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“The greatest gift we could give the next generation is to improve
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Abstract

The aim of this thesis is to investigate the association between maternal vita-
min D intake and status in pregnancy and the child’s growth and risk of over-
weight and obesity in childhood. Data from the Norwegian Mother, Father
and Child Cohort Study (MoBa) and the Swedish GraviD study were used in
Paper I-1V and Paper III-1V, respectively.

Paper I include investigations of vitamin D status and its determinants, and
vitamin D intake. Overall, 48% of women had vitamin D insufficiency and
61% had a vitamin D intake below the recommended 10 pg/day. Higher vita-
min D status was associated with higher vitamin D intake, blood sampling
between spring to autumn, use of solarium, higher education and age, origin
from high income country, lower pre-pregnancy body mass index (BMI), and
not smoking during pregnancy. In Paper II, we investigated the associations
between maternal vitamin D intake and childhood growth and risk of over-
weight from birth up to 8 years. Among mothers with normal pre-pregnancy
BMI, a vitamin D intake >10pg/day was associated with lower weight growth
trajectories during infancy and with child overweight in preschool years. The
results indicated associations in opposing directions in children of mothers
with pre-pregnancy overweight or obesity. In Paper III, we investigated the
association between maternal vitamin D status and classes of infant BMI
growth trajectories up to 2 years of age. Lower maternal vitamin D status was
associated with a higher BMI growth trajectory class during the first 2 years
of life in MoBa, but not in GraviD. In Paper IV, we investigated the associa-
tion between maternal vitamin D status and the child’s BMI and risk for over-
weight at § years of age. Low maternal vitamin D status was associated with
lower childhood BMI, but not with overweight.

Compilation of the scientific literature indicate that maternal vitamin D intake
and status during pregnancy may play a role in childhood growth and risk of
overweight or obesity. However, there is not sufficient evidence to conclude
if the associations are causal. If there is a causal effect of maternal vitamin D
status on childhood growth or risk of overweight and obesity, it is likely small
and with no clinically important effect.
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Sammanfattning pa svenska

Syftet med den hdr avhandlingen ar att undersdka sambandet mellan mam-
mans D-vitaminintag och status under graviditeten och barnets tillvixt och
risken for overvikt och fetma under barndomen. Data fran Den norske mor,
far og barn-undersgkelsen (MoBa) och den svenska GraviD-studien anvéndes
i delarbete I-IV respektive delarbete ITI-IV.

I delarbete I undersoktes D-vitamintstatus och dess determinanter, samt D-
vitaminintag. Totalt hade 48% av kvinnorna en otillracklig D-vitaminstatus
och 61% hade ett D-vitaminintag under det rekommenderade intaget pa 10
pg/dag. Hogre D-vitaminstatus var associerat med bland annat ett hdgre D-
vitaminintag, var- till hostsdsong, solarieanvandning, hdgre utbildning och al-
der, ursprung fran ett hoginkomstland, lagre body mass index (BMI) fore gra-
viditeten samt att inte rdka under graviditeten. I delarbete II undersoktes
sambandet mellan mammans D-vitaminintag och barnets tillvéxt och risken
for overvikt fran fodseln upp till 8 ars &lder. Bland kvinnor med ett normalt
BMI fore graviditeten var ett D-vitaminintag >1opg/dag associerat med en
lagre vikttillvéxtkurva under spaddbarnséren och lagre risk for 6vervikt under
forskolealdern. Hos barn till kvinnor med dvervikt eller fetma innan gravidi-
teten verkade sambanden gé i motsatt riktning. I delarbete III undersoktes
sambandet mellan mammans D-vitaminstatus och barnets BMI-tillvaxtkurva
under spadbarnsaren. En ldgre D-vitaminstatus var associerat med en hogre
BMI-tillvaxtkurva upp till 2 ars &lder i MoBa men inte i GraviD. I delarbete
IV undersoktes sambandet mellan mammans D-vitaminstatus och barnets
BMI och risk for 6vervikt vid 5 ars alder. En lagre D-vitaminstatus hos mam-
man var associerat med ett lagre BMI hos barnet, men inte med dvervikt.

Sammanstillning av den vetenskapliga litteraturen indikerar att det kan finnas
ett samband mellan mammans D-vitaminintag eller status under graviditeten
och barnets tillvéxt och risken for overvikt eller fetma i barndomen. Det finns
emellertid inte tillrécklig evidens for att sékerstilla att sambanden é&r kausala.
Om det finns ett kausalt samband mellan mammans D-vitaminstatus och bar-
nets tillvaxt eller risken for 6vervikt och fetma dr det sannolikt svagt och utan
klinisk relevans.
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Introduction

Vitamin D is a nutrient found in very few foods naturally. Although vitamin D
also is dermally produced after ultra-violet B-radiation of the skin, insufficiency
is common worldwide. Vitamin D regulates the calcium homeostasis in the human
body and prolonged deficiency can cause the bone disorders osteomalacia and
rickets. However, after discovery of the vitamin D receptor in tissues and organs
without connection to calcium regulation, the role of vitamin D for other health
outcomes has been extensively studied.

Pregnancy is a vulnerable period of rapid growth and development for both mother
and fetus. Nutrient deficiencies during this time period may cause life-long con-
sequences for the child. It has been suggested that maternal vitamin D deficiency
during pregnancy may affect the health of the fetus; effects that may continue even
later in life.
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Aim

The overall aim was to investigate the association between maternal vitamin D
intake and status in pregnancy and the child’s growth and risk of overweight and
obesity in childhood. The specific aims of Paper I-IV were:

IIL.

I1I.

Iv.

To evaluate total vitamin D intake from both diet and supplements, to
investigate determinants of vitamin D status and the predicted
response in vitamin D status by total vitamin D intake.

To examine the associations between maternal vitamin D intake and
childhood weight and height growth trajectories and velocities, rapid
growth, and risk of overweight up to 8 years of age. Further, to examine
possible effect modification by maternal pre-pregnancy body mass
index (BMI).

To examine the association between maternal vitamin D status
and class of infant BMI growth trajectory during the first 2 years of life.

To examine the association between maternal vitamin D status and the
child’s BMI and risk of overweight at 5 years of age.

AIM



Vitamin D

In the 17" century, rickets was a common disease among children living in indus-
trialized cities in Northern Europe [1, 2]. The disease was characterized by defor-
mations of the bone, restricted growth, and muscle weakness, caused by a defect
bone mineralization. In 1822, sun exposure was found to prevent and cure rickets,
but it was not until 100 years later that the aetiology of rickets was concluded. By
then, it was also discovered that cod liver oil could treat the disease. This led to
the 1930’s discovery of a new nutritional factor, called vitamin D [1, 2].

One important role of vitamin D in the body is to regulate calcium and phosphorus
homeostasis, a process that is essential for normal mineralisation of the bone [3].
Vitamin D acts in target tissues by binding to a vitamin D receptor. This receptor
has been found in most tissues and organs in the human body, suggesting a role of
vitamin D beyond bone health [4, 5]. Vitamin D deficiency causes poor minerali-
zation of the bone, eventually leading to rickets or osteomalacia [6]. Deficiency
has also been associated with increased risks of several diseases e.g. cardiovascu-
lar diseases and some cancers [7], and with gestational complications, e.g. pre-
eclampsia, gestational diabetes, and impaired fetal growth [8, 9].

Metabolism

Vitamin D is a micronutrient and pro-hormone with steroid-like molecule struc-
ture [10]. The term vitamin D is generic and refers to the two isomers: vitamin D2
(ergocalciferol) and vitamin D3 (cholecalciferol). The chemical structures of these
metabolites is presented in Figure 1A-B [3]. Vitamin D2 is mostly present in plant
foods, while vitamin D3 is mostly present in animal foods. In addition, vitamin D3
can be synthesised by the human skin, a biological process induced by skin expo-
sure to ultra-violet B (UV-B) radiation [3]. During exposure to UV-B rays of
wavelength 290-315 nm, 7-dehydrocholesterol that is present in the plasma mem-
brane in the human skin is photo-conversed into pre-vitamin D3, and rapidly fur-
ther transformed into vitamin D [3, 7]. It is released from the membrane into the
extracellular space, further drawn into the circulation. UV-B rays are provided
from both the sun and artificially in some solariums.
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When skin is exposed to UV-B rays for some time, vitamin D3 converts into less
active metabolites, preventing toxic levels of vitamin D through dermal produc-
tion [6].

Figure 1. Chemical structures of the vitamin D metabolites: (A) vitamin D2, (B)
vitamin D3, (C) 25-hydroxyvitamin D, and (D) 1,25-dihydroxyvitamin D. Created
with BioRender.com.

After ingestion from foods or supplements, vitamin D is integrated into chylomi-
crons and absorbed through diffusion in the small intestine into the lymphatic sys-
tem [11]. Vitamin D metabolites are fat-soluble, thereby lipophilic and is
predominantly bound to a binding protein in the circulation. When entered the
blood stream, either from the gut or after dermal synthesis, vitamin D binds to the
vitamin D binding protein (VDBP), the main carrier of all vitamin D metabolites.
Vitamin D is then transported to either the liver or to storage tissues, including the
adipose tissue. In the liver, vitamin D is hydroxylated by the enzyme 25-hydrox-
ylase into the biologically inactive metabolite 25-hydroxyvitamin D (250HD, Fig-
ure 1C). Depending on the source of vitamin D, either 250HD2 (from dietary
vitamin D2) or 250HD3 (from dietary vitamin D3 or UV-B radiation) is formed.
250HD then binds to VDBP or albumin for transportation. The hydroxylation of
vitamin D to 250HD is unregulated. To be biologically active, a second hydrox-
ylation is required. 250HD is transported to the kidneys, where it is hydroxylated
by the enzyme 1-0 hydroxylase into the hormone 1,25-dihydroxyvitamin D
(1,250H2D, Figure 1D).
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The conversion of vitamin D into 1,250H2D occur within a few hours after inges-
tion or synthesis in the skin. Some other organs, such as bone cells, parathyroid
cells, and the placenta can also hydroxylate 250HD into 1,250H2D. 1,250H2D is
also transported in the circulation by VDBP or albumin. To exert its biological
functions, 1,250H2D must bind to vitamin D receptors (VDR), which are located
mostly in the intestinal enterocytes, renal distal tubules, osteoblasts, and pancre-
atic islets [3]. VDRs have also been found in the cardiovascular system, immune
system, central nervous system, reproductive system, pancreas, skeletal muscle,
and lung cells [7], suggesting wide metabolic functions of 1,250H2D. The storage
tissues of vitamin D and its metabolites include adipose tissue, muscles, and liver
[7, 12]. An overview of the synthesis and metabolism of vitamin D is presented in
Figure 2.

7-dehydrocholesterol —_— Pre-vitamin D3 SKIN
UV‘B UV73
Heat
Inactive
Vitamin D3 ——— metabolites

Food/supplements
Vitamin D2 —————  Vitamin D

Vitamin D3 \

LIVER —————
" 25-hvdroxviase

25-hydroxyvitamin D

ADIPOSE TISSUE

KIDNEY

la-hydroxylase

1,25-dihydroxyvitamin D

Figure 2. Synthesis and metabolism of vitamin D. Abbreviations: UV-B; ultra-
violet B rays

The half-lives of vitamin D metabolites are a few weeks for 250HD; 12-24 hours
for vitamin D; and only a few hours for 1,250H2D [11, 13]. The half-life depends
on each metabolites’ affinity for VDBP [11]. All metabolites of vitamin D are fi-
nally eliminated through the bile into feces, and only a minor part through urine

[11].
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Vitamin D and bone mineral homeostasis

The main role of 1,250H2D, is to regulate homeostasis of the bone minerals cal-
cium and phosphate, together with parathyroid hormone (PTH), fibroblast growth
factor, and calcitonin [14]. When circulating calcium concentrations falls below
normal concentrations, a series of events occur to restore and maintain it within
the normal range. Firstly, PTH is released from the parathyroid glands. This stim-
ulates the hydroxylation of 1,250H2D from 250HD in the kidney, which in turn
stimulates the renal calcium reabsorption [3]. Further, 1,250H2D binds to VDRs
in the small intestine, which stimulates the absorption of calcium and phosphorus
through the intestinal wall by increasing the production of calcium channels and
calcium binding protein. In the bone, PTH and 1,250H2D interact and stimulate
the osteoclasts to release stored calcium and phosphate in the bone into the circu-
lation. There is a negative feedback loop in the calcium homeostasis where high
concentrations of 1,250H2D increase production of inactive vitamin D metabolites
and lower concentrations of PTH [3].

While 1,250H2D and PTH act by increasing concentrations of calcium, the hor-
mone calcitonin decreases calcium concentrations [3]. Calcitonin is released in
response to elevated calcium concentrations. It acts by stimulating the osteoblasts
to deposit calcium in bone, inhibiting calcium reabsorption in the kidneys and ab-
sorption in the intestine, and increasing urinary calcium excretion.

By its involvement in calcium homeostasis, 1,250H2D is essential for normal min-
eralisation of the bone. Low concentrations of 250HD is associated with an im-
paired bone mineral density and can lead to rickets in children and osteomalacia
in adults [2]. The precise threshold when rickets start developing is uncertain, but
250HD concentrations <27.5 nmol/L [15] and <37.5 nmol/L [2] have been sug-
gested. Rickets is characterised by skeletal deformities and growth retardation,
while osteomalacia is characterized by diffuse pain in muscles and bone and mus-
cle weakness. Vitamin D deficiency can occur if both sun exposure and dietary
vitamin D intake is low. Furthermore, vitamin D supplementation combined with
calcium is also associated with lower risk of total fracture, hip fracture, and falls
in elderly [16].

