplement intake. Maternal intake of vitamin D supplements was not associated with
pubertal timing in girls. Spline plots and sensitivity analyses supported the findings. Whether
the observed association with boys’ pubertal timing translates into an increased risk of disease in
adulthood is unknown.

Keywords: Vitamin D; micronutrient; prenatal exposures; reproductive development

1. Introduction

Vitamin D is a prohormone essential to humans [1,2]. Once activated, it exhibits its
effects through binding to the vitamin D receptor (VDR) and thereby regulates cell prolif-
eration and differentiation [3]. In addition to well-described effects in bone metabolism,
vitamin D has been found to be involved in the function of several other organ systems [1],
including the reproductive system [4–6].

Vitamin D supplementation during pregnancy may be associated with different preg-
nancy outcomes, such as hypertensive disorders, gestational diabetes mellitus and risk
of transient osteoporosis of the hip [4,7]. Moreover, this may, in turn, be associated with
adverse neonatal outcomes, including low birth weight and preterm birth, though results
are not conclusive [4].

However, maternal vitamin D supplementation during pregnancy may also directly
affect the developing fetus [8]. Maternal and fetal vitamin D levels are highly correlated, and
the fetus relies on an adequate maternal supply of vitamin D through the placenta [9]. It has
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been hypothesized that low maternal vitamin D may have a programming effect on long-
term health in children [8,10], potentially by introducing epigenetic alterations [8,10,11].
The hypothalamic–pituitary–gonadal (HPG) axis, which is the key regulator of reproductive
maturation [12], may be vulnerable to interferences in fetal life [10,13–15], where the
reproductive organs develop, and the HPG axis is active [8,16]. The VDR and vitamin
D activating enzymes are expressed throughout the HPG axis [5,17], and vitamin D is
metabolized in the developing gonads [5,6], suggesting a local role of vitamin D during
development. An animal study found that female offspring of vitamin D-depleted mothers
had larger ovaries and altered ovarian physiology [18], and in an epidemiologic study, we
found that men exposed to low maternal vitamin D levels in utero had lower testes volume
compared to men exposed to >75 nmol/L 25(OH)D3 levels [19].

Altered pubertal timing is of public health concern due to the associations with mor-
bidity in adulthood, such as cardiovascular, metabolic and psychiatric diseases [20,21].
Therefore, the identification of potential modifiable factors is warranted. No or low mater-
nal intake of vitamin D supplements during pregnancy may represent such a modifiable
factor; however, no epidemiologic studies have investigated this. We aimed to investigate
the association between maternal intake of vitamin D supplements and pubertal timing in
boys and girls from a large population-based puberty cohort.

2. Materials and Methods

This population-based cohort study is based on the Danish National Birth Cohort
(DNBC) and its sub cohort the Puberty Cohort [22,23].

From 1996 to 2002, pregnant women were invited to the DNBC at their first antenatal
visit. Approximately half of all general practitioners in Denmark participated in the
enrolment, and around 92,000 women (participation rate: 60%; corresponding to 30% of
all pregnancies in Denmark during the recruitment period) were recruited to the DNBC.
The study population consisted of Danish-speaking women, as this was an inclusion
criterion for invitation. Moreover, the women were primarily Caucasian. At enrolment,
around gestational week (GW) 8, the women filled out a form on their current intake
of supplements. The women answered questions on health and health behavior in a
computer-assisted telephone interview scheduled in GW 12 and completed a validated,
semi-quantitative food-frequency questionnaire (FFQ) including a section on the intake
of supplements around GW 25 [23]. Follow-up questionnaires were completed when the
children were 7 and 11 years old.

Live-born singletons born between 2000 and 2003 of mothers that participated in
the first DNBC interview, were sampled for the Puberty Cohort. In total, 22,439 children
of 56,641 eligible children were sampled as previously described [24]. From the age of
11.5 years, 14,756 of the 22,439 invited children answered web-based questionnaires half-
yearly on their current stage of pubertal development. Further, 10,665 of the 22,439 invited
children provided information on their current stage of pubertal development during the
11-year follow-up. When combining this data, 15,819 children provided information on
pubertal development at least once (participation rate: 70%) [22]. Of those, 12,991 mothers
had provided information on the intake of vitamin D supplements in the DNBC FFQ,
thereby constituting our final study population (Figure 1).

2.1. Vitamin D Supplements

The main exposure was maternal intake of vitamin D supplements including prenatal
vitamins in mid-pregnancy, which was obtained from the DNBC FFQ. Each woman was
asked about any intake of supplements, including the name, the producer, frequency
of intake and the daily dose taken of the potential supplements in the four weeks prior
to completion of the questionnaire. Information on the nutrient content of each specific
supplement was obtained from the Danish Veterinary and Food Administration, the Danish
Medicines Agency, or the producers of the product. Based on this material, the average daily
intake of vitamin D supplements in µg was derived from vitamin D dose and frequency of
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intake during the last four weeks [25]. The FFQ can be found at https://www.dnbc.dk/
data-available/food-frequency-questionnaire (accessed on 14 September 2023).
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Figure 1. Flow diagram of the inclusion of study participants, the Puberty Cohort, 2000–2021, Denmark.

Information on dietary intake of vitamin D was obtained from the FFQ and information
on maternal intake of vitamin D supplements in early pregnancy was obtained from the
DNBC enrolment form and used in sensitivity analyses.

2.2. Pubertal Timing

Information on the current age at attaining numerous pubertal milestones was derived
from the Puberty Cohort. The milestones included Tanner Stages 2–5 for genital and
pubic hair development [26] in boys and Tanner Stages 2–5 for breast and pubic hair
development [27] in girls. The Tanner Stages were obtained by the Sexual Maturation
Scale. In boys, information on the age at first ejaculation (in years and months) and
voice break (yes, partly, no) was further obtained. In girls, information on the age at
menarche (in years and months) was obtained. In both boys and girls, information on
axillary hair development (yes, no) and acne (yes, no) was further obtained. Questionnaires
are available at https://www.dnbc.dk/data-available/puberty-follow-up (accessed on 14
September 2023).

2.3. Covariates

Potential confounding factors were identified a priori using directed acyclic graphs [28]
(Supplementary Figure S1) and existing literature and included the following: maternal
age at menarche, maternal pre-pregnancy body mass index (BMI), and highest parental
socioeconomic status, parental cohabitation, couple fecundity, maternal smoking, maternal
alcohol intake, parity, maternal age at delivery and season at delivery (Table 1). The highest
parental socioeconomic status was defined according to both level of education and occu-
pation and was derived from the Danish International Standard Class of Occupation and
Education codes (ISCO-88 and ISCED). From the Danish Medical Birth Registry (DMBR),
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data on maternal age at delivery, parity and season at delivery were obtained, while the
remaining covariates were obtained from the first DNBC interview.

Table 1. Distribution of covariates according to maternal intake of vitamin D supplements (µg/day)
in mid-pregnancy among 12,991 children from the Puberty Cohort Denmark 2000–2021.

