Calcified Tissue International
https://doi.org/10.1007/500223-019-00560-x

REVIEW

=

Check for
updates

Vitamin D, and Maternal and Child Health

Rebecca J. Moon'? - Justin H. Davies? - Cyrus Cooper'>* . Nicholas C. Harvey'?

Received: 2 January 2019 / Accepted: 29 April 2019
© The Author(s) 2019

Abstract

Vitamin D has important roles in calcium metabolism and in the prevention of rickets and osteomalacia; low levels of
25-hydroxyvitamin D are common in the general population and amongst pregnant women. Whilst there is a wealth of
observational evidence linking vitamin D deficiency to a wide range of disease outcomes, there are currently few high-quality
randomised controlled trials to confirm any causal associations, although many are currently in progress. Furthermore, cur-
rently, the vast majority of published guidelines recommend standard supplemental vitamin D doses for children and pregnant
women, yet there is increasing recognition that individual characteristics and genetic factors may influence the response
to supplementation. As such, future research needs to concentrate on documenting definite beneficial clinical outcomes
of vitamin D supplementation, and establishing personalised dosing schedules and demonstrating effective approaches to

optimising initiation and adherence.
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Introduction

Vitamin D, along with calcium, is important for skeletal
growth and bone health, and may also influence soft tissue
body composition, foetal development and obstetric health.
This article will review the evidence to support routine vita-
min D supplementation in childhood and pregnancy.
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Vitamin D

Vitamin D is a secosteroid, which can be obtained from the
diet as either ergocalciferol (vitamin D,) from plant sources
or cholecalciferol (vitamin D) from animal sources. Vita-
min D can also be synthesised endogenously within the
skin when 7-dehydrocholesterol is exposed to ultraviolet B
(UVB) irradiation. Vitamin D is converted to 25-hydroxyvi-
tamin D [25(OH)D] by 25-hydroxylase in the liver. It is the
main circulating form of vitamin D and acts as a reservoir
for conversion to the active metabolite 1,25-dihydroxyvi-
tamin D [1,25(OH),D] by la-hydroxylase. This enzyme is
primarily located in the renal proximal tubular cells, but also
to a lesser extent in the placenta, bone and parathyroid gland.

The classical function of vitamin D is in calcium and
phosphate homeostasis. Synthesis of 1,25(OH),D within
the kidney is tightly regulated in response to serum ion-
ised calcium (Ca®") levels. This occurs in conjunction with
parathyroid hormone (PTH) and fibroblast growth factor-23
(FGF-23). Low Ca”* stimulates the release of PTH, which
simultaneously increases renal calcium reabsorption in
the distal tubule of the kidney, decreases proximal tubule
phosphate reabsorption and upregulates 1,25(OH),D syn-
thesis. The main action of 1,25(OH),D is to increase the
uptake of dietary calcium through the intestinal enterocytes.
PTH also promotes bone resorption by osteoclasts, thereby
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mobilising calcium and phosphate from bone mineral.
However, the presence of 1,25(OH),D is required for this to
occur. 1,25(0OH),D also increases the production of FGF-
23, which acts to increase urinary phosphate excretion and
downregulate 1a-hydroxylase activity and PTH release. As
such, low levels of vitamin D can result in poor intestinal
calcium absorption, and subsequently a reduction in serum
Ca”*. This leads to secondary hyperparathyroidism, with
subsequent mobilisation of bone mineral, increased renal
calcium reabsorption, but also increased urinary phosphate
wasting. In early vitamin D deficiency (VDD), serum cal-
cium concentration is usually maintained within the normal
range, but phosphate is often low. As skeletal calcium stores
are depleted, hypocalcaemia may ensue.

The actions of vitamin D are mediated through the
vitamin D receptor (VDR), and occur through both slow
genomic actions, for example, transcription of intestinal cal-
cium channels, and more rapid non-genomic effects, includ-
ing rapid intestinal calcium uptake [1]. The VDR has been
isolated in a wide variety of cell types including osteoblasts,
keratinocytes, macrophages, pancreatic f§ cells, adipose tis-
sue and skeletal muscle [2, 3], supporting the hypothesis that
vitamin D might have diverse actions apart from in calcium
metabolism.

Epidemiology of Vitamin D Deficiency

25(OH)D is currently considered the best biochemi-
cal marker of vitamin D status as hepatic hydroxylation
of cholecalciferol to 25(OH)D is dependent only on sub-
strate availability, whereas the conversion of 25(OH)D to
1,25(0OH),D is tightly regulated in response to serum Ca’*
and PTH. 25(OH)D has a significantly longer half-life than

1,25(0OH),D: approximately 2—3 weeks compared with 4-6 h
[4].

The serum concentration of 25(OH)D that is felt to con-
stitute adequacy is a subject of much debate and the recom-
mended threshold used to define VDD is highly variable
between guidelines and consensus statements (Table 1), and
this can limit the comparison of reported prevalence between
studies. The great variability in these definitions partly
reflects that there does not appear to be a single threshold
below which secondary hyperparathyroidism or clinical
outcomes, such as metabolic bone disease, always occur
in either adults [5, 6] or children [7]. This is likely due to
the interactions between vitamin D and dietary calcium and
magnesium intake, ethnicity and vitamin D binding protein
(DBP) genotype, which will modify the association between
25(OH)D and PTH [8, 9]. Perhaps most importantly, recog-
nition that VDD is not synonymous with rickets in children
or osteomalacia in adults is needed, particularly in the lay
media, and indeed in some individuals a biochemically low
serum 25(OH)D might not be associated with detrimental
clinical outcomes.

There are few data which document the epidemiology
of serum 25(OH)D concentrations across the general pop-
ulation, but studies in selected groups often report a high
prevalence of VDD. Two recent large studies in the United
Kingdom (UK) demonstrated that around a third of children
had a serum 25(OH)D < 50 nmol/1 [10, 11], and a similar
prevalence has also been reported in pregnant women in
the UK [12-14]. A number of risk factors for VDD have
been consistently identified, many of which are related to
reduced UVB exposure and limited cutaneous synthesis of
cholecalciferol. In high latitude countries, there is marked
seasonal variation in serum 25(OH)D status, being lowest in
late winter and peaking in mid-late summer months (Fig. 1)
[10, 11, 15]. Furthermore, the effect of latitude on 25(OH)

Table 1 Definitions of vitamin D deficiency, insufficiency and sufficiency according to a number of recent guidelines and consensus statements

Guidelines Deficiency Insuf- Sufficiency (nmol/l)
(nmol/l) ficiency
(nmol/l)
Institute of Medicine, IOM [134] <30 30-50 >50
Endocrine Society Practice Guidelines [135] <50 50-75 >175
Scientific Advisory Committee on Nutrition (SACN) and UK Department < 25 >25
for Health [136]
British Paediatric and Adolescent Bone Group [151] <25 25-50 > 50
Global Consensus Recommendations on Prevention and Management of < 30 30-50 > 50
Nutritional Rickets [137]
National Osteoporosis Society (UK) [152] <25 25-50 > 50
Canadian Paediatric Society [138] <25 25-75 75-225
Working Group of the Australian and New Zealand Bone and Mineral <50 > 50 At the end of winter (level may need
Society, Endocrine Society of Australia and Osteoporosis Australia to be 10-20 nmol/l higher at the end of
[153] summer)
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Fig.1 Seasonal variation in maternal serum 25-hydroxyvitamin D status in early and late pregnancy in an observational cohort of women in

Southampton, UK (50.9°N). From Moon et al. [15]

D status is even observed within the UK with children and
post-menopausal women residing in Northern England and
Scotland having lower 25(OH)D levels than those living in
the south of England [10, 16]. As such, at northern lati-
tudes, individuals are more reliant on dietary sources and
supplementation to prevent VDD during winter months [10,
17]. Furthermore, even at the same latitude, serum 25(OH)D
levels are consistently higher in white compared with dark-
skinned individuals [10, 16—18]. Greater outdoor time and
play is protective against VDD [10, 11], whereas extensive
skin covering for religious or cultural reasons and liberal
use of sun protection prevent cutaneous vitamin D synthesis
[19]. Greater social deprivation, including lower parental
educational achievement and income and living in rented
housing have also been associated with lower 25(OH)D sta-
tus in childhood [10, 11, 17, 18]. The mechanisms for this
may include lower outdoor leisure time, sunlight exposure or
poorer dietary intake and supplementation use [15].

Vitamin D Deficiency, Rickets and Childhood
Bone Health

Rickets and osteomalacia are the bony consequences of
severe VDD. Rickets is a disorder of growth plate ossifica-
tion and mineralisation, which occurs only in growing bone.

VDD is one of the number of biochemical and/or hormonal
disturbances (e.g. calcium deficiency, phosphate deficiency)
which results in the clinical phenotype of rickets. Hypophos-
phatemia is the common end pathway in these biochemi-
cal abnormalities, and is postulated to be the cause of the
rachitic changes in the growth plate by reducing apoptosis
of the hypertrophic chondrocytes and leading to poor min-
eralisation of the metaphysis [20]. Following fusion of the
growth plates, VDD can result in osteomalacia, in which
there is undermineralisation of the osteoid. This is a histo-
logical diagnosis that can only definitively be made by bone
biopsy, although treatment with vitamin D replacement is
usually commenced when clinical features including bone
pain, muscle weakness and pathological fractures are present
with a low serum 25(OH)D.

The clinical features of rickets are variable and in part
dependent on the developmental age of the child. The clas-
sical skeletal features include bony swelling at the wrists,
knees, ankles and costochondral junction (rachitic rosary),
and in mobile children bending of the limbs might be
observed. Linear growth, dentition and motor development
are also commonly delayed. In the neonatal period and in
adolescence, when calcium demands are higher to meet the
demands for faster linear growth, hypocalcaemic seizures
can be the first presenting feature of rickets [21]. Dilated
cardiomyopathy has also been reported [22].
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In many developing countries, there is a suggestion of a
rising incidence of rickets [23-27]. Recent surveys in the
UK, Australia, Japan and Canada have reported the inci-
dence of symptomatic VDD (radiographic rickets or hypoc-
alcaemic seizures due to VDD) to be 1.1-7.5 per 100,000,
although the incidence varies widely between ethnic groups
[28-32]. A 2001 survey of VDD rickets in children aged
less than 5 years in the West Midlands, UK, estimated the
incidence in White children to be 0.4 per 100,000 compared
with 38 per 100,000 in Asian children and 95 per 100,000 in
children of Black-African or Afro-Caribbean ethnicity [28].
The overall increasing incidence of rickets in many coun-
tries might therefore in part reflect demographic changes,
as demonstrated in a study conducted in southern Denmark
where the overall incidence of VDD rickets had increased
in 1995-2005 compared with 1985-1994, yet the incidence
actually decreased in ethnic Danish children [33]. As such,
VDD rickets is not a rare disease, but how frequently a clini-
cian encounters it in clinical practice will be highly depend-
ent on the demographics of the population served.

Although there is a clear causal role for VDD in nutri-
tional rickets, which suggests the need for routine supple-
mentation, the importance of biochemically low 25(OH)D
levels in subclinical bone health outcomes including low
bone mineral density (BMD) and fractures remains to be
established [34]. Early infancy has been a period of par-
ticular interest due to the low vitamin D content in maternal
breast milk, yet intervention studies of vitamin D supple-
mentation in breast fed infants have not identified signifi-
cant effects on measures of bone mineral content (BMC),
BMD or bone strength [35-37]. In childhood and adoles-
cence, cross-sectional studies examining the associations
between 25(OH)D status and BMD have reported inconsist-
ent findings when 25(OH)D is considered as a continuous
variable, but the use of 25(OH)D as a dichotomised vari-
able has typically resulted in those with the lowest levels
of serum 25(OH)D having significantly lower BMD at one
or more skeletal sites [34]. Given that vitamin D is primar-
ily obtained from sunlight exposure, the interpretation of
observational studies relating vitamin D to any outcome is
limited by reverse causality and confounding, particularly
from outdoor physical activity. Indeed, objectively assessed
physical activity using accelerometry is positively associ-
ated with serum 25(OH)D status in children and adolescents
[38], but physical activity also has beneficial effects on bone
mineralisation. Interestingly, the exception to the findings
of studies relating 25(OH)D to BMD in adolescence were
those based on cohorts of ballet dancers, in whom 25(OH)
D was negatively associated with BMD, but confounding by
high levels of indoor physical activity is likely [39, 40]. A
non-linear effect of vitamin D supplementation on BMD has
also been suggested by a meta-analysis of 6 randomised con-
trolled trials (RCTs) conducted in children and adolescents.
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Winzenberg et al. found that vitamin D supplementation
did not lead to significant gains in whole-body BMC, fore-
arm, hip or lumbar spine BMD overall, but in studies in
which baseline serum 25(OH)D was less than 35 nmol/l,
supplementation resulted in 2.6% and 1.7% greater change
in whole-body BMC and lumbar spine BMD, respectively,
compared to placebo [41]. This was not observed in stud-
ies with higher baseline serum 25(OH)D, but further repli-
cation in larger studies is required, and the authors of this
meta-analysis have proposed an individual patient data meta-
analysis to further explore the relationships [42].