Vitamin D beyond bone health

Except for bone, intestine, and kidney, the main locations of vitamin D action
include the immune system and pancreas.
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Vitamin D seems to be an immunomodulator [17] and the importance of vitamin
D in the innate immune response has been highlighted [18]. Also, vitamin D helps
maintain normal levels of blood glucose, by activating the VDR in the pancreatic
beta cells, thereby regulating insulin response to blood glucose [19, 20]. Insuffi-
cient concentrations of vitamin D has a potential role in development of several
diseases, such as cardiovascular diseases, autoimmune diseases, and certain can-
cers [7].

Vitamin D may also have a role in preventing adverse maternal and pregnancy
outcomes such as preeclampsia and gestational diabetes [9] and help regulate pla-
cental development and function [5, 21]. The VDR is expressed in both placenta
and decidua [5, 22]. In the fetus, 1,250H2D regulates calcium homeostasis, but
may also affect development of the immune system by its immunomodulatory
properties [23], and take part in regulation of the fetal organ development [24, 25].
The role of vitamin D during pregnancy for postnatal growth, overweight and obe-
sity is further elaborated in the chapter Maternal vitamin D and postnatal growth.

Vitamin D metabolism during pregnancy

During pregnancy, there are considerable changes to the maternal calcium metab-
olism [26, 27]. Maternal intestinal calcium absorption increases, as does osteo-
clastic activity, allowing for enhanced calcium mobilisation from maternal bone.
Simultaneously, maternal calcium concentrations in serum remain stable. These
alterations allow for accumulation of calcium within the fetal skeleton, particu-
larly during the third trimester. The fetal calcium requirement increases from
around 2 mg/day in early pregnancy to 100 mg/day in late pregnancy and during
lactation.

Maternal concentrations of 1,250H2D increase 2—3 fold in the first weeks of preg-
nancy and continues to increase throughout pregnancy. The increase is mainly
driven by enhanced activity of the enzyme 1-o-hydroxylase in maternal kidneys
and placenta, stimulating the synthesis of 1,250H2D [26]. There is also a rise in
VDBP, although not to the same degree as 1,250H2D. PTH remains within the
non-pregnant range throughout pregnancy. The increase in 1,250H2D during preg-
nancy is dependent on the availability of 250HD. However, the rise in 1,250H2D
in pregnancy seems not entirely related to the calcium regulation [9, 28]. Instead,
it is suggested that 1,250H2D play a role as an immunomodulator in early preg-
nancy, to prevent fetal rejection [22, 26, 29]. After delivery, maternal concentra-
tions of 1,250H2D return to pre-pregnancy levels.
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How maternal 250HD concentrations change during pregnancy is not entirely
known as studies have yielded conflicting results [26, 277]. In the Swedish GraviD
study, season-corrected 250HD increased by 11 nmol/L from early to late preg-
nancy [30]. In contrast, another longitudinal study conducted in Spain found a
consistent decrease in 250HD concentration between first and third trimester, in-
dependent of season [31]. During pregnancy, the fetus is dependent on the mother
for 250HD, which can cross the placenta. 1,250H2D is synthesized from 250HD
by the fetus already in gestational week 6—10 and circulates in fetal blood at around
50% of maternal concentration [24]. Maternal and umbilical cord 250HD concen-
trations correlate, and cord blood concentrations are around 70—100 % of maternal
concentrations [24].

Vitamin D status

There is consensus that serum concentrations of the metabolite 250HD is the best
available indicator of vitamin D status [15, 32, 33]. It is considered suitable due to
its relatively long half-life, that its levels are not much regulated by other factors,
and that it reflects both vitamin D intake from foods and supplements and dermal
synthesis. Total 250HD is used, including both 250HD, and 250HD;, assuming
equal biological value [34]. Concentrations of 250HD depend on both internal and
external factors, and it is the major circulating form of vitamin D. 250HD is stable
in serum, even after long periods in room temperature [35].

Recommendations of vitamin D status

The American Institute of Medicine (IOM) define a serum 250HD concentration
>50 nmol/L as vitamin D sufficiency, a concentration of 30—50 nmol/L as vitamin
D insufficiency, and <30 nmol/L as vitamin D deficiency [33] (Table 1). The cut-
offs apply to all stages of the life cycle, including pregnancy. The limits were se-
lected based on evidence of vitamin D for prevention of rickets, osteomalacia and
risk of fractures. The IOM cut-offs were supported by several organisations, such
as the Global Consensus Recommendations on Prevention and Management of
Nutritional Rickets [34] and the Nordic Nutrition Recommendations 2012 (NNR)
[15]. NNR is the reference document providing scientific evidence of dietary
guidelines for the Nordic countries. The Endocrine Society define vitamin D suf-
ficiency as 250HD >75 nmol/L, vitamin D insufficiency as 50-75 nmol/L and de-
ficiency as <50 nmol/L [32].
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These cut-offs were based on the associations between 250HD and PTH, lower
risk of fractures, and increased calcium absorption [32]. The European Food Safety
Authority (EFSA) does not define cut-offs for deficiency but has identified a target
value of 250HD at 50 nmol/L to be used when deriving dietary reference values
in both adults, infants, children, and pregnant women [36]. This target value was
based on evidence for increased risk of adverse musculoskeletal health outcomes
and adverse pregnancy-related health outcomes below this concentration.

Table 1. Overview of definitions of vitamin D deficiency, insufficiency, and suf-
ficiency.
Deficiency Insufficiency = Sufficiency
Institute of Medicine [33] <gonmol/L ~ 30-50 nmol/L ~ >50 nmol/L
Nordic Nutrition <gonmol/L  30-50 nmol/L =~ >50 nmol/L
Recommendations [15]
The Endocrine Society [32] <sonmol/L  50-75 nmol/L  >75 nmol/L

The absence of a global consensus regarding the definition of sufficient vitamin D
status might partly be explained by the variability in 250HD assay methods and
laboratories [37]. Sempos et al. concluded that even within the golden standard
method liquid chromatography-tandem mass spectrometry (LC-MS/MS), analysis
results are not necessarily neither accurate nor precise [37]. Variability in 250HD
concentrations makes it hard to draw conclusions, even from meta-analyses, and
reach consensus regarding optimal 250HD concentrations.

Recommendations of vitamin D status during pregnancy

Although there is variation between recommendations from the IOM, the NNR,
and the Endocrine Society, the recommendations are all formulated based on evi-
dence from clinical trials of vitamin D status and skeletal outcomes. Due to lack
of further evidence, the recommendations for vitamin D are all the same for preg-
nant and lactating women as for non-pregnant adults. It is possible that a vitamin
D status higher than the current recommendations would favour the pregnant
woman and her child. In a review from 2022, 25§0HD concentrations >100 nmol/L
in pregnant women were found to be preventive of respiratory and autoimmune
diseases in the child [38]. However, the World Health Organization (WHO) only
recommends vitamin D supplementation in pregnant women with vitamin D defi-
ciency, and not as part of routine antenatal care [39, 40]. Thus, further studies are
needed to conclude the optimal vitamin D concentration during pregnancy for both
prenatal and postnatal outcomes.
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Effect of vitamin D intake on 250HD concentration

Intervention studies have reported different dose-response relationships between
vitamin D intake from supplements and vitamin D status. Most studies have found
a positive linear relationship between vitamin D intake and response in 250HD,
but some studies have also found a negative response or no change in 250HD
concentration [41]. Studies indicating a positive association between vitamin D
intake and 250HD concentration also show an eventual plateau in the dose-
response relationship in different populations [42, 43] (Paper I). The concentration
where this plateau occurs varies between 20-50 pg/day.

Vitamin D status globally

Globally, concentrations of 250HD <50 nmol/L are common [44]. In 2011, Shoor
and Lips mapped current global 250HD data and found suboptimal concentrations
of 250HD worldwide [45]. The authors identified the Middle East and Asia as
regions where risk of vitamin D deficiency was especially high. In 2014, Palacios
and Gonzales confirmed that vitamin D deficiency was a public health issue in all
regions and age groups globally [46]. However, data on vitamin D status were
lacking in South America and Africa. In 2016, a study was conducted in 14 Euro-
pean study populations, including 55,844 children and adults. After standardiza-
tion of the data, 13.0% had 250HD concentrations <30 nmol/L and 40.4% had
concentrations <50 nmol/L [47]. Stratified by season, 17.7% had 250HD concen-
trations <30 nmol/L during October to March and 8.3% during April to November.

Vitamin D status in pregnancy

Pregnancy has been identified as a period of high risk of vitamin D deficiency [45,
48]. Globally, 250HD concentrations <3onmol/L during pregnancy has been
found in 4-23% in Europe, 15% in Australia, 38-50% in Middle East, and 45-60%
in South Asia, including studies conducted between 2003-2013 [46]. Another sys-
tematic review and meta-analysis of studies reporting vitamin D status in pregnant
populations between 1959—2014 found 250HD concentrations <25 nmol/L in 2—
20% in America, 20-40% in Europe, 40-96% in the Eastern Mediterranean, and
5—61% in the Western Pacific region [48] (Figure 3). Within Europe, 250HD con-
centrations are higher in Northern compared with Southern Europe and higher in
Western compared with Eastern Europe [45]. Suggestively, this might be due to
higher intake of fatty fish and fish liver oil in Northern Europe, and more skin
pigmentation and sun avoiding behaviour in Southern Europe.
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Figure 3. Prevalence (%) of 250HD concentration <50 nmol/L (grey numbers)
and <25 nmol/L (black numbers) in pregnant women between 1959-2014 from

Saraf [48].

In the Nordic countries, concentrations of 250HD varied from 47-75 nmol/L in
Denmark [49-51], 41-89 nmol/L in Finland [52, 53], 51-66 nmol/L in Norway [54,
55] (Paper III), and 47-65 nmol/L in Sweden [30, 56, 57]. Prevalence of vitamin
D insufficiency (250HD <50 nmol/L) varied from 14-50% in Denmark [49, 51], to
1-77% in Finland [52, 53], 36-50% in Norway [54] (Paper III), and 25-65% in
Sweden [30, 56] (Paper III). The studies with the highest prevalence of vitamin
D insufficiency were conducted with small study populations. When only studies
with >200 participants are included, the prevalence of 250HD <50 nmol/L does
not exceed 48% in any Nordic country. Differences in prevalence of vitamin D
insufficiency between studies can partly be explained by methodological differ-
ences in assessment methods and variation in individual factors such as country
of origin. Since it is unknown how concentrations of 250HD change during preg-
nancy, the time point of measurement of 250HD might contribute to differences
in 250HD concentrations between studies. In addition, as vitamin D status in the
Nordic countries follow a seasonal variation [30, 58], season at blood sampling
will also affect the 250HD concentrations.
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Determinants of vitamin D status

The major determinants of vitamin D status are sun exposure and vitamin D intake
from foods and supplements [59]. Dermal sun exposure is the most important de-
terminant of 250HD concentration for most individuals [60]. The basic require-
ment of vitamin D can be met solely by sun exposure. As little as 7—36 minutes
(depending on skin pigmentation) of sunshine exposure will produce the daily
need of vitamin D during summer months in the Nordic countries (62,5° N) [61].
Thereby, factors affecting sun exposure i.e., season, latitude, recent travels to
sunny climates [60], sun-seeking behaviour and clothing style [30] will also affect
vitamin D status.

The amount of synthesized vitamin D in the skin will be influenced by anything
that either affect UV-B irradiation or the amount of 7-dehydrocholesterol in the
skin [7]. Vitamin D cannot be synthesized all year round in countries above lati-
tude 35° North (N) [10], such as the Nordic countries (55°—72° N). Mean monthly
UV-B doses over a typical year were modelled and applied to a selection of Euro-
pean countries in a study from O'Neil et al. [62]. In Finland (60—67° N) and Den-
mark (56° N), vitamin D could be synthesized from April to September, while
from April to August in Iceland (64° N). Within Norway, vitamin D could be syn-
thesized from April to September in Oslo (60° N), but only from May to August
in Tromse (69° N) [62].

Except for latitude and season, other individual factors affecting dermal capacity
to synthesize 250HD is age [63] and skin pigmentation [64]. More melanin in the
skin requires longer exposure to UV-B rays to produce the same amount of vita-
min D as skin with less melanin [64]. In a Swedish study, the overall prevalence
of vitamin D deficiency among pregnant women was 10%, but 51% among women
born in Africa and 46% among women born in Asia [30]. Similar findings were
obtained in a Norwegian study, where the prevalence of 250HD <25 nmol/L was
1.3% in women from Western Europe and 2.5% in women from East Asia, but as
high as 45% among women from South Asia, 40% among women from the Middle
East, and 26% among women from Sub-Saharan Africa [55]. Thus, ethnicity can
be a risk factor for 250HD <30 nmol/L. In addition, time spent indoors, and cov-
ered clothing will restrict the dermal production of vitamin D. The amount of 7-
dehydrocholesterol in the skin declines by age, leading to a lower capacity to syn-
thesize vitamin D later in life [63].
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BMI is also a determinant of 250HD concentration [65]. An inverse association
has been reported between adiposity and 250HD concentration [66]. Available
evidence suggests that increased fat mass is a cause of low 250HD concentration,
rather than a consequence [66, 67]. A smaller response in 250HD after supple-
mentation with vitamin D has been found in individuals with obesity compared
with normal weight [68]. There are several suggested mechanism for this relation-
ship, including sequestration of vitamin D in the body fat [69], volumetric dilution
of vitamin D in larger body mass [70], and behaviour-related alterations in sun
exposure, in individuals with obesity [71]. The mechanism is currently not fully
understood and whether individuals with obesity could benefit from a higher rec-
ommended intake of vitamin D is unclear.