Average Daily Intake of Vitamin D from Supplements (µg/day)
≥10 0.01–9.99 0 Missings

n = 6191 (48%) n = 4823 (37%) n = 1977 (15%)

Alcohol 1st trimester (drinks/week) b >20 a (0)
0 3312 (54) 2326 (48) <976 a (49)
0.1–1.0 1894 (31) 1617 (34) 612 (31)
1.1–3.0 712 (12) 602 (12) 264 (13)
> 3.0 263 (4) 268 (6) 125 (6)

Maternal age at delivery (years (SD)) 30.5 (4.3) 31.0 (4.2) 30.5 (4.7) 5 (0)
Couple fecundity c 32 (0)

Unplanned pregnancy 843 (14) 712 (15) 395 (20)
0–5 months TTP 3338 (54) 2670 (55) 1032 (52)
6–12 months TTP 806 (13) 621 (13) 248 (13)
>12 months TTP + MAR 1193 (19) 806 (17) 295 (15)

Maternal age at menarche 90 (1)
Earlier than peers 1538 (25) 1265 (26) 470 (24)
Same as peers 3554 (57) 2724 (56) 1135 (57)
Later than peers 1059 (17) 796 (17) 360 (18)

Maternal BMI (kg/m2) 175 (1)
<18.5 399 (6) 326 (7) 131 (7)
18.5–≤24.9 3812 (62) 2991 (62) 1176 (59)
25–≤29.9 1259 (20) 1009 (21) 410 (21)
≥30 638 (10) 434 (9) 231 (12)

Parental cohabitation 5 (0)
Yes <6077 a (98) <4740 a (98) 1930 (98)
No 114 (2) 83 (2) 47 (2)

Parity 0 (0)
Primipara 3575 (58) 2305 (48) 806 (41)
Multipara 2616 (42) 2518 (52) 1171 (59)

Highest parental socioeconomic status 25 (0)
High-grade professional 1426 (23) 1280 (27) 416 (21)
Low-grade professional 2040 (33) 1662 (34) 595 (30)
Skilled worker 1753 (28) 1201 (25) 578 (29)
Unskilled worker 816 (13) 559 (12) 319 (16)
Student 117 (2) 89 (2) 46 (2)
Economically inactive 29 (0) 22 (0) 18 (1)

Smoking 1st trimester (cigarettes/day) 47 (0)
0 4514 (73) 3690 (77) 1357 (69)
1–10 1355 (22) 897 (19) 457 (23)
>10 299 (5) 217 (5) 158 (8)

Season at birth 0
Winter 1597 (26) 1190 (25) 528 (27)
Spring 1605 (26) 1356 (28) 495 (25)
Summer 1546 (25) 1217 (25) 489 (25)
Fall 1443 (23) 1060 (22) 465 (24)

Healthy eating index d (score (SD)) 23.0 (7) 23.0 (7) 22.7 (7) 5429 (42)
Birth weight (grams (SD)) 3524 (604) 3556 (588) 3514 (585) 41 (0)
Gestational age at delivery (days (SD)) 279 (13) 279 (13) 279 (13) 42 (0)
Child BMI (kg/m2) 15.6 (1.7) 15.6 (1.7) 15.8 (1.8) 3418 (26)

Presented as proportions (%) or means (SD). Due to rounding of percentages numbers may not add up to 100%;
Abbreviations: BMI, body mass index; SD, standard deviation; TTP, time to pregnancy; MAR, medically assisted
reproduction; a Due to local data regulations it is not allowed to report smaller numbers than five why the
numbers in the table have been rounded up or down to mask the numbers smaller than five; b 1 drink = 12 g of
pure alcohol; c Including unplanned pregnancy, time to pregnancy and medically assisted reproduction; d Healthy
eating index. See text for details.
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Information on birth weight and gestational age were also obtained from the DMBR,
information on childhood BMI was obtained from the 7-year DNBC follow-up, and infor-
mation on the mothers’ overall diet quality assessed as a healthy eating index (described
in detail in Bjerregaard et al. [29]) was obtained from the mid-pregnancy DNBC FFQ and
used in sensitivity analyses.

2.4. Statistical Analysis

Mean age differences in months with 95% confidence intervals (CI) at attaining each
pubertal milestone according to exposure groups were estimated using a multivariable
regression model for censored, time-to-event data (STATA’s intreg package) since the
outcome data were censored. In addition, the average mean age at attaining all the pubertal
milestones was combined into one model using Huber–White robust variance estimation,
to provide an overall estimate for pubertal timing and to account for the risk of type I errors
due to multiple testing of correlated outcomes [30,31].

First, to explore potential dose-response associations we estimated the association
per 5 µg/day decrease in maternal intake of vitamin D supplements and the pubertal
milestones. Second, we estimated the association according to categories of maternal
intake of vitamin D supplements (0 µg; 0.01–9.99 µg; ≥10 µg) with ≥10 µg/day (range:
10–41 µg/day) as the reference group. Third, we modeled restricted cubic spline plots
with three knots (at the 10th (0 µg/day), the 50th (7.14 µg/day), and the 90th (10 µg/day)
percentiles) to visualize the associations between maternal intake of vitamin D supplements
and the overall estimate for pubertal timing.

We performed six sensitivity analyses using the overall estimate for pubertal timing
as the outcome.

First, we considered the total intake of vitamin D (µg/day) by adding the estimated
vitamin D intake from the diet as assessed in the FFQ to the intake from vitamin D sup-
plements also obtained from the FFQ. Information on dietary intake of vitamin D was
obtained from the validated, semi-quantitative FFQ, which consisted of 360 items of food
and beverages. Daily nutrient intake in µg was derived based on estimated standard
recipes, standard portion sizes and the Danish food composition tables including nutrient
content [32] as described in detail previously [25]. We estimated the potential linear asso-
ciation per 5 µg/day decrease in total intake of vitamin D and total intake of vitamin D
categorized in quartiles. Dietary intake of vitamin D was not integrated into the main anal-
ysis, as this may correlate poorly with actual intake due to measurement errors when using
an FFQ [33], and since dietary intake of vitamin D may play a minor role in bioavailable
plasma vitamin D [1].

Second, we adjusted for a healthy eating index, which was a composite score of diet
quality based on the current Danish Food-Based Dietary Guidelines, as described previ-
ously [29]. In short, a high score indicated high compliance with the current guidelines and,
hence, a high-quality diet. The score was based on a high intake of fruits and vegetables,
dietary fibers, and fish, and low intakes of red meat, saturated fatty acids, sodium, sugar-
sweetened beverages and added sugar. Since the healthy eating index was not available for
all participants, we further restricted the main analysis to comprise those with information
on the healthy eating index (n = 7562) but without further adjusting for the score, to explore
potential selection bias due to missing information.

Third, we did a simple mediation analysis by further adjusting the main models for
birth weight z-scores [9] that is the number of standard deviations (SDs) that birth weight
differed from the expected birth weight given sex and gestational age using the growth
curves from Marsál et al. [34].

Fourth, we considered potential mediation by childhood BMI (continuous in kg/m2) [35]
at age 7 years, by including this in the main model. The risk of bias due to missing
information because of attrition in the 7-year follow-up wave in the DNBC was assessed
by also restricting the main analysis to comprise only participants having information on
childhood BMI (n = 9573).
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Fifth, we divided the reference group of women having an intake of ≥10 µg/day into
two groups (women having an intake of >10 µg/day in one and women having an intake
of 10 µg/day in another) to explore potential confounding by indication in the group with
the highest intake of vitamin D supplements.

Sixth, we explored early pregnancy exposure to maternal intake of vitamin D supple-
ments compared to maternal intake of no supplement or other supplements. Information
on maternal intake of vitamin D supplements in early pregnancy (around gestational week
8) was obtained from the enrolment form in the DNBC. Each woman was asked whether
she took any supplements, including the name of the product. Based on the nutrient
content of this, a categorized variable was derived (no supplements, other supplements not
containing vitamin D, multivitamin supplements also containing vitamin D, and vitamin
D supplements with or without calcium). Women using several types of supplements
were categorized according to the supplement containing the highest amount of vitamin
D. Information on the nutrient content of each specific supplement was obtained from
the Danish Medicines Agency, the Danish Veterinary and Food Administration or the
producers of the product.

