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A B S T R A C T

Vitamin D is essential for bone development during adolescence and low vitamin D status during this
critical period of growth may impact bone mineralization, potentially reducing peak bone mass and
consequently increasing the risk of osteoporosis in adulthood. Therefore, the high prevalence of vitamin
D inadequacy and deﬁciency in adolescent populations is of great concern. However, there is currently a
lack of consensus on the 25-hydroxyvitamin D [25(OH)D] concentration, the widely accepted biomarker
of vitamin D status, that deﬁnes adequacy, and the vitamin D intake requirements to maintain various 25
(OH)D thresholds are not well established. While the current intake recommendations of 10–15 mg/day
may be sufﬁcient to prevent vitamin D deﬁciency (25(OH)D < 25–30 nmol/l), greater intakes may be
needed to achieve the higher threshold levels proposed to represent adequacy (25(OH)D > 50 nmol/l).
This review will address these concerns and consider if the current dietary recommendations for vitamin
D in adolescents are sufﬁcient.
Crown Copyright © 2017 Published by Elsevier Ltd. All rights reserved.

1. Introduction
Vitamin D insufﬁciency is widely recognised as a global public
health concern, and can affect all population groups irrespective of
gender, age or ethnicity. More severe and prolonged vitamin D
deﬁciency can result in rickets in children and osteomalacia in
adults [1,2]. Adolescence is a critical period of growth and bone
development, and less severe vitamin D insufﬁciency may prevent
adolescents achieving peak bone mass [3,4]. Given the important
and well-recognized role of vitamin D in calcium absorption and
bone health, it is therefore concerning that low vitamin D status is
prevalent among adolescents worldwide [5]. Despite this, adolescents appear to be a somewhat neglected population group with a
limited evidence base for setting vitamin D intake requirements,
with those that exist extrapolated from adult data, which may not
always be appropriate. This review will consider ﬁrstly the
deﬁnitions of optimal vitamin D status in adolescents, and
secondly whether the current dietary intake recommendations
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are adequate to achieve this, given the high prevalence of low
vitamin D status in this vulnerable population group.
2. Sources of vitamin D
Vitamin D is a unique nutrient in that the main source is sun
exposure, rather than diet. The majority of vitamin D is synthesized
within the human body via the action of ultraviolet B (UVB)
radiation on the skin, which mediates the conversion of 7dehydrocholesterol, a cholesterol precursor present within the
skin, to vitamin D3. Vitamin D3 then undergoes two hydroxylation
steps, ﬁrst in the liver to the biologically inactive form, 25hydroxyvitamin D [25(OH)D], and secondly in the kidneys to the
active 1,25-dihydroxyvitamin D [1,25(OH)2D] [6].
The amount of vitamin D3 synthesized within the skin is a
function of the amount of UVB radiation reaching the skin and the
availability of 7-dehydrocholesterol within the epidermis. Consequently the level of vitamin D3 synthesis is dependent on a number
of environmental and individual factors, including latitude, season,
ethnicity, clothing that completely covers the skin for cultural or
religious beliefs, use of sunscreen, time spent outdoors, obesity and
aging [7]. During the winter-time at northerly latitudes, the
increasing zenith angle of the sun results in little, if any, cutaneous
synthesis of vitamin D3. Therefore, during times of insufﬁcient sun
exposure, dietary sources of vitamin D become important in
maintaining vitamin D status. However, this proves to be
challenging as there are few foods that are a naturally rich source
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of vitamin D [6] and there is increasing evidence to suggest that
current vitamin D intakes are inadequate to compensate for the
seasonal deﬁcit in sunlight during the winter-time. While food
fortiﬁcation and supplement use can be effective in increasing
dietary intakes of vitamin D, fortiﬁcation policies currently vary
dramatically between countries and often occur on a voluntary
basis, while uptake and adherence to supplement use varies by
gender and age group [8].
Several studies have reported inadequate dietary vitamin D
intakes among adolescents, although this varies by country due to
dietary habits, fortiﬁcation policies and supplement use. In the
European Nutrition and Health Report, vitamin D intakes ranged
from 1.5–7.5 mg/day in 13–24 year old males and females [9]. The
lowest intakes were seen among Spanish adolescents (1.8 and
1.5 mg/day in male and female 15–18 year olds respectively),
closely followed by Austrian males and British females at 2.0 mg/
day. Intakes were below 5 mg/day in all sub-groups except for
Polish males (5.5 mg/day) and Norwegian males and females (15–
18 years), who had the highest intakes at 7.5 and 7.1 mg/day
respectively. This could be attributed to high consumption of ﬁsh
and supplement use, as Norway, like much of Europe, has limited
vitamin D fortiﬁcation of foods [8,10]. The exception to this is
Finland, who since 2003 have fortiﬁed ﬂuid milks, margarines and
spreads. While this policy increased dietary vitamin D intakes in
4 year old children [11], supporting the assertion that fortiﬁed milk
is a major determinant of 25(OH)D status in young children [12], it
had little impact on the vitamin D intakes of 12–18 year old
adolescent females, with no change in 25(OH)D concentrations
[13]. This is likely due to low consumption of dairy products in
adolescent females, demonstrating the importance of giving
consideration to food consumption patterns when developing
fortiﬁcation policies. Furthermore, this may also be inﬂuenced by
ethnic differences in dietary patterns, with African American
adolescent females reported to consume more vitamin D from
meat and bean food sources compared to white females who
consumed more from milk [14]. Fortiﬁcation is also more
commonly practiced in the United States compared with Europe.
Using data from the National Health Nutrition and Examination
Survey (NHANES) 2003–2006, Fulgoni et al. reported intakes of
1.7 mg/day in 2–18 year olds from naturally occurring food sources
of vitamin D, which increased to 6.1 mg/day when fortiﬁed foods
were also included [15]. When supplement use was also
considered, intakes increased to 8.3 mg/day. While supplements
can increase intakes of vitamin D, uptake tends to be lower in
adolescents compared with younger children [16], so perhaps may
not be the most appropriate strategy for improving vitamin D
intakes in the adolescent population.
3. Deﬁning vitamin D deﬁciency and adequacy and selected
outcome measures
3.1. Vitamin D deﬁciency and rickets
Circulating 25(OH)D concentration serves as the best indicator
of vitamin D status as it reﬂects both dietary intakes and cutaneous
synthesis of vitamin D and has a long half-life of 2–3 weeks.
Measurement of 1,25(OH)2D is not considered useful for assessment of vitamin D due to its short half-life (4–7 h) and its tight
homeostatic regulation [17].
There is generally good agreement that populations should not
have 25(OH)D concentrations of less than 25–30 nmol/l based on
an increased risk of rickets and impaired bone growth [18].
Vitamin D deﬁciency rickets remains a public health concern
among infants particularly in communities in Asia, Africa and the
Middle East, due to a high prevalence of low vitamin D status
during pregnancy, breast feeding and breast milk that is low in