Fracture is common in childhood [43], and public health
approaches to reduce the burden of childhood fractures
are needed, yet there is little evidence to support a role for
vitamin D supplementation in this at the current time. The
few published case—control observational studies have not
found a significant difference in serum 25(OH)D in children
with a fracture and controls [34, 44], although Anderson
et al. reported self-selected vitamin D supplementation use
reduced the risk of fracture in children aged < 6 years by
58% [44]. Adjustment for skin type, waist circumference,
outdoor free play time, parental income, birth weight and
soda intake was made, but it is possible that this finding
reflects residual confounding by other lifestyle, dietary or
parenting factors. To date there are no intervention stud-
ies of vitamin D supplementation to reduce fracture but the
size of the study needed and duration of follow-up limit the
likelihood of an RCT being undertaken.

Vitamin D, Obesity and Muscle Function
in Childhood

There is a wealth of data that consistently demonstrates
negative associations between serum 25(OH)D concentra-
tion and various measures of adiposity, including body mass
index (BMI) and fat mass (FM) [45, 46]. Interestingly, PTH
is positively correlated with BMI and total FM [47], suggest-
ing a functional effect of VDD in obesity that warrants treat-
ment with vitamin D supplementation; chronic excess PTH
can lead to insulin resistance and has been hypothesised to
promote adipogenesis [48]. But despite this, the available
evidence to date suggests that obesity is a cause rather than
consequence of VDD. Firstly, a double-blind RCT in child-
hood and adolescence demonstrated no significant difference
in BMI, BMI z-score or waist circumference following 3 or
6 months of 4000 IU/day cholecalciferol compared to pla-
cebo despite a significant increase in 25(OH)D [49]; inter-
vention studies in adult populations have also not identified
significant effects of vitamin D supplementation on BMI or
FM [50]. Secondly, serum 25(OH)D increased to a lesser
extent in obese compared to non-obese individuals follow-
ing total body UVB irradiation despite a similar capacity
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of the skin to synthesise vitamin D, suggesting sequestra-
tion outside of the circulating pool, likely in adipose tis-
sue due to the lipophilic nature of 25(OH)D [51]. A lower
increase in 25(OH)D is also observed in response to the
same dose of vitamin D in obese compared with non-obese
individuals [52, 53] and in 67 participants of an adolescent
obesity weight loss intervention programme, a significant
relationship was identified between change in BMI z-score
and change in 25(OH)D status [54]. Mendelian randomisa-
tion has also been used to demonstrate that single-nucleotide
polymorphisms (SNPs) associated with higher BMI are also
associated with lower 25(OH)D, whereas SNPs known to
determine 25(OH)D status were not associated with BMI,
further suggesting that VDD occurs secondary to obesity
[55]. Overall, there is little evidence to support the use of
vitamin D supplementation to prevent or treat obesity, but
awareness that this population group is more likely to be
vitamin D deficient and requires supplementation to achieve
recommended 25(OH)D levels is important.

Myopathy, myalgia and developmental delay can be
presenting features of VDD and often improve following
vitamin D supplementation [23, 30, 56], but whether these
symptoms occur as a direct result of low serum 25(OH)D
or due to other biochemical disturbances secondary to this,
e.g. hypophosphatemia or hypocalcemia, is not currently
understood. In elderly subjects, histological studies have
demonstrated atrophy of type II muscle fibres in VDD [57]
and an increase in type II fibre size and number follow-
ing supplementation with ergocalciferol [58], but similar
studies have not been undertaken in young subjects. Lean
mass and muscle strength are important outcomes, even
for healthy children. Muscle mass increases throughout
childhood to peak at approximately 18 to 20 years of age,
followed by a subsequent decline due to myofibre loss.
Grip strength follows a similar pattern [59]. Both low mus-
cle mass and lower grip strength in adulthood have been
prospectively associated with worse clinical outcomes
including all-cause mortality, non-cardiovascular mortal-
ity and myocardial infarction [60], and in childhood and
adolescence, grip strength has been negatively associated
with blood pressure and positively associated with insu-
lin sensitivity after adjustment for cardiorespiratory fit-
ness [61]. As such, interventions to increase muscle size
and strength could be beneficial to overall public health.
Observational studies have demonstrated positive asso-
ciations between 25(OH)D status and measures of mus-
cle mass [62], muscle strength and power in adolescents
[63, 64], but similar to the observations between 25(OH)
D and bone mass, reverse causality and/or confounding
might underlie the relationships. To our knowledge, there
is only one trial of vitamin D supplementation in ado-
lescence examining the effect on muscle function: Ward
et al. randomised 72 ethnically diverse post-menarchal

girls aged 12—14 years to 150,000 IU oral ergocalciferol or
placebo every 3 months for 1 year. At the end of the study,
jumping height and velocity and hand-grip strength were
numerically greater in the girls randomised to vitamin D
but these did not reach statistical significance [65]. Inter-
vention studies in older adults have demonstrated small
but statistically significant beneficial effects of vitamin D
supplementation on muscle strength [66], highlighting the
need for further data in younger subjects.

Vitamin D and Pregnancy

Similar to the situation in childhood, VDD is common
in pregnancy. In the Princess Anne Hospital Study, UK,
which included women predominantly of white ethnicity
in the UK, 31% had a serum 25(OH)D < 50 nmol/l and
18% < 25 nmol/l at 34 weeks of gestation [13], but levels
considered to be deficient are even more prevalent in ethni-
cally diverse populations [14].

Alterations to maternal calcium and phosphate metab-
olism occur during pregnancy to meet the demands for
foetal mineral accretion. The foetal skeleton contains
approximately 30 g of calcium by the end of pregnancy,
the majority of which is obtained during the last trimes-
ter [67]. This occurs through both increased maternal
intestinal calcium absorption [68] and mobilisation of the
maternal skeleton [69], but without alteration to maternal
serum Ca** concentration. Maternal calcitropic hormones
are likely to have an important role in these adaptations.
Total 1,25(0OH),D increases early in pregnancy [68, 70,
71]. DBP also increases early in pregnancy, but unlike
1,25(0OH),D does not continue to increase in late preg-
nancy, thus free 1,25(OH),D is increased in the third tri-
mester relative to earlier in pregnancy [71]. This increase
in 1,25(0H),D appears to be independent of PTH, which
remains within the normal adult range throughout preg-
nancy [67]. However PTH-related protein is elevated in the
maternal circulation from early pregnancy [70] and might
contribute to the rise in 1,25(OH),D. Despite the increase
in 1,25(0OH),D, the effect of pregnancy on 25(OH)D status
is less well understood. There are few longitudinal data
and most are from small studies including between 10
and 40 women. Moreover, the findings are contradictory,
and are likely influenced by timing of participant recruit-
ment and the expected seasonal variation in 25(OH)D [68,
69, 72]. Nonetheless, it is evident that women who have
low levels of 25(OH)D in early pregnancy are likely to
continue to have low levels in late pregnancy also [15],
highlighting that supplementation should be encouraged
in women at risk of VDD.
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Maternal Vitamin D Deficiency and Offspring
Health and Development

The foetus is dependent on the mother for 25(OH)D.
25(0OH)D will readily cross the placenta, and maternal
and umbilical cord venous blood 25(OH)D are moder-
ate-highly correlated [73-75]. It is clear that antenatal
vitamin D supplementation can increase umbilical cord
venous and neonatal serum 25(OH)D compared to placebo
[74, 76-79], and that larger oral doses of cholecalciferol
(1000—4000 IU/day) result in higher umbilical cord venous
or neonatal serum 25(OH)D when compared to supple-
mentation with 400 [U/day [80, 81].

Maternal VDD can result in neonatal hypocalcaemia.
Clinically, this can result in seizures, and has been associ-
ated with craniotabes [82], and rarely dilated cardiomyo-
pathy [83]. There is consistent evidence that vitamin D
supplementation in pregnancy can reduce the incidence of
symptomatic hypocalcaemia in the neonate [76, 84, 85],
and this alone may justify the use of routine supplemen-
tation in pregnancy. There is also increasing evidence to
suggest that vitamin D might have a more diverse role in
programming offspring development and reduce maternal
obstetric complications, and as a result there has been an
exponential increase in interventional trials of antenatal
vitamin D supplementation in recent years [86].

Birth Anthropometry and Childhood Growth

Size at birth is one of the most commonly reported out-
comes in both observational studies of maternal 25(OH)
D status in pregnancy and interventional studies of ante-
natal vitamin D supplementation [86, 87]. There is con-
siderable heterogeneity in observational studies, including
study size, maternal gestation at assessment and popula-
tion demographics, but when considered together, these
studies would suggest that foetal size is only affected at
the lowest levels of maternal 25(OH)D and the relation-
ship is non-linear. Indeed, studies which have considered
25(0OH)D as a continuous variable have not typically iden-
tified a significant relationship between maternal 25(OH)
D and offspring birth weight or length [73, 75, 88-97]. In
contrast, dichotomisation of maternal serum 25(OH)D to
compare two or more groups identified significantly lower
birth weight in babies born to mothers who were classed
as VDD when thresholds between 25 and 37.5 nmol/l were
used to define VDD, but not in studies that used a higher
serum 25(OH)D to define VDD [75, 89, 90, 98-103].
The largest of these studies included historical data from
2146 participants in the Collaborative Perinatal Project
(CPP) in the USA and assessed 25(OH)D before 26 weeks
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of pregnancy. When maternal 25(OH)D was less than
37.5 nmol/l, 25(OH)D was positively associated with off-
spring birth weight (#=3.6 g/nmol/1 [95% CI 1.1, 6.1])
and occipitofrontal circumference (0.01 cm/nmol/l [95%
C10.002, 0.018]), but there was no significant association
between maternal 25(OH)D and offspring size for 25(OH)
D concentrations above 37.5 nmol/1 [100].

Meta-analysis of thirty trials of antenatal vitamin D sup-
plementation published before 2017 identified that antena-
tal vitamin D supplementation (compared to low dose, no
vitamin D or placebo) increased mean birth weight by an
average of 58 g [86]. Sensitivity analysis found an effect on
birth weight when bolus dosing of vitamin D was used but
not with daily dosing, which could reflect improved com-
pliance, or achievement of higher 25(OH)D levels, yet no
dose—response effect was identified, and an effect in women
with lower baseline 25(OH)D was not observed [86]. These
findings are therefore not consistent with the suggestion
from observational studies of supplementation being par-
ticularly important to women who have biochemically low
levels of 25(OH)D.

To date, intervention studies also suggest a positive effect
of maternal vitamin D supplementation during pregnancy
on postnatal growth. The earliest study was conducted by
Brooke et al. in 1981 and found that despite no differences in
birth weight or length, infants of Asian mothers living in the
UK who received 1000 IU/day ergocalciferol during the last
trimester of pregnancy were significantly heavier at 3, 6, 9
and 12 months of age, and had longer crown-heel length at 9
and 12 months of age than infants born to the mothers in the
control group (placebo was not given) [104], although care
in the interpretation of these findings is needed as maternal
characteristics are not presented and therefore it is not cer-
tain that these were similar between the two groups. More
recently in the Antenatal Vitamin D in Dhaka (AViDD) trial
in Bangladesh, maternal supplementation with 35,000 TU/
week oral cholecalciferol from 26 to 30 weeks of gestation
until delivery was associated with accelerated linear growth
in the first 4 weeks of postnatal life compared to placebo
despite no significant difference in birth length [105]. The
difference in length z-score persisted until 1 year of age, but
without further increase in the mean difference between the
two groups. This translated to a difference in sex-adjusted
length of 1.1 cm (95% CI 0.06, 2.04) between the two
groups at 1 year of age. No difference in weight z-score was
observed at either age. Assessment of infant serum 25(OH)
D at 2 and 4 months of age found that the higher 25(OH)D
in the supplementation group observed at birth persisted at
2 months of age, but not at 4 months of age. It is therefore
possible that this contributed to the accelerated postnatal
growth, although interestingly previous trials of vitamin D
supplementation in infancy have not demonstrated positive
effects on linear growth [36, 106]. Currently, there are no
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published findings relating to postnatal growth in trials of
antenatal vitamin D supplementation in non-Asian ethnic
groups.