All models were adjusted for the selected covariates. To consider the sampling strategy
used in the Puberty Cohort, we fitted all models with inverse probability of sampling
weights, as described previously [24]. To consider a risk of potential selection bias due to
selective non-participation, we calculated and fitted all models with inverse probability
of selection weights. These selection weights corresponded to the inverse probability
of participation [36]. For the main and each sensitivity analysis, selection weights were
calculated based on the exposure of interest in addition to the identified covariates as
explanatory variables for participation. All models were further fitted with robust standard
errors to account for the use of the weights and for the clustering of siblings.

All analyses were conducted assuming normally distributed residuals. In R (x64
3.3.1), we compared the non-parametric cumulative incidence function, based on the
Turnbull Estimator, with the normal distribution [37,38]. The data were compatible with
the assumption. All percentiles were calculated as the mean of the five values nearest to
the actual percentile (pseudo percentiles) due to local regulations (GDPR, Regulation (EU),
2016/679 of 25 May 2018). Data management and statistical analyses were conducted in
STATA 17.0 (Statacorp, College Station, TX, USA).

3. Results

In total, 1977 (15%) women had no intake of vitamin D supplements in mid-pregnancy,
4823 (37%) women had an intake of vitamin D supplements of 0.01–9.99 µg/day, and 6191
(48%) women had an intake of ≥10 µg/day. Median intake of vitamin D supplements in
mid-pregnancy was 7.14 µg/day (range 0–41). Women without any intake of vitamin D
supplements in mid-pregnancy (15%) were more likely to be multipara, to have an un-
planned pregnancy, and to smoke during the first trimester compared to women reporting
an intake of vitamin D supplements, and women with an intake of ≥10 µg/day (48%) were
more likely to be primipara, to have >12 months TTP or use of MAR, and were less likely
to drink alcohol (Table 1).

Lower maternal intake of vitamin D supplements in mid-pregnancy was associated
with later pubertal timing in boys in a dose-dependent manner (Table 2) for all individual
pubertal milestones, although some confidence intervals overlapped the null. For the
overall estimate for pubertal timing, boys had 0.5 months (95% CI: 0.1; 0.9) later pubertal
timing per 5 µg lower maternal intake of vitamin D supplements per day. The categorical
analysis and spline plot (p = 0.04) supported these findings (Table 2 and Figure 2).
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Table 2. Crude and adjusted a age difference (β) in months (95% CIs) in timing of puberty according
to average daily intake of vitamin D supplements. Between 0.01–9.99 µg/day and 0 µg/day relatively
to ≥10 µg/day and continuous per 5 µg decrease in vitamin D intake.

Average Daily Intake of Vitamin D from Supplements (µg/day)
≥10

(Reference) 0.01–9.99 0 Pr. 5 µg/day Decrease

Pubertal Milestones Mean Age in
Years

Crude
Difference

Adjusted
Difference

Crude
Difference

Adjusted
Difference

Crude
Difference

Adjusted
Difference

Boys n = 6031 b

Tanner Genital stage 2 10.8 0.5 0.9 (−0.3; 2.1) 0.7 1.4 (−0.3; 3.0) 0.5 0.7 (0.1; 1.2)
Tanner Genital stage 3 12.5 0.2 0.1 (−1.1; 1.2) 0.1 0.5 (−1.1; 2.1) 0.1 0.2 (−0.3; 0.8)
Tanner Genital stage 4 13.7 0.2 0.0 (−1.2; 1.2) 0.5 1.1 (−0.4; 2.7) 0.2 0.4 (−0.2; 1.0)
Tanner Genital stage 5 15.8 0.1 0.1 (−1.9; 2.0) 0.0 0.3 (−2.2; 2.8) 0.3 0.7 (−0.3; 1.6)
Tanner Pubic Hair stage 2 11.3 0.5 0.7 (−0.5; 1.8) 0.7 1.0 (−0.5; 2.6) 0.4 0.5 (0.0; 1.1)
Tanner Pubic Hair stage 3 12.7 0.4 0.5 (−0.6; 1.5) 0.1 0.6 (−0.7; 1.9) 0.1 0.3 (−0.2; 0.8)
Tanner Pubic Hair stage 4 13.5 0.6 0.6 (−0.3; 1.6) −0.1 0.7 (−0.6; 1.9) 0.1 0.4 (−0.1; 0.9)
Tanner Pubic Hair stage 5 14.8 0.2 0.1 (−1.2; 1.4) 0.1 0.9 (−0.9; 2.6) 0.2 0.5 (−0.1; 1.1)
Axillary hair 13.2 1.4 1.6 (0.4; 2.9) −0.1 −0.2 (−1.9; 1.4) 0.2 0.5 (0.0; 1.1)
Acne 12.2 1.2 1.2 (0.1; 2.4) 1.3 2.1 (0.5; 3.7) 0.7 0.9 (0.4; 1.5)
Voice break 13.0 0.8 0.6 (−0.6; 1.7) −0.5 −0.5 (−2.2; 1.1) 0.2 0.2 (−0.4; 0.7)
First ejaculation 13.3 0.8 1.4 (0.3; 2.6) 0.8 1.2 (−0.4; 2.7) 0.5 0.8 (0.3; 1.4)
Combined estimate 0.6 0.6 (−0.2; 1.5) 0.3 0.7 (−0.4; 1.8) 0.4 0.5 (0.1; 0.9)

Girls n = 6445 b

Tanner Breast stage 2 9.8 −0.3 0.4 (−1.2; 2.0) −0.7 −0.5 (−2.6; 1.6) −0.4 0.2 (−0.5; 0.9)
Tanner Breast stage 3 11.6 0.1 0.3 (−0.7; 1.3) −0.7 −1.0 (−2.3; 0.4) −0.2 0.0 (−0.5; 0.4)
Tanner Breast stage 4 13.1 −0.1 0.3 (−0.8; 1.3) −0.7 −0.5 (−2.0; 0.9) −0.2 0.0 (−0.5; 0.5)
Tanner Breast stage 5 16.0 −0.5 −0.2 (−2.2; 1.8) −3.3 −2.2 (−4.9; 0.5) −1.0 −0.3 (−1.3; 0.8)
Tanner Pubic Hair stage 2 11.2 0.2 0.5 (−0.3; 1.4) 0.4 0.4 (−0.7; 1.5) 0.2 0.4 (0.0; 0.9)
Tanner Pubic Hair stage 3 12.4 0.3 0.5 (−0.3; 1.4) 0.1 0.3 (−0.7; 1.5) 0.1 0.3 (−0.1; 0.7)
Tanner Pubic Hair stage 4 13.5 0.0 0.4 (−0.7; 1.6) 0.6 0.6 (−0.9; 2.2) 0.3 0.4 (−0.1; 0.9)
Tanner Pubic Hair stage 5 15.6 −0.3 0.4 (−1.3; 2.1) 0.0 −0.5 (−2.9; 1.9) −0.1 −0.1 (−1.0; 0.7)
Axillary hair 11.9 −0.3 0.1 (−1.1; 1.2) −0.2 0.2 (−1.3; 1.8) −0.1 0.3 (−0.3; 0.8)
Acne 11.4 −0.1 −0.1 (−1.5; 1.2) −1.5 −2.2 (−3.9; −0.4) −0.5 −0.7 (−1.3; −0.1)
Menarche 13.0 0.8 0.8 (−0.1; 1.7) −0.8 −0.7 (−1.9; 0.4) −0.2 0.1 (−0.4; 0.5)
Combined estimate 0.1 0.4 (−0.4; 1.2) −0.5 −0.5 (−1.6; 0.6) −0.1 0.1 (−0.3; 0.5)

a Adjusted for maternal age at menarche, maternal pre-pregnancy body mass index, and highest parental
socioeconomic status, parental cohabitation, couple fecundity, maternal smoking, maternal alcohol intake, parity,
maternal age at delivery and season at delivery; b n refers to the number of boys and girls that gave information
on all of the pubertal milestones.