Determinants of vitamin D status during pregnancy

Determinants of 250HD concentration in pregnancy might not differ from those
in non-pregnant individuals [72]. However, gaining less weight, having a higher
baseline 250HD, delivering in summer, higher maternal age, and supplementation
have been independently related to a higher 250HD concentration in late preg-
nancy in a study from the United Kingdom [72]. Among pregnant women in the
Nordic countries, 250HD concentration has been associated with vitamin D intake
from foods and supplements, sun exposure, outdoor physical activity, solarium
use, smoking during pregnancy, season, gestational week, education, age, country
of origin, parity, and pre-pregnancy BMI [30, 49, 50, 56, 57, 73] (Paper I).

Vitamin D intake

Recommendations of vitamin D intake

Equal to the lack of consensus of the definition of sufficient vitamin D status, dif-
ferent authorities have different recommended intakes (RI), as shown in Table 2.
The IOM set the average requirement (AR) to 10 pg/day and the RI to 15 pg/day
for adults, including during pregnancy [33]. EFSA sets the average intake for vit-
amin D at 15 pg/day, as the available evidence did not allow for determining an
AR [36]. This average intake assumes minimal contribution of vitamin D from
dermal production. Under conditions when dermal vitamin D can be produced,
requirement of vitamin D intake is lower, maybe even zero [36]. The Endocrine
Society has set the RI of vitamin D to 15 pg/day, including in pregnancy [32].
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Table 2. Recommended intake of vitamin D from different authorities.
Recommended intake for adults
(including in pregnancy)

Institute of Medicine [33] 15 pg/day
Nordic Nutrition 10 pg/day
Recommendations [15]

Endocrine Society [32] 15 ug/day

In NNR 2012, the RI of vitamin D for adults, including during pregnancy, was 10
pg/day [15]. This RI considers contribution of dermally produced vitamin D from
late spring to early autumn. For people with little or no sun exposure, and people
>75 years of age, an intake of 20 pg/d is recommended. The AR was based on
supplemental studies, showing that a dose of 7.2 png/day would maintain a mean
250HD concentration during winter at about 50 nmol/L. The AR was thereby set
at 7.5 ug/day [15]. The cut-off for the lower intake level (LI) was set to 2.5 pg/day,
based on intervention studies indicating that this dose would maintain 250HD
concentrations around 30 nmol/L also during winter. The upper intake level (UL)
was based on the current cut-offs recommended by EFSA [74]. For individuals >11
years of age, the UL is set at 100 pg/day, which is the same cut-off set also by the
IOM [33].

Sources and intake of vitamin D

The absorption of vitamin D from a normal diet is on average 80%, but varies
between 55-99% [36]. Data on factors that affect absorption of vitamin D metabo-
lites are scarce, but the absorption is likely more efficient in the presence of lipids,
while the food matrix has limited effect on vitamin D bioavailability [75, 76]. The
absorption of vitamin D likely decrease with increasing dose [75].

Few foods naturally contain significant amounts of vitamin D (Table 3). Most
vitamin D rich foods are of animal origin [6]. Oily fish such as herring, mackerel,
and salmon have a high content of vitamin D. Some lean fishes, such as tuna and
cod, but also egg yolk and certain mushrooms also contain some vitamin D [6].
Meat and meat products, especially liver, contain a smaller amount of vitamin D.
Such foods of animal origin also contain different concentrations of the metabolite
250HD, which also contribute to the total vitamin D intake [77].
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Table 3. Vitamin D content in some non-fortified foods from The Swedish Food
Agency's food database *

Foods Vitamin D (pg/100g)
Herring, mackerel 5.4-5.8
Salmon, farmed 7.4
Tuna 4.2
Cod 1.8
Egg, whole 3.7
Champignon 0.2
Chanterelle 15.4
Chicken 1.5
Pork 0.6
Beef 0.2
Liver (beef, pork, chicken) 0.1-0.4

a Database version 2022-05-24

Because of the few natural vitamin D rich foods, some countries have policies
regarding food fortification with vitamin D. For example, in Canada, there is man-
datory vitamin D fortification of milk and margarine [78, 79]. In the United States,
cow’s milk, plant-based milk, some breakfast cereals, orange juice, yogurt, and
margarine are voluntarily fortified with vitamin D [78, 79]. Milk, sour milk, yo-
ghurt, and different types of fat spreads are commonly fortified with vitamin D in
the Nordic countries [80]. In Sweden, fortification with vitamin D is mandatory,
while in the other Nordic countries, fortification is voluntary or recommended [80]
(Table 4).

Table 4. Vitamin D fortification policies in the Nordic countries

Country Type of foods Amount of vitamin D
Sweden Milk <3% fat, including lactose-free and 0.95—1.10 1g/100 g
plant-based alternatives
Sour milk <3% fat, including lactose-free 0.75-1.10 Bg/100 g

and plant-based alternatives
Margarine, fat spreads and fluid margarine 19.5—21.0 Ug/100 g

Norway Low-fat milk, including lactose-free milk 0.4 1Lg/100 g
Margarine and butter 10 ug/100 g
Finland Milk, yoghurt, and sour milk I ug/100 g
Margarine and fat spreads (not butter) 20 ng/100 g
Denmark - -
Iceland - -
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From each country’s latest national dietary survey, the median vitamin D intake
from foods (not including supplements) in men and women were I11.2 pg/day in
Finland [81], 5.7 ng/day in Sweden [82], 4.9 pg/day in Iceland [83], 4.6 pg/day in
Norway [84], and 3.3 pg/day in Denmark [85]. The major food sources of vitamin
D in the Nordic countries from the latest national dietary surveys among adults
are presented in Figure 4.

Confribution (%) of the major food sources to the vitamin D intake
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Figure 4. Contribution of the major food sources to total vitamin D intake
among adults in the Nordic countries [81, 82, 84, 85].

Supplements are also a common source of vitamin D [6]. Both vitamin D2 and
vitamin D3 are used in supplements. How much supplements contribute to the
total vitamin D intake varies between countries. In Finland, 57% of women and
40% of men used vitamin D supplements in 2017 [81]. In Norway, 40% of men
and women reported use of vitamin D supplements in 2010—2011 [84]. In Sweden,
27 % of women and 15% of men reported supplement use, of which 25-30% con-
tained vitamin D, in 2010-2011 [82]. In Denmark, 83% of all women and 54% of
all men used a vitamin D containing supplement in 2011-2013 [86]. In Iceland, 55%
of all women and men reported use vitamin D supplements in 2010—2011 [83].
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Vitamin D intake in pregnancy

Vitamin D intake during pregnancy differ between countries. In a study of 2,251
pregnant women living in Camden, United States, between 1996-2006, mean Vit-
amin D intake was 4.8 pg/day from diet and 5.5 pg/day from supplements,
adding up to a total of 10.3 pg/day [87]. In another study from 1999 to 2002 con-
ducted in Massachusetts, United States, mean vitamin D intake from foods was
5.6 png/day and 8.0 pg/day from supplements, adding up to a total of 13.7 pg/day
[88]. In a study on 439 pregnant women living in New Zealand, mean vitamin D
intake from both foods and supplements was 2.1 pg/day in both mid and late preg-
nancy [89]. The use of supplements in this study was overall very low. A system-
atic review and meta-analysis of studies on dietary intake in pregnant women
living in developed countries found that vitamin D intake differed by geographical
region, but not by socioeconomic status or dietary assessment method [90]. Me-
dian vitamin D intakes from food were 5.7 pg/day in Canada and the United States,
2.2 pg/day in the United Kingdom, 3.6 pg/day in European countries, 1.3 pg/day
in Australia and New Zealand, and 5.7 pg/day in Japan. Another study conducted
in 239 pregnant women in Cape Town, South Africa, found a median vitamin D
intake of 4.0 ng/day from foods, not assessing vitamin D supplement use [91].

The vitamin D intake during pregnancy differ also between the Nordic countries.
In Sweden, mean vitamin D intake from foods was 6.1 pg/day and total vitamin D
intake was 9.3 pg/day in a study on pregnant women in 2008-2011 [56]. Of the 95
participants, 56% were taking vitamin D supplements. Similar intakes were found
in a study from 2006-2009 [92]. In a more recent Swedish study, median intake of
vitamin D from foods were around 5 pg/day assessed by food record and a food
frequency questionnaire (FFQ) in 2013-2014 [93]. In total, 44% of all women used
a vitamin D supplement. New fortification policies were adapted in Sweden in
2018, where more food items were mandated to be fortified and with higher
amounts of vitamin D. Therefore, the current vitamin D intake might be higher
than previously estimated. However, no new studies have investigated the current
vitamin D status or intake in either pregnant women or other populations in Swe-
den. In Norway, the median vitamin D intake in pregnancy from supplements was
5.2 pg/day, and the total vitamin D intake was 8.3 pg/day, investigated during
2003-2008 (Paper I). While 80% of the participants reported vitamin D supple-
ment use, 61% had a total vitamin D intake below the RI. Another study conducted
during 2007-2009 in Norway found a mean vitamin D intake from supplements of
5.5 ug/day, and total vitamin D intake at 10.4 pug/day [54]. In Finland, a voluntary
fortification policy of all fluid milk products and fat spreads was adapted in 2002
and fortification was further doubled in 2010 [80, 94].
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Studies in pregnant women conducted after this has found vitamin D intakes from
foods between 6.0-7.8 pg/day and supplemental intake between 2-15 pg/day [95].
The studies have reported a high use of vitamin D supplements, between 72-95%.
In Denmark, mean total intake of vitamin D was 9.2 pg/day in the Danish National
Birth Cohort, conducted 1996-2002 [96]. However, in the more recent Danish
COPSAC2010, mean total vitamin D intake during pregnancy in 2009-2010 was
4.8 pg/day [49]. Thus, when supplements are reported, the vitamin D intake in
pregnancy generally meet the recommended 10 pg/day [80]. An overview of the
current recommendations of vitamin D supplements in pregnancy in the Nordic
countries is provided in Table 5.

Table 5. Current vitamin D supplementation recommendations during pregnancy
in the Nordic countries

Country Recommendation
Nordic Nutrition -
Recommendations
Sweden Those who do not include fortified products or fish in
their diet, or are using concealed clothing should con-
sult with their midwife
Norway 10 pg/day if sun exposure and consumption
of vitamin D-rich foods is low
Finland 10 png/day
Denmark 10 png/day
Iceland Total intake from diet and supplements

should be 15 pg/day

The main sources of vitamin D during pregnancy differ between countries due to
different policies and recommendations regarding both vitamin D supplements in
pregnancy and type and amount of vitamin D fortified foods. Few studies have
investigated the major contributors to vitamin D intake in pregnancy. In Norway,
vitamin D supplements (66%), fish (14%), and fortified margarine (10%) were the
main contributors to vitamin D intake in pregnancy (Paper I). In Denmark, sup-
plements were the main contributor to the vitamin D intake (61%), followed by
fish and seafood, low fat dairy, and egg [96]. In Sweden, the largest food groups
contributing with most vitamin D during pregnancy were fish (36%) and fortified
products; margarine (16%), milk (10%), and yoghurt/sour-milk (2%) [93].
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The first 1000 days and beyond

The first 1000 days is the period from conception to 2 years of age. It represents a
vulnerable period of rapid growth and development. Certain stimuli or exposures
that occur during this time can have impact on the individual beyond the perinatal
period. Such exposures can produce permanent structural, metabolic, and physio-
logical adaptations, thereby predisposing the individual to cardiovascular, meta-
bolic and endocrine disease in the adult life [97]. This concept was formalized by
the epidemiologist David Barker, stating that many non-communicable diseases
may originate from the fetal period, referred to as ‘the Barker Hypothesis’ [98, 99]
or ‘the Developmental origins of health and disease hypothesis’. Exposures oc-
curring during embryonic and fetal development which leads to adaptations are
often referred to as fetal programming [97]. Today, emerging evidence demon-
strate that early life environment influences risk of developing non-communicable
diseases in later life, also supported by biological evidence from animal experi-
ments [100]. In addition, all growth phases in life are dependent on the previous
and growth is strongly genetic [101]. Thus, the first 1000 days represents a critical
window of early childhood growth and development with great importance that
may also impact health beyond this time.

Pregnancy

Pregnancy is a unique event with large metabolic adaptions, lasting around 40
weeks. The maternal immune system must balance between allowing the fetus to
grow, and still maintain the barricade for pathogens [102, 103]. The uterine envi-
ronment shifts from proinflammatory in early pregnancy; after the attachment to
the uterine wall by the embryonic cytotrophoblast cells, to anti-inflammatory
throughout the pregnancy; allowing the fetus to grow, and finally back to pro-
inflammatory to allow the onset of labour. After fertilization, cell division of the
egg occurs to form germ layers, creating different types of cells [102, 103]. The
placenta regulates nutritional supply from mother to fetus [104]. The placenta is
fully functional in gestational week 4, and during gestational week 4-10, the organs
of the fetus are formed. By the end of the third month, the fetus is fully formed.
Fetal fat cells are developed at around gestational week 14-16 [105].
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In the second half of pregnancy, maternal insulin resistance is developed, leading
to increased circulating concentrations of glucose and free fatty acids, allowing
for greater substrate availability, and increased fetal growth velocity [106]. Macro
and micronutrient requirements increase throughout pregnancy to meet the de-
mands of the developing fetus [15].