Foetal Skeletal Development

Given the importance of vitamin D to bone development in
postnatal life, it is perhaps unsurprising that there has been
much interest in the role of vitamin D in in utero bone devel-
opment. Indeed the suggestion that gestational vitamin D
supplementation increases birthweight and postnatal growth
would support the notion that in utero vitamin D exposure
does affect skeletal development through at the very least
an increase in the size of the skeletal envelope. There are
several case reports of infants born to mothers with VDD,
who displayed clinical signs of rickets including bony abnor-
malities in addition to low serum 25(OH)D from day 1 of life
[107]. These rare cases represent the most extreme descrip-
tions of in utero VDD, but there is increasing evidence that
subclinical maternal vitamin D insufficiency in pregnancy
might also influence offspring bone mineral accrual. The
majority is, as with other outcomes, observational in nature,
although in recent years trials of antenatal vitamin D supple-
mentation with assessment of offspring bone mineralisation
have been reported.

Some of the earliest data to suggest that vitamin D expo-
sure might influence in utero bone mineral accrual used
season as a proxy marker of vitamin D status. Namgung
et al. found that in 71 Korean neonates, those born in sum-
mer months had 8% higher whole-body BMC after adjust-
ment for weight than infants born in winter. Furthermore,
in that cohort, neonatal 25(OH)D measured at delivery was
positively correlated with whole-body BMC [108]. In con-
trast, the same authors found that infants in the USA who
were born in the summer had lower whole-body BMC than
winter-born infants [109]. The authors proposed that these
differences reflect the use of vitamin D supplementation in
the two populations; the uptake of supplementation is low
throughout pregnancy in Korea but standard practice after
the first trimester in the USA, where differences in mater-
nal 25(OH)D by season of birth were not observed [108].
This would suggest that early pregnancy 25(OH)D status is
crucial to vitamin D mineralisation, which is in contrast to
several later studies with assessment of serum 25(OH)D.

Subsequent studies have used measurements of maternal
or cord blood 25(0OH)D as the exposure variable. Weiler
et al. studied 50 neonates born in Canada between April and
August. 25(OH)D was measured in venous cord blood and
used to divide the infants into two groups using a cut point of
37.5 nmol/l. The infants in the low 25(OH)D group tended
to be heavier and longer, but this might have reflected the
greater ethnic diversity in the group compared to the group
with a high 25(OH)D level. However, whole-body and femur

BMC relative to body weight were significantly lower in the
18 neonates with a cord blood 25(OH)D < 37.5 nmol/l com-
pared with 32 infants with a 25(OH)D above this cut point
[110]. Similarly, Viljakainen et al., using the mean of two
maternal serum 25(OH)D measurements from early preg-
nancy and 2 days postpartum as the assessment of maternal
vitamin D status, found neonatal tibial BMC and cross-sec-
tional area measured by peripheral quantitative computed
tomography (pQCT) were 14% and 16% higher, respectively,
in infants born to mothers with 25(OH)D above the median
for the cohort. Although vBMD of the tibia did not differ
between the two groups, the difference in BMC and CSA did
persist after adjustment for weight [88]. When a subset of
these children were reassessed at 14 months of age, the dif-
ference in tibial BMC was no longer present, but tibial CSA
remained significantly higher in those born to mothers with
higher vitamin D status in pregnancy [111]. Conversely, in
125 Gambian mother—offspring pairs, no significant relation-
ships were observed between maternal 25(OH)D at either 20
or 36 weeks of gestation and offspring whole-body BMC or
bone area at 2, 13 or 52 weeks of age [90]. In contrast to the
other studies, none of the mothers had a 25(OH)D below
50 nmol/l, which is consistent with the notion that poorer
skeletal mineralisation might only occur in foetuses of moth-
ers with the lowest 25(OH)D levels.

There is some evidence to suggest that these relation-
ships persist into childhood, although study findings are less
consistent than in the neonatal period. Positive relationships
between maternal 25(OH)D measured in late pregnancy and
offspring whole-body and lumbar spine bone area, BMC
and BMD at 9 years of age in 198 mother—offspring pairs
in the Princess Anne Hospital Study (Southampton, UK)
were reported by Javaid et al. [13]. Beneficial effects of
vitamin D supplementation were also suggested by this
study as children born to women who consumed vitamin
D containing supplements had higher whole-body BMC
and bone area, but not aBMD. Although the women who
took supplements were self-selected, this finding was not
changed by adjustment for socioeconomic status. These find-
ings were replicated in the Southampton Women’s Survey
(SWS) in 1030 mother—offspring pairs with assessment by
DXA at age 6-7 years [112]. Similarly, Zhu et al. found a
positive relationship between maternal 25(OH)D status at
18 weeks gestation and bone mass in young adulthood in the
Raine cohort in Western Australia. Thus, after adjustment
for sex, age, height and body composition at age 20 years,
maternal height and pre-pregnancy weight, maternal age at
delivery, parity, education, ethnicity, smoking during preg-
nancy and season of maternal blood sampling, whole-body
BMC and aBMD were 2.7% and 1.7% lower at 20 years
of age in offspring of mothers with 25(OH)D < 50 nmol/l
compared to those above this level [113]. In contrast, anal-
yses using the Avon Longitudinal Study of Parents And
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Children (ALSPAC) cohort study do not support these stud-
ies. Initially, using 6995 mother—offspring pairs, Sayer et al.
reported a positive relationship between estimated mater-
nal UVB exposure in late pregnancy and offspring WBLH
BMC, bone area and BMD at 9.9 years of age [114]. How-
ever, further analysis in a subset of 3960 of the children for
whom maternal serum 25(OH)D measurement was available
in the first (n=1035), second (n=2879) or third (n=2046)
trimester did not reveal any significant associations between
maternal 25(OH)D and offspring bone mineralisation [115].
Collinearity of the estimated maternal UVB measurement
with age at DXA assessment is likely to have confounded
the relationships reported in the initial study, and makes
the findings difficult to interpret. In contrast, Garcia et al.
reported an inverse relationship between maternal 25(OH)D
concentration and bone mass at 6 years of age in the Genera-
tion R cohort [116], but the statistical models included both
season and ambient sunshine in the month prior to blood
sampling, which as the primary determinants of the exposure
and not expected to be related to the outcome, may have
influenced this finding [117]. Such contradictory findings
only highlight the urgent need for interventional studies.

The first intervention study to assess the effect of ante-
natal vitamin D supplementation on offspring bone miner-
alisation was undertaken by Congdon et al. and published
in 1983. Sixty-four women of Asian ethnicity living in the
UK participated in a non-randomised study; 19 received a
daily supplement containing 1000 IU vitamin D and calcium
(of unknown strength) during the last trimester, whereas 45
received no supplementation. There was no significant dif-
ference in forearm BMC of the offspring at birth assessed
using single-photon absorptiometry [118], but the study size,
lack of randomisation and technology used limits the inter-
pretation of the findings.

There are three more recently published studies of ges-
tational vitamin D supplementation, of which the largest is
the Maternal Vitamin D Osteoporosis Study (MAVIDOS),
arandomised double-blind placebo-controlled trial of ante-
natal vitamin D supplementation from 14 weeks of gestation
until delivery conducted in three centres in the UK. The pri-
mary outcome was neonatal bone mass [119]. 1134 Women
with a baseline 25(OH)D between 25 and 100 nmol/l were
randomised to 1000 IU/day cholecalciferol or placebo; 965
remained in the study until delivery, and 736 infants had
DXA of the whole body and/or lumbar spine. Although
there were no differences in whole-body BMC, bone area
or areal BMD between the two groups overall, a signifi-
cant interaction was observed between season of birth and
maternal randomisation group (p for interaction for BMC
0.04) [12] (Fig. 2). Thus, whole-body BMC and BMD were
approximately 9% and 5% higher, respectively, in the chil-
dren born in winter to mothers randomised to cholecalciferol
compared to those randomised to placebo. This effect size
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is substantially larger than those observed between children
with and without fractures [120], and hence if persisting into
later childhood is likely to be clinically relevant. Follow-up
of the offspring at 4 years with DXA and at 6-7 years with
DXA and high-resolution pQCT is currently ongoing.

Two small intervention studies from India and Iran have
also assessed bone mass in infants born to mothers ran-
domised to vitamin D supplementation or placebo. Sahoo
et al. randomised 300 women to three groups, which received
400 IU/day cholecalciferol daily (“placebo’”), 60,000 IU
cholecalciferol every 4 weeks or 60,000 IU cholecalciferol
every 8 weeks from the second trimester. All women also
received daily calcium supplementation. Only 160 women
were followed up until delivery, and 52 children (17% of the
original cohort) underwent DXA at 12—-16 months of age.
The children in the placebo group were significantly older
at DXA scan and had higher measurements of whole-body
BMC and BMD, but in multivariate analysis randomisation
group was not a significant predictor of BMC or BMD [121].
Vaziri et al. randomised 153 women to placebo or 2000 TU/
day cholecalciferol from 26 to 28 weeks until delivery, but
only 25 infants (16% of the original cohort) had DXA assess-
ment. No significant difference in whole-body BMC, BMD
or bone area was found [122], but as with the study by Sahoo
et al., the small numbers included are unlikely to have suf-
ficient power to detect a difference in the outcomes studied.

Evidence from observational studies does therefore
suggest that achieving higher levels of serum 25(OH)D in
pregnancy might have beneficial effects on offspring bone
development, but further high-quality RCTs are required to
assess this. Moreover, long-term follow-up of children born
to participants of these trials will determine whether any
effects observed in the neonatal period, such as the effect
of gestational vitamin D supplementation on increased
bone mineralisation in children born in winter, does persist
beyond the neonatal period.

Offspring Soft Tissue Body Composition

Several lines of evidence suggest a possible role for vitamin
D in adipogenesis and skeletal muscle development, includ-
ing isolation of the VDR in human adipose tissue and skeletal
muscle [123]. However, both observational data on the rela-
tionships between maternal 25(OH)D and offspring adiposity
[89, 92, 103, 110, 124, 125] and the findings of two small
intervention studies of vitamin D supplementation in women
of Asian ethnicity that included assessment of offspring adi-
posity, are inconsistent [76, 126]. Interestingly, in the SWS,
neonatal FM assessed by DXA was positively associated with
maternal 25(OH)D in late pregnancy, but there was “flipping”
of this relationship by mid-childhood. Thus, whilst no signifi-
cant associations were observed at 4 years of age, at 6 years of
age, maternal 25(OH)D status in late pregnancy was negatively
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Fig.2 Neonatal whole-body
bone mineral content (BMC),
bone area and bone mineral
density (BMD) by interven-
tion group and season of birth
in the MAVIDOS trial. Data
are shown as mean and 95%
confidence interval. Winter is
December to February, spring
is March to May, summer is
June to August and autumn is
September to November. From
Cooper et al. [12]
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Fig.3 Offspring fat mass measured by dual-energy X-ray absorptiometry grouped by maternal serum 25(OH)D concentration at 34 weeks of
gestation in the Southampton Women’s Survey. Displayed as mean (95% CI). From Crozier et al. [124]

associated with FM (Fig. 3) [124]. This finding highlights the
need for further intervention studies with long-term childhood
follow-up, as will be provided by the MAVIDOS study.
There are far fewer data relating maternal vitamin D status
to offspring lean mass or muscle function. Children born to
vitamin D replete [25(OH)D > 50 nmol/l] mothers partici-
pating in the Mysore Parthenon Study (MPS) in India, had
greater arm muscle area (determined from a measurement of
mid-upper arm circumference and triceps skinfold thickness)
at 5 and 9.5 years than those born to vitamin D-deficient moth-
ers [25(OH)D < 50 nmol/1], but no difference in grip strength
at 9 years of age was found [127]. In contrast, in the SWS,
no significant association between maternal 25(OH)D in late
pregnancy and offspring whole-body or appendicular lean
mass was found but a positive association with grip strength
was identified [128], suggesting an effect on muscle function
independent of muscle size. A 0.25 standard deviation differ-
ence in grip strength was observed between the children in the
lowest and highest quartiles of maternal vitamin D status; if
this difference were maintained into adulthood, given the asso-
ciation between grip strength and falls and fractures in later
life, it might translate into an 8% reduction in falls risk and a
6% decrease in fracture risk. Confirmation in an intervention
study is now required and the MAVIDOS study will be able
to contribute to this knowledge gap as grip strength has been
assessed in the offspring at 4 years and 67 years of age.