Maternal intake of vitamin D supplements in mid-pregnancy was not associated with
pubertal timing in girls (overall estimate for pubertal timing was 0.1 months (95% CI: −0.3;
0.5) later pubertal timing per 5 µg lower maternal intake of vitamin D supplements per
day) (Table 2 and Figure 2).

Results remained essentially the same in all sensitivity analyses investigating mid-
pregnancy maternal intake of vitamin D supplements. When considering total intake
of vitamin D both from supplements and food, lower maternal vitamin D intake was
associated with later pubertal timing in boys (combined estimate 0.5 months (95% CI: 0.1;
0.8 months) per 5 µg lower total intake of vitamin D per day), but not in girls (combined
estimate 0.1 months (95% CI: 0.3; −0.4 months) per 5 µg lower total intake of vitamin D
per day). Results remained essentially similar in the subanalyses further adjusting for the
healthy eating index, birth weight z-scores, and when investigating the women with an
intake of >10 µg/day as a separate exposure group. When further adjusting for childhood
BMI, results attenuated slightly in boys (combined estimate 0.3 months (95% CI: −0.1;
0.7 months) per 5 µg lower total intake of vitamin D per day). In the sixth subanalysis
investigating maternal intake of supplements in early pregnancy, no maternal intake of
supplements was suggestive of later pubertal timing in boys (overall estimate: 1.2 months
(95% CI: −0.2; 2.5 months)) and suggestive of earlier pubertal timing in girls (overall
estimate: −0.9 months (95% CI: −2.2; 0.4 months)) compared to boys and girls of mothers
reporting intake of vitamin D supplements (Table 3).
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Figure 2. Restricted cubic spline plots with three knots for the overall estimate for 
pubertal timing according to maternal intake of vitamin D supplements in mid-

Figure 2. Restricted cubic spline plots with three knots for the overall estimate for pubertal timing
according to maternal intake of vitamin D supplements in mid-pregnancy (solid lines) with 95% con-
fidence intervals (dotted lines), relative to a maternal intake of vitamin D supplements of 10 µg/day.
Plots are adjusted for maternal age at menarche, maternal pre-pregnancy body mass index, and
highest parental socioeconomic status, parental cohabitation, couple fecundity, maternal smoking,
maternal alcohol intake, parity, maternal age at delivery and season at delivery. Top panel shows
associations for boys (n = 6017) and bottom panel shows associations for girls (n = 6430).
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Table 3. Results from the sensitivity analyses. Crude and adjusted a age difference (β) in months
(95% CIs) for overall pubertal timing.

Boys Girls

Crude
Difference Adjusted Difference Crude

Difference Adjusted Difference

(1) Total intake of vitamin D
Highest quartile (13.48−45.65) Ref. Ref. Ref. Ref.
Third quartile (11−38−13.48) −0.2 0.1 (−1.0; 1.1) −0.3 0.6 (−0.5; 1.6)
Second quartile (7.17−11−38) 0.1 0.5 (−0.5; 1.6) 0.1 1.0 (0.0; 2.0)
Lowest quartile (0−7.17) 0.4 0.8 (−0.2; 1.9) −0.5 0.2 (−0.9; 1.2)
Pr. 5 µg/day decrease in vitamin D 0.3 0.5 (0.1; 0.8) −0.2 0.1 (−0.3; 0.4)

(2a) Main model further adjusted for healthy eating index
≥10 µg Ref. Ref. Ref. Ref.
0.01–9.99 µg 0.7 0.6 (−0.5; 1.7) −0.3 0.1 (−1.0; 1.1)
0 µg 0.5 0.7 (−0.8; 2.2) −1.0 −0.9 (−2.3; 0.4)
Pr. 5 µg/day decrease in vitamin D 0.3 0.4 (−0.1; 0.9) −0.4 −0.2 (−0.7; 0.3)

(2b) Main model with restriction to participants with
information on healthy eating index

≥10 µg Ref. Ref. Ref. Ref.
0.01–9.99 µg 0.7 0.6 (−0.5; 1.7) −0.3 0.1 (−1.0; 1.1)
0 µg 0.5 0.7 (−0.8; 2.2) −1.0 −0.9 (−2.3; 0.4)
Pr. 5 µg/day decrease in vitamin D 0.3 0.4 (−0.1; 0.9) −0.4 −0.2 (−0.7; 0.3)

(3) Main model further adjusted for birth weight z−scores
≥10 µg Ref. Ref. Ref. Ref.
0.01–9.99 µg 0.6 0.6 (−0.2; 1.4) 0.1 0.3 (−0.5; 1.2)
0 µg 0.3 0.7 (−0.4; 1.8) −0.5 −0.4 (−1.5; 0.7)
Pr. 5 µg/day decrease in vitamin D 0.4 0.5 (0.1;0.9) −0.1 0.1 (−0.3;0.5)

(4a) Main model further adjusted for childhood BMI at age
7 years

≥10 µg Ref. Ref. Ref. Ref.
0.01–9.99 µg 0.6 0.4 (−0.5; 1.4) −0.1 0.2 (−0.7; 1.1)
0 µg 0.3 0.5 (−0.7; 1.7) −0.6 −0.6 (−1.8; 0.7)
Pr. 5 µg/day decrease in vitamin D 0.3 0.3 (−0.1;0.7) −0.2 0.0 (−0.5; 0.4)

(4b) Main model with restriction to participants with
information on childhood BMI

≥10 µg Ref. Ref. Ref. Ref.
0.01–9.99 µg 0.6 0.6 (−0.3; 1.5) −0.1 0.2 (−0.7; 1.1)
0 µg 0.3 0.5 (−0.8; 1.7) −0.6 −0.7 (−2.0; 0.5)
Pr. 5 µg/day decrease in vitamin D 0.3 0.3 (−0.1;0.7) −0.2 −0.1 (−0.5; 0.4)

(5) Main model with 10 µg and >10 µg as separate
exposure categories

>10 µg −0.3 −0.7 (−2.1; 0.7) 0.6 −0.3 (−1.8; 1.1)
10 µg Ref. Ref. Ref. Ref.
0.01–9.99 µg 0.6 0.5 (−0.3; 1.4) 0.2 0.4 (−0.5; 1.2)
0 µg 0.3 0.6 (−0.5; 1.7) −0.5 −0.5 (−1.6; 0.6)

(6) Early pregnancy supplement intake
Vitamin D with/without calcium Ref. Ref. Ref. Ref.
Multivitamin 0.0 0.2 (−1.0; 1.3) −0.1 0.3 (−0.9; 1.4)
Other vitamin 0.3 0.1 (−1.5; 1.7) 0.0 0.1 (−1.5; 1.7)
No vitamin 0.5 1.3 (−0.1; 2.7) −1.5 −1.0 (−2.3; 0.3)