vitamin D, darker skin pigmentation and cultural dress [1].
However it is important to recognise that rickets can also occur
during childhood and adolescence, which is attributable to
insufﬁcient dietary calcium intakes. Children presenting with
rickets in South Africa and Nigeria were found to have low intakes
of dairy products and diets high in unreﬁned cereals and phytate,
which impairs calcium absorption [19,20]. In a 24-week randomized trial of 4 year old Nigerian children with rickets and low
habitual dietary calcium intakes (200 mg/day), supplementation
with calcium alone (1000 mg/day) and calcium in combination
with vitamin D (1000 mg/day calcium and 1500 mg vitamin D
administered at baseline and 12 weeks) were found to be equally
effective in treating rickets and more so than vitamin D treatment
alone [21]. The mean serum 25(OH)D concentration of these
children at baseline was 35  25 nmol/l, with 37% having
concentrations below 30 nmol/l. At the end of the intervention
serum 25(OH)D concentrations were 52, 87 and 102 nmol/l in the
calcium alone, vitamin D alone and calcium plus vitamin D groups
[21].
3.2. Deﬁning vitamin D adequacy and measures of bone health
There is much debate and controversy surrounding which
levels of circulating 25(OH)D should be considered as adequate or
‘optimal’. At present, the Institute of Medicine (IOM) [18],
European Food Safety Authority (EFSA) [22], American Academy
of Pediatrics [23] and the European Society for Paediatric
Gastroenterology, Hepatology and Nutrition [24], among others,
suggest a serum 25(OH)D concentration of >50 nmol/l as being
adequate. However others have proposed much greater 25(OH)D
sufﬁciency thresholds. The Endocrine Society [25] and The Society
for Adolescent Health and Medicine [26] for example, consider
sufﬁciency at 25(OH)D concentrations >75 nmol/l, and deﬁciency
below 50 nmol/l. These cut-off thresholds are often based on data
from adult studies that use various biochemical and/or functional
outcome criteria to deﬁne vitamin D adequacy, such as suppression
of parathyroid hormone (PTH), maximal calcium absorption and
bone mineral density. However it is important to note that it may
not always be appropriate to use such criteria for the adolescent
population. A good example of this is the relationship between
vitamin D and PTH. While it is well established that vitamin D
deﬁciency in elderly subjects leads to increases in PTH and
consequently increased bone turnover and bone loss [27], the
elevated PTH concentrations observed in adolescents may not
necessarily be detrimental to bone health when the rate of bone
modelling, skeletal growth and bone consolidation are at a peak
[28,29]. Adolescent studies have failed to identify a consistent
inﬂection point for maximal suppression of PTH and this therefore
brings into question the use of such a criteria in deﬁning vitamin D
adequacy in adolescents [3,30–33]. Furthermore, it has been
suggested that increasing 25(OH)D concentrations in adults may
enhance calcium absorption, although studies in adolescents have
shown that 25(OH)D concentrations above 30–50 nmol/l are not
associated with any increased beneﬁts with respect to calcium
absorption [34–36].
A review of data linking vitamin D status to various health
outcomes indicated that 25(OH)D concentrations of 90–100 nmol/l
were optimal in relation to bone mineral density, fracture
prevention, lower extremity function and colorectal cancer in
adult populations [37]. Studies evaluating vitamin D status and
bone mineralization in the adolescent age group have reported
unfavourable effects of circulating 25(OH)D concentrations of less
than 40 nmol/l on bone mineral density (BMD) of various skeletal
sites. In particular, studies in Finnish females reported that those
with 25(OH)D concentrations <40 nmol/l had lower BMD of the
radius and ulnar [3], whilst reduced lumbar spine BMD was
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measure free 25(OH)D concentrations, either by direct measurement or by indirect estimation based on the measurement of DBP,
albumin and 25(OH)D [44–47]. Concentrations of free 25(OH)D are
dependent on DBP concentrations and genetic polymorphisms of
DBP that differ in their binding afﬁnity for vitamin D, which vary
depending on ethnic background: African American populations
are more likely to carry the higher afﬁnity DBP genotype, while
white Caucasian populations more frequently carry the lower
afﬁnity genotypes [48]. Population studies have reported that
although total 25(OH)D concentrations were lower among African
American compared to white Caucasian population groups, free or
bioavailable 25(OH)D (free and albumin bound 25(OH)D) concentrations were comparable between the populations, leading
authors to suggest black African Americans may be incorrectly
identiﬁed as being vitamin D deﬁcient based on total 25(OH)D
concentrations alone [44,45]. This may explain why African
American populations commonly demonstrate greater bone mass
and lower fracture rates than their white Caucasian counterparts
despite the lower 25(OH)D concentrations [49,50]. Free and
bioavailable 25(OH)D was found to be strongly associated with
lumbar spine BMD in healthy adults after adjusting for sex, age
body mass index and race, while total 25(OH)D concentrations
were not associated with BMD, lending support to the free
hormone hypothesis [46]. Additionally, DBP genotypes were found
to inﬂuence 25(OH)D and PTH concentrations and BMD in Finnish
adolescents, suggesting DBP may affect bone mass accrual during
adolescence [51]. These data suggest measurement of free or
bioavailable 25(OH)D may be a good measure of vitamin D activity
in relation to bone health, and may in the future help further
elucidate the relationship between vitamin D and non-musculoskeletal health outcomes. However, it remains to be determined if
free 25(OH)D will be a better biomarker of vitamin D status and