Maternal 25(0OH)D Status and Obstetric
Health

As with outcomes relating to foetal development, there are
numerous observational studies reporting on associations
between maternal vitamin D intake or serum measurement
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of 25(OH)D and obstetric complications, including ges-
tational hypertension (GHT), pre-eclampsia (PET), ges-
tational diabetes (GDM), timing and mode of delivery.
The findings of these studies are inconsistent, but there is
great variation in the timing of 25(OH)D measurement,
definitions used for VDD and the outcomes and covariates
included [129]. In particular, consideration of the popula-
tion studied and covariates used might be important to the
observed relationships: it is well recognised that obese
individuals have lower 25(OH)D status, and also a higher
incidence of GDM, GHT, PET, caesarean section and
preterm delivery [130, 131]. Similarly African American
women are more likely to require delivery by Caesarean
section and to have pregnancies complicated by PET and
preterm labour [132]. Whether these outcomes can truly
be attributed to lower 25(OH)D and therefore prevented
by vitamin D supplementation must be established through
intervention studies, yet currently there is a paucity of
good-quality interventional data with regard to these out-
comes. In particular, the majority of studies are likely to
be underpowered to detect a difference in these outcomes.
In the UK, GDM complicates approximately 4.5% of preg-
nancies [133] and therefore, to detect a 50% reduction in
this incidence with 80% power at the 5% significance level,
1010 women would be needed in each study arm. As PET
complicates fewer pregnancies (2-3%), even larger study
numbers are needed. Recent meta-analysis of interven-
tional studies assessing maternal obstetric health outcomes
has not found an effect of vitamin D supplementation dur-
ing pregnancy on reducing the incidence of PET, GDM,
preterm birth, mode of delivery or risk of stillbirth [86];
however ongoing trials will be able to contribute further
data on these outcomes.
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Vitamin D Supplementation in Pregnancy
and Childhood

It is without doubt that both childhood rickets and neona-
tal hypocalcaemia secondary to VDD are preventable dis-
eases, and this alone justifies the consideration of vitamin
D supplementation in childhood and pregnancy despite
the uncertainty around links between vitamin D status and
other outcomes.

A number of national and international guidelines rec-
ommend vitamin D supplementation during childhood and
pregnancy, mostly between 400 and 600 IU/day [134-137],
although the Canadian Paediatric Society recommend up to
2000 IU/day during winter months [138]. However, there is
evidence to suggest that in pregnancy this may be insuffi-
cient to achieve vitamin D replete status in many women. In
the MAVIDOS study conducted in three centres in the UK
at latitudes between 50.9 and 53.4°N, 83.3% of women ran-
domised to 1000 IU/day cholecalciferol achieved a 25(OH)
D> 50 nmol/l at 34 weeks gestation, compared with 35.6%
of women in the placebo group. Moreover, in both treat-
ment groups, the proportion of women who were vitamin D
replete (> 50 nmol/l) in late pregnancy was lower in those
who delivered in winter (December—May) (Fig. 4), high-
lighting that in the UK, 1000 IU/day cholecalciferol during
pregnancy does not abolish seasonal variation in 25(OH)
D status [15, 139]. Furthermore, in this study, women with
25(OH)D < 25 nmol/1 at baseline were excluded from partici-
pation and therefore the true repletion rate across the general
population would be expected to be lower than observed in
the trial population. As such, if the aim of supplementation
is to increase maternal 25(OH)D to > 50 nmol/l, then it is
likely that 400 IU/day will not achieve this in many women.
Similarly a study of children in Denmark (55°N) suggested
a total vitamin D intake of 800 IU/day would be needed
to maintain a serum 25(OH)D > 50 nmol/l in late winter
[140]. However, whilst many observational studies do sug-
gest that achieving higher 25(OH)D levels might have ben-
eficial effects, such a change in public health policy should
be based on established benefits in high-quality RCTs. It is
also important to be certain that in addition to benefits, that
a higher supplementation dose will not be harmful. Litera-
ture with regard to falls risk in older individuals suggests
that moderate doses of vitamin D (600-1000 IU/day) may
have a beneficial effect whilst high bolus doses increase the
risk of falls [141]. Although antenatal supplementation with
cholecalciferol doses up to 4000 [U/day and childhood sup-
plementation with 800 IU/day did not result in hypercalcae-
mia or clinical side effects in clinical trial settings [80, 140],
until a clear benefit of higher dose antenatal and childhood
supplementation has been demonstrated, such doses should
not be recommended.

100 ~

p<0.001 p<0.001

80 +

40

late pregnancy

20 +

Percentage of women with 25(OH)D>50nmol/lin

placebo cholecalciferol

Season of delivery

OWinter 0O Summer

Fig.4 Proportion of women achieving vitamin D replete status
[25(OH)D > 50 nmol/1] in late pregnancy stratified by randomisation
to placebo or 1000 IU/day cholecalciferol and season of delivery.
Winter was defined as December—May. Using data reported in Moon
etal. [139]

It is also important to recognise that the serum 25(OH)
D achieved following supplementation has also been shown
to reflect individual characteristics. In the MAVIDOS study,
factors significantly associated with maternal 25(OH)D at
34 weeks gestation following cholecalciferol supplementa-
tion were season of delivery, baseline 25(OH)D at randomi-
sation (14 weeks gestation), compliance with the medication
and weight gain from 14 to 34 weeks [139] (Fig. 5). The
latter is consistent with previous observational findings sug-
gesting that greater weight gain in pregnancy is associated
with a reduction in 25(OH)D between early and late preg-
nancy [15]. Ethnic differences in the response to supplemen-
tation are also apparent: for example, Hollis et al. found that
even with 4000 IU/day cholecalciferol during pregnancy,
women of African American ethnicity had lower 25(OH)
D than Caucasian or Hispanic Women [80]. This may in
part reflect genetic variation in vitamin D metabolism and
indeed a number of SNPs in or near to genes in the vitamin
D metabolism pathway have been identified that appear to
modify the response to vitamin D supplementation [142].
In the MAVIDOS study, the SNPs found to be associated
with baseline 25(OH)D in pregnant women (rs12785878
in DHCR?7, encoding 7-dehydrocholesterol reductase in
the skin), differed to those associated with the 25(OH)D
achieved post supplementation (SNPs in genes encoding
25-hydroxylase and DBP) [143]. As we move towards an
era of personalised medicine, consideration of individual
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Fig.5 Independent determinants of maternal 25(OH)D at 34 weeks
of gestation in women randomised to 1000 IU/day cholecalciferol.
Shown as change in 25(OH)D per unit predictor (f and 95% confi-
dence interval). From Moon et al. [139]

characteristics and the presence of “at-risk” alleles may be
beneficial [144] and future research studies are needed to
demonstrate whether dosing schedules based on such charac-
teristics will achieve vitamin D repletion in a greater propor-
tion of participants and improve clinical outcomes.

Demographic differences have been observed between
women who did and did not take vitamin D supplementation
during pregnancy [15] and are similar to those associated
with reduced likelihood of folic acid supplementation dur-
ing pregnancy [145, 146]. These include younger maternal
age, lower educational achievement, higher pre-pregnancy
BMI and maternal smoking. Somewhat worryingly, many of
these characteristics are associated with low serum 25(OH)
D before supplementation, and poor supplement uptake is
likely to further compound the likelihood of continued defi-
ciency during pregnancy. In the UK, free ‘Healthy Start’
vitamins are available to pregnant women, new mothers and
children in low-income families, yet uptake of this provision
is low, in part due to poor understanding of their importance,
but also lack of awareness of the free supplementation pro-
gramme [147]. In a recent survey across European coun-
tries, adherence to vitamin D supplementation in infants was
higher in countries which provided universal supplementa-
tion independent of infant mode of feeding, gave informa-
tion on supplementation at discharge from neonatal units
and monitored adherence to supplementation at child health
surveillance visits [148]. Such approaches may therefore be
needed in both childhood and pregnancy to improve the
uptake of supplementation and indeed, a programme of uni-
versal multi-vitamin supplementation of all children under
5 years and pregnant and lactating women in Birmingham
reduced the incidence of symptomatic VDD [149]. Health
professional awareness and education regarding vitamin D
might also have a positive effect on supplementation usage
[150].
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Conclusion

It is without doubt that low levels of 25(OH)D are com-
mon in children and pregnant women, and this can result
in VDD rickets and hypocalcaemia. In recent years, there
has also been increasing interest in possible functions of
vitamin D in childhood, foetal development, in particular
bone mineralisation and obstetric health. However, currently
the majority of evidence is observational in nature and, as
yet, not supported by high-quality data from interventional
trials. There are, however, a large number of ongoing stud-
ies which will increase our knowledge and understanding in
the near future. Nonetheless, routine supplementation with
400 IU cholecalciferol daily during pregnancy and child-
hood, as suggested by many guidelines internationally, is
justified. Furthermore, there is evidence to suggest that cer-
tain characteristics, including genetic factors, influence an
individual’s response to supplementation, though currently
these are not usually taken into account when advising on
whether a higher-level supplementation is necessary for par-
ticular individuals. As we move into an era of personalised
medicine, future research to establish supplementation pro-
tocols based on these characteristics is needed, but perhaps
more importantly, approaches to ensuring supplementation
initiation and adherence must be a priority.

Acknowledgements This work was supported by Grants from Arthritis
Research UK, Medical Research Council (MRC) [4050502589 (MRC
LEU)], Bupa Foundation, National Institute for Health Research
(NIHR) Southampton Biomedical Research Centre, University of
Southampton and University Hospital Southampton NHS Foundation
Trust, and NIHR Oxford Biomedical Research Centre, University of
Oxford, European Union’s Seventh Framework Programme (FP7/2007—
2013), Projects EarlyNutrition and ODIN under Grant Agreements
Numbers 289346 and 613977, and by the BBSRC (HDHL-Biomark-
ers, BB/P028179/1), as part of the ALPHABET Project, supported
by an Award made through the ERA-Net on Biomarkers for Nutrition
and Health (ERA HDHL), Horizon 2020 Grant Agreement Number
696295.

Conflict of interest RIM has nothing to report. CC reports personal
fees from ABBH, AMGEN, Eli Lilly, GSK, Medtronic, Merck,
Novartis, Pfizer, Roche, Servier and Takeda, outside the submitted
work. NCH reports personal fees, consultancy, lecture fees and hono-
raria from Alliance for Better Bone Health, AMGEN, MSD, Eli Lilly,
Servier, Shire, Consilient Healthcare and Internis Pharma, outside the
submitted work. JHD has received travel bursaries received from Novo
Nordisk, Pfizer and Sandoz, outside the submitted work.

Open Access This article is distributed under the terms of the Crea-
tive Commons Attribution 4.0 International License (http://creativeco
mmons.org/licenses/by/4.0/), which permits unrestricted use, distribu-
tion, and reproduction in any medium, provided you give appropriate
credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Vitamin D, and Maternal and Child Health

References

10.

12.

13.

14.

Haussler MR, Jurutka PW, Mizwicki M, Norman AW
(2011) Vitamin D receptor (VDR)-mediated actions of
lalpha,25(OH) ,)vitamin D 5): genomic and non-genomic mecha-
nisms. Best Pract Res Clin Endocrinol Metab 25(4):543-559.
https://doi.org/10.1016/j.beem.2011.05.010

Ding C, Gao D, Wilding J, Trayhurn P, Bing C (2012) Vitamin D
signalling in adipose tissue. Br J Nutr 108(11):1915-1923. https
://doi.org/10.1017/s0007114512003285

Bischoff HA, Borchers M, Gudat F, Duermueller U, Theiler R,
Stahelin HB et al (2001) In situ detection of 1,25-dihydroxyvi-
tamin D3 receptor in human skeletal muscle tissue. Histochem J
33(1):19-24

Jones KS, Assar S, Harnpanich D, Bouillon R, Lambrechts
D, Prentice A et al (2014) 25(OH)D2 half-life is shorter than
25(OH)D3 half-life and is influenced by DBP concentration and
genotype. J Clin Endocrinol Metab 99(9):3373-3381. https://doi.
org/10.1210/jc.2014-1714

Sai AJ, Walters RW, Fang X, Gallagher JC (2011) Relationship
between vitamin D, parathyroid hormone, and bone health. J Clin
Endocrinol Metab 96(3):E436-E446. https://doi.org/10.1210/
jc.2010-1886

Priemel M, von Domarus C, Klatte TO, Kessler S, Schlie J, Meier
S et al (2010) Bone mineralization defects and vitamin D defi-
ciency: histomorphometric analysis of iliac crest bone biopsies
and circulating 25-hydroxyvitamin D in 675 patients. J] Bone
Miner Res 25(2):305-312. https://doi.org/10.1359/jbmr.090728
Atapattu N, Shaw N, Hogler W (2013) Relationship between
serum 25-hydroxyvitamin D and parathyroid hormone in the
search for a biochemical definition of vitamin D deficiency in
children. Pediatr Res 74(5):552-556. https://doi.org/10.1038/
pr.2013.139

Aggarwal V, Seth A, Aneja S, Sharma B, Sonkar P, Singh S et al
(2012) Role of calcium deficiency in development of nutritional
rickets in Indian children: a case control study. J Clin Endocrinol
Metab 97(10):3461-3466. https://doi.org/10.1210/j¢.2011-3120
Pekkinen M, Saarnio E, Viljakainen HT, Kokkonen E, Jakobsen
J, Cashman K et al (2014) Vitamin D binding protein genotype
is associated with serum 25-hydroxyvitamin D and PTH con-
centrations, as well as bone health in children and adolescents in
Finland. PLoS ONE 9(1):e87292. https://doi.org/10.1371/journ
al.pone.0087292