(1) Pubertal timing according to mid-pregnancy intake of total vitamin D from supplements and diet in µg/day in
quartiles with the highest quartile as the reference and per 5 µg/day decrease (n = 6017 and for boys n = 6430
for girls). (2) Pubertal timing according to mid-pregnancy intake of vitamin D supplements. 2a: Main model
further adjusted for healthy eating index. 2b: Main model restricted to participants with information on healthy
eating index, without adjusting for healthy eating index (n = 3401 boys and n = 3917 for girls). (3) Pubertal timing
according to mid-pregnancy intake of vitamin D supplements. Main model further adjusted for birth weight
z-scores (n = 5983 for boys and n = 6426 for girls). (4) Pubertal timing according to mid-pregnancy intake of vitamin
D supplements. 4a: Main model further adjusted for childhood BMI. 4b: Main model restricted to participants
with information on childhood BMI, without adjusting for childhood BMI (n = 4541 for boys and n = 4672 for
girls). (5) Pubertal timing according to mid-pregnancy intake of vitamin D supplements. >10 µg/day, between
0.01-9.99 µg/day and 0 µg/day relative to 10 µg/day (n = 6017 for boys and n = 6430 for girls). (6) Pubertal
timing according to early pregnancy intake of vitamins. No vitamin intake, other vitamin intake, multivitamin
intake relative to intake of vitamins with vitamin D with or without calcium (n = 7254 for boys and n = 7798 for
girls). Abbreviations: BMI, body mass index. a Adjusted for maternal age at menarche, maternal pre-pregnancy
body mass index, and highest parental socioeconomic status, parental cohabitation, couple fecundity, maternal
smoking, maternal alcohol intake, parity, maternal age at delivery and season at delivery.
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4. Discussion

We found that lower maternal intake of vitamin D supplements in mid-pregnancy was
associated with slightly later pubertal timing in boys. We found no consistent association
between mid-pregnancy maternal intake of vitamin D supplements and pubertal timing in
girls. The results were robust across sensitivity analyses.

4.1. Strengths and Limitations

The major strength of this study is the longitudinal design with detailed information
on maternal intake of vitamin D supplements during pregnancy, various pubertal mile-
stones throughout pubertal development and many potentially important confounding and
mediating factors. The large sample size limited the risk of type II errors, and we were able
to adjust for many important potential confounders measured at baseline; e.g., maternal
pre-pregnancy BMI, which is an important factor in determining vitamin D bioavailability,
since vitamin D is stored in adipose tissue [39]. Due to the observational design applied in
this study, we cannot, however, eliminate the risk of residual confounding.

The participation rate was high (70%). Participation in the Puberty Cohort was not
associated with a marker of pubertal timing (the height difference in standard deviations
(HD:SDS)), obtained from an external registry [40], and maternal intake of vitamin D did
not differ between participants and non-participants (Supplementary Table S1), indicating
limited risk of selection bias.

Children were followed-up half-yearly throughout puberty, limiting the risk of poten-
tial recall problems. In addition, the validity of the self-assessment in the puberty cohort
has been found to be fair to moderate [41]. Any potential misclassifications are likely to be
non-differential regarding maternal vitamin D supplement intake.

Information on maternal intake of vitamin D supplements was self-reported and may
suffer from non-differential misclassification, inducing potential bias towards the null.
Further, reported intake of vitamin D supplements may not reflect vitamin D bioavailabil-
ity, since this is dependent on the dissolvability of the supplement and administration
of the supplement alongside other foods [42]. However, maternal intake of vitamin D
supplements during pregnancy does increase bioavailable vitamin D (25-hydroxyvitamin
D (25(OH)D)) at term [43]. Moreover, we found a positive, albeit not strong, correlation
between maternal intake of vitamin D supplements in mid-pregnancy and plasma levels of
vitamin D (25(OH)D3) in another subset of the DNBC (Supplementary Text S1) [44].

Whether the average intake of vitamin D supplements in mid-pregnancy applies to the
entire pregnancy was unknown. However, mid-pregnancy vitamin D supplement intake
differed significantly according to early pregnancy intake of supplements (Supplementary
Table S2), indicating that the pregnant women may have had a stable pattern of supplement
intake throughout the pregnancy. E.g. women reporting no intake of supplements in
early pregnancy had a significantly lower intake of vitamin D supplements assessed in
mid-pregnancy compared to women reporting intake with vitamin D supplements with or
without calcium in early pregnancy.

4.2. Interpretation

No published epidemiologic study has investigated the association between intake of
vitamin D supplements in pregnancy and offspring pubertal timing. In a study in mice,
investigating female offspring only, maternal vitamin D depletion did not affect pubertal
timing [18], which is in line with our results. However, maternal vitamin D depletion was
associated with other markers of impaired reproductive health, such as altered ovarian
physiology, characterized by lower luteinizing hormone secretion and oligo ovulation,
potentially induced by hypothalamic dysfunction [18].

In another study from the Puberty Cohort, we have previously found an association
between maternal 25(OH)D3 levels predicted based on the season of the first pregnancy
trimester and earlier pubertal timing in both boys and girls [45]. In the study using season of
gestational week 8 as an instrumental variable for maternal 25(OH)D3 levels, we found that
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boys experienced earlier pubertal timing of −1.0 months (95% CI: −1.8; −0.2 months) per
22 nmol/L lower maternal 25(OH)D3 levels for the combined estimate for pubertal timing.
Girls experienced earlier pubertal timing of −1.3 months (95% CI: −2.1; −0.4 months)
per 22 nmol/L lower maternal 25(OH)D3 levels for the combined estimate for pubertal
timing [45]. This inconsistency warrants further exploration, but could be explained by
potential violation of the assumptions underlying the applied methods or may arise due
to bias. However, the inconsistency may also be explained by the two different exposures
under investigation (maternal intake of vitamin D supplements in mid-pregnancy vs.
maternal 25(OH)D3 levels predicted based on season of gestational week 8), or due to
investigation of different exposure windows.

We investigated early pregnancy supplement intake in a subanalysis. The exact expo-
sure window was unknown; however, early pregnancy exposure may also be important,
since, in addition to cell proliferation, vitamin D also regulates differentiation, which is more
prominent in the early phase of gestation [3]. The subanalysis of vitamin D supplements in
early pregnancy was suggestive of slightly earlier pubertal timing in girls and later pubertal
timing in boys of mothers reporting no use of supplements in early pregnancy compared
to mothers, who reported intake of vitamin D supplement. Importantly, compared to boys
and girls of mothers, who reported use of other supplements or multivitamins, we observed
no differences in pubertal timing, suggesting that the difference may be attributable to
taking prenatal vitamins or not, which could be a result of residual confounding.

Worldwide, there are no consistent recommendations regarding the intake of vitamin
D supplements during pregnancy [4,9]. The World Health Organization recommends
pregnant women engage in sensible sun exposure and a balanced diet [46], while the
Institute of Medicine and the US Endocrine Society recommend a total intake of 15 µg/day
and 25–50 µg/day respectively from dietary sources including vitamin D supplements [9].
In our study, where the women were pregnant before the current recommendations were
deployed, the mean total intake of vitamin D from dietary sources was 10.7 (SD: 5.2). Even
after the official recommendation of 10 µg vitamin D per day throughout pregnancy was
implemented in 2009 in Denmark [47], many Danish pregnant women may still suffer
from low vitamin D levels [48]. This trend of low vitamin D levels in pregnant women is
observed worldwide, why low vitamin D during pregnancy is a public health concern, not
only for the reproductive health of the offspring [1,4,5].

Our study population consisted of women and children of Western origin in a country
with seasonal variations in skin synthetization of vitamin D and without any food fortifica-
tion with vitamin D. Whether the impact of maternal intake of vitamin D supplements may
be different in populations of other ancestries, in populations living at lower latitudes, or
in populations where foods are fortified with vitamin D remain to be settled. Overall, our
results may be generalizable to similar populations.