demonstrated in those with 25(OH)D concentrations below
37.5 nmol/l [4]. This is also supported by the study of Viljakainen
et al. in which bone mineral accretion of the femur was 14.3% and
17.2% greater in 11–12 year old Finnish females receiving 5 and
10 mg/day vitamin D respectively, compared with those in the
placebo group [38]. The authors concluded that positive effects on
bone mineral accretion were seen when serum 25(OH)D concentrations were >50 nmol/l. A Cochrane systematic review of vitamin
D supplementation and BMD in children and adolescents found no
improvement in BMD following vitamin D supplementation in
those with adequate 25(OH)D concentrations, although suggested
that supplementation may beneﬁt those with lower 25(OH)D
concentrations (<35 nmol/l) [39].
Therefore, at this time, there is little evidence to suggest that
higher 25(OH)D concentrations (>90 nmol/l) are beneﬁcial in
adolescents and further studies are needed to help identify the 25
(OH)D concentration for optimal bone health within this age
group. Regarding non-bone health outcomes, the evidence in
adolescent populations is extremely limited and some argue that
proposals for higher 25(OH)D concentrations >75 nmol/l are
premature given the lack of robust data from randomized
controlled trials regarding these functional outcomes [18,40].
Vitamin D status is traditionally determined via the measurement of circulating 25(OH)D concentrations. Vitamin D binding
protein (DBP), the main carrier protein responsible for transporting
25(OH)D to target cells, binds to 85–90% of total circulating 25(OH)
D, with a further 10–15% bound to albumin and less than 1% in the
free form [41]. The ‘free hormone’ hypothesis proposes that the
unbound or free fraction of the hormone is responsible for its
biological activity rather than the protein bound fraction [42] and
so free 25(OH)D may enter the cells more readily and be converted
to the active 1,25(OH)2D [43]. Recently studies have attempted to
Table 1
Prevalence of vitamin D deﬁciency and inadequacy among adolescents worldwide.
Country