Absoud M, Cummins C, Lim MJ, Wassmer E, Shaw N (2011)
Prevalence and predictors of vitamin D insufficiency in children:
a Great Britain population based study. PLoS ONE 6(7):e22179.
https://doi.org/10.1371/journal.pone.0022179

. Tolppanen AM, Fraser A, Fraser WD, Lawlor DA (2012) Risk

factors for variation in 25-hydroxyvitamin D 5 and D, concen-
trations and vitamin D deficiency in children. J Clin Endocrinol
Metab 97(4):1202-1210. https://doi.org/10.1210/jc.2011-2516
Cooper C, Harvey NC, Bishop NJ, Kennedy S, Papageorghiou
AT, Schoenmakers I et al (2016) Maternal gestational vitamin D
supplementation and offspring bone health (MAVIDOS): a mul-
ticentre, double-blind, randomised placebo-controlled trial. Lan-
cet Diabetes Endocrinol 4(5):393-402. https://doi.org/10.1016/
$2213-8587(16)00044-9

Javaid MK, Crozier SR, Harvey NC, Gale CR, Dennison EM,
Boucher BJ et al (2006) Maternal vitamin D status during preg-
nancy and childhood bone mass at age 9 years: a longitudinal
study. Lancet 367(9504):36—43. https://doi.org/10.1016/s0140
-6736(06)67922-1

McAree T, Jacobs B, Manickavasagar T, Sivalokanathan S,
Brennan L, Bassett P et al (2013) Vitamin D deficiency in

15.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

pregnancy—still a public health issue. Matern Child Nutr
9(1):23-30. https://doi.org/10.1111/mcn. 12014

Moon RJ, Crozier SR, Dennison EM, Davies JH, Robinson SM,
Inskip HM et al (2015) Tracking of 25-hydroxyvitamin D status
during pregnancy: the importance of vitamin D supplementa-
tion. Am J Clin Nutr 102(5):1081-1087. https://doi.org/10.3945/
ajen.115.115295

. Macdonald HM, Mavroeidi A, Fraser WD, Darling AL, Black

AJ, Aucott L et al (2011) Sunlight and dietary contributions to
the seasonal vitamin D status of cohorts of healthy postmeno-
pausal women living at northerly latitudes: a major cause for
concern? Osteoporos Int 22(9):2461-2472

Carpenter TO, Herreros F, Zhang JH, Ellis BK, Simpson C,
Torrealba-Fox E et al (2012) Demographic, dietary, and bio-
chemical determinants of vitamin D status in inner-city chil-
dren. Am J Clin Nutr 95(1):137-146. https://doi.org/10.3945/
ajen.111.018721

Turer CB, Lin H, Flores G (2013) Prevalence of vitamin D defi-
ciency among overweight and obese US children. Pediatrics
131(1):e152—e161. https://doi.org/10.1542/peds.2012-1711
Matsuoka LY, Ide L, Wortsman J, MacLaughlin JA, Holick
MF (1987) Sunscreens suppress cutaneous vitamin D3 syn-
thesis. J Clin Endocrinol Metab 64(6):1165-1168. https://doi.
org/10.1210/jcem-64-6-1165

Tiosano D, Hochberg Z (2009) Hypophosphatemia: the
common denominator of all rickets. J] Bone Miner Metab
27(4):392-401. https://doi.org/10.1007/s00774-009-0079-1
Basatemur E, Sutcliffe A (2015) Incidence of hypocalcemic
seizures due to vitamin D deficiency in children in the United
Kingdom and Ireland. J Clin Endocrinol Metab 100(1):E91—
EO95. https://doi.org/10.1210/jc.2014-2773

Maiya S, Sullivan I, Allgrove J, Yates R, Malone M, Brain
C et al (2008) Hypocalcaemia and vitamin D deficiency: an
important, but preventable, cause of life-threatening infant
heart failure. Heart 94(5):581-584. https://doi.org/10.1136/
hrt.2007.119792

Ahmed SF, Franey C, McDevitt H, Somerville L, Butler S, Gal-
loway P et al (2011) Recent trends and clinical features of child-
hood vitamin D deficiency presenting to a children’s hospital in
Glasgow. Arch Dis Child 96(7):694—696. https://doi.org/10.1136/
adc.2009.173195

Robinson PD, Hogler W, Craig ME, Verge CF, Walker JL, Piper
AC et al (2006) The re-emerging burden of rickets: a decade of
experience from Sydney. Arch Dis Child 91(7):564-568. https
://doi.org/10.1136/adc.2004.069575

Thacher TD, Fischer PR, Tebben PJ, Singh RJ, Cha SS, Max-
son JA et al (2013) Increasing incidence of nutritional rickets:
a population-based study in Olmsted County. Minnesota. Mayo
Clin Proc 88(2):176-183. https://doi.org/10.1016/j.mayoc
p.2012.10.018

Lazol JP, Cakan N, Kamat D (2008) 10-Year case review of nutri-
tional rickets in Children’s Hospital of Michigan. Clin Pediatr
(Phila) 47(4):379-384. https://doi.org/10.1177/0009922807
311397

Beck-Nielsen SS, Brock-Jacobsen B, Gram J, Brixen K, Jensen
TK (2009) Incidence and prevalence of nutritional and hereditary
rickets in southern Denmark. Eur J Endocrinol 160(3):491-497.
https://doi.org/10.1530/eje-08-0818

Callaghan AL, Moy RJ, Booth IW, Debelle G, Shaw NJ (2006)
Incidence of symptomatic vitamin D deficiency. Arch Dis Child
91(7):606-607. https://doi.org/10.1136/adc.2006.095075
Munns CF, Simm PJ, Rodda CP, Garnett SP, Zacharin MR, Ward
LM et al (2012) Incidence of vitamin D deficiency rickets among
Australian children: an Australian Paediatric Surveillance Unit
Study. Med J Aust 196(7):466—468

@ Springer


https://doi.org/10.1016/j.beem.2011.05.010
https://doi.org/10.1017/s0007114512003285
https://doi.org/10.1017/s0007114512003285
https://doi.org/10.1210/jc.2014-1714
https://doi.org/10.1210/jc.2014-1714
https://doi.org/10.1210/jc.2010-1886
https://doi.org/10.1210/jc.2010-1886
https://doi.org/10.1359/jbmr.090728
https://doi.org/10.1038/pr.2013.139
https://doi.org/10.1038/pr.2013.139
https://doi.org/10.1210/jc.2011-3120
https://doi.org/10.1371/journal.pone.0087292
https://doi.org/10.1371/journal.pone.0087292
https://doi.org/10.1371/journal.pone.0022179
https://doi.org/10.1210/jc.2011-2516
https://doi.org/10.1016/s2213-8587(16)00044-9
https://doi.org/10.1016/s2213-8587(16)00044-9
https://doi.org/10.1016/s0140-6736(06)67922-1
https://doi.org/10.1016/s0140-6736(06)67922-1
https://doi.org/10.1111/mcn.12014
https://doi.org/10.3945/ajcn.115.115295
https://doi.org/10.3945/ajcn.115.115295
https://doi.org/10.3945/ajcn.111.018721
https://doi.org/10.3945/ajcn.111.018721
https://doi.org/10.1542/peds.2012-1711
https://doi.org/10.1210/jcem-64-6-1165
https://doi.org/10.1210/jcem-64-6-1165
https://doi.org/10.1007/s00774-009-0079-1
https://doi.org/10.1210/jc.2014-2773
https://doi.org/10.1136/hrt.2007.119792
https://doi.org/10.1136/hrt.2007.119792
https://doi.org/10.1136/adc.2009.173195
https://doi.org/10.1136/adc.2009.173195
https://doi.org/10.1136/adc.2004.069575
https://doi.org/10.1136/adc.2004.069575
https://doi.org/10.1016/j.mayocp.2012.10.018
https://doi.org/10.1016/j.mayocp.2012.10.018
https://doi.org/10.1177/0009922807311397
https://doi.org/10.1177/0009922807311397
https://doi.org/10.1530/eje-08-0818
https://doi.org/10.1136/adc.2006.095075

R.J. Moon et al.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Ward LM, Gaboury I, Ladhani M, Zlotkin S (2007) Vita-
min D-deficiency rickets among children in Canada. CMAJ
177(2):161-166. https://doi.org/10.1503/cmaj.061377

Meyer HE, Skram K, Berge IA, Madar AA, Bjorndalen HJ (2017)
Nutritional rickets in Norway: a nationwide register-based cohort
study. BMJ Open 7(5):¢015289. https://doi.org/10.1136/bmjop
en-2016-015289

Kubota T, Nakayama H, Kitaoka T, Nakamura Y, Fukumoto
S, Fujiwara I et al (2018) Incidence rate and characteristics
of symptomatic vitamin D deficiency in children: a nation-
wide survey in Japan. Endocr J 65(6):593-599. https://doi.
org/10.1507/endocrj.ej18-0008

Beck-Nielsen SS, Jensen TK, Gram J, Brixen K, Brock-Jacob-
sen B (2009) Nutritional rickets in Denmark: a retrospective
review of children’s medical records from 1985 to 2005. Eur
J Pediatr 168(8):941-949. https://doi.org/10.1007/s0043
1-008-0864-1

Moon RJ, Harvey NC, Davies JH, Cooper C (2014) Vitamin
D and skeletal health in infancy and childhood. Osteoporos Int
25(12):2673-2684. https://doi.org/10.1007/s00198-014-2783-5
Greer FR, Searcy JE, Levin RS, Steichen JJ, Steichen-Asche PS,
Tsang RC (1982) Bone mineral content and serum 25-hydroxy-
vitamin D concentrations in breast-fed infants with and with-
out supplemental vitamin D: one-year follow-up. J Pediatr
100(6):919-922

Gallo S, Comeau K, Vanstone C, Agellon S, Sharma A, Jones
G et al (2013) Effect of different dosages of oral vitamin D sup-
plementation on vitamin D status in healthy, breastfed infants:
a randomized trial. JAMA 309(17):1785-1792. https://doi.
org/10.1001/jama.2013.3404

Rosendahl J, Valkama S, Holmlund-Suila E, Enlund-Cerullo M,
Hauta-Alus H, Helve O et al (2018) Effect of higher vs stand-
ard dosage of vitamin D3 supplementation on bone strength and
infection in healthy infants: a randomized clinical trial. JAMA
Pediatr 172(7):646—654. https://doi.org/10.1001/jamapediat
rics.2018.0602

Dong Y, Pollock N, Stallmann-Jorgensen IS, Gutin B, Lan
L, Chen TC et al (2010) Low 25-hydroxyvitamin D levels in
adolescents: race, season, adiposity, physical activity, and fit-
ness. Pediatrics 125(6):1104—1111. https://doi.org/10.1542/
peds.2009-2055

Constantini NW, Dubnov-Raz G, Chodick G, Rozen GS, Giladi
A, Ish-Shalom S (2010) Physical activity and bone mineral den-
sity in adolescents with vitamin D deficiency. Med Sci Sports
Exerc 42(4):646—-650. https://doi.org/10.1249/mss.0b013e3181
bb813b

Ducher G, Kukuljan S, Hill B, Garnham AP, Nowson CA, Kimlin
MG et al (2011) Vitamin D status and musculoskeletal health in
adolescent male ballet dancers a pilot study. J Dance Med Sci
15(3):99-107

Winzenberg TM, Powell S, Shaw KA, Jones G (2010) Vitamin D
supplementation for improving bone mineral density in children.
Cochrane Database Syst Rev. https://doi.org/10.1002/14651858.
¢d006944.pub2

Winzenberg T, Lamberg-Allardt C, El-Hajj Fuleihan G, Mol-
gaard C, Zhu K, Wu F (2018) Does vitamin D supplementa-
tion improve bone density in vitamin D-deficient children? Pro-
tocol for an individual patient data meta-analysis. BMJ Open
8(1):e019584. https://doi.org/10.1136/bmjopen-2017-019584
Moon RJ, Harvey NC, Curtis EM, de Vries F, van Staa T, Cooper
C (2016) Ethnic and geographic variations in the epidemiology
of childhood fractures in the United Kingdom. Bone 85:9-14.
https://doi.org/10.1016/j.bone.2016.01.015

Anderson LN, Heong SW, Chen Y, Thorpe KE, Adeli K, Howard
A et al (2017) Vitamin D and fracture risk in early childhood: a

@ Springer

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

case—control study. Am J Epidemiol 185(12):1255-1262. https
://doi.org/10.1093/aje/kww204

Rajakumar K, de las Heras J, Chen TC, Lee S, Holick MF, Arsla-
nian SA (2011) Vitamin D status, adiposity, and lipids in black
American and Caucasian children. J Clin Endocrinol Metab
96(5):1560-1567. https://doi.org/10.1210/jc.2010-2388
Lenders CM, Feldman HA, Von Scheven E, Merewood A,
Sweeney C, Wilson DM et al (2009) Relation of body fat
indexes to vitamin D status and deficiency among obese adoles-
cents. Am J Clin Nutr 90(3):459-467. https://doi.org/10.3945/
ajcn.2008.27275