The WHO provides guidelines on routine antenatal care for pregnant women, in
order to prevent pregnancy-related complications [39]. In the guidelines, a healthy
diet is recommended to prevent poor pregnancy outcomes such as excessive ges-
tational weight gain and neonatal macrosomia. A nutrient and energy appropriate
intrauterine environment is crucial for optimal development and growth of the fe-
tus [107]. Iron and folic acid are the only recommended supplements during preg-
nancy in well-nourished populations by the WHO [39]. These micronutrients
prevent low birth weight and preterm birth in the infant [39]. Vitamin D supple-
mentation in pregnancy is currently not recommended from the WHO [40].

Fetal programming

Fetal programming is proposed to ensure adaptation to postnatal life and later
health [108]. The fetus will develop in accordance with the nutrient supply in utero,
with the expectation of being born into a similar environment. If there is a mis-
match between fetal and postnatal environments, these adaptations may instead
cause an increased risk of diseases later in life [108]. This mismatch is referred to
as the ‘thrifty phenotype hypothesis’ [101, 109].

Epigenetic mechanisms are suggested to be the mechanism behind fetal program-
ming, thereby the link between environmental exposures in utero and health out-
comes postnatally. Epigenetics are characterized as changes on the genome
without changes to the underlying deoxyribonucleic acid (DNA) sequence [110].
Modifications include methylation, demethylation, histone deacetylation, and in-
creased histone acetylation. The epigenetic changes in the development of obesity
may lead to the attachment of methyl groups to the chromosomes [111]. This mod-
ification may alter gene expression, resulting in an increased or decreased expres-
sion of some genes [111]. During fertilization and the early embryonic time, DNA
synthesis is high and therefore prone to modifications in DNA methylation. Mod-
ifications can be caused by several exposures such as maternal undernutrition [108]
or maternal obesity [112], and may lead to metabolic adaptations in the fetus. This
emphasises the importance of embryonic and fetal environment, as programming
towards future disease may be founded already during this period [110].
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Childhood growth

Although human growth can be defined most simply as a progressive development
and increase in the amount, size, and complexity of cells of an individual, growth
is much more than just an increase in body mass over time. The weight and height
growth of a child is the result of a complex system of genetics, epigenetics, hor-
mones, and environment and is a function of time [113]. Growth is a marker of a
child's physical and emotional well-being and has long-term consequences for
health [114]. Childhood growth is mainly regulated by insulin-like growth factor-
I and growth hormone, but also insulin, thyroid hormones, leptin, and sex hor-
mones [115, 116].

Evaluation of growth

Both fetal and postnatal growth is routinely assessed by clinicians and compared
towards growth standards [113]. The purpose is to identify whether a child is grow-
ing “normally” or has a deviated growth trajectory. The WHO has developed both
fetal growth charts [117] and postnatal growth charts, called the WHO Child
Growth Standards [113]. The growth charts were developed to provide a reference
of how children should grow.

The fetal growth charts provide growth references for biparietal diameter, head
circumference, abdominal circumference, femur length, humerus length, esti-
mated fetal weight, femur length/head circumference ratio, and femur length/bi-
parietal diameter ratio from gestational week 14-40 [117]. The reference charts
were based on a sample of pregnant women from ten different countries with low-
risk singleton pregnancies. The women had high or middle socioeconomic status
and no known environmental disadvantages on fetal growth. The ten countries in-
cluded were Argentina, Brazil, Democratic Republic of the Congo, Denmark,
Egypt, France, Germany, India, Norway, and Thailand, and 1,362 women partici-
pated in the study. Participants had on average six ultrasound examinations per-
formed during pregnancy [117].

The postnatal growth charts from birth to 5 years of age were based on a sample
of 8,440 children from six countries: Brazil, Ghana, India, Norway, Oman, and the
United States [113]. Children included in the study were selected based on the cri-
teria of optimal growth i.e., the children were breastfed, provided standard paedi-
atric care, and were children of non-smoking mothers. The growth standards are
provided both for weight, length/height, BMI, head circumference, and skinfolds.
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The charts are constructed from 0-2 years of age and 2-5 years of age, to correct
for the difference in length and height. Reference growth charts between 5-19 years
of age are also available [118]. The charts were based on a sample of 22,917 chil-
dren from the United States. The data were additionally merged with data from the
children from the o-5 years reference charts, to create an overlap between the ref-
erence curves. The study also showed that regardless of country of origin, children
grow in similar patterns, given that their needs are met of nutrition, care, and
health.

In addition, many countries have developed national growth reference curves,
providing a country-specific, customized growth reference. In Norway, it is rec-
ommended to use the WHO growth charts from o-5 years of age [119]. After 5
years of age, growth references from The Bergen growth study are recommended.
The Bergen growth study collected data on more than 8,000 children between o-
19 years of age in Bergen between 2003-2006 [120, 121]. In Sweden, there are three
recommended growth charts to use within the child health care [122]: ‘Gdteborg
1974’, ‘Sverige 1981°, and the WHO growth charts from o0-5 years. The reference
‘Goteborg 1974’ is based on longitudinal data from 3,650 children from Gothen-
burg, Sweden, born between 1973-1975. Children with chronic diseases or who
were born premature were excluded. ‘Sverige 1981” is based on data from a longi-
tudinal study including 3,158 children. Children with chronic diseases or who were
born outside of Sweden, or with a birthweight <2,500g were excluded [122].

Infant growth

Infant growth, meaning growth from birth to 2 years, is characterized by an initial
decrease in body weight during the first days after birth (Figure 5) [113]. The de-
crease is followed by a rapid increase in both weight and length, and there is a
significant accumulation of fat mass during this period. Around 6-8 months of age,
there is a peak in BMI, which is followed by a slight decrease [113]. Infant growth
is mainly influenced by factors such as genetic growth potential, infant nutrition,
and the growth trajectory obtained from the fetal stage [101, 123]. Growth during
early infancy is mostly controlled by insulin-like growth factor-1, and the regula-
tion of this hormone is mainly dependent on the infant’s nutrition [115].

Infant nutrition is a strong influencer of growth and adequate nutrition during in-
fancy decrease morbidity and mortality, lower risk of chronic diseases, and pro-
motes overall health and development. Breastfeeding is considered the optimal
nutrition for the infant [124].
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Figure 5. Characteristics of a hypothetical body mass index (BMI) trajectory
from birth to 2 years of age.

Breastmilk contains all essential nutrients except for vitamin D, which is why vit-
amin D supplements are recommended to breastfed children [125]. WHO recom-
mend exclusive breastfeeding during the first six months of life and
complementary breastfeeding until at least 2 years of age [124]. Breastfed infants
experience slower growth rates and weight gain, and are less likely to have over-
weight or obesity and diabetes, compared with infants who receive infant formula
[126]. Formula fed infants have higher concentrations of insulin-like growth fac-
tor-I [1277]. Commercial infant formula is typically higher in energy, protein, and
fat compared with breastmilk, which taken together likely affects the increased
metabolic risks [128].

Fetal and infant growth restriction

Under adequate circumstances, a fetus will grow according to its genetic potential
and follow its appropriate growth trajectory in utero. In case of fetal exposure to
maternal undernutrition, placental dysfunction, or other adverse intrauterine ex-
posures, the initial adaptation of the fetus is to alter its metabolism, including both
glucose and insulin metabolism, in order to continue to grow [109]. Thus, unfa-
vourable programming of fetal metabolism can occur even with no alteration in
birth size [109]. However, if these adaptations fail, the fetus will change the tra-
jectory of its development and reduce its growth velocity [101, 109].
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This may lead to fetal growth restriction. Maternal risk factors for restricted fetal
growth include low pre-pregnancy BMI, low gestational weight gain, some disor-
ders, and tobacco or alcohol use [39]. Metabolic and physiologic adaptations that
can occur following fetal growth restrictions are insulin resistance, predisposition
to accumulate fat, reduced skeletal mass and bone mineralization [97, 101, 107].
These adaptations during the fetal period can be risk factors for rapid growth in
infancy, and obesity, diabetes, hypertension, and cardiovascular disease later in
life [1o1, 129].

In circumstances of inadequate nutritional access postnatally, the child may not
ever reach its genetic growth potential. If a child’s height-for-age is >2 standard
deviations (SD) below the WHO Child Growth Standards median, the child suffers
from stunting [130]. Stunting has adverse consequences, including poor educa-
tional achievement, and an enhanced risk of nutrition-related chronic disorders
later in life [113]. Stunting can occur also in children without fetal growth re-
striction. The majority of all stunted children are born in Asia and Africa, while
the prevalence in high-income countries is low [131]. Wasting is also a growth
restriction, defined as weight-for-length/height >2 SD below the WHO Child
Growth Standards median [132]. Children with wasting and stunting are at higher
risk of mortality, compared with children with no growth restriction [132]. Under-
weight is considered when weight-for-age is low [133].

Rapid infant growth

Fetal growth restriction followed by adequate or excess energy availability post-
natally can cause rapid infant growth [123, 134]. The rapid growth aims to com-
pensate the restricted fetal growth to achieve the genetic growth potential. Rapid
growth also lowers the risk of postnatal infections and infant mortality for the
growth restricted infant [134]. However, it also has some drawbacks. Rapid growth
seems to negatively affect glucose and fat metabolism and increase risk of chronic
adult diseases [134, 135]. Risk factors for rapid infant growth are maternal smoking
during pregnancy, primiparity, and low birth weight [136]. Catch-up growth is one
type of rapid growth. It has no uniform definition, but has been referred to as
“height velocity above the statistical limits of normal for age or maturity during a
defined period of time following a period of growth inhibition” [137]. However,
catch-up growth can also refer to an infant growth pattern where both height and
weight growth are moving up across centiles of standard growth charts [101].

THE FIRST 1000 DAYS AND BEYOND 33



Some children who grow with too little space in utero without any other adverse
exposure in the womb will also experience rapid growth in infancy to catch up to
their genetic growth potential [123]. Studies have found that some infants born
with appropriate weight for gestational age may also follow a rapid growth trajec-
tory [136]. Thus, all forms of rapid growth in infancy are not necessarily caused by
recovery from previously impaired growth or malnutrition.

Although most women with obesity give birth to normal sized infants [138], ma-
ternal obesity is associated with a higher risk of excessive fetal growth, increased
birth weight, and preterm birth [128, 139]. The mechanisms underlying the associ-
ation between maternal obesity and impaired child growth are not fully under-
stood, but may involve a combination of genetic, metabolic, and environmental
factors. Obesity increases insulin resistance through adipose tissue inflammation,
improper lipolysis, and impaired insulin function in muscle and liver [140]. In
pregnant women with obesity, insulin resistance occurs earlier in pregnancy and
is exaggerated, and circulating triglyceride concentrations are higher, compared
with women without obesity [112]. Both maternal obesity and diabetes can cause
higher placental transfer of nutrients [141]. Such adaptations can lead to fetal hy-
perinsulinism and increased fetal growth, but also to restricted fetal growth [107].
In addition to the immediate effects on birth outcomes, maternal obesity has also
been linked to long-term effects on child growth and development. Maternal obe-
sity is well known to affect the infant’s weight growth trajectory and increase the
risk for the child to develop obesity, diabetes, and cardiovascular disease later in

life [138, 142, 143].

Childhood growth

Childhood is here considered as the period from 2 years of age until around 8 years
of age. The growth during these years is initially characterized by a modestly de-
creasing BMI trajectory after the infancy BMI peak. Around 4—6 years of age, the
BMI growth trajectory reaches a nadir, followed by a modest increase in BMI until
the start of puberty. The BMI nadir at 4-6 years of age is referred to as the adiposity
rebound (Figure 6) [144]. At 6-8 years of age, the adrenal glands mature and start
to produce increasing amounts of adrenal androgens [116]. This is called the adren-
arche and begins before the start of puberty. During childhood, the child will most
often follow the growth trajectory that was set during infancy. Except for infant
growth, growth during childhood is influenced by hormonal regulators, certain
diseases, stress, and nutrition [116].

34 ANNA AMBERNTSSON



& a
= =)
I A
= =
— = oo
‘B
= ~
<
= o )
S = -
= ) "
- Adiposity rebound -
= =
o -
o 5
0 1 2 3 4 L 6 7 8 9 10 11 12 13
Age (years)

Figure 6. Characteristics of a hypothetical body mass index (BMI) trajectory from
birth to 13 years of age.

Childhood overweight and obesity

According to the WHO, overweight and obesity are defined as abnormal or exces-
sive fat accumulation that may impair health [145]. Both conditions are caused by
an imbalance between energy intake and expenditure [145]. The ideal definition of
overweight and obesity would be based on percentage body fat. However, tech-
niques that measure body fat e.g., dual-energy x-ray absorptiometry (DXA) and
Bod Pod are less available, costly, and challenging in young children. BMI pro-
vides a fair estimation of adiposity in children on a group level and is an accepted
clinical standard measure of risk of overweight and obesity for children from 2
years of age [113].