5. Conclusions

We observed slightly later pubertal timing in boys of mothers with no or low intake of
vitamin D supplements in mid-pregnancy compared to boys of mothers having a higher
intake of vitamin D supplements. Whether this minor delay is clinically relevant from a
public health perspective is unknown. Maternal intake of vitamin D supplements was not
associated with pubertal timing in girls.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nu15184039/s1, Supplementary Figure S1: Directed acyclic graph
illustrating the assumed causal framework of the study on maternal intake of vitamin D supplements
in mid-pregnancy and pubertal timing in the children; Supplementary Table S1: Maternal intake of
vitamin D according to participation in the Puberty Cohort; Supplementary Table S2: Maternal intake
of vitamin D supplements in mid-pregnancy according to maternal early pregnancy supplement
intake; Supplementary Text S1: Correlation between self-reported intake of vitamin D and plasma
25(OH)D3.

https://www.mdpi.com/article/10.3390/nu15184039/s1
https://www.mdpi.com/article/10.3390/nu15184039/s1


Nutrients 2023, 15, 4039 12 of 14

Author Contributions: Conceptualization, A.G.-S., N.B., L.L.H.L., A.E., B.B.H., G.T., T.B.H. and
C.H.R.-H.; Formal analysis, A.G.-S.; Funding acquisition, B.B.H. and C.H.R.-H.; Methodology, A.G.-S.,
N.B., L.L.H.L., A.E., B.B.H., G.T., T.B.H. and C.H.R.-H.; Supervision, N.B., G.T., T.B.H. and C.H.R.-H.;
Visualization, A.G.-S.; Writing—original draft, A.G.-S.; Writing—review & editing, A.G.-S., N.B.,
L.L.H.L., A.E., B.B.H., G.T., T.B.H. and C.H.R.-H. All authors have read and agreed to the published
version of the manuscript.

Funding: The study was funded by the Danish Council for Independent Research (DFF 4183-00152 to
CHR-H), the Independent Research Fund Denmark (FSS 0602-02738B to CHR-H) and the Faculty of
Health at Aarhus University (AU R9-A959-13-S804 to CHR-H). In addition, this study was supported
by Aarhus University, Independent Research Fund Denmark (9039-00128B to CHR-H) and the
European Union (ERC, BIOSFER, 101071773). Views and opinions expressed are, however, those of
the authors only and do not necessarily reflect those of the European Union or the European Research
Council. Neither the European Union nor the granting authority can be held responsible. The funders
of the study had no role in study design, data collection, data analysis, data interpretation, or writing
of the report.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki. All procedures performed in this study involving human participants were in accordance
with the ethical standards of the institutional and/or national research committees. The Committee
for Biomedical Research Ethics in Denmark approved the data collection in the DNBC and the Puberty
cohort (KF 01-471/94). The Danish Data Protection Agency (2012-41-0379 and 2015-57-0002) and
the steering committee of the DNBC (2012-04, 2015-47 and 2018-09) approved this study. Further
approval was not needed, since the data was gathered and approved prior to this study.

Informed Consent Statement: At enrolment, all women provided a written informed consent in-
cluding their own and their children’s participation until the children turned 18 years of age.

Data Availability Statement: The dataset analysed in the study is not publicly available due to
national data security legislation on sensitive personal data. Researchers may, however, apply for
access to data from the DNBC. Please see https://www.dnbc.dk/data-available (accessed on 14
September 2023) for additional information.

Acknowledgments: The Danish National Birth Cohort was established with a significant grant from
the Danish National Research Foundation. Additional support was obtained from the Pharmacy
Foundation, the Danish Regional Committees, the March of Dimes Birth Defects Foundation, the
Health Foundation, the Egmont Foundation, and other minor grants. The DNBC Biobank has
been supported by the Novo Nordisk Foundation and the Lundbeck Foundation. Follow-up of
mothers and children have been supported by the Lundbeck Foundation (195/04, R100-A9193), the
Danish Medical Research Council (SSVF 0646, 271-08-0839/06-066023, O602-01042B, 0602-02738B),
the Nordea Foundation (02-2013-2014), The Innovation Fund Denmark 0603-00294B (09-067124),
Aarhus Ideas (AU R9-A959-13-S804), University of Copenhagen Strategic Grant (IFSV 2012), and the
Danish Council for Independent Research (DFF—4183-00594 and DFF–4183-00152). The graphical
abstract was created by Anne Hjorth Thomsen with BioRender.com.

Conflicts of Interest: The authors declare no conflict of interest. The funding source had no role in
the design, execution, interpretation, or writing of the study.

References
1. Holick, M.F. Vitamin D deficiency. N. Engl. J. Med. 2007, 357, 266–281. [CrossRef] [PubMed]
2. Institute of Medicine (US) Committee to Review Dietary Reference Intakes for Vitamin D and Calcium. The National Academies

Collection: Reports funded by National Institutes of Health. In Dietary Reference Intakes for Calcium and Vitamin D; Ross, A.C.,
Taylor, C.L., Yaktine, A.L., Del Valle, H.B., Eds.; National Academies Press (US); National Academy of Sciences: Washington, DC,
USA, 2011.

3. Snegarova, V.; Naydenova, D. Vitamin D: A Review of its Effects on Epigenetics and Gene Regulation. Folia Med. 2020, 62,
662–667. [CrossRef] [PubMed]

4. Pilz, S.; Zittermann, A.; Obeid, R.; Hahn, A.; Pludowski, P.; Trummer, C.; Lerchbaum, E.; Perez-Lopez, F.R.; Karras, S.N.; Marz, W.
The Role of Vitamin D in Fertility and during Pregnancy and Lactation: A Review of Clinical Data. Int. J. Environ. Res. Public
Health 2018, 15, 2241. [CrossRef] [PubMed]

5. Lerchbaum, E.; Obermayer-Pietsch, B. Vitamin D and fertility: A systematic review. Eur. J. Endocrinol. 2012, 166, 765–778.
[CrossRef] [PubMed]

https://www.dnbc.dk/data-available
https://doi.org/10.1056/NEJMra070553
https://www.ncbi.nlm.nih.gov/pubmed/17634462
https://doi.org/10.3897/folmed.62.e50204.
https://www.ncbi.nlm.nih.gov/pubmed/33415918
https://doi.org/10.3390/ijerph15102241
https://www.ncbi.nlm.nih.gov/pubmed/30322097
https://doi.org/10.1530/EJE-11-0984
https://www.ncbi.nlm.nih.gov/pubmed/22275473


Nutrients 2023, 15, 4039 13 of 14

6. Lorenzen, M.; Boisen, I.M.; Mortensen, L.J.; Lanske, B.; Juul, A.; Blomberg Jensen, M. Reproductive endocrinology of vitamin D.
Mol. Cell. Endocrinol. 2017, 453, 103–112. [CrossRef]

7. Quaresima, P.; Angeletti, M.; Luziatelli, D.; Luziatelli, S.; Venturella, R.; Di Carlo, C.; Bernardo, S. Pregnancy associated transient
osteoporosis of the hip (PR-TOH): A non-obstetric indication to caesarean section. A case report with literature review. Eur. J.
Obstet. Gynecol. Reprod. Biol. 2021, 262, 28–35. [CrossRef]

8. McGrath, J. Does ‘imprinting’ with low prenatal vitamin D contribute to the risk of various adult disorders? Med. Hypotheses
2001, 56, 367–371. [CrossRef]