Season

Prevalence of 25(OH)D deﬁciency and inadequacy (%)

Reference

(yrs)

<30 nmol/l

<50 nmol/l

Year round

12.5–17.5

15a

27b

[52]

Year round

4–18

35

[53]

Winter

11–18

40c

Winter
Year round

12 & 15
15–18

17c

Winter

9–14

Year round

16–19

6c

Year round

12–19

4

(latitude)
Europe
(HELENA)
United Kingdom
(50–59 N)
United Kingdom
(NDNS)
Northern Ireland (55 N)
Norway
(69 N)
USA
(42 N)
USA
(NHANES 01-06)
Canada
(CHMS 07-09)
China
(40 N)
Korea
(KNHANES 08-09)
India
(28 N)
Brazil
(25–30 S)
United Arab Emirates (24 N)
Saudi Arabia
(21 N)

Age

c

[54]
46
60

[55]
[56]

83

[57]

33

[58]

19

[59]

Winter

15

33

89

[60]

Year round

10–18

13a

55b

[61]

Summer

6–18

30d

91

[62]

Year round

7–18

36

[63]

45

[64]
[65]

Winter
Winter

15–18
12–15

e

20
81c

HELENA, Healthy Lifestyle in Europe by Nutrition in Adolescence; NDNS, National Diet and Nutrition Survey; NHANES, National Health and Nutrition Examination Survey;
CHMS, Canadian Health Measures Survey; KNHANES, Korea National Health and Nutrition Examination Survey.
a
<27.5 nmol/l.
b
27.5–< 50 nmol/l.
c
<25 nmol/l.
d
<22.4 nmol/l.
e
<37.5 nmol/l.
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although this warrants further investigation, at present the
measurement of total circulating 25(OH)D should continue to be
the preferred biomarker of vitamin D status [45].

during this phase of rapid development [69]. However, it is not
known if this has an effect on the vitamin D requirements of this
age group.