Several approaches of classifying overweight and obesity exist. BMI with applied
cut-offs at 25 kg/m? and 30 kg/m? is commonly used to classify overweight and
obesity in adults [145]. However, BMI in childhood changes largely with age due
to the growth and there is not a single BMI cut-off that can define overweight or
obesity during this entire time. To classify overweight and obesity, WHO uses the
weight-for-height index for children under the age of 5, with cut-offs >2 SD and
>3 SD above the age and sex specific WHO Child Growth Standards median, re-
spectively [113].
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For children between 5-19 years, BMI-for-age >1 SD and >2 SD above the WHO
Child Growth Standards median classifies overweight and obesity. BMI centiles
are also used to categorize overweight and obesity, with cut-offs at the 85" and
95™ centile [113]. The International Obesity Task Force (IOTF) has constructed
age- and sex specific BMI cut-offs for overweight and obesity from 2—18 years of
age, based on and linked to the corresponding adult BMI cut-offs [146, 147]. These
cut-offs were used in Paper II and IV and are further discussed under Methodo-
logical considerations.

The prevalence of overweight and obesity in children is increasing. In 1975, the
global prevalence of overweight and obesity in children between 5-9 years of age
was 4% and 1%, respectively [148]. In 2016, the global prevalence had risen to 21%
and 9%, while in Europe, the prevalence of overweight and obesity was 29% and
11%. In the Nordic countries during the same year, the prevalence of overweight
and obesity spanned between 25-30% and 8-12%. Childhood obesity increases the
risk of developing early puberty, hormonal issues, sleep disorders, and cardiovas-
cular risk factors [111, 146]. Additionally, children with obesity have an increased
risk of psychological issues, poor self-esteem, and eating disorders [111]. The ex-
cess adiposity will likely also follow the child into adulthood [149].

There are several causes for childhood obesity, including biological, developmen-
tal, behavioural, genetic, and environmental factors [111]. Parental education, eth-
nicity, and BMI influence the child’s risk of gaining excessive weight [150].
Gestational weight gain exceeding the IOM maternal weight gain recommenda-
tions has been associated with higher childhood BMI z-score and risk of over-
weight and obesity [151]. Growth and nutrition in early life are, as mentioned in a
previous section, large risk factors for later metabolic disease. Maternal vitamin
D status has also been suggested to be involved in fetal programming of metabolic
diseases, which is further elaborated in the chapter Maternal vitamin D and post-
natal growth.
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Maternal vitamin D and postnatal
growth

Maternal vitamin D insufficiency during pregnancy is suggested to qualify for the
Barker hypothesis [26]. It is hypothesised that low maternal vitamin D status,
through fetal programming, may increase the risk of both pregnancy complica-
tions and adverse postnatal outcomes. Vitamin D deficiency during pregnancy
may increase the risk of pre-eclampsia, gestational diabetes, and low birth weight
[9]. Low maternal vitamin D status has also been associated with postnatal
length/height growth [152] but also with weight growth, BMI, and body composi-
tion [8].

Evidence from intervention studies

Intervention studies investigating the role of maternal vitamin D on fetal and post-
natal growth differ in dose, type, time point and duration of vitamin D supplemen-
tation, as well as geographical differences, sample size, and baseline maternal
250HD. Despite heterogeneity, intervention trials suggests that vitamin D supple-
ments increase fetal growth in both weight and length, as well as postnatal weight
and height. Vitamin D supplementation during pregnancy might also decrease
childhood BMI but has not been found to influence childhood body composition.

A systematic review and meta-analysis from 2015 included 13 randomized con-
trolled trials (n=2,299) [153]. Included studies were conducted in both low- mid-
dle-, and high-income countries. Interventions were vitamin D alone or in
combination with multivitamins, calcium, or iron, and the controls were active,
placebo, or no intervention. Mean 250HD concentrations were significantly
higher at term following vitamin D intervention, compared with the control
groups. Birth weight and birth length were significantly greater for infants in the
intervention groups (mean difference: (108 g, 95% confidence interval (CI): 60,
155) and 0.3 cm (95% CI: 0.10, 0.41)), respectively. However, there were no differ-
ences between intervention and control groups in incidence of small for gesta-
tional age, low birth weight, or preterm birth.
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The latest Cochrane review from 2019 included 30 trials involving 7,033 pregnant
women [9]. Interventions studied were: 1) vitamin D alone vs. placebo or no in-
tervention (no vitamins or minerals), 2) vitamin D + calcium vs. placebo or no
intervention, or 3) vitamin D + calcium vs. calcium supplementation alone. Au-
thors suggested that supplementing pregnant women with vitamin D alone proba-
bly reduces the risk of pre-eclampsia (risk ratio (RR) 0.48, 95% CI: 0.30, 0.79, 4
trials, n=499), gestational diabetes (RR 0.51, 95% CI: 0.27, 0.97, 4 trials, n=446),
and low birth weight (RR 0.55, 95% CI: 0.35, 0.87, 5 trials, n=697). The evidence
was assessed as having moderate certainty, due to limitations in study design, im-
precision, and indirectness. Vitamin D in combination with calcium had no further
effects on any if the pregnancy outcomes. In addition, the effect of the dose of
vitamin D (15 pg/day versus 100 pg/day) on these pregnancy outcomes were in-
vestigated [154]. The authors found that vitamin D supplements in higher doses
made little or no difference on the risk of pre-eclampsia, low birth weight, and
preterm birth, but might decrease the risk of gestational diabetes.

A systematic review and meta-analysis from 2018 investigated the effect of vita-
min D supplementation during pregnancy on fetal and infant growth [155]. Results
showed that vitamin D supplementation during pregnancy was associated with 75
g higher weight at birth (95% CI: 22.9, 127.9, n=4,087, 17 trials), and with higher
weight at 3 months (0.21 kg, 95% CI: 0.13, 0.28, n=216), 6 months (0.46 kg, 95%
CI: 0.33, 0.58, n=199), 9 months (0.50 kg, 95% CI: 0.01, 0.99, n=179), and 12
months (0.32 kg, 95% CI: 0.12, 0.52, n=252). Vitamin D supplementation during
pregnancy was also associated with 1.1 cm greater height at 3 months (95% CI:
0.64, 1.54, n=216), 1.5 cm greater hight at 9 months (95% CI: 0.13, 2.82, n=179),
and 1.4 cm greater hight at 12 months (95% CI: 0.81, 1.92, n=252). However, only
three trials contributed to the results on postnatal growth [156-158].

A meta-analysis from 2022 including 25 intervention trials and 20 observational
studies with a total population of 44,992 investigated the effect of maternal vitamin
D supplementation on the height growth of children [152]. Results from interven-
tion trials showed that mothers who received vitamin D supplements during preg-
nancy had a 0.25 cm longer child at birth (95% CI: 0.06, 0.43, 23 trials). When
observational studies were also included in the meta-analysis, the effect estimates
were enhanced (0.4 cm, 95% CI: 0.15, 0.65, 40 studies), but with large heteroge-
neity between studies. Maternal vitamin D supplementation during pregnancy was
also associated with 1.48 cm longer child length at 9 months (95% CI: 0.13, 2.82,
2 trials) but no association at 1, 3, 6, or 12 months of age. When including both
interventional and observational studies,
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maternal vitamin D supplementation/higher maternal vitamin D status during
pregnancy was associated with 0.50 cm longer child length at 3 months (95%
CI:0.03, 0.97, 5 studies) but no association at any other age. Observational studies
showed significance between higher maternal vitamin D status and child’s length
at 1 month (0.62 cm, 95% CI:0.1, 0.63, I study), 3 months (0.41 cm, 95% CI:0.40,
0.42, 1 study), 6 months (0.2 cm, 95% CI: 0.19, 0.21, 2 studies), 9 months (0.1 cm,
95% CI:0.09, 0.11, 2 studies), and 12 months (—0.05 cm, 95% CI:—0.06, —0.04, 2
studies).

A systematic review and meta-analysis from 2021 compiled evidence from ran-
domized controlled trials to investigate the effect of vitamin D supplementation
(20-125 pg/day vs. control group; placebo or usual care) during pregnancy, lacta-
tion and infancy on childhood growth and body composition [159]. Vitamin D
supplementation during pregnancy was associated with 0.33 mm greater triceps
skinfold thickness (95% CI: 0.12, 0.54) at birth. Vitamin D supplementation during
pregnancy or infancy was associated with 0.12 lower BMI z-score at 3-6 years of
age (95% CI: —0.21, —0.04, 4 trials, n=1,674), and 0.29 higher length-for-age z-
score in I year old infants (95% CI: 0.03, 0.54, 4 trials, n=1,196), but not at 3-6
years of age. The meta-analysis found no association between vitamin D supple-
mentation and fat mass, lean mass, and weight-for-age z-score until 3 years of age.

Two later clinical trials have been published. The first one was a paper from the
randomized, double-blind trial MAVIDOS [160]. The MAVIDOS trial was con-
ducted in the United Kingdom in 2008-2014. Participants received either 25 pg/day
of vitamin D3 or placebo from gestational week 14 to delivery. All women were
allowed to supplement with up to 10 pg/day of vitamin D and children were fol-
lowed-up by DXA. At 4 years of age, lean mass was greater among the children
in the intervention group (mean 9.2 kg, 95% CI: 9.1, 9.4 compared with mean 9.0
kg, 95% CI: 8.8, 9.2, p=0.05, n=452). However, the difference became non-signif-
icant when adjusting for age and sex. There was no difference in fat mass or BMI
between intervention and control groups.

The second newly published paper was a randomized, double-blind trial conducted
between 2014-2016 [161]. Pregnant women in Bangladesh received vitamin D sup-
plements containing either 105 pg/week, 420 pg/week, 700 pg/week, or placebo.
Supplementation was initiated in gestational week 17—24 and children were fol-
lowed up by DXA. There was no difference in fat mass or lean mass between in-
tervention groups, or between the highest supplementation group compared with
placebo, at 4 years of age (n=608). There was also no interaction between maternal
baseline 250HD concentration and intervention group for child body composition.
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Evidence from observational studies

Evidence from observational studies is mixed, due to different study settings; dif-
ferent gestational age at blood sampling, 250HD assay method, and different def-
initions and ages of the outcomes. However, results suggests that postnatal growth
and body composition, in particular adiposity, are associated with maternal vita-
min D and most studies find a beneficial effect of higher maternal vitamin D status.

A meta-analysis of observational studies conducted by Santamaria et al. in 2017
investigated the association between maternal vitamin D deficiency (by any defi-
nition) and childhood growth and adiposity [8] (Table 5). The meta-analysis in-
cluded 30 studies (n=35,032) of which most investigated associations with birth
weight. Infants of mothers with vitamin D deficiency had lower birth weight, but
with significant heterogeneity between studies. No association was found between
maternal vitamin D deficiency and birth length. Maternal vitamin D deficiency
was also associated with heavier infant weight at 9 months of age, based on two
studies (no significant heterogeneity), but not infant length at 9 months [162, 163].
Evidence was not found for an association between maternal vitamin D status and
weight-for-age z-score or length-for-age z-score at 1 year of age, based on two
studies [164, 165]. Neither was there evidence of an association between maternal
vitamin D status and child’s adiposity at birth or 4—6 years of age [166, 167]. How-
ever, only two studies contributed with data that could not be pooled, of which
one study did find an association between lower maternal vitamin D status and
higher fat mass at 6 years of age [166]. No overall association was found between
maternal vitamin D status and height, BMI, or fat mass at 9 years of age [162, 167].
Authors concluded that low maternal vitamin D status may be associated with an
increased postnatal growth and infant adiposity.

Several studies have been published after the meta-analysis by Santamaria et al.
[8], summarized in Table 5. Despite conflicting results, many observational stud-
ies have found an association between maternal vitamin D status and postnatal
growth and adiposity. These studies mainly present an inverse association between
maternal vitamin D intake or status and childhood BMI or risk of overweight [168-
170] (Paper II and III). Also, the studies mainly show evidence for associations
in younger ages, up until around 3 years of age. However, there seems to be no
strong evidence for an association with rapid growth in infancy. Some studies also
indicate an association between maternal 250HD and childhood body composi-
tion around 5-6 years of age [170-174]. The association between maternal vitamin
D status and markers of cardiovascular risk show diverge results, with both posi-
tive and negative associations, and null findings [170, 173-177].
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In the study by Morales et al. lower maternal vitamin D status in pregnancy was
associated with higher BMI and risk of overweight at 1 year of age but not at 4
years of age [168]. Similar results were obtained from both Benjamin Neelon et
al., who found that lower maternal vitamin D status was associated with higher 1-
year weight-for-length and 3-year BMI z-scores [169], and Daraki et al., who
found an association between low maternal vitamin D status and higher BMI z-
score and waist circumference at 4 and 6 years of age [170]. We found that, in
children of women with normal pre-pregnancy BMI, higher maternal vitamin D
intake was associated with lower child weight growth trajectory and lower risk of
overweight (Paper II). In contrast, in children of mothers with pre-pregnancy
overweight, higher maternal vitamin D intake was associated with higher weight
growth trajectory, and with higher risk of overweight. We also found an associa-
tion between lower maternal vitamin D status and increased risk of a higher infant
BMI growth trajectory until 2 years of age (Paper I1I) in The Norwegian Mother,
Father and Child Cohort study (MoBa) but not in the GraviD study. In addition,
maternal 250HD <30 nmol/L was associated with lower childhood BMI, but not
with risk of overweight, at 5 years of age (Paper I'V). We found evidence for effect
modification by pre-pregnancy BMI, and interaction analysis showed that the as-
sociation was predominant among children of mothers with pre-pregnancy BMI
overweight (Paper IV). In the study by Jiang et al., maternal vitamin D status was
not related to child weight, length, BMI, or BMI z-score trajectory class up to 3
years of age [180]. However, only 9% had a 250HD >50 nmol/L. Another study
that presented null findings was the Danish D-tect case-cohort study, where Jensen
et al. found no association between neonatal 250HD3 concentration and risk of
overweight at age 7 years [179]. Neither Hrudey et al. [171] nor Boyle et al. [172]
found an association between maternal vitamin D status and child’s BMI at 5-6
years.