Snijder MB, van Dam RM, Visser M, Deeg DJ, Dekker JM,
Bouter LM et al (2005) Adiposity in relation to vitamin D sta-
tus and parathyroid hormone levels: a population-based study
in older men and women. J Clin Endocrinol Metab 90(7):4119—
4123. https://doi.org/10.1210/jc.2005-0216

McCarty MF, Thomas CA (2003) PTH excess may promote
weight gain by impeding catecholamine-induced lipolysis-
implications for the impact of calcium, vitamin D, and alcohol
on body weight. Med Hypotheses 61(5-6):535-542

Belenchia AM, Tosh AK, Hillman LS, Peterson CA (2013) Cor-
recting vitamin D insufficiency improves insulin sensitivity in
obese adolescents: a randomized controlled trial. Am J Clin Nutr
97(4):774-781. https://doi.org/10.3945/ajcn.112.050013
Pathak K, Soares MJ, Calton EK, Zhao Y, Hallett J (2014) Vita-
min D supplementation and body weight status: a systematic
review and meta-analysis of randomized controlled trials. Obes
Rev 15(6):528-537. https://doi.org/10.1111/0br.12162
Wortsman J, Matsuoka LY, Chen TC, Lu Z, Holick MF (2000)
Decreased bioavailability of vitamin D in obesity. Am J Clin Nutr
72(3):690-693

Dong Y, Stallmann-Jorgensen IS, Pollock NK, Harris RA, Keeton
D, Huang Y et al (2010) A 16-week randomized clinical trial of
2000 international units daily vitamin D3 supplementation in
black youth: 25-hydroxyvitamin D, adiposity, and arterial stiff-
ness. J Clin Endocrinol Metab 95(10):4584-4591. https://doi.
org/10.1210/jc.2010-0606

Aguirre Castaneda R, Nader N, Weaver A, Singh R, Kumar S
(2012) Response to vitamin D3 supplementation in obese and
non-obese Caucasian adolescents. Horm Res Paediatr 78(4):226—
231. https://doi.org/10.1159/000343446

Reinehr T, de Sousa G, Alexy U, Kersting M, Andler W (2007)
Vitamin D status and parathyroid hormone in obese children
before and after weight loss. Eur J Endocrinol 157(2):225-232.
https://doi.org/10.1530/eje-07-0188

Vimaleswaran KS, Berry DJ, Lu C, Tikkanen E, Pilz S, Hiraki LT
et al (2013) Causal relationship between obesity and vitamin D
status: bi-directional Mendelian randomization analysis of multi-
ple cohorts. PLoS Med 10(2):e1001383. https://doi.org/10.1371/
journal.pmed.1001383

Crocombe S, Mughal MZ, Berry JL (2004) Symptomatic vita-
min D deficiency among non-Caucasian adolescents living in the
United Kingdom. Arch Dis Child 89(2):197-199

Yoshikawa S, Nakamura T, Tanabe H, Imamura T (1979) Osteo-
malacic myopathy. Endocrinol Jpn 26(Suppl):65-72

Sato Y, Iwamoto J, Kanoko T, Satoh K (2005) Low-dose vitamin
D prevents muscular atrophy and reduces falls and hip fractures
in women after stroke: a randomized controlled trial. Cerebro-
vasc Dis 20(3):187-192. https://doi.org/10.1159/000087203
Dodds RM, Syddall HE, Cooper R, Benzeval M, Deary 1J, Denni-
son EM et al (2014) Grip strength across the life course: norma-
tive data from twelve British studies. PLoS ONE 9(12):e113637.
https://doi.org/10.1371/journal.pone.0113637

Leong DP, Teo KK, Rangarajan S, Lopez-Jaramillo P, Avezum
A Jr, Orlandini A et al (2015) Prognostic value of grip strength:
findings from the Prospective Urban Rural Epidemiology (PURE)


https://doi.org/10.1503/cmaj.061377
https://doi.org/10.1136/bmjopen-2016-015289
https://doi.org/10.1136/bmjopen-2016-015289
https://doi.org/10.1507/endocrj.ej18-0008
https://doi.org/10.1507/endocrj.ej18-0008
https://doi.org/10.1007/s00431-008-0864-1
https://doi.org/10.1007/s00431-008-0864-1
https://doi.org/10.1007/s00198-014-2783-5
https://doi.org/10.1001/jama.2013.3404
https://doi.org/10.1001/jama.2013.3404
https://doi.org/10.1001/jamapediatrics.2018.0602
https://doi.org/10.1001/jamapediatrics.2018.0602
https://doi.org/10.1542/peds.2009-2055
https://doi.org/10.1542/peds.2009-2055
https://doi.org/10.1249/mss.0b013e3181bb813b
https://doi.org/10.1249/mss.0b013e3181bb813b
https://doi.org/10.1002/14651858.cd006944.pub2
https://doi.org/10.1002/14651858.cd006944.pub2
https://doi.org/10.1136/bmjopen-2017-019584
https://doi.org/10.1016/j.bone.2016.01.015
https://doi.org/10.1093/aje/kww204
https://doi.org/10.1093/aje/kww204
https://doi.org/10.1210/jc.2010-2388
https://doi.org/10.3945/ajcn.2008.27275
https://doi.org/10.3945/ajcn.2008.27275
https://doi.org/10.1210/jc.2005-0216
https://doi.org/10.3945/ajcn.112.050013
https://doi.org/10.1111/obr.12162
https://doi.org/10.1210/jc.2010-0606
https://doi.org/10.1210/jc.2010-0606
https://doi.org/10.1159/000343446
https://doi.org/10.1530/eje-07-0188
https://doi.org/10.1371/journal.pmed.1001383
https://doi.org/10.1371/journal.pmed.1001383
https://doi.org/10.1159/000087203
https://doi.org/10.1371/journal.pone.0113637

Vitamin D, and Maternal and Child Health

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

Study. Lancet 386(9990):266—273. https://doi.org/10.1016/s0140
-6736(14)62000-6

Cohen DD, Gomez-Arbelaez D, Camacho PA, Pinzon S, Hor-
miga C, Trejos-Suarez J et al (2014) Low muscle strength is
associated with metabolic risk factors in Colombian children: the
ACFIES Study. PLoS ONE 9(4):¢93150. https://doi.org/10.1371/
journal.pone.0093150

Foo LH, Zhang Q, Zhu K, Ma G, Trube A, Greenfield H et al
(2009) Relationship between vitamin D status, body composition
and physical exercise of adolescent girls in Beijing. Osteoporos
Int 20(3):417-425. https://doi.org/10.1007/s00198-008-0667-2
Ward KA, Das G, Berry JL, Roberts SA, Rawer R, Adams JE
et al (2009) Vitamin D status and muscle function in post-menar-
chal adolescent girls. J Clin Endocrinol Metab 94(2):559-563.
https://doi.org/10.1210/jc.2008-1284

Foo LH, Zhang Q, Zhu K, Ma G, Hu X, Greenfield H et al (2009)
Low vitamin D status has an adverse influence on bone mass,
bone turnover, and muscle strength in Chinese adolescent girls.
J Nutr 139(5):1002-1007. https://doi.org/10.3945/jn.108.10205
3

Ward KA, Das G, Roberts SA, Berry JL, Adams JE, Rawer R
et al (2010) A randomized, controlled trial of vitamin D sup-
plementation upon musculoskeletal health in postmenarchal
females. J Clin Endocrinol Metab 95(10):4643-4651. https://
doi.org/10.1210/jc.2009-2725

Beaudart C, Buckinx F, Rabenda V, Gillain S, Cavalier E, Slo-
mian J et al (2014) The effects of vitamin D on skeletal muscle
strength, muscle mass and muscle power: a systematic review and
meta-analysis of randomized controlled trials. J Clin Endocrinol
Metab 99(11):4336-4345. https://doi.org/10.1210/jc.2014-1742
Kovacs CS (2001) Calcium and bone metabolism in pregnancy
and lactation*. J Clin Endocrinol Metab 86(6):2344-2348. https
://doi.org/10.1210/jcem.86.6.7575

Cross NA, Hillman LS, Allen SH, Krause GF, Vieira NE (1995)
Calcium homeostasis and bone metabolism during pregnancy,
lactation, and postweaning: a longitudinal study. Am J Clin Nutr
61(3):514-523

More C, Bhattoa HP, Bettembuk P, Balogh A (2003) The effects
of pregnancy and lactation on hormonal status and biochemical
markers of bone turnover. Eur J Obstet Gynecol Reprod Biol
106(2):209-213

Ardawi MS, Nasrat HA, BA’Aqueel HS (1997) Calcium-regulat-
ing hormones and parathyroid hormone-related peptide in normal
human pregnancy and postpartum: a longitudinal study. Eur J
Endocrinol 137(4):402-409

Bouillon R, Van Assche FA, Van Baelen H, Heyns W, De Moor
P (1981) Influence of the vitamin D-binding protein on the serum
concentration of 1,25-dihydroxyvitamin D3. Significance of the
free 1,25-dihydroxyvitamin D3 concentration. J Clin Investig
67(3):589-596. https://doi.org/10.1172/jci1 10072

Zhang JY, Lucey AJ, Horgan R, Kenny LC, Kiely M (2014)
Impact of pregnancy on vitamin D status: a longitudinal study.
BrJ Nutr. https://doi.org/10.1017/s0007114514001883
Maghbooli Z, Hossein-Nezhad A, Shafaei AR, Karimi F, Madani
FS, Larijani B (2007) Vitamin D status in mothers and their
newborns in Iran. BMC Pregnancy Childbirth 7:1. https://doi.
org/10.1186/1471-2393-7-1

Grant CC, Stewart AW, Scragg R, Milne T, Rowden J, Ekeroma
A et al (2013) Vitamin D during pregnancy and infancy and
infant serum 25-hydroxyvitamin D concentration. Pediatrics
133(1):e143-e153. https://doi.org/10.1542/peds.2013-2602
Song SJ, Si S, Liu J, Chen X, Zhou L, Jia G et al (2013) Vita-
min D status in Chinese pregnant women and their newborns in
Beijing and their relationships to birth size. Public Health Nutr
16(4):687-692. https://doi.org/10.1017/s1368980012003084

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Brooke OG, Brown IR, Bone CD, Carter ND, Cleeve HJ,
Maxwell JD et al (1980) Vitamin D supplements in pregnant
Asian women: effects on calcium status and fetal growth. BMJ
280(6216):751-754

Delvin EE, Salle BL, Glorieux FH, Adeleine P, David LS (1986)
Vitamin D supplementation during pregnancy: effect on neonatal
calcium homeostasis. J Pediatr 109(2):328-334

Mallet E, Gugi B, Brunelle P, Henocq A, Basuyau JP, Lemeur
H (1986) Vitamin D supplementation in pregnancy: a controlled
trial of two methods. Obstet Gynecol 68(3):300-304

Yu CK, Sykes L, Sethi M, Teoh TG, Robinson S (2009) Vita-
min D deficiency and supplementation during pregnancy.
Clin Endocrinol (Oxf) 70(5):685-690. https://doi.org/10.111
1/§.1365-2265.2008.03403.x

Hollis BW, Johnson D, Hulsey TC, Ebeling M, Wagner CL
(2011) Vitamin D supplementation during pregnancy: double-
blind, randomized clinical trial of safety and effectiveness. J
Bone Miner Res 26(10):2341-2357. https://doi.org/10.1002/
jbmr.463

Dawodu A, Saadi HF, Bekdache G, Javed Y, Altaye M, Hollis
BW (2013) Randomized controlled trial (RCT) of vitamin D sup-
plementation in pregnancy in a population with endemic vitamin
D deficiency. J Clin Endocrinol Metab 98(6):2337-2346. https://
doi.org/10.1210/jc.2013-1154

Soliman A, Salama H, Alomar S, Shatla E, Ellithy K, Bedair
E (2013) Clinical, biochemical, and radiological manifestations
of vitamin D deficiency in newborns presented with hypocal-
cemia. Indian J Endocrinol Metab 17(4):697-703. https://doi.
org/10.4103/2230-8210.113764

Al Azkawi H, Al Mutair A (2012) Newborn with dilated cardio-
myopathy secondary to vitamin D deficiency. Case Rep Pediatr
2012:945437. https://doi.org/10.1155/2012/945437
Hashemipour S, Lalooha F, Zahir Mirdamadi S, Ziaee A,
Dabaghi Ghaleh T (2013) Effect of vitamin D administration in
vitamin D-deficient pregnant women on maternal and neonatal
serum calcium and vitamin D concentrations: a randomised clini-
cal trial. Br J Nutr 110(9):1611-1616. https://doi.org/10.1017/
s0007114513001244