9. Larque, E.; Morales, E.; Leis, R.; Blanco-Carnero, J.E. Maternal and Foetal Health Implications of Vitamin D Status during
Pregnancy. Ann. Nutr. Metab. 2018, 72, 179–192. [CrossRef]

10. Wagner, C.L.; Hollis, B.W. The Implications of Vitamin D Status During Pregnancy on Mother and her Developing Child. Front.
Endocrinol. 2018, 9, 500. [CrossRef]

11. Xue, J.; Schoenrock, S.A.; Valdar, W.; Tarantino, L.M.; Ideraabdullah, F.Y. Maternal vitamin D depletion alters DNA methylation
at imprinted loci in multiple generations. Clin. Epigenetics 2016, 8, 107. [CrossRef]

12. Abreu, A.P.; Kaiser, U.B. Pubertal development and regulation. Lancet. Diabetes Endocrinol. 2016, 4, 254–264. [CrossRef] [PubMed]
13. Chadio, S.; Kotsampasi, B. The role of early life nutrition in programming of reproductive function. J. Dev. Orig. Health Dis. 2014,

5, 2–15. [CrossRef] [PubMed]
14. Rhind, S.M.; Rae, M.T.; Brooks, A.N. Effects of nutrition and environmental factors on the fetal programming of the reproductive

axis. Reproduction 2001, 122, 205–214. [CrossRef] [PubMed]
15. Juul, A. In utero programming of pubertal development? Arch. Dis. Child. 2011, 96, 703. [CrossRef] [PubMed]
16. Lanciotti, L.; Cofini, M.; Leonardi, A.; Penta, L.; Esposito, S. Up-To-Date Review About Minipuberty and Overview on

Hypothalamic-Pituitary-Gonadal Axis Activation in Fetal and Neonatal Life. Front. Endocrinol. 2018, 9, 410. [CrossRef]
17. Eyles, D.W.; Smith, S.; Kinobe, R.; Hewison, M.; McGrath, J.J. Distribution of the vitamin D receptor and 1 alpha-hydroxylase in

human brain. J. Chem. Neuroanat. 2005, 29, 21–30. [CrossRef]
18. Nicholas, C.; Davis, J.; Fisher, T.; Segal, T.; Petti, M.; Sun, Y.; Wolfe, A.; Neal-Perry, G. Maternal Vitamin D Deficiency Programs

Reproductive Dysfunction in Female Mice Offspring Through Adverse Effects on the Neuroendocrine Axis. Endocrinology 2016,
157, 1535–1545. [CrossRef]

19. Gaml-Sørensen, A.; Brix, N.; Hærvig, K.K.; Lindh, C.; Tøttenborg, S.S.; Hougaard, K.S.; Høyer, B.B.; Ernst, A.; Arendt, L.H.;
Clemmensen, P.J.; et al. Maternal vitamin D levels and male reproductive health: A population-based follow-up study. Eur. J.
Epidemiol. 2023, 38, 469–484. [CrossRef]

20. Day, F.R.; Elks, C.E.; Murray, A.; Ong, K.K.; Perry, J.R.B. Puberty timing associated with diabetes, cardiovascular disease and also
diverse health outcomes in men and women: The UK Biobank study. Sci. Rep. 2015, 5, 11208. [CrossRef]

21. Golub, M.S.; Collman, G.W.; Foster, P.M.; Kimmel, C.A.; Rajpert-De Meyts, E.; Reiter, E.O.; Sharpe, R.M.; Skakkebaek, N.E.;
Toppari, J. Public health implications of altered puberty timing. Pediatrics 2008, 121 (Suppl. 3), S218–S230. [CrossRef]

22. Ernst, A.; Brix, N.; Lauridsen, L.L.B.; Strandberg-Larsen, K.; Bech, B.H.; Nohr, E.A.; Nybo Andersen, A.M.; Parner, E.T.; Meder,
I.K.; Olsen, J.; et al. Cohort Profile: The Puberty Cohort in the Danish National Birth Cohort (DNBC). Int. J. Epidemiol. 2020, 49,
373–374g. [CrossRef]

23. Olsen, J.; Melbye, M.; Olsen, S.F.; Sorensen, T.I.; Aaby, P.; Andersen, A.M.; Taxbol, D.; Hansen, K.D.; Juhl, M.; Schow, T.B.; et al.
The Danish National Birth Cohort--its background, structure and aim. Scand. J. Public Health 2001, 29, 300–307. [CrossRef]
[PubMed]

24. Brix, N.; Ernst, A.; Lauridsen, L.L.B.; Parner, E.T.; Olsen, J.; Henriksen, T.B.; Ramlau-Hansen, C.H. Maternal Smoking During
Pregnancy and Timing of Puberty in Sons and Daughters: A Population-Based Cohort Study. Am. J. Epidemiol. 2019, 188, 47–56.
[CrossRef] [PubMed]

25. Olsen, S.F.; Mikkelsen, T.B.; Knudsen, V.K.; Orozova-Bekkevold, I.; Halldorsson, T.I.; Strom, M.; Osterdal, M.L. Data collected on
maternal dietary exposures in the Danish National Birth Cohort. Paediatr. Perinat. Epidemiol. 2007, 21, 76–86. [CrossRef] [PubMed]

26. Marshall, W.A.; Tanner, J.M. Variations in the pattern of pubertal changes in boys. Arch. Dis. Child. 1970, 45, 13–23. [CrossRef]
27. Marshall, W.A.; Tanner, J.M. Variations in pattern of pubertal changes in girls. Arch. Dis. Child. 1969, 44, 291–303. [CrossRef]
28. Greenland, S.; Pearl, J.; Robins, J.M. Causal diagrams for epidemiologic research. Epidemiology 1999, 10, 37–48. [CrossRef]
29. Bjerregaard, A.A.; Halldorsson, T.I.; Tetens, I.; Olsen, S.F. Mother’s dietary quality during pregnancy and offspring’s dietary

quality in adolescence: Follow-up from a national birth cohort study of 19,582 mother-offspring pairs. PLoS Med. 2019,
16, e1002911. [CrossRef]

30. Huber, P.J. (Ed.) The behavior of maximum likelihood estimates under nonstandard conditions. In Proceedings of the Fifth
Berkeley Symposium on Mathematical Statistics and Probability, Volume 1: Statistics; 1967; University of California Press:
Berkeley, CA, USA, 1967.

31. White, H. A Heteroskedasticity-Consistent Covariance Matrix Estimator and a Direct Test for Heteroskedasticity. Econometrica
1980, 48, 817–838. [CrossRef]

32. National Food Institute. Food Data (frida.fooddata.dk): Technical University of Denmark; 2019. [Version 4]. Available online:
https://frida.fooddata.dk/?lang=en (accessed on 14 September 2023).