Several studies have found associations between maternal 250HD and body com-
position. In the Growing Up in Singapore Towards healthy Outcomes cohort
study, Tint et al. showed that maternal vitamin D status in pregnancy was associ-
ated with neonatal adiposity within 2-weeks after delivery [181]. However, most
studies have investigated body composition later in childhood. In the Vitamin D
in Pregnancy Study, Hyde et al. found no overall association between maternal
250HD in either early or late pregnancy and child body composition [178]. How-
ever, they found that higher maternal vitamin D status was associated with higher
lean mass percentage and lower fat mass percentage (measured by DXA) at 11
years of age in children of mothers who were smokers. The sub-sample of women
who were smokers during pregnancy was however very small (n=35).
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Hrudey et al. found that maternal 250HD was associated with lower fat mass per-
centage at 5-6 years of age [171]. These results were confirmed in the Screening
for Pregnancy Endpoints study, where Boyle et al. found that higher maternal vit-
amin D status was associated with lower fat mass, but not lean mass (measured by
impedance) at 5-6 years of age [172]. Another study supporting these results is the
Generation R Study, where Miliku et al. also found that lower maternal vitamin D
status was associated with higher fat mass and lower lean mass (measured by
DXA) at 6 years of age [173]. Similarly, Daraki et al. found an association between
lower maternal 250HD and greater waist circumference at 4 and 6 years of age,
and higher fat mass percentage at 6 years of age [170].

Carreras-Badosa et al. found that lower maternal vitamin D status was related to
increased cardiovascular risk in childhood, measured as carotid intima-media
thickness and fat mass (measured by ultrasonography) [174]. Similar results were
presented by Williams et al. that also found associations between higher maternal
vitamin D status and lower systolic blood pressure, Apolipoprotein-B, and C-re-
active protein (CRP) at 10 years, but not at 15 years of age in the Avon Longitudi-
nal Study of Parents and Children cohort [175]. The study found no association
between maternal 250HD and triglycerides, glucose, or insulin at 10 or 15 years of
age. Contradictory, Tornhammar et al. found evidence for an association between
higher neonatal vitamin D status and increased risk of overweight and obesity, and
higher fasting insulin, triglycerides, and total cholesterol at 35 years of age [176].
However, they did not find an association with blood pressure, fasting glucose,
HDL or LDL cholesterol, or CRP. In addition, Rytter et al. found no association
between maternal vitamin D status and anthropometry or cardiometabolic health
(blood pressure and analysis of blood glucose, insulin, HbA1c, insulin-like growth
factor, leptin, adiponectin, cholesterol, triglycerides, and CRP) at 20 years of age
[177]. Neither Daraki et al. [170] nor Miliku et al. [173] found associations between
maternal 250HD and child’s cardiometabolic risk factors at 4 or 6 years of age.
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Potential biological mechanisms

Low maternal vitamin D status may expose the fetus to a suboptimal nutritional
environment in utero, which may have long-term effects on child health. The bio-
logical mechanisms by which low vitamin D concentrations during pregnancy
could increase the risk of postnatal metabolic unhealth are largely unknown, but
there are several potential mechanisms.

It has been known for many years that 1,250H2D can block pre-adipocyte differ-
entiation [182]. In vitro studies give support for vitamin D insufficiency leading to
epigenetic changes of the fetus, which might play a role in the development of
childhood obesity. Sufficient vitamin D concentration in early life support the con-
version of pre-adipocyte maturation to form myocytes rather than mature adipo-
cytes [159]. Another in vitro study suggests that 1,250H2D treatment of adipocytes
might decrease the adipocyte lipid storage through a decrease in intracellular fat
accumulation and an increase of the lipolysis [183]. 1,250H2D was shown to in-
hibit lipid accumulation, and increase concentration of both hormone-sensitive li-
pase and lipoprotein lipase [183]. There is also some supportive evidence from
animal studies. A mouse study showed that offspring exposed to a vitamin D de-
ficient environment in utero have lower weight at birth, experienced a rapid post-
natal weight gain, and obtained more visceral body fat compared with mice of
vitamin D sufficient mothers [159, 184].

Another suggested pathway relating poor maternal vitamin D status to child obe-
sity include changes in glucose homeostasis. Vitamin D has important roles in
glucose and insulin metabolism, which regulates the availability of energy to the
fetus [185]. Vitamin D deficiency and insufficiency during pregnancy is associated
with altered markers of glucose homeostasis [186] and increased risk of gestational
diabetes [26]. Vitamin D deficiency may lead to an accelerated insulin resistance
[187], while sufficient vitamin D status may improve insulin sensitivity. Thus, low
maternal vitamin D status might lead to an enhanced insulin resistance, and/or
earlier onset of insulin resistance in pregnancy. This might lead to higher circulat-
ing glucose and triglyceride levels in the mother. Fetal exposure to hyperglycae-
mic in utero, may increase the fetal insulin production and elevate the risk of later
type 2 diabetes [188]. Maternal glucose and triglyceride concentrations are both
associated with infant adiposity, and children born after a pregnancy affected by
gestational diabetes mellitus have a higher risk of overweight [189]. Thus, low
maternal vitamin D status may lead to an increased fetal exposure to hyperglycae-
mia, increasing the risk of adiposity in childhood.
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Further, vitamin D deficiency might induce inflammation. Vitamin D is suggested
to regulate inflammation in the placenta [190] and fetal exposure to elevated in-
flammation in utero is associated with detrimental health outcomes including fetal
growth restriction [191]. Placental inflammation also relates to greater expression
of fatty acid transport proteins and vitamin D sufficiency could contribute to pre-
vent excess lipid distribution to the fetus [192]. It is also hypothesized that vitamin
D could affect glucose homeostasis through inflammation [193]. Activation of in-
flammatory pathways disrupts normal insulin metabolism. Inflammation causes
oxidative stress and triggers insulin resistance. Hence, vitamin D deficiency could
influence both glucose homeostasis and placental fatty acid transportation, thereby
programming the fetus towards increased adiposity, as well as development of
metabolic diseases.
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Discussion

Methodological considerations

Study populations

The papers included in this thesis were based on data from two cohorts: The Nor-
wegian Mother, Father and Child Cohort Study (MoBa) [194, 195] and the Swedish
GraviD study [30]. A flow chart of the data collection in each study cohort relevant
to this thesis is presented in Figure 7.
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Figure 7. An overview of the relevant data collection in MoBa and the GraviD
study. Abbreviations: MoBa; The Norwegian Mother, Father and Child Cohort Study, Q;

Questionnaire
! Variables retrieved from the child’s birth records in the Medical Birth Registry of Nor-

way
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The recruitment in both cohorts were population-based, but there was a selection
of women included in the papers in this thesis. In Paper I and II, only MoBa
women with a completed FFQ and other relevant covariates were included.
Women in the Norwegian Environmental Biobank (Paper I, III and IV) were
selected based on high compliance of responding the study questionnaires. Fur-
ther, the participants included in Paper III and IV from the GraviD study also
required available data collected 5 years after birth. Thus, the study populations
included in this thesis are no longer considered to be population-based. The selec-
tion bias may weaken the generalizability of the results, but likely not the results
per se [196]. However, selection bias might have led to less variation of e.g., vita-
min D status within the study populations. In the GraviD study, where the number
of study participants already was fewer compared with MoBa, the selection bias
negatively affected the power to detect true differences.

Assessment of exposures and outcomes

Assessment of vitamin D intake

Dietary intake can be assessed by several methods, and the appropriateness of a
method depend on the purpose or research question to be addressed [197]. Food
records, 24-h recalls, and FFQs are some commonly used dictary assessment
methods. Different methods might capture different dietary intakes, with different
measurement errors. Dietary intake varies from day to day, over periods of time,
and seasons. This leads to a variation in the intake of nutrients between days. Total
energy and macronutrient intake has quite small day to day variation, while most
micronutrients have a much larger variation. The assessment methods need to be
sufficiently precise to measure differences that truly exist between individuals, to
be useful when studying associations between diet and outcomes. Vitamin D is a
nutrient which is concentrated to few foods, and the day-to-day variation can be
large. To capture the vitamin D intake by food records or 24-h recall would be
very costly and may not even be feasible in larger studies.

Regardless of dietary assessment method, there is always a risk that people report
other dietary habits than their “true” intake, either to make them appear more so-
cially acceptable (social desirability bias), or that they simply cannot recall their
intakes (recall bias). Intake of healthy foods, such as fish and dietary supplements,
is commonly overreported, while foods considered unhealthy is more often under-
reported [198].

DISCUSSION 51



The estimated intake from the FFQ in MoBa might suffer from both social desira-
bility bias and recall bias which might have led to misclassification bias of the
vitamin D intake and impacted our results in Paper I and II.

When using an FFQ for dietary assessment, the individual will answer a question-
naire regarding their habitual food intake. One drawback of the FFQ method is
that it suffers from recall bias due to retrospective recording and reflect the per-
ception of the individual's dietary intake. Although FFQs are not appropriate for
estimating true dietary intake, they are often used in epidemiological studies as
they are more practical and cost-effective, compared with food records or 24-h
recalls [197]. FFQs has the ability to rank individuals along the distribution of
intake, which is often sufficient to provide accurate estimates of associations be-
tween an intake and the outcome of interest [199].

In MoBa, a semi-quantitative FFQ including 225 questions was used as dietary
assessment method mid-pregnancy [194]. A validation study in MoBa showed
only marginally lower correlation between the biomarker 250HD and the vitamin
D intake estimated by the FFQ (r = 0.45, p<o.01), compared with a 4-day weighed
food record during wintertime (r=0.51, p<0.01) [200]. Another validation study of
the MoBa FFQ found a significant increase in 250HD concentrations across in-
creasing quintiles of vitamin D intakes, and significantly different intakes between
the upper and lower quintiles [201]. However, the dose-response relation between
maternal 250HD and vitamin D intake investigated in Paper I might lack some
precision due to the use of FFQ to estimate the vitamin D intake.

Competing dietary exposures

In Paper II, we included milk intake as a covariate in the model as it previously
has been shown to be positively associated with birth weight [202]. It is likely the
milk protein that drives this enhanced fetal growth, and not the calcium content in
dairy products. Milk intake was not included in the other papers where vitamin D
status was the exposure. However, there is no reason to believe that the dairy in-
take and the vitamin D status would co-vary, and it is not likely that the association
is confounded by the milk intake in Paper II-IV.

Fish was found to be the main food source of vitamin D in MoBa (Paper I). An-
other nutrient which also is found in fish, which might co-vary with the vitamin D
intake and status, is omega-3 poly unsaturated fatty acids (n-3 PUFAs).
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Supplementation with n-3 PUFAs during pregnancy have been associated with
higher birth weight [203], but no association have been found between supplemen-
tation with n-3 PUFAs during pregnancy and metabolic risk or adiposity in chil-
dren [192]. However, like vitamin D, n-3 PUFA might also affect the insulin
sensitivity and has been reported to reduce placental inflammation in pregnant
women with obesity [192]. The latest Cochrane review concluded that there was
possibly a reduced risk of the child being born with low birth weight, and possibly
a small increased risk of being born large for gestational age in women supple-
menting with n-3 PUFA compared with placebo [204]. Thus, n-3 PUFA might af-
fect the children’s birth weight. Adjusting for birth weight only marginally
affected the effect estimates and significance levels in the models in Paper II-VL.

Assessment of vitamin D status

Several assay methods exist for assessment of vitamin D status, of which two are
most frequently used: chromatography-based assays and automated immunoas-
says [37]. LC-MS/MS is considered to be the best available method for measuring
concentrations of 250HD [205]. It has high specificity, sensitivity, and reproduci-
bility [205]. Automated immunoassays have been considered convenient due to
high sample throughput. However, it has been reported to suffer from cross-reac-
tivity between different vitamin D metabolites [34], and provide lower 250HD
concentrations compared with LC-MS/MS [206]. Regardless of assay method,
there is variation in the analysis performance. Except for the challenge of meth-
odological variability in analytical methods, results from 250HD analysis are also
known to vary between laboratories, despite similar analytic method [207].

As an attempt to handle laboratory variability, the Vitamin D External Quality
Assessment Scheme (DEQAS) was initiated in 1989 to provide laboratories with
external accuracy control [208]. DEQAS provide laboratories with samples with
known concentrations of 250HD to analyse and the results are thereafter reported
back to DEQAS. This way, laboratories can ensure their assay method’s analytical
reliability.