4. Prevalence of low vitamin D status in adolescent populations

5. Current recommendations

Several studies have reported the prevalence of low vitamin D
status among adolescents (Table 1), highlighting the truly global
nature of vitamin D inadequacy and indeed deﬁciency. As can be
seen in Table 1, from a selection of recent nationally representative
or individual studies, the prevalence of vitamin D inadequacy (25
(OH)D <50 nmol/l) ranged from 19 to 91% of adolescents
worldwide, while the prevalence of deﬁciency (25(OH)D < 22.4–
30 nmol/l) ranged between 4% and 81%.
However, it is important to take into consideration the
difﬁculties in comparing data from different studies due to
variations in subject characteristics, including age range, gender,
ethnicity and cultural dress, and in particular the latitude and
season of sampling. Additionally, differences in analytical methods
and assays used to measure 25(OH)D concentrations can further
complicate the situation. A recent study aimed to estimate the
prevalence of vitamin D deﬁciency across Europe through the
application of the Vitamin D Standardization Program protocol to
serum 25(OH)D from representative European data (n = 55,844)
[66]. Biobanked sera were re-analysed using liquid chromatography-tandem mass spectrometry and prevalence estimates were
generated using standardized 25(OH)D data. Overall, 13% of
European individuals were estimated to have serum 25(OH)D
concentrations <30 nmol/l (18% and 8% in winter and summer
respectively). If a 25(OH)D threshold concentration of 50 nmol/l
was considered, 40% had an inadequate vitamin D status. Perhaps
most strikingly, adolescents aged between 15 and 18 years were
found to have on average the greatest risk of vitamin D deﬁciency
compared with younger children and adults. It is unclear what the
reasons are which underlie this apparent increased risk and higher
prevalence of vitamin D inadequacy and deﬁciency in adolescents,
although negative associations between pubertal status and
circulating 25(OH)D concentrations have previously been reported
[34,67,68]. Furthermore, during puberty, the metabolism of 25(OH)
D to 1,25(OH)2D is increased, in order to enhance the efﬁciency of
calcium absorption to satisfy the growing skeleton’s requirements

Many countries and international authoritative organisations
have established vitamin D intake recommendations and some
have recently been re-revaluated and revised. Due to difﬁculties in
establishing the contribution of UVB exposure to vitamin D status,
recommendations are often set assuming minimal sun exposure,
and are generally established as the average daily intakes needed
to meet the requirements of the majority of the population (i.e. the
vitamin D intake needed to maintain 25(OH)D concentrations
above the deﬁned level of adequacy in 97.5% of the population).
Additionally, they are based upon musculoskeletal health outcomes only, as there is currently insufﬁcient evidence to set
recommendations based on the risk of other health outcomes, such
as cancer, cardiovascular disease or autoimmune diseases [18]. As
demonstrated in Table 2, there is currently a lack of consensus on
the intakes required to maintain 25(OH)D concentrations above
differing levels of deﬁned adequacy. While re-evaluating vitamin D
recommendations, the IOM highlighted difﬁculties in establishing
intake requirements for children and adolescents due to a lack of
dose-response studies in younger subjects [18]. Proposed recommendations in children and adolescents are often extrapolated
from adult data, which as previously discussed, may not always be
appropriate. Dose-response randomized controlled trials are
needed in the adolescent population to help establish the intake
of vitamin D required to maintain adequate circulating 25(OH)D
concentrations and the levels which are desirable for optimal bone
health. While commonly recommended intakes of 10–15 mg/day
may help avoid vitamin D deﬁciency during times of minimal sun
exposure, it is unclear if these doses would maintain adequate
vitamin D concentrations (i.e. 25(OH)D > 50 nmol/l) and higher
intake requirements may be needed.
6. Vitamin D intervention studies in adolescents
Intervention studies conducted in adolescents have demonstrated that vitamin D intakes of between 20 and 50 mg/day have

Table 2
Dietary intake recommendations for vitamin D (mg/day) by life stage as proposed by various authoritative organisations to maintain adequate serum 25(OH)D concentrations.
Organisation

Year

Country/

Recommended Dietary Vitamin D Intake (mg/d)

Countries

0–12
months

1–< 4
yr

4–18
yr

19–69 >70yr Pregnancy/
yr
Lactation

25(OH)D
Adequacy
Threshold
(nmol/l)

European Food Safety Authority (EFSA) [22]
Scientiﬁc Advisory Committee on Nutrition (SACN)
[70]
Nordic Nutrition Recommendations [71]

2016
2016

Europe
United Kingdom

10
8.5–10

15
10

15
10

15
10

15
10

15
10

50
25

2012

10

10

10

10

20

10

50

German Nutrition Society [72]
Health Council of the Netherlands [73]
Bone and Mineral Society, Endocrine Society and
Osteoporosis Australia [74]
Institute of Medicine (IOM) [18]
WHO/FAO Joint Expert Consultation [75]

2012
2012
2012

Denmark, Finland, Iceland,
Norway, Sweden
Germany, Austria, Switzerland
The Netherlands
Australia and New Zealand

10
10
15

20a
10
15

20a
10
15

20a
10
15

20a
20
20

20a
10
15

50
30b
50

2011 North America and Canada
2004 Worldwide

10
5

15
5

15
5

15
5–10

20
15

15
5

50
27

2011

10
25

15
25

15
25

15–20 20
37.5– 37.5–
50
50

15
37.5–50

50
75

Other
The Endocrine Societyc [25]