Cockburn F, Belton NR, Purvis RJ, Giles MM, Brown JK, Turner
TL et al (1980) Maternal vitamin D intake and mineral metabo-
lism in mothers and their newborn infants. BMJ 281(6232):11-14
Roth DE, Leung M, Mesfin E, Qamar H, Watterworth J, Papp E
(2017) Vitamin D supplementation during pregnancy: state of
the evidence from a systematic review of randomised trials. BMJ
359:j5237. https://doi.org/10.1136/bm;j.j5237

Harvey N, Holroyd C, Ntani G, Javaid M, Cooper P, Moon R et al
(2014) Vitamin D supplementation in pregnancy: a systematic
review. Health Technol Assess. https://doi.org/10.3310/htal8450
Viljakainen HT, Saarnio E, Hytinantti T, Miettinen M, Surcel
H, Makitie O et al (2010) Maternal vitamin D status deter-
mines bone variables in the newborn. J Clin Endocrinol Metab
95(4):1749-1757. https://doi.org/10.1210/jc.2009-1391
Morley R, Carlin JB, Pasco JA, Wark JD (2006) Maternal
25-hydroxyvitamin D and parathyroid hormone concentrations
and offspring birth size. J Clin Endocrinol Metab 91(3):906-912.
https://doi.org/10.1210/jc.2005-1479

Prentice A, Jarjou LM, Goldberg GR, Bennett J, Cole TJ, Sch-
oenmakers I (2009) Maternal plasma 25-hydroxyvitamin D con-
centration and birthweight, growth and bone mineral accretion
of Gambian infants. Acta Paediatr 98(8):1360-1362. https://doi.
org/10.1111/j.1651-2227.2009.01352.x

Clifton-Bligh RJ, McElduff P, McElduff A (2008) Maternal vita-
min D deficiency, ethnicity and gestational diabetes. Diabet Med
25(6):678-684. https://doi.org/10.1111/j.1464-5491.2008.02422
X

@ Springer


https://doi.org/10.1016/s0140-6736(14)62000-6
https://doi.org/10.1016/s0140-6736(14)62000-6
https://doi.org/10.1371/journal.pone.0093150
https://doi.org/10.1371/journal.pone.0093150
https://doi.org/10.1007/s00198-008-0667-2
https://doi.org/10.1210/jc.2008-1284
https://doi.org/10.3945/jn.108.102053
https://doi.org/10.3945/jn.108.102053
https://doi.org/10.1210/jc.2009-2725
https://doi.org/10.1210/jc.2009-2725
https://doi.org/10.1210/jc.2014-1742
https://doi.org/10.1210/jcem.86.6.7575
https://doi.org/10.1210/jcem.86.6.7575
https://doi.org/10.1172/jci110072
https://doi.org/10.1017/s0007114514001883
https://doi.org/10.1186/1471-2393-7-1
https://doi.org/10.1186/1471-2393-7-1
https://doi.org/10.1542/peds.2013-2602
https://doi.org/10.1017/s1368980012003084
https://doi.org/10.1111/j.1365-2265.2008.03403.x
https://doi.org/10.1111/j.1365-2265.2008.03403.x
https://doi.org/10.1002/jbmr.463
https://doi.org/10.1002/jbmr.463
https://doi.org/10.1210/jc.2013-1154
https://doi.org/10.1210/jc.2013-1154
https://doi.org/10.4103/2230-8210.113764
https://doi.org/10.4103/2230-8210.113764
https://doi.org/10.1155/2012/945437
https://doi.org/10.1017/s0007114513001244
https://doi.org/10.1017/s0007114513001244
https://doi.org/10.1136/bmj.j5237
https://doi.org/10.3310/hta18450
https://doi.org/10.1210/jc.2009-1391
https://doi.org/10.1210/jc.2005-1479
https://doi.org/10.1111/j.1651-2227.2009.01352.x
https://doi.org/10.1111/j.1651-2227.2009.01352.x
https://doi.org/10.1111/j.1464-5491.2008.02422.x
https://doi.org/10.1111/j.1464-5491.2008.02422.x

R.J. Moon et al.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

Farrant HJ, Krishnaveni GV, Hill JC, Boucher BJ, Fisher DJ,
Noonan K et al (2009) Vitamin D insufficiency is common in
Indian mothers but is not associated with gestational diabetes or
variation in newborn size. Eur J Clin Nutr 63(5):646-652. https
://doi.org/10.1038/ejcn.2008.14

Hanieh S, Ha TT, Simpson JA, Thuy TT, Khuong NC, Thoang
DD et al (2014) Maternal vitamin d status and infant outcomes
in rural Vietnam: a prospective cohort study. PLoS ONE
9(6):€99005. https://doi.org/10.1371/journal.pone.0099005
Gale CR, Robinson SM, Harvey NC, Javaid MK, Jiang B, Martyn
CN et al (2008) Maternal vitamin D status during pregnancy
and child outcomes. Eur J Clin Nutr 62(1):68-77. https://doi.
org/10.1038/sj.ejcn. 1602680

Young BE, McNanley TJ, Cooper EM, Mclntyre AW, Witter F,
Harris ZL et al (2012) Maternal vitamin D status and calcium
intake interact to affect fetal skeletal growth in utero in preg-
nant adolescents. Am J Clin Nutr 95(5):1103-1112. https://doi.
org/10.3945/ajen. 111.023861

Amirlak I, Ezimokhai M, Dawodu A, Dawson KP, Kochiyil J,
Thomas L et al (2009) Current maternal—infant micronutrient
status and the effects on birth weight in the United Arab Emir-
ates. East Mediterr Health J 15(6):1399-1406

Gould JF, Anderson AJ, Yelland LN, Smithers LG, Skeaff CM,
Zhou SJ et al (2017) Association of cord blood vitamin D with
early childhood growth and neurodevelopment. J Paediatr Child
Health 53(1):75-83. https://doi.org/10.1111/jpc.13308

Walsh JM, Kilbane M, McGowan CA, McKenna MJ, McAuliffe
FM (2013) Pregnancy in dark winters: implications for fetal bone
growth? Fertil Steril 99(1):206-211. https://doi.org/10.1016/j.
fertnstert.2012.09.010

ZhouJ, SuL, Liu M, Liu Y, Cao X, Wang Z et al (2014) Associa-
tions between 25-hydroxyvitamin D levels and pregnancy out-
comes: a prospective observational study in southern China. Eur
J Clin Nutr 68(8):925-930. https://doi.org/10.1038/ejcn.2014.99
Gernand AD, Simhan HN, Klebanoff MA, Bodnar LM (2013)
Maternal serum 25-hydroxyvitamin D and measures of new-
born and placental weight in a U.S. multicenter cohort study. J
Clin Endocrinol Metab 98(1):398-404. https://doi.org/10.1210/
jc.2012-3275

Leffelaar ER, Vrijkotte TG, van Eijsden M (2010) Maternal
early pregnancy vitamin D status in relation to fetal and neona-
tal growth: results of the multi-ethnic Amsterdam Born Children
and their Development cohort. Br J Nutr 104(1):108-117. https
://doi.org/10.1017/s000711451000022x

Bowyer L, Catling-Paull C, Diamond T, Homer C, Davis G,
Craig ME (2009) Vitamin D, PTH and calcium levels in pregnant
women and their neonates. Clin Endocrinol (Oxf) 70(3):372—
377. https://doi.org/10.1111/j.1365-2265.2008.03316.x

Ong YL, Quah PL, Tint MT, Aris IM, Chen LW, van Dam RM
et al (2016) The association of maternal vitamin D status with
infant birth outcomes, postnatal growth and adiposity in the first
2 years of life in a multi-ethnic Asian population: the Growing
Up in Singapore Towards healthy Outcomes (GUSTO) cohort
study. Br J Nutr 116(4):621-631. https://doi.org/10.1017/s0007
114516000623

Brooke OG, Butters F, Wood C (1981) Intrauterine vitamin D
nutrition and postnatal growth in Asian infants. BMJ (Clin Res
Ed) 283(6298):1024

Roth DE, Perumal N, Al Mahmud A, Baqui AH (2013) Mater-
nal vitamin D3 supplementation during the third trimester of
pregnancy: effects on infant growth in a longitudinal follow-up
study in Bangladesh. J Pediatr 163(6):1605.e3-1611.e3. https://
doi.org/10.1016/j.jpeds.2013.07.030

Kim MJ, Na B, No SJ, Han HS, Jeong EH, Lee W et al (2010)
Nutritional status of vitamin D and the effect of vitamin D

@ Springer

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

supplementation in Korean breast-fed infants. J Korean Med Sci
25(1):83-89. https://doi.org/10.3346/jkms.2010.25.1.83
Paterson CR, Ayoub D (2015) Congenital rickets due to vitamin
D deficiency in the mothers. Clin Nutr 34(5):793-798. https://
doi.org/10.1016/j.clnu.2014.12.006

Namgung R, Tsang RC, Lee C, Han DG, Ho ML, Sierra RI
(1998) Low total body bone mineral content and high bone
resorption in Korean winter-born versus summer-born newborn
infants. J Pediatr 132(3 Pt 1):421-425

Namgung R, Tsang RC (2000) Factors affecting newborn bone
mineral content: in utero effects on newborn bone mineralization.
Proc Nutr Soc 59(1):55-63

Weiler H, Fitzpatrick-Wong S, Veitch R, Kovacs H, Schellenberg
J, McCloy U et al (2005) Vitamin D deficiency and whole-body
and femur bone mass relative to weight in healthy newborns.
CMAJ 172(6):757-761. https://doi.org/10.1503/cmaj.1040508
Viljakainen HT, Korhonen T, Hytinantti T, Laitinen EK, Anders-
son S, Makitie O et al (2011) Maternal vitamin D status affects
bone growth in early childhood—a prospective cohort study.
Osteoporos Int 22(3):883—-891. https://doi.org/10.1007/s0019
8-010-1499-4

Moon RJ, Harvey NC, Davies JH, Cooper C (2015) Vitamin D
and bone development. Osteoporos Int 26(4):1449-1451. https
://doi.org/10.1007/s00198-014-2976-y

Zhu K, Whitehouse AJ, Hart P, Kusel M, Mountain J, Lye S et al
(2014) Maternal vitamin D status during pregnancy and bone
mass in offspring at 20 years of age: a prospective cohort study.
J Bone Miner Res 29(5):1088-1095. https://doi.org/10.1002/
jbmr.2138

Sayers A, Tobias JH (2009) Estimated maternal ultraviolet B
exposure levels in pregnancy influence skeletal development of
the child. J Clin Endocrinol Metab 94(3):765-771. https://doi.
org/10.1210/j¢c.2008-2146

Lawlor DA, Wills AK, Fraser A, Sayers A, Fraser WD, Tobias
JH (2013) Association of maternal vitamin D status during preg-
nancy with bone—mineral content in offspring: a prospective
cohort study. Lancet 381(9884):2176-2183

Garcia AH, Erler NS, Jaddoe VWYV, Tiemeier H, van den Hooven
EH, Franco OH et al (2017) 25-Hydroxyvitamin D concentra-
tions during fetal life and bone health in children aged 6 years:
a population-based prospective cohort study. Lancet Diabe-
tes Endocrinol 5(5):367-376. https://doi.org/10.1016/s2213
-8587(17)30064-5

Harvey NC, Moon R, Inskip HM, Godfrey KM, Cooper C
(2017) Gestational vitamin D and childhood bone health. Lan-
cet Diabetes Endocrinol 5(6):417. https://doi.org/10.1016/s2213
-8587(17)30146-8

Congdon P, Horsman A, Kirby PA, Dibble J, Bashir T (1983)
Mineral content of the forearms of babies born to Asian and
white mothers. BMJ (Clin Res Ed) 286(6373):1233-1235
Harvey NC, Javaid K, Bishop N, Kennedy S, Papageorghiou
AT, Fraser R et al (2012) MAVIDOS Maternal Vitamin D
Osteoporosis Study: study protocol for a randomized controlled
trial. The MAVIDOS Study Group. Trials 13:13. https://doi.
org/10.1186/1745-6215-13-13

Clark EM, Ness AR, Bishop NJ, Tobias JH (2006) Associa-
tion between bone mass and fractures in children: a prospective
cohort study. ] Bone Miner Res 21(9):1489-1495. https://doi.
org/10.1359/jbmr.060601