The Vitamin D Standardization Program (VDSP) is another project aiming to
standardize measurements of 250HD. It is an international initiative, where labor-
atories can send serum aliquots for re-analysis by LC-MS/MS, calibrating the re-
sults using a validated statistical approach [209]. Samples can be both
prospectively and retrospectively standardised, using a standardised assay, or us-
ing methods developed by the VDSP.
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The idea is that by standardizing 250HD, analytical differences can be equalized
and 250HD values and prevalence can be compared between studies. A study by
Cashman et al. applied the VDSP protocol to serum 250HD data from 14 European
populations [47], including Norway, Denmark, and Finland. While one Finnish
population obtained the same vitamin D deficiency prevalence estimate, all other
studies obtained different prevalence after standardization. Two Norwegian stud-
ies and one Danish study originally provided prevalence of vitamin D deficiency
at 4.9%, 28.9%, and 5.0%, but after calibration 0.9%, 39.6%, and 6.2% respec-
tively [47]. Due to these methodological differences, the median 250HD between
studies with unstandardized 250HD measurements should be compared and inter-
preted with caution.

Definition of outcomes

In Paper II and IV, cut-offs from the IOTF [147] were used to assess if the chil-
dren had overweight or obesity. The IOTF cut-offs for overweight and obesity are
based on and linked to the centiles corresponding to BMI 25 and 30 kg/m?, respec-
tively, at 18 years of age [146]. These cut-offs were based on a pooled reference
population of children from six nationally representative datasets on growth from
Brazil, United Kingdom, Hong Kong, the Netherlands, Singapore, and the United
States. Each study had over 10,000 children between 0-25 years of age and was
collected between 1963-1993. In total, 97,876 boys and 94,851 girls were included
[146]. Growth curves of BMI with centiles was constructed by dataset and sex
using the LMS-method [210]. This method estimates the centiles in terms of three
cubic spline curves: the M-curve (median), S-curve (coefficient of variation), and
L-curve (Box-Cox power transformation removing skewness) at each age and for
each dataset. Finally, the centile curves from each dataset were averaged to pro-
vide a single smooth curve representative of all the datasets involved. In 2012, the
cut-offs were revised to allow BMI to be expressed as both centiles and SD scores
[147]. Instead of averaging each datasets centile curves, the LMS-curves were av-
eraged, and the pooled curves were then used to produce the cut-off values.

The IOTF cut-offs are considered international, as they are based on a heterogene-
ous mix of datasets from different countries. However, there is a predominance in
Western populations. In addition, although the cut-offs correspond to adult cut-off
points, the health consequences might not reflect those in adults [146]. Also, the
cut-off for obesity is high, (>98" centile), meaning that fewer will be classified as
having obesity according to this definition compared to other definitions, such as
the WHO.
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The WHO cut-offs for overweight and obesity are based on the reference popula-
tion used to construct the WHO Child Growth Standards [113]. The growth curves
were constructed using cubic splines with Box-Cox-power-exponential distribu-
tion applied, containing four parameters: the median, coefficient of variation, Box-
Cox transformation power, and a parameter of kurtosis. Centiles and z-scores were
then constructed using the LMS-method. The WHO define overweight as weight-
for-height >2 SD above the WHO Child Growth Standards median before 5 years
of age and >1 SD between 5-19 years of age. Obesity is defined as weight-for-
height >3 SD above the WHO Child Growth Standards median between 0-5 years
and >2 SD between 5-19 years of age. One drawback with the WHO Child Growth
Standards is that between 5-19 years, the charts are constructed merely based on
an American population.

The IOTF cut-offs are suggested to be less arbitrary and more internationally based
than the definitions suggested by the WHO, due to the populations which the ref-
erences are based on [146]. The WHO define overweight at a consistently lower
BMI compared with the IOFT until around 6 years of age, and consistently higher
after. This is likely also a reflection of the American reference population in the
WHO. These are the major reasons for using the IOTF in our papers. The preva-
lence of overweight and obesity in our papers would suggestively have been
higher at 3 and 5 years of age but lower at 8 years of age if the WHO cut-offs
would have been used instead, and the choice of definition may have impacted our
results.

A common definition of catch-up growth or rapid growth is >0.67 change in
weight SD score during the first one or two years of life [211]. A gain in weight of
0.67 SD scores represent the width of each percentile band on the WHO Child
Growth Standards [212]. However, this definition does not consider that weight
gain is a result of both height and weight growth at earlier time points. Another
approach is conditional growth modelling, which was used in Paper II. This ap-
proach creates growth measures independent of prior growth measures and statis-
tically separate the effects of height growth and weight growth, as they are strongly
correlated [114]. Standardised residuals are obtained by a regression of the weight
or height measure of interest, adjusting for all prior measurements of both weight
and height. The model estimates represent the child’s deviation from the expected
size based on their own previous measures and the growth of the other children.
Rapid weight or height growth can then be defined by selecting a cut-off for the
deviation of the residuals, such as >1 SD from the expected value [114]. However,
there is yet no uniform definition of rapid growth using this approach, which
makes it harder to compare results between studies.
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Statistical analysis

All regression models were adjusted for covariates, to decrease the risk of con-
founding bias. Different approaches for covariate selection were used in the dif-
ferent papers. In Paper I, backwards selection was used due to the nature of the
prediction model. In Paper II, covariates were included if the changed the beta
coefficient >10%. In Paper I1I and IV, covariates were selected a priori, and mod-
els presented with two different sets of covariates. The latter approach was selected
since different variables was considered as confounders in MoBa and GraviD
when tested according to the 10% rule. Although the most important variables for
the studies associations were included in the models, there is still risk of residual
confounding, which may have impacted our results.

All results presented in our papers are based on the same data from MoBa and
GraviD. In Paper II, multiple testing might be a concern as numerous tests were
conducted on similar outcomes. Thus, the p-values should be interpreted with cau-
tion. The analyses performed throughout the four papers of this thesis have been
conducted with multiple exposures (vitamin D intake and status, continuous and
categorical), from two cohorts, and with several different outcomes. Although the
results from Paper II-IV are not comparable to each other since they have both
different exposures and outcomes, it is an attempt to broaden and complement the
methodology, as they are different ways to investigate the same association [213].
Using this approach, we look at the possible association in a more explorative
way, and the diversity in methods can be considered a strength of this research
project. Further, we do not know if there is a specific cut-off in maternal vitamin
D status where the associations to postnatal growth or overweight will appear.
Also, sensitivity analyses are an important step in understanding the data and the
investigated association and revealing possible drivers of the association.

Simple pooling was used to combined data from MoBa and GraviD. In simple
pooling, data are merged without being weighted [214]. The drawback in using
simple pooling is that potentially important subgroup characteristics are being ig-
nored, and that association is being created that does not actually exist. However,
we believed that no cohort specific subgroups would be present in our sample. In
Paper III and IV, the pooled dataset was analysed using mixed models, including
cohort origin as random effect to statistically consider the two individual studies.
This allows for the data being analyzed as two units within the dataset, and not
fully combine the data.
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Another aspect to consider of the statistical analyses is the prevalence of the ex-
posure and the outcome. To be able to find associations statistically, there needs
to be a variation in both exposure and outcome. Selection bias contribute to less
variation in data. In addition, overweight and obesity are conditions which have
more than one cause and is highly prevalent in many countries. As the specificity
to the outcome is low, it also becomes harder to detect potential associations.

Growth modelling

Growth curve modelling typically refers to statistical methods that allow for the
estimation of variability within and between individuals in longitudinal patterns
of change [215]. Growth modelling is a powerful statistical tool for studying child
growth curves.

The Jenss-Bayley growth curve model

The Jenss-Bayley growth curve model [216] that were used in Paper II-IV is one
of the most common structural models used to model child growth trajectories.
The Jenss-Bayley model was first developed in 1937 on solely one boy and one
girl [216]. The children had fair skin, were lean, and had a typical history of child-
hood infections. Weight and height had been measured several times from birth to
6 years of age at irregular intervals. Using their growth measurements, an equation
was constructed describing non-linear growth in both weight and height. The equa-
tion of the Jenss-Bayley model is presented in Equation (1).

— ci+dixtij
Yij = ai+ by x tj;—e / (1)

It is expressed as the jth growth measure of the ith subject with y being the weight
or height and ¢ age in days [216]. The model assumes a steep growth increase in
the first months of life, followed by a decelerating growth velocity, and a linear
growth pattern after infancy (Figure 8). This linear term allows for describing
growth until around the age of § years, before growth rates increase again due to
puberty. The model parameters are biologically meaningful and can be interpreted,
where a describes the birth weight or length, b describes the growth velocity be-
yond two years, ¢ is the infant growth spurt and d is the curvature of the trajectories
during the first two years. The model has later been extended to fit growth data
until the age of 12 years, with addition of a fifth parameter which is a quadratic
term modelling increase in growth velocity at the onset of puberty [217].

DISCUSSION 57



The Jenss-Bayley model cannot directly model BMI growth trajectories, as the
shape of this growth curve in early childhood is non-monotonic, and the Jenss-
Bayley assumes constant growth. BMI growth trajectories can however be calcu-
lated using the model derived weight and height growth trajectories [218], as in
Paper IV.
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Figure 8. Characteristics of the Jenss-Bayley growth curve model in terms of in-
terpretation of the coefficients.

Using a mixed-effect approach, the Jenss-Bayley model allows for modelling both
the population mean growth curve (fixed effect) and individual growth trajectories
(random effect). It also accounts for the dependence of measurements within indi-
viduals and heterogeneity in age at measurement, handle missing data and irregu-
larly spaced growth measurements, and smooths measurement error [219]. The
strength in using a structural model is that the parameters in the model have mean-
ingful interpretations.

Except for the Jenss-Bayley model, there are several other growth curve models.
Non-structural models, such as spline model and polynomials, are easy to fit, but
tend to be more unstable at the extremities. These models do not define a particular
shape of the growth curve and their parameters do not have any biological mean-
ing.
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Compared with the WHO Child Growth standards, which tries to fit the child’s
growth data into a reference, the Jenss-Bayley model provides a more flexible way
of estimating growth data. The Jenss-Bayley showed the best model fit in both
weight and height from birth to 6 years of age in an American population, com-
pared with the Count model [220]. Later was both Jenss-Bayley models compared
with the Reed 1st and 2nd order models, also in an American population from birth
until the age of 9 years, where the extended Jenss-Bayley model provided the best
fit in both weight and height [219]. In a study on children in South-Africa from
birth to 10 years of age, the fit of the Reed, the Count, the Jenss-Bayley, and the
adapted Jenss-Bayley models, as well as second and third order polynomial mod-
els was compared [221]. While the Reed 1st order model showed a consistent well
fit from infancy into childhood, both Jenss-Bayley models did not fit well to
growth data in the early years. In another study, the fit of the Jenss-Bayley, the
Reed, and an adapted version of the Gompertz growth curve model was compared
in children from sub-Saharan Africa up to 6 years of age [222]. While all models
presented a good fit of both weight and height curves, the Jenss-Bayley model
provided the best fit both in boys and girls. The most suitable model to model
growth may depend on the anthropometric measure, the number and frequency of
the measurements, the growth period, and the study population [219, 221].

There is a risk of misclassification of childhood overweight (including obesity) in
Paper IT and I'V. This outcome was modelled using the Jenss-Bayley growth curve
model to compensate for the missing anthropometrics due to loss to follow-up and
decrease risk of selection bias. There are some points of discussion with regards
to misclassification and use of the Jenss-Bayley growth curve model.

In Paper IV, the prevalence of overweight (including obesity) at 5 years of age
was 19.8% in MoBa and 8.6% in GraviD using model-derived anthropometric val-
ues. Using reported anthropometrics, the prevalence was 11.0% in MoBa and 8.7%
in GraviD. In the paragraphs below, the prevalence of overweight includes both
overweight and obesity.

The first point of discussion is whether the prevalence of overweight using re-
ported anthropometrics and the IOTF cut-offs found in MoBa (11%) and GraviD
(8.7%) is comparable to other studies of Norwegian and Swedish children. In the
Bergen Growth Study, the prevalence of overweight was 11.3% at 5 years of age
in 2003-2006 [223]. A study conducted in Oppland County, Norway, in 2007,
found a prevalence of overweight at 5-6 years of age was 14.1% using measured
anthropometrics and IOTF cut-offs [224].
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In a national survey in Sweden, the prevalence of overweight was 16.3% at 6 years
of age in 2018, using the IOTF cut-offs [225]. Thus, the prevalence of overweight
using reported anthropometrics was lower in GraviD compared with the national
survey. However, the prevalence of overweight in MoBa was similar or margin-
ally lower compared with previous studies. There is, as discussed previously, se-
lection bias in both study cohorts than can cause this lower prevalence. Thus, the
prevalence of overweight in both cohorts are likely not nationally representative.