Worldwide

WHO/FAO, World Health Organization/Food and Agriculture Organization.
a
Estimated value of adequate vitamin D intake with missing endogenous synthesis.
b
Target concentration of 50 nmol/l for those aged >70 years.
c
Recommendations for populations at risk of vitamin D deﬁciency.
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achieved adequate 25(OH)D concentrations of 50 nmol/l,
although very few of these have been dose-response studies.
Based on dose-response studies in 11–12 year old white Finnish
and Danish females and 14–18 year old white male and female
adolescents in the UK, it was estimated that vitamin D intakes of
8.3 and 10.1 mg/day respectively would maintain serum 25(OH)D
concentrations above 25 nmol/l during the winter-time in 97.5% of
the population, thereby avoiding vitamin D deﬁciency [76,77].
Daily intakes of 18.6 and 30 mg were estimated to ensure vitamin
D adequacy (25(OH)D >50 nmol/l) in the majority (97.5%) of the
younger and older adolescent populations respectively. However a
further study in 9–15 year old Finnish females found that daily
supplementation of 10 mg vitamin D2 during the winter months for
two years was not able to increase serum 25(OH)D concentrations
(34, 33 and 30 nmol/l at baseline, 12 months and 24 months
respectively) [78]. Even after the dose was increased to 20 mg/day
for the third winter, there was only a modest increase in 25(OH)D
concentrations to 41 nmol/l. This small increase in circulating 25
(OH)D may have been due to the administration of vitamin D2
which has been shown to have a lower bioavailability compared
with vitamin D3 and consequently increase 25(OH)D concentrations to a lesser extent [79,80]. In French 13–16 year old males,
Guillemant et al. found that 2500 mg vitamin D3 every 2 months for
6 months during the winter (equivalent to 40 mg/day), maintained post-summer 25(OH)D concentrations (54 nmol/l in
September and 55 nmol/l in March) [81]. Although this did not
improve vitamin D status, it did prevent the seasonal decline in 25
(OH)D over the winter-time as seen in the placebo group (20 nmol/
l at the end of winter). However, in a multi-ethnic group of female
adolescents in the UK (12–14 years) who were vitamin D
inadequate at baseline (25(OH)D < 37.5 nmol/l), four doses of
3750 mg vitamin D2 over 1 year (again equivalent to 40 mg/day),
signiﬁcantly improved 25(OH)D concentrations from 18 nmol/l at
baseline to 56 nmol/l post-intervention (vs. 16 nmol/l in the
placebo group) [82]. Conversely, while intakes of 10 and 20 mg/
day vitamin D3 did improve the vitamin D status of severely
deﬁcient females of Pakistani origin residing in Denmark, 25(OH)D
concentrations remained below 50 nmol/l, demonstrating that
higher intakes may be required [83]. Middle Eastern populations
are at a higher risk of vitamin D deﬁciency and intakes equivalent
to approximately 5, 20 and 40 mg/day have not ensured vitamin D
adequacy in the majority of the population, although intakes of
50 mg/day did achieve concentrations of >50 nmol/l in 95% of
Lebanese adolescents, as well as black African American adolescents, with inadequate baseline concentrations [84,85].
Overall it can be seen that vitamin D intakes of between 20 and
50 mg/day may be required to achieve adequate 25(OH)D
concentrations of 50 nmol/l in adolescents during times of
minimal sun exposure, although this is dependent on the baseline
25(OH)D concentration of the population. The assumption that a
vitamin D intake needed to reach a speciﬁed 25(OH)D concentration is the same across all population and ethnic groups, whose risk
of vitamin D deﬁciency differs, may be incorrect.