https://doi.org/10.1016/j.mce.2017.03.023
https://doi.org/10.1016/j.ejogrb.2021.05.007
https://doi.org/10.1054/mehy.2000.1226
https://doi.org/10.1159/000487370
https://doi.org/10.3389/fendo.2018.00500
https://doi.org/10.1186/s13148-016-0276-4
https://doi.org/10.1016/S2213-8587(15)00418-0
https://www.ncbi.nlm.nih.gov/pubmed/26852256
https://doi.org/10.1017/S204017441300038X
https://www.ncbi.nlm.nih.gov/pubmed/24847686
https://doi.org/10.1530/rep.0.1220205
https://www.ncbi.nlm.nih.gov/pubmed/11467971
https://doi.org/10.1136/adc.2010.202028
https://www.ncbi.nlm.nih.gov/pubmed/21616960
https://doi.org/10.3389/fendo.2018.00410
https://doi.org/10.1016/j.jchemneu.2004.08.006
https://doi.org/10.1210/en.2015-1638
https://doi.org/10.1007/s10654-023-00987-5
https://doi.org/10.1038/srep11208
https://doi.org/10.1542/peds.2007-1813G
https://doi.org/10.1093/ije/dyz222
https://doi.org/10.1177/14034948010290040201
https://www.ncbi.nlm.nih.gov/pubmed/11775787
https://doi.org/10.1093/aje/kwy206
https://www.ncbi.nlm.nih.gov/pubmed/30239589
https://doi.org/10.1111/j.1365-3016.2007.00777.x
https://www.ncbi.nlm.nih.gov/pubmed/17239183
https://doi.org/10.1136/adc.45.239.13
https://doi.org/10.1136/adc.44.235.291
https://doi.org/10.1097/00001648-199901000-00008
https://doi.org/10.1371/journal.pmed.1002911
https://doi.org/10.2307/1912934
https://frida.fooddata.dk/?lang=en


Nutrients 2023, 15, 4039 14 of 14

33. Barebring, L.; Amberntsson, A.; Winkvist, A.; Augustin, H. Validation of Dietary Vitamin D Intake from Two Food Frequency
Questionnaires, Using Food Records and the Biomarker 25-Hydroxyvitamin D among Pregnant Women. Nutrients 2018, 10, 745.
[CrossRef]

34. Marsal, K.; Persson, P.H.; Larsen, T.; Lilja, H.; Selbing, A.; Sultan, B. Intrauterine growth curves based on ultrasonically estimated
foetal weights. Acta Paediatr. 1996, 85, 843–848. [CrossRef] [PubMed]

35. Ma, K.; Wei, S.Q.; Bi, W.G.; Weiler, H.A.; Wen, S.W. Effect of Vitamin D Supplementation in Early Life on Children’s Growth and
Body Composition: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Nutrients 2021, 13, 524. [CrossRef]
[PubMed]

36. Hernan, M.A.; Hernandez-Diaz, S.; Robins, J.M. A structural approach to selection bias. Epidemiology 2004, 15, 615–625. [CrossRef]
37. Wellner, J.A.; Zhan, Y. A Hybrid Algorithm for Computation of the Nonparametric Maximum Likelihood Estimator From

Censored Data. J. Am. Stat. Assoc. 1997, 92, 945–959. [CrossRef]
38. Turnbull, B.W. The Empirical Distribution Function with Arbitrarily Grouped, Censored and Truncated Data. J. R. Stat. Society.

Ser. B 1976, 38, 290–295. [CrossRef]
39. Wortsman, J.; Matsuoka, L.Y.; Chen, T.C.; Lu, Z.; Holick, M.F. Decreased bioavailability of vitamin D in obesity. Am. J. Clin. Nutr.

2000, 72, 690–693. [CrossRef]
40. Brix, N.; Ernst, A.; Lauridsen, L.L.B.; Parner, E.T.; Arah, O.A.; Olsen, J.; Henriksen, T.B.; Ramlau-Hansen, C.H. Risk of selection

bias due to non-participation in a cohort study on pubertal timing. Paediatr. Perinat. Epidemiol. 2020, 34, 668–677. [CrossRef]
[PubMed]

41. Ernst, A. Self-assessment of pubertal development in a puberty cohort. J. Pediatr. Endocrinol. Metab. JPEM 2018, 31, 763–772.
[CrossRef]

42. Bailey, R.L.; Dodd, K.W.; Gahche, J.J.; Dwyer, J.T.; Cowan, A.E.; Jun, S.; Eicher-Miller, H.A.; Guenther, P.M.; Bhadra, A.; Thomas,
P.R.; et al. Best Practices for Dietary Supplement Assessment and Estimation of Total Usual Nutrient Intakes in Population-Level
Research and Monitoring. J. Nutr. 2019, 149, 181–197. [CrossRef]

43. Perez-Lopez, F.R.; Pasupuleti, V.; Mezones-Holguin, E.; Benites-Zapata, V.A.; Thota, P.; Deshpande, A.; Hernandez, A.V. Effect of
vitamin D supplementation during pregnancy on maternal and neonatal outcomes: A systematic review and meta-analysis of
randomized controlled trials. Fertil. Steril. 2015, 103, 1278–1288.e4. [CrossRef]

44. Keglberg Hærvig, K.; Bonde, J.P.; Ramlau-Hansen, C.H.; Toft, G.; Hougaard, K.S.; Specht, I.O.; Giwercman, A.; Nybo Andersen,
A.M.; Olsen, J.; Lindh, C.; et al. Fetal Programming of Semen Quality (FEPOS) Cohort—A DNBC Male-Offspring Cohort. Clin
Epidemiol 2020, 12, 757–770. [CrossRef] [PubMed]

45. Gaml-Sørensen, A.; Brix, N.; Ernst, A.; Lunddorf, L.L.H.; Lindh, C.; Toft, G.; Henriksen, T.B.; Arah, O.A.; Ramlau-Hansen, C.H.
The estimated effect of season and vitamin D in the first trimester on pubertal timing in girls and boys: A cohort study and an
instrumental variable analysis. Int. J. Epidemiol. 2023, online ahead of print. [CrossRef]

46. World Health Organization. Vitamin D Supplementation during Pregnancy: World Health Organization. 2016. Available online:
https://www.who.int/elena/titles/guidance_summaries/vitamind_supp_pregnancy/en/ (accessed on 20 January 2023).

47. Poulsen, A.; Brot, C. Anbefalinger for Svangreomsorgen; Sundhedsstyrelsen: København, Denmark, 2009.
48. Vestergaard, A.L.; Justesen, S.; Volqvartz, T.; Aagaard, S.K.; Andreasen, M.F.; Lesnikova, I.; Uldbjerg, N.; Larsen, A.; Bor, P. Vitamin

D insufficiency among Danish pregnant women-Prevalence and association with adverse obstetric outcomes and placental
vitamin D metabolism. Acta Obstet. Et Gynecol. Scand. 2021, 100, 480–488. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/nu10060745
https://doi.org/10.1111/j.1651-2227.1996.tb14164.x
https://www.ncbi.nlm.nih.gov/pubmed/8819552
https://doi.org/10.3390/nu13020524
https://www.ncbi.nlm.nih.gov/pubmed/33562750
https://doi.org/10.1097/01.ede.0000135174.63482.43
https://doi.org/10.1080/01621459.1997.10474049
https://doi.org/10.1111/j.2517-6161.1976.tb01597.x
https://doi.org/10.1093/ajcn/72.3.690
https://doi.org/10.1111/ppe.12679
https://www.ncbi.nlm.nih.gov/pubmed/32319135
https://doi.org/10.1515/jpem-2018-0178
https://doi.org/10.1093/jn/nxy264
https://doi.org/10.1016/j.fertnstert.2015.02.019
https://doi.org/10.2147/CLEP.S242631
https://www.ncbi.nlm.nih.gov/pubmed/32765110
https://doi.org/10.1093/ije/dyad060
https://www.who.int/elena/titles/guidance_summaries/vitamind_supp_pregnancy/en/
https://doi.org/10.1111/aogs.14019
https://www.ncbi.nlm.nih.gov/pubmed/33030742

	Introduction 
	Materials and Methods 
	Vitamin D Supplements 
	Pubertal Timing 
	Covariates 
	Statistical Analysis 

	Results 
	Discussion 
	Strengths and Limitations 
	Interpretation 

	Conclusions 
	References