The second point of discussion is with regards to the difference in prevalence of
overweight using the model-derived anthropometrics compared with the reported
at 5 years of age. This difference is prevalent in both the larger MoBa cohort (Pa-
per II) and in the even more selected population (Paper IV). In the larger study
population in Paper II, only around 46% and 35% of the MoBa children had re-
ported anthropometrics at 5§ and 8 years of age, respectively. The prevalence of
overweight in MoBa using model-derived anthropometrics at 3, 5, and 8 years of
age was 10%, 19-21%, and 6-8%, respectively. The observed prevalence was
around 12%, 11%, and 10% correspondingly. It is hard to explain why there is a
large difference in prevalence of overweigh at 5 years of age within MoBa but not
in GraviD. There were much more reported anthropometrics available in GraviD
than in MoBa. However, at 5 years of age, retention rates were similar with 71%
of the children having reported anthropometrics in MoBa and 70% in GraviD in
Paper IV. Another difference between the anthropometrics in MoBa and GraviD
is that the measurements were reported by the parents in MoBa and collected from
childcare records in GraviD. Thus, there might be larger variation in reported an-
thropometrics within each child in MoBa, leading to a poorer model fit. In addi-
tion, we included all children with at least one postnatal measurement of weight
and length/height in the Jenss-Bayley model. The growth curve of a child with few
measures is then very similar to the population mean growth trajectory but may
be inaccurate and increase the risk of misclassification bias. However, there were
more children with only one postnatal measurement reported in GraviD (5%) than
in MoBa (<1%). To remove children with few measurements, especially those
with no measurements around the time points of interest, in a sensitivity analysis
would have provided an opportunity to evaluate the influence of such measure-
ments. With this large discrepancy between predicted and reported prevalence in
MoBa, misclassification bias is likely with an overestimation of children with
overweight.
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Growth Mixture Modelling

Another parametric approach to model longitudinal data is the Growth Mixture
Modelling (GMM) [226, 227], which was used in Paper III. GMM is a latent
trajectory modelling technique which aims to identify trajectories of unobserved
classes/clusters among longitudinal data. This type of model can be used when the
study population is believed to contain different clusters of patterns. Latent trajec-
tory models identify classes of individuals with similar patterns so that there is
less variance within a group than between groups. Each individual has a probabil-
ity of belonging to each identified class and is classified according to the highest
probability. In contrast, single-class approaches assume that the study population
can be described by a single set of parameters and does not contain specific clus-
ters or patterns of interest [226]. Thus, latent trajectory models and single-class
models has different assumptions of the underlying data and addresses different
research hypotheses [228]. GMM allows for both fixed and random effects. Fixed
effect is given by each identified trajectory that represents the mean growth curve
over time within the specific class [226, 227]. GMM also allows for random inter-
cepts and slopes within each class, to capture the inter-individual variation. GMM
combines two types of models: latent growth models and mixture models. The
GMM framework of a simple univariate latent growth curve with latent growth
factors is presented in Figure 9, where C is a categorical variable for class, 7 is the
class-specific intercept, and S the class-specific slope, formed by the observed var-
iables 71, T2, and T3 that represent repeated measures across three time points,
and € represents class-specific errors (intra-individual variation).

T1 i2: T3
E1 &2 €3

Figure 9. Framework of a Growth Mixture Model with a simple univariate latent
growth curve with latent growth factors. Abbreviations; C: categorical variable for
class, I: class-specific intercept, S: class-specific slope, T: observed variables of
repeated measures, and ¢: class-specific errors
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Model estimation is conditional on a pre-determined finite number of classes.
However, if the number of classes is unknown, a combination of approaches must
be used to decide which number of classes are the most appropriate. These include
assessing interpretability, characteristics, and plausibility of classes (if classes
show biologically plausibility), information criteria, entropy (class separation sta-
tistics), and meaningful sub-groups with regards to the number of individuals as-
signed (e.g., >5% class size). There is not one fit statistic index that consistently
emerges as superior in class selection. Thus, it is recommended to use multiple
approaches to enhance the statistical objectivity to the model selection process
[226, 227, 229].

The GMM is a flexible and powerful model which allows for partially missing data
[230]. It has previously been used to model BMI growth trajectories in several
different settings [231, 232]. Compared with the mixed effects linear regression
model used in Paper II, the GMM provide a more person-centred methodology
by focusing on the relation between individuals instead of between variables [233].
By investigating the same association by different approaches with different
sources of bias, it potentially adds to more reliable answers to research questions
[213], as discussed previously. By using the Growth Mixture Modelling in Paper
111, we are characterizing growth as categorical parameter estimates, instead of as
continuous. However, latent trajectory modelling has some drawbacks. Although
multiple indices are used for model selection, it remains to determine the theoret-
ical biological relevance of the classes obtained [226, 227]. The GMM will model
the number of classes requested by the user, regardless of if they have conceptual
meaningfulness or not. In addition, the number and nature of the identified trajec-
tories tend not to replicate in other cohorts, which makes it harder to extrapolate
results.

One could argue that the growth of the children in MoBa and GraviD in fact does
not consist of any unobserved clusters of growth patterns and that all children in
fact have a similar growth pattern. However, the model did identify children with
rapid growth in infancy and children with a higher BMI trajectory throughout in-
fancy. A systematic review of group-based modelling approaches investigating
BMI trajectories in infancy found that three or four trajectories were most com-
monly identified: one stable normal, one stable high, one stable low/decreasing,
and one rapid gain [232]. The trajectories identified in our study were biologically
relevant and interesting growth patterns to study in this context. Unfortunately,
the study sample was not sufficiently large to use the rapid growth class as an
outcome in the association to maternal vitamin D status in Paper III as planned.
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The Jenss-Bayley growth curve model was used in Paper III before the use of the
GMM to handle missing data. Although the GMM does allow for missing data,
the model did not converge with the unevenly distributed reported anthropometric
measurements in MoBa and GraviD. To handle this, we used Jenss-Bayley to pre-
dict weight and height growth at 7 time points from birth to 2 years of age for all
children at the same ages. This might have introduced misclassification bias in the
sample. However, the obtained trajectories were relevant, both in terms of nature
and the children’s reported BMI. An alternative approach would have been to
choose certain time points and include only children with complete data on these
time points and include a coding scheme for time. However, this would most likely
have introduced an even stronger selection bias and less variation in the study
population.
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Results and implications

In summary, intervention trials investigating the role of maternal vitamin D on
fetal growth show that vitamin D supplements seems to increase both birth weight
[9, 153, 155] and birth length [152, 153]. These results are supported by evidence
from observational studies, suggesting a lower birth weight in vitamin D deficient
mothers [8]. Maternal vitamin D supplementation also seems to increase the post-
natal weight [155] and height [152, 155, 159] growth during the first year of life.
Observational studies have found a higher weight during the first two years of life
in children of mothers with lower vitamin D intake (Paper II) or status [162, 163].
There is also suggestive evidence from intervention trials that vitamin D supple-
ments during pregnancy decreases child’s BMI at 3-6 years of age [159], supported
by observational studies indicating an inverse relation between maternal vitamin
D intake (Paper II) or status [168-170] (Paper III) and childhood BMI and risk
of overweight. In addition, we also found that maternal pre-pregnancy BMI was
an effect modifier in the associations between maternal vitamin D intake (Paper
II) or status (Paper IV) and childhood growth or risk of overweight and obesity.
Intervention trials have found no effect of vitamin D supplements during preg-
nancy on childhood body composition until 4 years of age [159-161]. However,
several observational studies give support for an inverse association between ma-
ternal vitamin D status and childhood adiposity at 5-6 years of age [166, 170-174].
Methodological differences such as 250HD assay methods, gestational week of
intervention or analysis of 250HD, different seasons or latitudes when and where
the study were conducted, age of the children at follow-up, and different defini-
tions and measures of outcomes might explain disparate results between studies.

Both intervention trials and observational studies give support for an inverse as-
sociation between maternal vitamin D intake (Paper II) or status [159, 168-170]
(Paper III and IV) and childhood BMI. There is epidemiological evidence sug-
gesting that pre-pregnancy BMI is an important predisposing factor of childhood
overweight and obesity [143]. In addition, as there is an inverse relation between
vitamin D status and adiposity [68], maternal pre-pregnancy BMI might be an
important effect modifier in the association between maternal vitamin D status and
childhood growth. Thus, children of women with high pre-pregnancy BMI may be
at higher risk for higher BMI or overweight when maternal vitamin D status is
low, compared with higher maternal vitamin D concentrations. The role of pre-
pregnancy BMI as an effect modifier in these associations is still unclear.
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Another hypothesis is that maternal BMI drives the inverse association between
maternal vitamin D status and childhood BMI. As mothers with high BMI in gen-
eral may experience lower vitamin D status, insufficient adjustment or residual
confounding of maternal pre-pregnancy BMI might explain the inverse associa-
tion seen in observational studies [168-170] (Paper III). Although maternal pre-
pregnancy BMI has been adjusted for in our analyses, there might still be residual
confounding causing the association. On the other hand, some studies have found
associations between higher maternal vitamin D status in pregnancy and longer
infant length [152, 155, 159]. However, this might be an effect lingering from the
fetal period, as vitamin D supplementation also seems to increase birth length and
no association to child’s length have been found beyond infancy [159].

Although several studies suggests that there are associations between maternal
vitamin D status and childhood growth and risk of overweight and obesity, there
is not sufficient evidence to conclude if the associations are causal. In addition, the
effect estimates are overall very small. Many studies, both intervention trials [160]
and observations studies [162, 164, 165, 167, 234] (Paper IV), have also failed to
find an association between vitamin D supplements or higher vitamin D status in
pregnancy and childhood growth or risk of overweight and obesity. Possibly, the
associations found between maternal vitamin D status and childhood BMI might
be explained by maternal BMI, as these variables are closely correlated. If there
is a causal effect of maternal vitamin D status on childhood growth and risk of
overweight and obesity, it is likely small and with no clinically important effect.
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Ethical considerations

Both MoBa and GraviD were conducted in accordance with the declaration of
Helsinki and have received ethical approval from Ethical Review Boards. In-
formed written consent was provided from all study participants, and they re-
ceived oral and written information about the study procedures. However, children
were not asked to leave consent due to the young ages. In MoBa, children born
within the study receives information when they turn 18 years old regarding con-
tinuous participation in the study.

Study information, consent forms, and questionnaires were only available in Nor-
wegian in the MoBa study. In the GraviD study, study information and consent
forms were available in eight different languages. However, in the follow up of
the children in the GraviD study, information was only available in Swedish. This
is a limitation in both cohort studies, which may have contributed with exclusion
of women of other ethnic origin.

In MoBa, study participants were not informed at enrolment about the specific
research questions that was to be investigated. However, there is a website where
on-going research projects are presented and participants in MoBa receive regular
newsletters with information of obtained research results.

In both cohorts, 250HD was analyzed after the child was born. In the GraviD
study, the women received the analysis results of 250HD 8 weeks post-partum at
the maternity health centres. In case of clinically low vitamin D status within the
GraviD study, the pregnant women were referred to their primary health care cen-
tre for a second blood sample and follow-up. In MoBa, the analysis of 250HD
was conducted in 2015, several years after blood sampling and thus, the women
with vitamin D deficiency were not given any treatment during the pregnancy.
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Conclusions

Several studies have investigated the relationship between maternal vitamin D in-
take and status during pregnancy and various outcomes related to child growth
and overweight or obesity. The findings from these studies are mixed, and the
strength and direction of the association often depend on the timing and method
of assessing maternal vitamin D status, as well as the age of the child at the time
of outcome measurement. While there is some evidence to suggest that maternal
vitamin D status may play a role in childhood growth and risk of overweight or
obesity, it is not sufficient to conclude if the association is causal. If there is a
causal effect of maternal vitamin D status on childhood growth or risk of over-
weight and obesity, it is likely small and with no clinically important effect.

Conclusion from the studies conducted within this doctoral project are:

1) Vitamin D intake from both foods and supplements according to the recom-
mended intake (10 pg/day) might be sufficient to reach adequate vitamin D con-
centrations in pregnant women during months when dermal synthesis of vitamin
D is absent. Except for the vitamin D intake, the most important determinants of
vitamin D status were season, country of origin, age, and pre-pregnancy BMI.

2) There is an association between vitamin D intake during pregnancy and postna-
tal growth, but it is modified by pre-pregnancy BMI. In children of mothers with
normal pre-pregnancy weight, vitamin D intake during pregnancy according to the
recommended intake is associated with lower risk of childhood overweight.

3) Maternal vitamin D status <75 nmol/L during pregnancy may be associated with
a higher BMI growth trajectory during the first 2 years of life.

4) Low maternal vitamin D status was associated with lower BMI, but not over-
weight, at the age of 5. However, pre-pregnancy BMI may modify the association.
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Future perspective

Traditionally, vitamin D has been linked to bone health and the importance and
biological mechanism of vitamin D is well known. Nowadays, the role of vitamin
D for human health has expanded and vitamin D is considered a modifying factor
for arange of diseases. Since vitamin D still receives great scientific attention, and
as we and others keep finding associations between maternal vitamin D and with
fetal and postnatal outcomes, we can rest assured that further functions will be
revealed.

The role of vitamin D for the pregnant woman and her child is still largely un-
known. Knowing that deficiency of vitamin D in pregnant women is common
globally, the potential health benefits of improving vitamin D status during preg-
nancy for the child are immense. Observational studies have consistently pointed
towards an increased risk of high childhood BMI and overweight related to low
vitamin D status during pregnancy. However, results from observational studies
cannot establish causality and associations can be caused by residual confounding.
Nevertheless, observational studies are valuable in pointing intervention research
in certain directions. To determine whether interventions to improve maternal vit-
amin D status can lead to improved health outcomes in childhood would require
sufficiently powered, long-term intervention studies. At this point, it is unclear if
the current scientific literature justifies such a trial.

In addition, there is also a need to further explore the optimal vitamin D intake
and status during pregnancy. To date, we do not know if higher intakes of vitamin
D are required in pregnancy and which vitamin D status that is sufficient to cover
the need of both the mother and fetus, in both high- and lower-income countries,
throughout all trimesters, and regardless of maternal BMI.
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