Sahoo SK, Katam KK, Das V, Agarwal A, Bhatia V (2016)
Maternal vitamin D supplementation in pregnancy and offspring
outcomes: a double-blind randomized placebo-controlled trial. J
Bone Miner Metab. https://doi.org/10.1007/s00774-016-0777-4
Vaziri F, Dabbaghmanesh MH, Samsami A, Nasiri S, Shirazi PT
(2016) Vitamin D supplementation during pregnancy on infant
anthropometric measurements and bone mass of mother—infant


https://doi.org/10.1038/ejcn.2008.14
https://doi.org/10.1038/ejcn.2008.14
https://doi.org/10.1371/journal.pone.0099005
https://doi.org/10.1038/sj.ejcn.1602680
https://doi.org/10.1038/sj.ejcn.1602680
https://doi.org/10.3945/ajcn.111.023861
https://doi.org/10.3945/ajcn.111.023861
https://doi.org/10.1111/jpc.13308
https://doi.org/10.1016/j.fertnstert.2012.09.010
https://doi.org/10.1016/j.fertnstert.2012.09.010
https://doi.org/10.1038/ejcn.2014.99
https://doi.org/10.1210/jc.2012-3275
https://doi.org/10.1210/jc.2012-3275
https://doi.org/10.1017/s000711451000022x
https://doi.org/10.1017/s000711451000022x
https://doi.org/10.1111/j.1365-2265.2008.03316.x
https://doi.org/10.1017/s0007114516000623
https://doi.org/10.1017/s0007114516000623
https://doi.org/10.1016/j.jpeds.2013.07.030
https://doi.org/10.1016/j.jpeds.2013.07.030
https://doi.org/10.3346/jkms.2010.25.1.83
https://doi.org/10.1016/j.clnu.2014.12.006
https://doi.org/10.1016/j.clnu.2014.12.006
https://doi.org/10.1503/cmaj.1040508
https://doi.org/10.1007/s00198-010-1499-4
https://doi.org/10.1007/s00198-010-1499-4
https://doi.org/10.1007/s00198-014-2976-y
https://doi.org/10.1007/s00198-014-2976-y
https://doi.org/10.1002/jbmr.2138
https://doi.org/10.1002/jbmr.2138
https://doi.org/10.1210/jc.2008-2146
https://doi.org/10.1210/jc.2008-2146
https://doi.org/10.1016/s2213-8587(17)30064-5
https://doi.org/10.1016/s2213-8587(17)30064-5
https://doi.org/10.1016/s2213-8587(17)30146-8
https://doi.org/10.1016/s2213-8587(17)30146-8
https://doi.org/10.1186/1745-6215-13-13
https://doi.org/10.1186/1745-6215-13-13
https://doi.org/10.1359/jbmr.060601
https://doi.org/10.1359/jbmr.060601
https://doi.org/10.1007/s00774-016-0777-4

Vitamin D, and Maternal and Child Health

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.
134.

135.

136.

137.

138.

pairs: a randomized placebo clinical trial. Early Hum Dev
103:61-68. https://doi.org/10.1016/j.earlhumdev.2016.07.011
Wamberg L, Christiansen T, Paulsen SK, Fisker S, Rask P,
Rejnmark L et al (2013) Expression of vitamin D-metabolizing
enzymes in human adipose tissue—the effect of obesity and diet-
induced weight loss. Int J Obes (Lond) 37(5):651-657. https://
doi.org/10.1038/ijo.2012.112

Crozier SR, Harvey NC, Inskip HM, Godfrey KM, Cooper C,
Robinson SM (2012) Maternal vitamin D status in pregnancy
is associated with adiposity in the offspring: findings from the
Southampton Women’s Survey. Am J Clin Nutr 96(1):57-63.
https://doi.org/10.3945/ajcn.112.037473

Godang K, Froeslie KF, Henriksen T, Qvigstad E, Bollerslev J
(2014) Seasonal variation in maternal and umbilical cord 25(OH)
vitamin D and their associations with neonatal adiposity. Eur J
Endocrinol 170(4):609-617. https://doi.org/10.1530/eje-13-0842
Marya RK, Rathee S, Dua V, Sangwan K (1988) Effect of vita-
min D supplementation during pregnancy on foetal growth.
Indian J Med Res 88:488-492

Krishnaveni GV, Veena SR, Winder NR, Hill JC, Noonan K,
Boucher BJ et al (2011) Maternal vitamin D status during preg-
nancy and body composition and cardiovascular risk markers in
Indian children: the Mysore Parthenon Study. Am J Clin Nutr
93(3):628-635. https://doi.org/10.3945/ajcn.110.003921
Harvey NC, Moon RJ, Sayer AA, Ntani G, Davies JH, Javaid MK
et al (2014) Maternal antenatal vitamin D status and offspring
muscle development: findings from the Southampton Women’s
Survey. J Clin Endocrinol Metab 99(1):330-337. https://doi.
org/10.1210/jc.2013-3241

Harvey NC, Holroyd C, Ntani G, Javaid MK, Cooper P, Moon RJ
et al (2013) Maternal vitamin D status in pregnancy and offspring
bone health: a systematic review and meta-analysis. Osteoporos
Int 24(Suppl 1):S33

Li N, Liu E, Guo J, Pan L, Li B, Wang P et al (2013) Mater-
nal prepregnancy body mass index and gestational weight gain
on pregnancy outcomes. PLoS ONE 8(12):e82310. https://doi.
org/10.1371/journal.pone.0082310

Bautista-Castano I, Henriquez-Sanchez P, Aleman-Perez N, Gar-
cia-Salvador JJ, Gonzalez-Quesada A, Garcia-Hernandez JA et al
(2013) Maternal obesity in early pregnancy and risk of adverse
outcomes. PLoS ONE 8(11):e80410. https://doi.org/10.1371/
journal.pone.0080410

Zhang S, Cardarelli K, Shim R, Ye J, Booker KL, Rust G
(2013) Racial disparities in economic and clinical outcomes of
pregnancy among Medicaid recipients. Matern Child Health J
17(8):1518-1525. https://doi.org/10.1007/s10995-012-1162-0
NICE clinical guideline 63. Diabetes in pregnancy (2008)

Ross AC, Manson JE, Abrams SA, Aloia JF, Brannon PM, Clin-
ton SK et al (2011) The 2011 report on dietary reference intakes
for calcium and vitamin D from the Institute of Medicine: what
clinicians need to know. J Clin Endocrinol Metab 96(1):53-58.
https://doi.org/10.1210/jc.2010-2704

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM,
Hanley DA, Heaney RP et al (2011) Evaluation, treatment, and
prevention of vitamin D deficiency: an Endocrine Society clinical
practice guideline. J Clin Endocrinol Metab 96(7):1911-1930.
https://doi.org/10.1210/jc.2011-0385

Scientific Advisory Committee on Nutrition (2016) Vitamin D
and health. The Stationary Office, London

Munns CF, Shaw N, Kiely M, Specker BL, Thacher TD, Ozono
K et al (2016) Global Consensus Recommendations on Preven-
tion and Management of Nutritional Rickets. J Clin Endocrinol
Metab 101(2):394—415. https://doi.org/10.1210/jc.2015-2175
Canadian Paediatric Society (2007) Vitamin D supplementation:
recommendations for Canadian mothers and infants. Paediatr
Child Health 12(7):583-598

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

Moon RJ, Harvey NC, Cooper C, D’Angelo S, Crozier SR, Inskip
HM et al (2016) Determinants of the maternal 25-hydroxyvi-
tamin D response to vitamin D supplementation during preg-
nancy. J Clin Endocrinol Metab 101(12):5012-5020. https://doi.
org/10.1210/j¢c.2016-2869

Mortensen C, Damsgaard CT (2016) Estimation of the die-
tary requirement for vitamin D in white children aged 4-8 y:
a randomized, controlled, dose-response trial. Am J Clin Nutr
104(5):1310-1317

Dawson-Hughes B (2017) Vitamin D and muscle function. J
Steroid Biochem Mol Biol. https://doi.org/10.1016/j.jsbmb
.2017.03.018

Wang TJ, Zhang F, Richards JB, Kestenbaum B, van Meurs
JB, Berry D et al (2010) Common genetic determinants of
vitamin D insufficiency: a genome-wide association study.
Lancet 376(9736):180-188. https://doi.org/10.1016/s0140
-6736(10)60588-0

Moon RJ, Harvey NC, Cooper C, D’Angelo S, Curtis EM, Cro-
zier SR et al (2017) Response to antenatal cholecalciferol supple-
mentation is associated with common vitamin D related genetic
variants. J Clin Endocrinol Metab. https://doi.org/10.1210/
j¢.2017-00682

Moon RJ, Harvey NC, Cooper C (2017) Response to letter:
genetics and vitamin D supplementation in pregnancy. J Clin
Endocrinol Metab 102(9):3565-3566. https://doi.org/10.1210/
jc.2017-01406

Forster DA, Wills G, Denning A, Bolger M (2009) The use of
folic acid and other vitamins before and during pregnancy in a
group of women in Melbourne, Australia. Midwifery 25(2):134—
146. https://doi.org/10.1016/j.midw.2007.01.019
Langley-Evans SC, Langley-Evans AJ (2002) Use of folic acid
supplements in the first trimester of pregnancy. J R Soc Promot
Health 122(3):181-186

Jessiman T, Cameron A, Wiggins M, Lucas PJ (2013) A qualita-
tive study of uptake of free vitamins in England. Arch Dis Child
98(8):587-591. https://doi.org/10.1136/archdischild-2013-30383
8

Uday S, Kongjonaj A, Aguiar M, Tulchinsky T, Hogler W (2017)
Variations in infant and childhood vitamin D supplementation
programmes across Europe and factors influencing adher-
ence. Endocr Connect 6(8):667-675. https://doi.org/10.1530/
ec-17-0193

Moy RJ, McGee E, Debelle GD, Mather I, Shaw NJ (2012) Suc-
cessful public health action to reduce the incidence of sympto-
matic vitamin D deficiency. Arch Dis Child 97(11):952-954.
https://doi.org/10.1136/archdischild-2012-302287

Jamieson K, Braha N, Gritz A, Hodes D (2014) Vitamin D
deficiency: are we preventing the preventable? Arch Dis Child
99(5):486—487. https://doi.org/10.1136/archdischild-2013-30450
9

Arundel P, Ahmed SF, Allgrove J, Bishop NJ, Burren CP, Jacobs
B et al (2012) British Paediatric and Adolescent Bone Group’s
position statement on vitamin D deficiency. BMJ 345:e8182
Arundel P, Shaw N. Vitamin D and bone health: a practical clini-
cal guideline for patient management in children and young peo-
ple. National Osteoporosis Society; 2018.

Nowson CA, McGrath JJ, Ebeling PR, Haikerwal A, Daly RM,
Sanders KM et al (2012) Vitamin D and health in adults in
Australia and New Zealand: a position statement. Med J Aust
196(11):686-687

Publisher’s Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1016/j.earlhumdev.2016.07.011
https://doi.org/10.1038/ijo.2012.112
https://doi.org/10.1038/ijo.2012.112
https://doi.org/10.3945/ajcn.112.037473
https://doi.org/10.1530/eje-13-0842
https://doi.org/10.3945/ajcn.110.003921
https://doi.org/10.1210/jc.2013-3241
https://doi.org/10.1210/jc.2013-3241
https://doi.org/10.1371/journal.pone.0082310
https://doi.org/10.1371/journal.pone.0082310
https://doi.org/10.1371/journal.pone.0080410
https://doi.org/10.1371/journal.pone.0080410
https://doi.org/10.1007/s10995-012-1162-0
https://doi.org/10.1210/jc.2010-2704
https://doi.org/10.1210/jc.2011-0385
https://doi.org/10.1210/jc.2015-2175
https://doi.org/10.1210/jc.2016-2869
https://doi.org/10.1210/jc.2016-2869
https://doi.org/10.1016/j.jsbmb.2017.03.018
https://doi.org/10.1016/j.jsbmb.2017.03.018
https://doi.org/10.1016/s0140-6736(10)60588-0
https://doi.org/10.1016/s0140-6736(10)60588-0
https://doi.org/10.1210/jc.2017-00682
https://doi.org/10.1210/jc.2017-00682
https://doi.org/10.1210/jc.2017-01406
https://doi.org/10.1210/jc.2017-01406
https://doi.org/10.1016/j.midw.2007.01.019
https://doi.org/10.1136/archdischild-2013-303838
https://doi.org/10.1136/archdischild-2013-303838
https://doi.org/10.1530/ec-17-0193
https://doi.org/10.1530/ec-17-0193
https://doi.org/10.1136/archdischild-2012-302287
https://doi.org/10.1136/archdischild-2013-304509
https://doi.org/10.1136/archdischild-2013-304509

	Vitamin D, and Maternal and Child Health
	Abstract
	Introduction
	Vitamin D
	Epidemiology of Vitamin D Deficiency
	Vitamin D Deficiency, Rickets and Childhood Bone Health
	Vitamin D, Obesity and Muscle Function in Childhood
	Vitamin D and Pregnancy
	Maternal Vitamin D Deficiency and Offspring Health and Development
	Birth Anthropometry and Childhood Growth
	Foetal Skeletal Development
	Offspring Soft Tissue Body Composition

	Maternal 25(OH)D Status and Obstetric Health
	Vitamin D Supplementation in Pregnancy and Childhood
	Conclusion
	Acknowledgements 
	References