of vitamin D2 supplementation equivalent to 41 mg/day for 1 year
on radial or lumbar spine bone measures in 12–14 year old postmenarcheal females, despite serum 25(OH)D concentrations
increasing from 18 nmol/l at baseline to 56 nmol/l postintervention [82]. In Lebanese females (10–17 years) with low
baseline serum 25(OH)D concentrations of 35 nmol/l, vitamin D3
supplementation equivalent to 5 and 50 mg/day for 1 year
increased lumbar spine and hip BMD in a dose-dependent manner
in pre-menarcheal females, while no signiﬁcant changes were
observed in post-menarcheal females [86]. Furthermore, this study
also reported no consistent positive effect of vitamin D3
supplementation on BMD in the male participants. Likewise,
7500 mg vitamin D2 administered quarterly (82 mg/day) to Indian
females with a baseline serum 25(OH)D concentration of 25 nmol/
l, signiﬁcantly improved size-adjusted total body and lumbar spine
bone mineral content in those who were  2 years since the onset
of menarche only [87]. A school-milk intervention trial in China
randomized vitamin D deﬁcient (25(OH)D <25 nmol/l) 10–12 year
old females to three groups who consumed calcium and vitamin D
fortiﬁed milk (660 mg calcium and 4 mg vitamin D/day), calcium
only fortiﬁed milk (650 mg calcium and 0.6 mg vitamin D/day) or
their habitual diet (<450 mg calcium and 0.6 mg vitamin D/day) for
2 years [88]. Those in the calcium and vitamin D fortiﬁed milk
group demonstrated greater changes in size-adjusted total body
BMD than those in the calcium fortiﬁed milk and control groups.
Furthermore, serum 25(OH)D increased from 21 nmol/l to 48
nmol/l in this group, whilst remaining below 20 nmol/l in the
groups receiving no additional vitamin D. Two similar randomized
controlled trials in adolescent females (9–15 years) that administered 800 mg calcium alongside 10 mg vitamin D daily for 6–12
months, reported signiﬁcant gains in trabecular BMD of the radius
and tibia compared to the placebo groups [89,90]. However neither
study measured circulating 25(OH)D concentrations at either
baseline or following the intervention, and so it is not known if
these adolescents were vitamin D deﬁcient or replete at the onset
of the study and it therefore cannot be determined if the positive
skeletal gains were due to greater calcium intakes alone, enhanced
calcium absorption due to increased vitamin D, or a direct effect of
the vitamin D. Promoting calcium absorption may be one
mechanism by which vitamin D exerts positive skeletal effects,
although the aforementioned studies that did report skeletal gains
did not measure calcium absorption. The few intervention trials
investigating the effect of vitamin D supplementation on calcium
absorption in children and adolescents with serum 25(OH)D
concentrations ranging from low to adequate (28–70 nmol/l) have
found no effect of vitamin D (range 10–100 mg/day) on calcium
absorption [35,36,91]. Finally, vitamin D supplementation between 5 and 100 mg/day has been shown to inhibit winter-time
increases in PTH in adolescents [33,36,38,77]. However, PTH
concentration as a determinant of vitamin D status in adolescents
may be hindered by uncertainties surrounding the beneﬁcial or
detrimental effects of elevated PTH concentrations on bone
accretion during puberty as previously discussed (see Section 3).

6.1. Vitamin D supplementation and measures of bone health

7. Conclusion

As previously discussed, a recent systematic review concluded
that vitamin D supplementation may lead to improvements in
bone density in children and adolescents with low (<35 nmol/l)
circulating 25(OH)D concentrations [39]. While the evidence is
conﬂicting, some randomized controlled trials have reported
moderate positive effects of vitamin D supplementation on bone
mineral accrual in female adolescents with baseline 25(OH)D
concentrations <50 nmol/l, however this seems to be further
complicated by maturational status, with effects predominantly
noted in pre- or early-pubertal females. Ward et al. found no effect

Recent studies have demonstrated a high prevalence of low
vitamin D status in otherwise healthy adolescents, which raises
concerns about long-term health consequences that may evolve
from this insufﬁciency, especially since adolescence is a critical
time for bone accretion. Circulating 25(OH)D concentrations along
with a functional outcome measure (e.g. bone density) should be
used to deﬁne what constitutes an adequate vitamin D status.
Further studies speciﬁcally targeting adolescents, are needed to
determine the optimal 25(OH)D concentration for maximal bone
acquisition during this critical period of growth, also taking into
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consideration the effects on PTH concentrations and calcium
absorption. Vitamin D intervention trials with bone density
outcomes are limited to white female adolescents and so more
data is required in male and ethnic minority adolescents.
Furthermore, dose-response vitamin D intervention studies are
best suited to establish the vitamin D intake that will be required to
achieve this desirable level of adequacy in adolescents. Given that
adolescents are a population group with the greatest risk of
vitamin D deﬁciency these research areas should be given a high
priority.
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